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1. Message from the Director 
The Division of Neurodegenerative Disorders (DND) is housed within the Dr. John Foerster Centre for 
Health Research on Aging, located in the St. Boniface Hospital Albrechtsen Research Centre. DND was 
established in 1999 through a major funding initiative “Age of Discovery” by the St. Boniface Hospital 
Foundation.   I am pleased to provide you with a copy of the Division of Neurodegenerative Disorders’ 
2019 Activity Report.  I invite you to read about the exciting activities over the past year. 
 
I am pleased to report that during 2019, the Division’s total active grant funding held by our researchers 
was approximately 7 million.  Some of the major national grant funding obtained in 2019 included new 
awards from: Canadian Institutes for Health Research (operating awards for Albensi, Fernyhough), NSERC 
(Aliani, Fernyhough), Canadian Agriculture Partnership (Albensi), Canadian Dementia Strategy Team Grant 
(Albensi), MITACs (Fernyhough, Modirrousta), Egg Farmers of Canada (Suh).   Dr. Fernyhough also 
continues to serve at Head of the Department of Pharmacology & Therapeutics, University of Manitoba.  
Other good news includes Dr. Ben Albensi being named Editor-in-Chief of Molecular Neurobiology.   
 
There were 30 publications in 2019. 
 
Through the Manitoba Neuroscience Network Visiting Speaker Program, we were able to bring five 
outstanding scientists to Winnipeg to give research presentations to the local neuroscience community 
during 2019: Dr. Keith Murai – McGill University; Dr. David Amaral – University of California, Davis; Dr. 
Douglas Wright – University of Kansas; Dr. Alyson Fournier – McGill University; and Dr. Steven Connor – 
York University.  Our Speaker Program is funded jointly by:  Manitoba Neuroscience Network, the Division 
of Neurodegenerative Disorders at St. Boniface Research Centre, the Department of Pharmacology & 
Therapeutics, University of Manitoba and the Neuroscience Research Program at the Kleysen Institute for 
Advanced Medicine.  We continue to coordinate and funnel all neuroscience related talks from these 
partners through the Manitoba Neuroscience Network and this has worked very well in preventing 
overlap of visits, talks, etc.  The Division also participates in the Department of Pharmacology & 
Therapeutics Weekly Seminar Program led by Dr. Vern Dolinsky.   The Manitoba Neuroscience Network’s 
administrative office continues to operate out of the Division’s administration office.   
   
The Division also participated in the Manitoba Neuroscience Network’s Scientific meeting held on June 7, 
2019.  Co-chaired by Dr. Domenico Di Curzio and Dr. Renée Douville, the meeting was held at the 
University of Winnipeg. There was an engaging program developed featuring a visit and talk by Canadian 
Research Council Chair (CRC) in Developmental Neurogenetics, Dr. Daniel Goldowitz (University of British 
Columbia) a public lecture by Dr. Janice Robertson (University of Toronto), a leading expert in Amyotrophic 
Lateral Sclerosis neuropathology and therapeutic development. 
 
DND investigators continue to provide a broad array of teaching to University of Manitoba undergraduate 
and graduate students.  We are happy to report that two of our PhD students graduated in 2019; Drs. 
Mohamed Reza-Aghanoori and Fatemeh Ramezani. 
 
In spite of difficult funding times with cut backs at CIHR the DND group continues to prosper and with 
hopes of further expansion in the future. 
 
Respectfully Submitted, 
Paul Fernyhough, Ph.D. 
Director, Division of Neurodegenerative Disorders at St. Boniface Hospital Albrechtsen Research Centre 
Professor & Head, Department of Pharmacology & Therapeutics, University of Manitoba  

http://www.saintboniface.ca/
http://www.saintboniface.ca/
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2. Our Staff (58) 
Principal Investigators (7) 
 
Fernyhough, Paul  
Albensi, Benedict  
Aliani, Michel 
Glazner, Gordon  
Modirrousta, Mandana 
Smith, Darrell 
Suh, Miyoung 
 
 
Postdoctoral Fellows & Research Associates (6) 
 
Adlimoghaddam, Aida  
Dar, Nawab 
Dordevic, Jelena    
Feltham, Brad 
Naznin, Farhana  
Snow, Wanda 
 
 
Graduate Students (13) 
 
Aghanoori, Mohamad-Reza 
Amiri, Shayan  
Chauhan, Sanjana 
Fahmi, Ronak  
Johnson, Wesley 
Tavakoli, Ali  
Kloss, Olena   
Mishra, Pranav   
Ramezani, Fatemah  
Shulgina, Veronica  
Walchuk, Chelsey  
Wang, Yidi 
Yoon, Rex 

 
B.Sc. Med Students (1) 
Kothari, Asha  

 
 

Undergraduate Students (12) 
 
Albensi, Speranza 
Curtis, Kayla  
Demare, Sarah 
Fernyhough, David  
Gauvin, Evan  
Geddert, Natasha 
Monti, Emma  
Paradoski, Brandon 
Pearson, Melissa  
Slike, Alana 
Tran, Tyler 
Wolfram, Sam 

 
 
Technicians (15) 
 
Abo Aoun, Mohamed  
Clark, Rowan 
Feltham, Bradley 
Goldberg, Erin  
Huang, Ya Wen 
McElrea, April  
McPherson, William 
Meek, Benjamin  
Mostafizar, Marina 
Odero, Gary 
Olson, Nancy 
Oyekan, Ruth  
Perez, Claudia 
Shariati-Ievari, Shiva 
Wang, Le 
 
 
Administration (4) 
 
Fernyhough, Paul (Director)   
Fowler, Debbie     
Jorundson, Kelly    
Mitalay, Caterina (M-5, McEwan)
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3. Academic Research Projects 
A. Dr. Benedict Albensi  

My laboratory attempts to identify molecular 
signaling pathways and mechanisms that could 
be targeted with promising therapeutics for 
enhancing memory and for preventing and/or 
reversing memory impairments, in diseases or 
conditions such as Alzheimer’s disease, but also 
stroke, head trauma, infections, and epilepsy etc. 
Much of our work is centered on a biochemical 
pathway involving the transcription factor, 
nuclear factor kappa B (NF-kB), which is central 
to not only in inflammatory processes and immune system function but also plays a central role in 
basic mechanisms of memory formation and recall. 
 
To this end, the Albensi lab focuses on investigating approaches for preventing and treating 
Alzheimer’s disease (AD) and related dementias. For example, investigations into the prevention of 
AD have included choline, creatine, and flaxseed (omega-3). For later stage AD, compounds such as 
nilotinib and approaches such as mitochondrial transfusion are being investigated. 
 
Project 1: 
Women are at higher risk of acquiring Alzheimer’s disease (AD) and other dementias, and 
approximately 2/3 of seniors with AD in Canada are women (http://www.alzheimer.ca). In fact, for 
most regions of the world, the incidence of AD is higher in women than in men. Differences in lifestyle 
factors, brain development, hormonal programming, cellular and molecular mechanisms, genetic, 
and/ or metabolic differences may be at the root cause, but no one knows for sure. While the primary 
risk factor for developing AD is age, the higher AD incidence rates in women cannot be attributed 
simply to the increased longevity of women versus men. Currently, there is no cure for AD, and 
treatments targeting amyloid beta (Aβ) and/or neurofibrillary tangles (NFTs) have been largely 
ineffective in both genders. However, it is becoming apparent that changes in brain metabolism driven 
by mitochondrial dysfunction are processes central to many age-related neurodegenerative disorders. 
This project focuses on sex-specific mechanisms of mitochondrial dysfunction in early stage AD. We 
expect our findings to have specific relevance to women with AD and should help to prevent AD in 
women. Our findings may also be generalized to men, and other age-related neurodegenerative 
disorders and mitochondrial based disorders.  
 
Project 2: 

Developed nations around the world are facing a crisis as the annual number of new cases of 
Alzheimer’s disease (AD) is set to skyrocket over the next 15 years. Therefore, successful interventions 
to prevent and/or treat AD will be of great interest to the public, healthcare professionals, and 
government officials. Flaxseed containing beverage products may present a solution in preventing AD, 
with Manitoba playing a leading role in this pursuit. Manitoba currently produces 12% of the world’s 
flax; therefore, increased demand for flaxseed will result in more Manitoba flax produced and 
sold.  The dietary benefits of flax can help drive this demand, especially its effect on memory and 

http://www.alzheimer.ca/
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cognition (i.e. thinking, knowing, perception). The goals of this project are to determine: 1) the effect 
of flax beverage on memory and cognition (primary outcome) and 2) determine the economic impact 
of results from goal 1 on the MB agriculture industry and the health care sector. Goal 1 will be 
accomplished by conducting a clinical trial with flax milk. In goal 2, we will estimate the economic 
impact of flaxseed's beneficial effects on the demand for flax milk and flax. The work for this project 
will be completed by a multi-disciplinary team made up of medical professionals, basic scientists, a 
statistical consultant, and a health economist.  

 

 
Back (L-R) Dr. Ben Albensi, Alana Slike, 
Wanda Snow, Brendan Paradowski, 
Sarah Demare 
 
Front (L-R) Jelena Dordevic, Speranza 
Albensi, Aida Adlimoghaddam, 
Natasha Geddert, Marina Mostifizar, 
Claudia Perez 

 
  
 
 
 

 
 
Project 3: 
The objective is to evaluate the effects of the anti-cancer drug, nilotinib for treating Alzheimer’s 
disease (AD). In particular, we will focus our efforts on evaluating brain metabolism and the pathologic 
consequences of using nilotinib in relevant mouse models of AD and aging. Nilotinib, a tyrosine kinase 
activity inhibitor, is traditionally used for treating chronic myelogenous leukemia (CML). The rationale 
for using nilotinib in AD is based on our recent preliminary data and results from our colleagues at 
Georgetown University. Previously our collaborator, R. Scott Turner and his associates used this 
compound in Parkinson’s disease (PD) and Lewy Body dementia (LBD) patients (advanced stage), and 
surprisingly showed in the data collected thus far (n=11 patients completed), that low-dose nilotinib 
(150-300 mg) for 6 months promoted the clearance of accumulated amyloid beta (Ab) plaques and 
hyperphosphorylated Tau - tangles. Their studies focused on safety, CSF biomarkers of PD, dopamine 
levels, blood-brain barrier (BBB) effects, cognitive, and motor changes in patients with PD and LBD - 
and more recently in patients with AD (recruitment underway). Given the interesting PD/LBD results 
we hypothesize that nilotinib may clear AD pathological markers by modulating mitochondrial 
function – in particular by initiating mitophagy, a cellular clean-up mechanism associated with 
mitochondrial quality control. The project detailed here will be the first to examine the mechanistic 
effects of nilotinib on brain metabolism and mitochondrial function in relevant transgenic mouse 
models of AD and aging.  
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Project 4: 

A large number of studies have shown that nuclear factor kappa B (NFkB) is a network hub responsible 
for complex biological signaling, including transcriptional regulation in the cytoplasm and nucleus. 
Given that NFkB is an ancient protein transcription factor, it has been hypothesized to be a master 
regulator of evolutionarily conserved biochemical signaling cascades. Our prior studies, including 
NSERC funded work, and preliminary data show roles for NFkB in synaptic plasticity, memory, and 
mitochondrial function. In 2001, it was first published that NFkB subunits were found in the 
mitochondria, including not only IkBalpha and NFkB p65 subunits, but also NFkB signaling pathway 
proteins such as IKKalpha, IKKbeta, and IKKgamma. My laboratory has also recently found evidence 
for NFkB localization and activity in the mitochondrion. Mitochondria are the primary source for 
biological energy generation in the cell, which manifests itself in the form of the coenzyme adenosine 
triphosphate (ATP). Mitochondria are also ancient in their appearance in the biological record and 
have been hypothesized to have originated from bacterium having their own DNA. To date, little work 
has been done to understand the significance of NFkB subunits and related NFkB signaling pathway 
proteins in the mitochondria and how this may affect normal mitochondrial functions. Also, little is 
known on how NFkB regulates mitochondrial function in a context of energy demand at plasticity 
active synapses. A small number of studies provide preliminary evidence for NFkB in controlling 
mitochondrial function  however a precise understanding of how NFkB contributes to various 
mitochondrial functions is lacking. Our long-term goal is to find novel roles for NFkB in synaptic 
plasticity, memory, and mitochondrial function. The purpose of this research is to understand how 
NFkB activity contributes to cellular respiration, mitochondrial Complex (IV) expression and function, 
and mitochondrial dynamics & motility. Given our current pilot data and the existing literature, we 
expect to find important roles for NFkB in the regulation of mitochondrial function, which have not 
been characterized nor fully understood. The impact of this work is significant for training HQP on 
cutting edge projects and hugely important for understanding the regulation of normal mitochondrial 
function, and the contribution of mitochondrial function to processes such as synaptic plasticity and 
memory.  

 

 

 

 

 

 

 

 

 

 

 

St. Boniface Is stacking the deck against Alzheimer’s. 
Image credit:  St. Boniface Foundation 
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B. Dr. Michel Aliani 

A functional food is any food claimed to have a 
health-promoting or disease-preventing property 
beyond the basic function of supplying nutrients. 
Nutritional interventions using functional foods have 
had a considerable role as legitimate therapeutic 
strategies to combat common metabolic disorders in 
Canada and around the world. 
 
Acceptability of functional foods is a constantly 
evolving challenge to nutritional interventions 
where compliance is a key factor for success. 
Incorporation of novel ingredients in functional foods may shift the molecular balance of flavour 
precursors which can compromise consumer acceptability. Therefore, understanding the molecular 
interactions among natural flavor precursors and added bioactive compounds is crucial to our 
understanding of flavour formation in functional foods. Once ingested, the bioactive compounds are 
susceptible to major changes in the body with formation of novel compounds engaged in different 
biochemical pathways. The metabolomics studies of the metabolites derived from functional foods in 
the body are extremely informative on the effects exerted by these compounds. 
 
The focus of Dr. Aliani’s research is therefore twofold. 

- To provide the scientific and molecular basis for the development and successful marketing of 

functional foods targeted to patients as well as healthy populations in the world and 

- To investigate the effect of active compounds on metabolic pathways in animal and human 

model. 
 
 
 
 
 

Dr. Michel Aliani with  
his research team at St. Boniface 
Research Centre 
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C. Dr. Paul Fernyhough 

The WHO informs us that by 2025 there will be 300 
million sufferers from diabetes worldwide – a figure 
approximately equal to the population of the USA. 
Neurobiologist Dr. Fernyhough is studying the 
etiology of the peripheral nerve damage observed in 
patients with diabetes. In addition, he is researching 
the link between Alzheimer’s disease and Type 2 
diabetes. “In patients with Alzheimer’s disease there 
is an increased risk of developing diabetes and these 
patients exhibit more severe and accelerated 
memory loss” says Dr. Fernyhough. Our studies are 
focused on identifying key signaling pathways that are impaired in animal models of Alzheimer’s 
disease. A major direction of the lab is to determine whether improper insulin signal transduction in 
neurons is central to axon and neuronal loss. 
 
My laboratory will be taking 2 paths over the next 3-5 years: 
 

PROGRAM 1 – The main focus of our research will 
take a hypothesis-driven approach and perform 
mechanistic studies in order to understand the 
etiology of diabetic sensory neuropathy. This 
work is currently supported by CIHR and NIH. The 
program is multidisciplinary involving in vitro and 
in vivo paradigms and includes collaborative 
arrangements (see section later describing 
collaborations).  The main body of work will use 
cutting edge real time imaging with standard and 
confocal microscopes to assess the role of 
impaired Ca2+ homeostasis, mitochondrial 

dysfunction, AMP-activated protein kinase pathway analysis and enhanced ROS levels in the etiology 
of diabetic neuropathy.  Studies will be performed on adult neuronal tissues as single neuron cultures 
or slices of neuronal tissue. 
 
PROGRAM 2 – In parallel the laboratory 
will take a translational approach and 
attempt to identify novel drugs for 
treatment of diabetic neuropathy. The 
JDRF has supported my laboratory in 
order to extend our drug screen studies.  
This work has now been supported by 
CIHR and NIH. We have identified at least 
4 FDA-approved compounds that can 
improve axon regeneration in cultures of 

St. Boniface Is blowing the whistle on Diabetes. 
Image credit:  St. Boniface Foundation 
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adult sensory neurons. This work has been 
taken in vivo to test the drugs in whole animal 
models of type 1 diabetes. In addition 
medicinal chemistry is being used to identify 
related compounds that may also be 
efficacious and will permit generation of new 
IP.  A CIHR-SPOR network grant is now 
supporting human clinical trials in diabetic 
neuropathy with a topical formulation 
developed in collaboration with Dr. Nigel 
Calcutt at UCSD. This work is being performed 
by Drs. Vera Bril and Bruce Perkins at the 
University Health Network in Toronto. This 
work is being mediated by a small biotech company, WinSanTor Inc, where Drs. Fernyhough, Nigel 
Calcutt and Lakshmi Kotra are the co-founders and Stanley Kim is the CEO.  The company has been 
funded by several NIH SBIR and STTR grants to support drug development for treatment in diabetic 
neuropathy, chemotherapy-induced peripheral neuropathy and HIV-induced neuropathy. Both 
programs of work are comprised of a number of local, national and international collaborations.  
 

                                               PhD Student Reza Aghanoori with undergraduate student Evan Gauvin 

 

 
 

  

                    Undergraduate student Sarah Demare 
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D. Dr. Gordon Glazner 

Cellular biologist Dr. Gordon Glazer is 
investigating protective mechanisms within the 
cell. When a neuron is under stress, it fights for 
survival by increasing the production of certain 
proteins. The balance that is struck between the 
death-inducing stress and the production of 
protective proteins will determine whether the cell 
lives or dies. The production of these proteins is 
controlled by transcription factors, and one of the 
most important of these is NF-kappaB. “NF-
kappaB is a stressed-induced anti-stress response,” Dr. Glazner explains. “In neurons, NF-kappaB is 
always fairly high, which isn’t true of other cells. We believe it is important not just for survival but for 
function of the neuron itself, so discovering the ways in which outside messengers impact on that can 
be important for our understanding of how the nerve itself works and, in turn, for our understanding 
of clinical pathologies which involve neuronal death.” 
 
 

  

L-R:  Drs. Paul Fernyhough, Ella Thomson (former undergrad student), Ben Albensi 
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E. Dr. Mandana Modirrousta 

 
Research in the Neuromodulation and 
Neuropsychiatry Unit focuses on improving and 
expanding the application of neuromodulation 
as an investigational as well as a treatment 
tool. Successful, goal directed behaviours 
require optimal and effective communication 
between several brain regions. Disruption of 
brain network, either as a result of a structural 
abnormality (e.g. brain injury) or dysfunction can 
result in different neuropsychiatric disorders. Our research in “Neuromodulation and Neuropsychiatry 
Unit” attempts to understand how to optimally use brain stimulation techniques to treat 
neuropsychiatric disorders. 
 

Dr. Modirrousta is also the Director of the Neuromodulation & Neuropsychiatry Unit at the St. Boniface 
Hospital since 2013.  She holds academic positions with the University of Manitoba as  an Associate 
Professor in Department of Psychiatry and an Adjunct Professor in the Department of Physiology & 
Pathophysiology.   

 

Current Projects 

- We have a number of manuscripts at various stages of preparation and peer review with regards 
to the use of repetitive transcranial magnetic stimulation (rTMS) to improve symptoms associated 
with Traumatic Brain Injury, Obsessive Compulsive Disorder, and Mild Cognitive Impairment.  

- Publishing the results of a collaboration with Dr. Amir Ravandi in which we compared oxylipidomic 
profiles of responders and non-responders to rTMS treatment for depression.  

- Testing the efficacy of rTMS for symptoms associated with Primary Progressive Aphasia. 
- Ongoing multi-site clinical trial comparing the efficacy of rTMS and pharmaceuticals for patients 

with treatment-resistant depression. 
- Retrospective chart review regarding the prevalence of Functional Cognitive Disorder (FCD) within 

the Neuromodulation and Neuropsychiatry Unit. 
- Retrospective chart review of factors associated with positive outcomes for patients with 

depression treated with rTMS at St. Boniface Hospital. 
- Systematic literature review of FCD. 
- Online survey of patients and health care providers to assess the impact on health delivery in 

Manitoba of the shift to virtual health care delivery during the COVID-19 pandemic.  
- Assessing the use and impact of social media and communication technology in the elderly during 

the COVID-19 pandemic. 
- Assessing whether the use of Virtual Reality as a model for feel-real socialization can improve both 

the mental and the physical health of elderly people during the pandemic. 
- Analyzing the impact of social distancing measures on health outcomes and mortality in elderly 

individuals using machine learning techniques. 

Image credit:  CBC News · Aug 2018 
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F. Dr. Miyoung Suh 

Nutrition and Degenerative Eye Diseases: 
Nutrients can prevent and/or improve retinal 
diseases such as diabetic retinopathy, macular 
dystrophy, and computer vision syndrome. More 
recently, Dr. Suh’s research has looked into 
translational studies using humans, which are 
based off her previous research in various animal 
models (e.g. Fat-1 mice, type-1 diabetic 
retinopathy rat model, elongation of very long 
chain fatty acid 4 (elovl4) deficient mice, and 
neonatal piglets). Through the usage of nutrient 
intervention with DHA, β-carotene enriched formulation, lutein and DHA enriched eggs, and choline 
(deficient/sufficient formulation), she studies various dietary aids to help prevent/mitigate eye 
degeneration. 
 
Nutrition and Male Reproductive Dysfunction: Lipids may play a critical role in male reproductive 
systems (spermatogenesis) in obese, diabetic, and alcohol-challenged animal models. Dr. Suh’s lab 
has found that docosapentaenoic acid (C22:5n-6) deficiency in testis phospholipids is closely related 
with abnormal testis growth and sperm production in rodent models. Male reproductive health has 
been decreasing in recent decades. By using various nutrition interventions (n-6 and n-3 fatty acids, 
zinc, and conjugated linoleic acid) and alcohol, her lab tries to find ways to maintain optimal male 
reproductive function. 
 
Nutrition and Fetal Alcohol Spectrum Disorder: In very recent years, Dr. Suh’s research has explored 
the impact of nutrition on the fetal brain, retina, and reproductive organ development, by assessing 
their effects after the developing fetus is exposed to alcohol during pregnancy. This study involves 
both human and animal work, which will ultimately lead to the development of nutritional strategies 
for preventing or mitigating the severity of fetal alcohol spectrum disorder. 
 
 
 
 

 

 

 

 

 

 

Some members of the Suh Lab:  L-R  Rowan Clark, Yidi Wang, Dr. Miyoung Suh, Olena Koss, Bradley Feltham 
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G. Dr. Darrell Smith 

The goal of the lab is to advance the 
development and screening of agents that 
could be used to treat neurodegenerative 
problems, particularly peripheral 
neuropathies. 

 

There is currently an incomplete 
understanding of the pathogenesis of most 
neurodegenerative disorders and there are 
no treatments able to delay the onset and slow the progression of many of these disorders. The 
common treatments used for peripheral neuropathies include pain relievers, anti-seizure 
medications, and antidepressants. These drugs are used to control the discomfort associated with 
peripheral neuropathies and have no effect on the progression of the neuropathies themselves.  
 

 

 
Undergraduate student Sam Wolfram 
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4. Academic Funding 
 

Total Academic Active Funding in DND:   $ 6,981,966                          

 

Our faculty hold major funding awards from national/international agencies such as the Canadian 
Institutes of Health, Natural Sciences and Engineering Research Council of Canada, Research Manitoba, 
the Alzheimer Society, National Institute of Health.  Our research is also supported by the St. Boniface 
Foundation.  
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The following is a breakdown of active funding held by each of our principal investigators. 

A. Dr. Benedict Albensi 

DATE AGENCY TITLE TOTAL 
AWARD 

AMOUNT 
/YEAR 

04/2019 - 
3/2022 

Canadian 
Agriculture 
Partnership 

Role:  PI    Title:  Effects of dietary 
flaxseed on memory and cognition. 
 

430,746   143,582 

04/2019 - 
03/2024 

CIHR  Role:  PI    Title: Sex-based differences 
associated with mitochondrial 
dysfunction in Alzheimer's disease. 

725,985 145,197 

04/2017 - 
03/2020 

St. Boniface 
Foundation  

Role:  PI    Title:  Douglas & Patricia 
Everett Endowment for Alzheimer’s  
research 

207,297 69,099 

04/2015 - 
3/2020 

Alzheimer/Research 
MB Chair Albensi 

Role:  PI    Title:  Basic and Patient-
Oriented Dementia Research:  
Linking Novel Methods for Early Stage 
Detection with Understanding  
Pathological Mechanisms in Dementia 

250,000 50,000 

04/2015 - 
03/2020 

Research MB/ASM 
Chair Albensi 

Role:  PI    Title: Basic and Patient-
Oriented Dementia Research:  
Linking Novel Methods for Early Stage 
Detection with Understanding  
Pathological Mechanisms in Dementia. 

250,000 50,000 

04/2014 - 
03/2019 

NSERC Discovery Individual | Role:  PI     
Title:  Mitochondrial Function, Neural 
Plasticity, and Memory.   Basic and 
Patient-Oriented Dementia Research: 
Linking Novel Methods for Early Stage 
Detection with Understanding 
Pathological Mechanisms in Dementia. 

130,000 26,000 

TOTAL FUNDING 1,994,028 483,878 
  



Division of Neurodegenerative Disorders                                                                            2019 Activity Report 
 

 pg. 16 

B. Dr. Michel Aliani 

DATE AGENCY TITLE TOTAL 
AWARD 

AMOUNT 
/YEAR 

2019/5 - 
2024/5 

NSERC  Discovery Individual | Role:  PI    
Title:  Understanding complex 
interactions between flavour  
precursors in meat-pulse products 

200,000 40,000 

2016/9 - 
2019/10 

Saskatchewan 
Pulse Growers 

Role:  Co-investigator    PI: Linda 
Malcomson  
Title:  Growing the market for pulse 
flours: Creating innovative bakery  
products and a pulse   database for the 
food industry 

282,000 94,000 

2017/9 - 
2019/10 

Cancer Care 
Manitoba 

Role: Co-investigator PI: Naseer Ahmed 
Title: Biomarkers Discovery - 
Identification of cancer specific 
metabolic signatures in body fluids  
of the patients with early stage lung 
cancer using proton magnetic resonance 
spectroscopy (MRS) and mass 
spectrometry (MS). 

60,000 60,000 

2014/4 - 
2019/3 

NSERC Discovery Individual | Role:  PI    
Title:  Elucidating the role of low 
molecular weight peptides  
(< 1 kDa) as Maillard reactant flavor 
precursors in selected white and red  
meats using a flavouromics approach. 

131,000 26,000 

Total Funding 673,000 220,000 
 

 

 

 

 

 

 

 

 

 

 

 

Dr. Michel Aliani and his research team. 
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H. Dr. Paul Fernyhough 

DATE AGENCY TITLE TOTAL 
AWARD 

AMOUNT 
/YEAR 

2019-
2022 

MITACs  Accelerate program | Role:  PI ; co-sponsor 
WinSanTor Inc.  Training grant: Development of 
specific peptide antagonists of muscarinic 
receptors to repair the nervous system. 

180,000 60,000 

2019-
2024 

CIHR Project  |   Role:  PI: Fernyhough, P.; Co-PIs: 
DeKoninck, Y., UofLaval & Calcutt, N.A., UCSD    
(with $100k matching from WinSanTor)   Title:  
Muscarinic receptor  antagonism as a novel 
mechanism for sensory nerve repair. 

1,090,125 238,025 

2019-
2020 

NSERC Discovery Individual | Role:  PI  Discovery grant: 
Muscarinic receptor signaling  pathways 
regulating axonal regeneration and sprouting in 
adult neurons. 

32,000 32,000 

2019 – 
2020 

St Boniface 
Foundation  

Synergy NE02 50,000 50,000 

2019 – 
2020 

St Boniface 
Foundation  

Nick Shepel 1,339 1,339 

2018-
2020 

St Boniface 
Foundation  

Ben Gurion Univ. Partnership  
Role:  PI  
Title: Correcting aberrant axonal bioenergetics 
to drive nerve repair in neurological disease. 

300,000 150,000 

2018-
2023 

St Boniface 
Foundation 

Bank of Montreal Award     Role:  PI     
Title: Energy failure in nerve fibers: its detection 
and therapeutic reversal in neurological disease.   

250,000 50,000 

2016-
2020 

CIHR SPOR| Role:  co-PI;   PI: Lewis, G.F. (UofToronto); 
co-PI (part of team of 15) 
$25 million.  
Title:  SPOR chronic disease network.   SPOR 
network in diabetes and its related 
complications. 

885,000 442,500 

Total Funding 2,788,464 1,023,864 
 

 

D. Dr. Gordon Glazner 

DATE AGENCY TITLE TOTAL 
AWARD 

AMOUNT 
/YEAR 

2018-
2019 

St. Boniface 
Foundation  

Alzheimer’s research.  Role:  PI 100,000 100,000 

Total Funding 100,000 100,000 
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E. Dr. Mandana Modirrousta 

DATE AGENCY TITLE TOTAL 
AWARD 

AMOUNT 
/YEAR 

2019 - 
2020 

Mitac/Project 
Whitecard Inc.  

Mitacs Accelerate: Assessing the impact 
of an immersive VR gaming experience 
on navigation ability and spatial 
cognition in an elderly population 

45,000 45,000 

2017 - 
2019 

Deer Lodge 
Centre/WRHA 

rTMS Treatments (Research Contract) 247,500 123,750 

2017 - 
2021 

Massachusetts 
General Hospital 

Switching versus augmentation in 
treatment resistant depression 
(Research Contract) 

761,280 
USD 

175,250  
USD 

2018 - 
2019 

Manitoba Medical 
Service Foundation 
& Saint Boniface 
Hospital 
Albrechsten  

Richard Hoeschen Memorial Award: 
The role of lipid biomarkers in 
treatment response to repetitive 
Transcranial Magnetic Stimulation in 
Major Depressive Disorder. Role:  PI 

2,000 2,000 

Total Funding 1,055,780 346,000 
 

F. Dr. Miyoung Suh 

DATE AGENCY TITLE TOTAL 
AWARD 

AMOUNT 
/YEAR 

2019-21 Egg Farmers of 
Canada  

Role:  PI Title:  Egg as a strategy to 
maintain retina health in diabetes 

128,146 64,073 

2019-20 University of 
Manitoba 

Role:  PI   Title:  Small Research 
Equipment Grant (SREF), Retina 
deterioration in aging and diabetes 
(diabetic retinopathy): From bench-
side to bed-side 
 

22,548 22,548 

2019 The Murphy 
Foundation Inc 

Role:  PI   Title Summer Research 
Mentorship. The Murphy Foundation 
Inc.  
Indigenous Mentorship and 
Experiential Education Fund 

10,000 10,000 

2017 – 
2019 

Mitacs Converge 
& Myera Nu-Agri-
Nomics Group 
(operating) 
 

Improving community health in 
Indigenous Canadian communities 
through data-driven, sustainable food 
production systems (diabetes and 
diabetic retinopathy) 
Suh M (PI), Levin D, Sorensen J, Hardy B 
($420,000) 

210,000 70,000 

Total Funding 370,694 166,621 
   

Total Active Academic Funding Held in 2019 $6,981,966 $2,340,363 
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Active Team Grants (no funding received by our principal investigators, but listed as co-PI on award)  

A. Dr. Benedict Albensi 

DATE AGENCY TITLE TOTAL 
AWARD 

AMOUNT 
/YEAR 

04/2019 -  
03/2024 

Canadian Dementia 
Strategy-Team 
Grant     

Role:  co-PI    Phase II. $46 million 
dollars to be distributed competitively  
among Canadian Consortium on 
Neurodegeneration in Aging (CCNA)  
members. (no funding received by 
Albensi so far) 

6,063,172 1,212,634 

 
B. Dr. Paul Fernyhough 

2015 - 
2020 

Research 
Manitoba 

Cluster-Team Grant.   DEVOTION: 
Developmental Origins of Chronic Diseases in 
Children Network.   Role:  co-PI (part of team of 
12)   
PIs: McGavock, J. & Halayko, A.   
 

2,500,000 500,000 

2015 - 
2020 

Lawson 
Foundation 

Cluster-Team Grant. DEVOTION: Developmental 
Origins of  
Chronic Diseases in Children Network  Role: co-
PI; . PIs: McGavock, J. & Halayko, A. (part of 
team of 12; *matching for Research Manitoba)  

1,200,000 240,000 

 

 

 

 

 

 

 

 

 

 

 

 

Dr. Mandana Modirrousta demonstrates rTMS equipment with her research associate Ben Meek. 
Image credit  CBC News · Aug 2018 
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 Commercialization Funding 

In addition to funding above, Dr. Fernyhough reported new commercialization funding for WinSanTor 
Inc.  

1) In Fall 2018 WinSantor obtained US$2million via STTR phase 2  
(follow up from previously held grant) 
Title: Development of pirenzepine for CIPN 
NIH Grant Number: 2 R42 CA213555-02   PI: Andrew Mizisin, WinSanTor Inc 
 

2) NIH award - SBIR program - NIDDK - 2R44DK104512-05 
Regeneration of Epidermal Nerves in Human Diabetic Neuropathy. 
PI: Kim, S. CEO of WinSanTor Inc.  Budget Period: 05/01/2019 – 04/30/2020;  
Project Period: 09/30/2014 – 04/30/2022 

SUMMARY TOTALS FOR YEARS 5-7: Yr 5 US$1,000,000; Yr 6 US$995,582; Yr 7 US$985,495 

 

 

 

 

 

 

 

 

 

 

 

Dr. Aida Adlimoghaddam, Postdoctoral Fellow (Supervisor: Dr. B. Albensi) 
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5. Trainee Funding/Awards 
 
Congratulations to our trainees on receiving the following awards that supported their salary and/or travel 
to international conference to present their scholarly work they are conducting at St. Boniface Research 
Centre. 

Adlimoghaddam, Aida 
(PDF) 

Supervisor: Albensi - Univ. Manitoba Pharmacology Travel 
Award  
- CCNA Travel Award 
 

Aghanoori, Mohamad-Reza 
(PhD) 

Supervisor: Fernyhough -University of Manitoba GETS Salary award 
-CIHR MB Research Day, MMCF Travel 
Award 
- Nick Shepel Travel Award 
- Univ. Manitoba Pharmacology Travel 
Award  
- International Society Neurochem. Award 
Travel Award 
- Deer Lodge Hospital Assoc Memorial Fund 
Award 
 

Alattar, Shatha (PhD) Supervisor: Suh King Saudi Arabia Scholarship 
 

Chauhan, Sanjana (PhD) Supervisor: Fernyhough University of Manitoba Graduate 
Fellowship 
 

Clark, Rowan (Undergrad) Supervisor: Suh Pike Salary Award 
 

Curtis, Kayla (Undergrad) Supervisor:  Aliani NSERC Undergraduate Award 
 

Demare, Sarah (Undergrad) Supervisor: 
Albensi/Fernyhough 

NSERC Undergraduate Award 
 

Dordevic, Jelena (PDF) Supervisor: Albensi CIHR - Canadian Consortium on 
Neurodegeneration in Aging (CCNA) 
Science Day & Partners Forum Travel 
Award, $900 for CCNA 
 

Fahmi, Ronak (PhD) Supervisor:  Aliani University of Manitoba Graduate 
Fellowship 
 

Feltham, Brad (Undergrad) Supervisor: Suh Murphy Foundation: Indigenous 
Mentorship and Experiential Education 
Fund 

Gauvin, Evan (Undergrad) Supervisor: Fernyhough St. Boniface Deacon Fellowship 
 

Johnson, Wesley (MSc) Supervisor:  Aliani NSERC Studentship 
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Kloss, Olena (PhD) Supervisor:  Suh University of Manitoba Graduate 
Fellowship 

Mamchur, Meaghan Supervisor: Suh NSERC Undergraduate Award 
 

Naznin, Farhana (PDF) Supervisor: Fernyhough Mitac Accelerate Postdoctoral Fellowship 
 

Paradoski, Brandon 
(Undergrad) 

Supervisor: Albensi NSERC Undergraduate Award 

Pearson, Melissa 
(Undergrad) 
 

Supervisor:  Aliani NSERC Undergraduate Award 

Shulgina, Veronika (MSc) Supervisor: Suh CIHR-MSc Award 
 

Tavakoli, Ali (MSc) Supervisor: Modirrousta Mitac Studentship 
 

Slike, Alana (Undergrad) Supervisor: Albensi St. Boniface Deacon Fellowship 
 

Walchuk, Chelsey (PhD) Supervisor:  Suh - University of Manitoba Graduate 
Fellowship;  
- Recipient of North American Colleges and 
Teachers of Agriculture Graduate Student 
Teaching Award;  
- 2nd Place in Oral Competition, Rapid-Fire 
Research Symposium, The Canadian Centre 
for Agri-Food Research in Health and 
Medicine    
 

Wang, Yidi (MSc) Supervisor:  Suh University of Manitoba Graduate 
Fellowship; MGS 
 

Wolfram, Sam (Undergrad)  Supervisor: Fernyhough St. Boniface Deacon Fellowship 
 

 

 

 

 

 

 

 

 
 

 
Former M.Sc. Student Tarek Habash  
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6. Teaching Activities 
A. Benedict Albensi 

• RESP  1440 – PK 
• IMED7116 – Memory 
• PHARM 4040 – Drugs for Epilepsy 
• PHARM 4040 – Drug Devel and Clinical Trials 
• DENT 3162 – Drugs for Epilepsy 
• DENT 3162 – PK 
• PHARM 2100 – PK 
• Physician Asst. – PK 
• PHAC 7136 – PK 
• Physician Asst. – Drugs for Epilepsy 
• PHARM 4030 – Drugs for Epilepsy 

 

B. Michel Aliani 

• HNSC 7510- Flavour Chemistry 
• HNSC 7490- Phytochemicals 
• HNSC2150-Composition, functional and nutritional properties of foods 
• HNSC4510-Food product development 

 
 

C. Paul Fernyhough 

• Drugs and human disease (PHAC 4040) (2 x 3 credit hr 3/4th year undergraduate and 1st yr 
graduate level). I present 2 lectures on antiviral pharmacology. 

• Molecular Pharmacology (PHAC 7222) (3 credit hr - 2nd year or above graduate level) – 12 lecture 
unit – I present 2 lectures on growth factor receptors, tyrosine kinases and associated receptors 
and one tutorial on critique of manuscript. 

• Neuroscience (IMED 7101 and 7102) (6 credit hr - 1st/2nd yr graduate level) – coordinator of 
neurobiology of disease segment. Deliver 3 lectures on neurotrophins, transcription factors and 
peripheral neuropathy and mark dissertations. 

• Pharmacology (PHAC 2100/PAE7230 and 7240) (6 
credit hr – Pharmacy course, and 6 credit hr PAE 
course – I deliver 16 lectures each year. 

• Neuropharmacology (PHAC 7162) (1.5 credit hr – 
2nd yr and above graduate level) – deliver 2 lectures 
on neuronal growth factors and PNS disease. 

• Pharmacology (ORLB3320) – 3rd year undergraduate 
dentistry course – I deliver 3 lectures. 

   Technician Ruth Oyekan 
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D. Dr. Gordon Glazner 

Course coordinator of PHAC2100 and PAE 7230/7240 

• Pharmacology (PHAC 2100/PAE7230 and 7240) 
(6 credit hr – Pharmacy course, and 6 credit hr PAE 
course). 
• Drugs and human disease (PHAC 4030) (2 x 3 
credit hr 3/4th year undergraduate and 1st yr 
graduate level). 
• Dentistry – General Pharmacology course (ORLB 
3320) (6 credit hours course for 2nd year dentistry 
students)  
Total of 60 hours of contact 

 

 

E. Dr. Miyoung Suh 

• 2019 Fall     HNSC 7560 Current Topics in Lipid Nutrition (1.5 Cr hours) 
• HNSC 4600 Practice-Based Research in Human Nutritional Sciences (Co-teaching (85%) with 

Research Dietitian, Manitoba Partnership Dietetic Education  
• 2019 Fall     HNSC 4320 Nutritional Management of Disease States (100%) (with laboratory, 2 

sessions x 2 hours per week)  
• HNSC 7560 Current Topics in Lipid Nutrition (1.5 Cr hours) 

 
 

Dr. Miyoung Suh (L) was recognized as Outstanding 
Teacher and her student; Bradley Feltham (middle) 
recognized as outstanding undergraduate Student 
in the Faculty of Agriculture and Food Sciences 
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7. Publications (including Book Chapters) 
A. Benedict Albensi 
1. B.C. ALBENSI. Dysfunction of Mitochondria: Implications for Alzheimer’s Disease. Edited by Paul 

Fernyhough & Nigel Calcutt. (2019) in Intl. Rev of Neurobiology: Mitochondrial Neuropathies volume 
146, Invited Submission. Elsevier Publishers. 
 

2. B.C. ALBENSI. (2019) What is NF-kB doing in and to the Mitochondrion? Frontiers in Cell and 
Developmental Biology. 7(154):1-7. 

 
3. A. Adlimoghaddam, WM Snow, G. Stortz, AL Goertzen, JH Ko, J Djordjevic, C Perez, BC ALBENSI, 

Regional hypometabolism in the 3xTg mouse model of Alzheimer's disease. (2019) Neurobiol. of 
Disease. 127:264-277. 

 
4. M. Islam, P. Nagakannan, O. Ogungbola, J. Dordevic, B. ALBENSI, E. Eftekharpour, Thioredoxin system 

as a gatekeeper in caspase-6 activation and nuclear lamina integrity: Implications for Alzheimer’s 
Disease. (2019) Free Radical Biol. and Med. 134:567-580.  
 

5.  W.M. Snow, K. Oikawa, J. Djordjevic and B.C. ALBENSI. (2019) Strain differences in hippocampal 
synaptic dysfunction in the TgCRND8 mouse model of Alzheimer’s disease: implications for improving 
translational capacity. Molec & Cellular Neurosci. 94: 11-22. 
 

6. G. M. Babulal, Y. T. Quiroz, B.C. ALBENSI, E. Arezana-Urquijo, A. J. Astell, C. Babiloni, A. Bahar-Fuchs, 
J. Bell, G. L. Bowman, A. Brickman, G. Chételat, C. Ciro, A. D. Cohen, P. Dilworth-Anderson, H. H. Dodge, 
S. Dreux, S. Edland, A. Esbensen, L. Evered, M. Ewers, K. N. Fargo, J. Fortea, H. Gonzalez, D. R. 
Gustafson, E. Head, J. A. Hendrix, S. M. Hofer, L. A. Johnson, R. Jutten, K. Kilborn, K. L. Lanctôt, J. J. 
Manly, R. N. Martins, M. M. Mielke, M. C. Morris, M. E. Murray, E. S. Oh, M. A. Parra, R. A. Rissman, 
C. M. Roe, O. A. Santos, N. Scarmeas, L. S. Schneider, N. Schupf, S. Sikkes, H. M. Snyder, H. R. Sohrabi, 
Y. Stern, A. Strydom, T. Tang, G. M. Terrera, C. Teunissen, D. M. van Lent,  M. Weinborn, L. Wesselman, 
D. M. Wilcock, H. Zetterberg, 
& S. O’Bryant. (2019) On 
behalf of the International 
Society to Advance 
Alzheimer’s Research and 
Treatment, Alzheimer’s 
Association. Perspectives on 
Ethnic and Racial Disparities 
in Alzheimer’s Disease and 
Related Dementias: Update 
and Areas of Immediate 
Need. Alzheimer’s & 
Dementia. 15(2): 292-312 
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B. Dr. Michel Aliani 
1. Parikh M, Maddaford TG, Austria JA, Aliani M, Netticadan T & Pierce GN (2019) Dietary flaxseed as a 

strategy for improving human health. Nutrients 11:1-15. 
 

2.  Goldberg E & Aliani M (2019) Metabolic profiling of risk for cardiovascular disease. Cardiovasc 
Network 2:23-27. 

 
3. Fahmi R, Ryland D, Sopiwnyk E & Aliani M (2019) Sensory and physical characteristics of panbread 

fortified with thermally treated split yellow pea (Pisum sativum L.) flour. J Food Sci 84:3735-3745.  
 

4. Stamenkovic A, Ganguly R, Aliani M, Ravandi A & Pierce GN (2019) Overcoming the bitter taste of oils 
enriched in fatty acids to obtain their effects on the heart in health and disease. Nutrients 11:1-16. 
 

5. Clark SL, Ramdath DD, King BV, O’Connor KE, Aliani M, Hawke A & Duncan SM (2019) Food type and 
lentil variety affect satiety responses but not food intake in healthy adults when lentils are substituted 
for commonly consumed carbohydrates. J Nutr 149:1180-1188. 
 

6. Ahmed N, Kidane B, Wang L, Qing G, Tan L, Buduhan G, Srinathan S & Aliani M (2019) Non-invasive 
exploration of metabolic profile of lung cancer with magnetic resonance spectroscopy and mass 
spectroscopy. Contemporary Clinical Trials Communications 16(100445):1-4. 

 
7. Surendran A, Aliani M & Ravandi A (2019) Metabolic characterization of myocardial ischemia-

reperfusion injury in ST-segment elevation myocardial infarction patients undergoing percutaneous 
coronary intervention. Sci Rep 9 (11742):1-13. 

 
8. Aghanoori M, Smith DR, Shariati-Ievari S, Ajisebutu A, Nguyen A,Desmond F, Calcutt NA, Aliani M & 

Fernyhough P (2019) Insulin-like growth factor-1 activates AMPK to augment mitochondrial function 
and correct neuronal metabolism in sensory neurons in type 1 diabetes. Molec Metab 20:149-165. 
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C. Dr. Mandana Modirrousta 
1. Hassan T, Prasad B, Meek BP, Modirrousta M. (2019). Attitude of psychiatry residents in Canadian 

universities toward neuroscience and its implication in psychiatric practice. Canadian Journal of 
Psychiatry. 65(3):174-183. 
 

2. Abo Aoun M, Meek BP, Modirrousta M. (2019). Cognitive profiles in major depressive disorder: 
Comparing remitters and non-remitters to rTMS treatment. Psychiatry Research. 279:55-61. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
D. Dr. Paul Fernyhough 
1. Jolivalt, C.G., Marquez, A., Quach, D., Navarro Diaz, M.C., Anaya, C., Kifle, B., Muttalib, N., Sanchez, 

G., Guernsey, L. Hefferan, M., Smith, D.R., Fernyhough, P., Johe, K., and N.A. Calcutt (2019). 
Amelioration of both central and peripheral neuropathy in mouse models of type 1 and type 2 
diabetes by the neurogenic molecule NSI-189. Diabetes. 68, 2143-2154 (if 7.23). 

 
2. Lu, P., Kamboj, A., Hogan-Cann, A., Roy Chowdhury, S.K., Aghanoori, M.R., Fernyhough, P. and C.M. 

Anderson (2019). Poly(ADP-ribose) polymerase-1 inhibits mitochondrial respiration by suppressing 
PGC-1α activity in neurons. Neuropharmacology (In Press) (if 5.3). 

 
 

3. Aghanoori, M.R., Smith, D.R., Levari-Shariati, S., Ajisebutu, A., Nguyen, A., Desmond, F., Calcutt, N.A., 
Aliani, M. and P. Fernyhough (2019). Insulin-like growth factor-1 augments mitochondrial function 
through AMPK to drive axonal repair and protect from sensory neuropathy in type 1 diabetes. 
Molecular Metabolism. 20, 149-165. (if 6.8) 
 

4. Book: Fernyhough, P. and N.A. Calcutt (2019). Mitochondrial dysfunction in neurodegeneration and 
peripheral neuropathies. Vol 145 International Review of Neurobiology. Editor. Elsevier. London. 
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Reza Aghanoori, PhD Student (Supervisor: Dr. P. Fernyhough) 

 

E. Dr. Darrell Smith 
1. Jolivalt, C.G., Marquez, A., Quach, D., Navarro Diaz, M.C., Anaya, C., Kifle, B., Muttalib, N., Sanchez, 

G., Guernsey, L. Hefferan, M., Smith, D.R., Fernyhough, P., Johe, K., and N.A. Calcutt (2019).  
Amelioration of both central and peripheral neuropathy in mouse models of type 1 and type 2 
diabetes by the neurogenic molecule NSI-189. Diabetes. 68, 2143-2154 (if 7.23). 
 

2. Aghanoori, M.R., Smith, D.R., Levari-Shariati, S., Ajisebutu, A., Nguyen, A., Desmond, F., Calcutt, N.A., 
Aliani, M. and P. Fernyhough (2019). Insulin-like growth factor-1 augments mitochondrial function 
through AMPK to drive axonal repair and protect from sensory neuropathy in type 1 diabetes. 
Molecular Metabolism. 20, 149-165. (if 6.8) 

 

 

F. Dr. Miyoung Suh 
1. Feltham BA, Louis X, Eskin NAM & Suh M (2019) Docosahexaenoic acid: outlining the therapeutic 

nutrient potential to combat the prenatal alcohol-induced insults on brain development (accepted to 
Adv Nutr: Advances-19-0328). 
 

2. Kapourchali FR, Xavier L, Eskin NAM & Suh M (2019) A pilot study on the effect of early provision of 
dietary docosahexaenoic acid on testis development, functions and sperm quality in rats exposed to 
prenatal ethanol (In press, Birth Defects Res: BDR-19-0024.R3, ID: BDR21614. DOI: 
10.1002/bdr2.1614) 
 

3. Feltham BA, Louis XL, Kapourchali FR, Eskin NAM & Suh M (2019) DHA supplementation during 
prenatal ethanol exposure alters the expression of fetal genes involved in oxidative stress regulation. 
Appl Physiol Nutr Metab. 44(7):744-750.  
   

4. Mudryj A, Farquhar K, Spence K, Vagianos K, Suh M, Riediger N (2019) Employment outcomes among 
Registered Dietitians following graduation in Manitoba. Can J Diet Pract Res. 80(2):87-90.  
 

5. Riediger N, Kingson O, Mudryj A, Farquhar K, Spence K, Vagianos K, Suh M (2019) Diversity and equity 
in dietetics and undergraduate nutrition education in Manitoba.  Can J Diet Pract Res. 80(1):44-46.  



Division of Neurodegenerative Disorders                                                                            2019 Activity Report 
 

 pg. 29 

6. McClinton KJ, Aliani M, Kuny S, Sauvé Y & Suh M (2019) Differential effect of a carotenoid-rich diet on 
retina function in non-diabetic and diabetic rats. Nutr Neurosci. 11:1-11.  
 

7. Wang Y, Feltham B, Suh M & Jones PJH (2019) Cocoa flavanols and blood pressure reduction: Is there 
enough evidence to support a health claim in the United States?.  Food Sci Technol. 83:203-210.  
 

8. Kapourchali FR, Feltham B, & Suh M (2019) Food for male reproductive track health: Omega-3 fatty 
acids.  Encyclopedia of Food Chemistry (in Melton L, Shahidi F, Varelis P, Eds) Vol 3, pp330-336. 
Elsevier Inc. (Invited) 

 

 
 

 

Dr. Miyoung Suh shared her inspiring TEDx Talk “Farming to the Sky: A Game Changer for Health in the 
North” on how vertical farming systems could transform the way Canada’s First Nations people access 

fresh, healthy foods and potentially improve outcomes for indigenous people.   

Watch her talk at https://youtu.be/EG10pKKewrs  
 

 

  

https://youtu.be/EG10pKKewrs
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8. Conference Contributions 
A. Dr. Benedict Albensi 
1. J Djordjevic, WM. Snow, C Perez, A Adlimoghaddam, B.C. ALBENSI. (2019) Decreased mitochondrial 

cyclic AMP response element-binding protein (CREB) level in the cortex of 3xTg mice coincides with 
mitochondrial impairment. CCNA Annual Partners Forum and Science Day, Quebec City, QC, Canada.  
 

2. B.C. ALBENSI, C. Perez Nancy Olson, and A. Adlimoghaddam. (2019) Effects of Dietary Flaxseed on 
Memory and Cognition. 12th edition of Clinical Trials on Alzheimer’s Disease (CTAD). December 4-7, 
San Diego, CA, USA.  
 

3. A. Adlimoghaddam, R. Scott Turner, B. ALBENSI. (2019) The FDA-approved anti-cancer drug, nilotinib 
improves astroglial bioenergetics in Alzheimer’s disease. CAN-ACN; May 22-25, Toronto, ON, CA. 

 
 
B. Dr. Paul Fernyhough 
1. Aghanoori, M.R., Margulets, V., Kirshenbaum, L., Gitler, D. and P. Fernyhough (2019). Real Time 

Analysis of ATP Levels in DRG Neurons Derived from Normal or Diabetic Rats. International Society for 
Neurochemistry (ISN). August 2019, Montreal, Canada. 
 

2. Aghanoori, M.R., Smith, D.R., Agarwal, P., Dolinsky, V.W., Yathindranath, V., Miller, D.W. and P. 
Fernyhough. (2019). Autocrine/paracrine IGF-1 in DRG Neurons Drives Neurite Outgrowth and Is 
Suppressed in the Diabetic State. Canadian Association for Neuroscience. May 2019, Toronto, Canada. 
 

3. Aghanoori, M.R., Smith, D.R., Agarwal, P., Dolinsky, V.W., Yathindranath, V., Miller, D.W. and P. 
Fernyhough. (2019). Autocrine/paracrine IGF-1 in DRG Neurons Drives Neurite Outgrowth and Is 
Suppressed in the Diabetic State. International Society for Neurochemistry (ISN). August 2019, 
Montreal, Canada. 
 

4. Aghanoori, M.R., Smith, D.R., Agarwal, P., Dolinsky, V.W., Yathindranath, V., Miller, D.W. and P. 
Fernyhough. (2019) Sensory Neuron-derived IGF-1 Augments Neurite Outgrowth And This 
Autocrine/paracrine Pathway Is Suppressed in Diabetes. Peripheral Nerve Society (PNS). June 2019, 
Genoa, Italy. 
 

5. Aghanoori, M.R., Margulets, V., Kirshenbaum, L., Gitler, D. and P. Fernyhough (2019). FRET-based Real 
Time ATP Measurements in Sensory Neurons of Normal or Diabetic Rats. Peripheral Nerve Society 
(PNS). June 2019, Genoa, Italy. 

 
6. Casellini, C.M., Parson, H.K., Frizzi, K., Edwards, J.F., Weaver, J., Bailey, M., Binion, B., Cundra, L., 

Fernyhough, P., Calcutt, N.A. & Vinik, A.I. (2019). Topical oxybutynin, a muscarinic receptor 
antagonist, improves epidermal nerve fiber density and nerve function in subjects with type 2 
diabetes. NeuroDiab XXIX. Sitges, Spain. 
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7. Smith, D.R., Sanchez, G., Aghanoori, M.R., Johe, K., Calcutt, N.A., Jolivalt and P. Fernyhough (2019). 
NSI-189 enhances neurite outgrowth and mitochondrial function in sensory neurons and reverses 
peripheral neuropathy in ZDF rats. International Society for Neurochemistry (ISN). August 2019, 
Montreal, Canada. 

 
C. Dr. Mandana Modirrousta 
1. Stirton H, Meek BP, Edel AL, Ravandi A, Modirrousta M. (2019). Oxidized phosphatidylcholines as a 

predictive factor of treatment response to repetitive transcranial magnetic stimulation in major 
depressive disorder. Brain Stimulation. Vancouver, Canada. 
 

2. Dhaliwal S, Meek BP, Modirrousta M. (2019). Repetitive transcranial magnetic stimulation of the 
dorsal anterior cingulate cortex in the treatment of obsessive compulsive disorder: A double blind 
randomized clinical trial. Brain Stimulation. Vancouver, Canada. 

 
3. Abo Aoun M, Meek BP, Modirrousta M. (2019). Cognitive profiles in major depressive disorder: 

Comparing remitters and non-remitters to rTMS treatment. Brain Stimulation. Vancouver, Canada. 
 

4. Meek BP, Hill SR, Modirrousta M. (2019). Efficacy of Low-Frequency rTMS over the Right Dorsolateral 
Prefrontal Cortex following Mild Traumatic Brain Injury. Brain Stimulation. 12(2): e28. doi: 
https://doi.org/10.1016/j.brs.2018.12.086  
 

D. Dr. Miyoung Suh 
1. Feltham BA, Clark RRN, Hunter L, Mamchur M, Wang Y, Vagianos K, Blewett H & Suh M (2019) Body 

adiposity assessment: Is skin-fold thickness a reliable and valid method versus more sophisticated 
tools? Manitoba Nutrition in Your Practice Day, Winnipeg, May 3, 2019 
 

2. Feltham BA, Louis XL, Kapourchali FR, Eskin NAM & Suh M (2019) DHA supplementation during 
prenatal ethanol exposure alters the expression of fetal rat liver genes involved in oxidative stress 
regulation. Rapid-Fire Research symposium 2, St. Boniface Hospital Albrechsten Research Centre, 
Winnipeg, Mar 29, 2019. 

 
3. Kloss O & Suh M (2019) Maternal nutrition in Northern Manitoba: Where are we at? Rapid Fire 

Research Symposium.  Winnipeg, MB, Canada, Mar 3, 2019. 
 
4. Walchuk C, Bellan L, House J, & Suh M (2019) Enriched eggs: A simple solution to preventing age-

related macular degeneration? Manitoba Nutrition in Your Practice Day, Winnipeg, May 3, 2019 
 

5. Walchuk C, Bellan L, House J, & Suh M (2019) Eggs for eyes: Lutein and docosahexaenoic acid enriched 
egg consumption improved retina function in healthy Caucasian older adults. The 2nd Rapid-Fire 
Research Symposium, The Canadian Centre for Agri-Food Research in Health and Medicine, Winnipeg, 
MB, Mar 29, 2019: (Walchuk won 2nd place in trainee oral competition) 
 

6. Wang Y, Feltham BA & Suh M (2019) Does energy dense diet affect birth outcomes in rats with 
prenatal ethanol exposure? Manitoba Nutrition in Your Practice Day, Dietitian of Canada, Winnipeg, 
May 3, 2019 



Division of Neurodegenerative Disorders                                                                            2019 Activity Report 
 

 pg. 32 

9. Invited Presentations, Outreach and Other Activities. 
A. Dr. Benedict Albensi 

Invited Talks/Radio/Press: 

1. New York Genome Center, New York, NY, USA Invited Oral Presentation. 
 

2. Seminar Chair, Spotlight on Dementia Research, Seminar by Dr. Saskia Savananthan, Alzheimer’s Soc. 
Manitoba, Winnipeg, MB  

3. Keynote Speaker/Moderator - Scientific Panel (~300 attended), Dementia Care Conference, 
Alzheimer’s Soc. Manitoba, Winnipeg, MB 
 

4. How the Brain Remembers. Apple Podcast – Interview with Dr. Therese Markow 
https://podcasts.apple.com/us/podcast/critically-speaking/id1463016517 .  

 
5. Spotlight on Dementia Research Panel Discussion – CJOB 680 radio – Global News. Interview by Geoff 

Currier.  
 
6. The Future of Alzheimer’s Disease - on CTV for the Medical Watch Show. Interview by Michelle 

Gerwing.  
 
7. Blood Tests & Alzheimer’s Disease - AAIC meeting findings, Global News, CJOB 680 AM radio, 

Interview by Julie Buckingham.  
 
8. Dementia Research, CJNU 93.7 FM radio, Interview by Jessica Miller.  
 
9. Mitochondrial Disease, The Health Report – CJOB 680 AM radio, Interview by Greg Mackling and Kris 

Gutierrez.  
 
10. January is Alzheimer’s Awareness Month – in cooperation with Alzheimer’s Soc. of Manitoba. Media, 

newspaper announcements.  
 
11. Speaker. Title: Nutrition and Dementia. Producing Nutrient Dense Food Meeting, Winnipeg, MB 

Other current activities: 
2017- present  Member, Canadian Consortium on Neurodegeneration in Aging (CCNA)  
2015- present  Manitoba Dementia Research Chair, Winnipeg, MB, Canada  
2010 – present Dr. Benedict Albensi is the Director of the MitoCanada Foundation charitable 

organization was formed in 2010 by a group of passionate Canadian parents 
whose previously happy, healthy children were given a diagnosis of 
mitochondrial disease. Dr. Albensi has been a Board of Director member for 5 
years and chairs MitoCanada’s Medical Science and Technology Committee. 
https://mitocanada.org/about-us/board-and-staff-3/  Previous board of director 
appointments include the Alzheimer’s Society of Manitoba and the Movement 
Ctr. of Manitoba. 

2010 – present Discovery Days in Health Sciences are one-day events that give secondary school 
students (primarily Grade 11) who are interested in science the opportunity to 
explore a variety of career options in medicine and the health sciences. Dr. 

https://mitocanada.org/about-us/board-and-staff-3/


Division of Neurodegenerative Disorders                                                                            2019 Activity Report 
 

 pg. 33 

Albensi has been participating in Discovery Days workshops at St Boniface and 
career panels for over 10 years.    https://www.cdnmedhall.org/discovery-days 

2005 – present Science Fair Judging.  Dr. Albensi has been participating in several science fairs 
locally and nationally for 15 years. These include, Youth Science Canada 
(https://youthscience.ca/ ) , Manitoba Schools Science Fairs, MSSS 
(http://www.msss.mb.ca/), Sanofi, and Bison Regional Science Fair 
(https://secure.youthscience.ca/sfiab/bisonregionalsciencefair/ ) 

2008 – present Teddy Bear Picnic – Children’s Hospital Research Institute of Manitoba (CHRIM). 
Dr. Albensi has been a member of CHRIM for over 12 years and has been 
volunteering at the Teddy Bear Picnic for over 10 years. In particular, he hands 
out awareness materials for MitoCanada and meets with families to discuss 
mitochondrial disorders. 

Certifications received in 2019 
• CDR – Clinical Dementia Rating, https://knightadrc.wustl.edu   
• MoCA – Montreal Cognitive Assessment, https://www.mocatest.org/   
• Protecting Human Research Participants, Certification, No 2825782 (renewal)  
• Computer-based Clinical Research Training Course, NIH (renewal) 

 
Consulting & Contracting, Scientific or Medical Advisor 
2019 – 2020  CareTalk - Clinical Research.IO, Boston, MA  
2019 - present  Mitochondrial Transfusion, San Francisco, CA 
2019 – present  Clinical Research and Business Plan – ActivMed, Methuen, MA  
2019 – present   Grant Advisement - McAllister & Quinn, Washington, DC 
2018 – present Co-Chair Accreditation Protocols (SASI Leadership Team) - ACRES (Alliance for 

Clinical Research Excellence and Safety), HQ-Boston, MA, USA 
2018 – 2019 Vice Chair, NCURA eRA Collaborative Working Group - Neighborhood 

Committee.  
2017 – 2019 Electronic Research Administration (eRA) Collaborative Working Group – 

National Council of University Research Administrators (NCURA).  
2016 – present  Working Group Member (Aging & Cognition team) for ACRES – Alliance for 

Clinical Research Excellence and Safety, Boston, MA, USA  
2016 – 2019  Communications Chair (elected by international online ballot), ISTAART-

Alzheimer’s Association, Nutrition, Metabolism, & Dementia PIA Executive 
2011-  The Honourable Douglas Everett, Patricia Everett Endowment Fund Chair 

(Alzheimer’s research), St. Boniface Hospital Research, Winnipeg, MB, Canada  
2006-  Research Affiliate, Centre on Aging, University of Manitoba. Winnipeg, MB, 

Canada  
2006-  Scientist, Children's Hospital Research Institute of Manitoba (CHRIM, formerly 

called MICH), University of Manitoba. Winnipeg, MB, Canada  
2005-  Principal Investigator, Div’n. of Neurodegenerative Disorders, St. Boniface 

Hospital Research Centre. Winnipeg, MB, Canada  
2012-19  Biomedical Engineering Graduate Program Core Member, Faculties of Health 

Sciences, Engineering, & Science. University of Manitoba. Winnipeg, MB, 
Canada 

 

https://www.cdnmedhall.org/discovery-days
https://youthscience.ca/
http://www.msss.mb.ca/
https://secure.youthscience.ca/sfiab/bisonregionalsciencefair/
https://knightadrc.wustl.edu/
https://www.mocatest.org/


Division of Neurodegenerative Disorders                                                                            2019 Activity Report 
 

 pg. 34 

B. Dr. Paul Fernyhough 
Invited Talks: 

1. 7th International Congress on Neuropathic Pain. London, UK. Muscarinic receptor antagonism to drive 
nerve repair and alleviate pain in diabetic neuropathy, in rodent models and in human. (May 9-11th 
2019). 

 
2. 7th International Congress on Neuropathic Pain. London, UK. Mechanisms of antimuscarinic drug 

action to augment mitochondrial function and repair sensory nerve fibers. (May 9-11th 2019). 

Other current activities: 

2007 – present  College of Medicine Promotions Committee, Basic Sciences Representative 
2012 – present  Canadian Institutes of Health Research (CIHR) – Cell Biology and Mechanisms of 
    disease panel  
2015 – present   Head of Department of Pharmacology & Therapeutics, University of Manitoba  
2015 – present  Member, Faculty of Health Sciences (FHS) Executive Council 
2015 – present   Member, College of Medicine Research Advisory Committee 
2015 - present  Member, College of Medicine Research Support Fund (RSF) Adjudication 
    Committee 
2015 – present  Member, College of Medicine Department Head’s Council 
2015 – present   Member of FHS core platform review committee 
2015 -  present  International Diabetic Neuropathy Consortium, Universities at Aarhus and 

Copenhagen in Denmark and Oxford, UK and Ann Arbor, USA. Funded by Novo 
Foundation, Denmark. Member of advisory board.  

2018 – present Member of University of Manitoba Tricouncil bridge funding review panel 

2005 – present NIH research study section – NINDS Clinical Neuroplasticity and 
Neurotransmitters (CNNT) Study Section – March 2005 to 2010 and then Oct 
2014 onwards as ad hoc reviewer. 

 

 

 

 

 

 

 

 

 

 
Former MSc student Chris Cadonic (supervisor Dr. Ben Albensi) giving lab tour to young student.  
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C. Dr. Mandana Modirrousta 
Invited Talks 
1.  Depression in 2020, a multidimensional approach? Oxolipidomic profiles in major depressive 

disorder. Manitoba Neuroscience Network. Winnipeg, Canada. 
 

2. Young Onset Dementia. Alzheimer Society of Manitoba. Winnipeg, Canada. 
 

3. Health & Wellness for Lawyers. 2019 Canadian Bar Association Immigration Law Conference. 
Winnipeg, Canada. 
 

4. Depression and Psychosis in Neurological Disorders. Academic Half Day, University of Manitoba. 
Winnipeg, Canada. 
 

5. Brain Stimulation; New Horizons in Treating Mental Illness. Rehabilitation Return to Work 
Partnership. Winnipeg, Canada. 
 

6. Brain Stimulation in Manitoba. Canadian Neuromodulation Network. Vancouver, Canada. 
 

Other current activities: 

2019 – present Board Member, Alzheimer Society of Manitoba  
 
2016 – present Committee Member, American Neuropsychiatric Association 

 (ANPA) Committee for Research  
 
2016 – present  Invited Reviewer, Peer-review of scientific publications for   

Brain Sciences 
 
Fall 2019 Grant Reviewer, CIHR Behavioral Sciences-C committee;  

Project Grant 
 
Spring 2019 Grant Reviewer, CIHR Behavioral Sciences-C committee;  

Project Grant 
 

 

 

Former PhD Student Brent Aulston and his 
supervisor, Dr. Gordon Glazner 

  



Division of Neurodegenerative Disorders                                                                            2019 Activity Report 
 

 pg. 36 

D. Dr. Miyoung Suh 
Invited Talks 

1. Smart vertical farming: a healthy solution for Northern Manitoba? Manitoba Nutrition in Your Practice 
Day, Dietitian of Canada. Winnipeg, May 3, 2019 

 
2. Nutrition management of aging eyes?  Centre on Aging, Fort Garry Library, Winnipeg, Nov 1, 2019 

 

Other current activities: 

2014-present Committee member, Young Generation, Association of Korean-Canadian Scientists and 
Engineers, Canada/ Award selection committee 

2012-present  Judge for Canadian Student Health Research Forum (Manitoba Poster Competition),     
2012-present  Judge for The Annual Functional Foods and Natural Health Products Graduate     
  Symposium 
2012-present Gant review: Mitacs Accelerate and Elevate program  
2017-present CIHR College of reviewers   

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Dr. Miyoung Suh with her student Bradley Feltham  
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10. Visiting Speaker Program 
The Division of Neurodegenerative Disorders, the Neuroscience Research Program located within the 
Kleysen Institute for Advanced Medicine at the Health Sciences Centre, and the Department of 
Pharmacology & Therapeutics, University of Manitoba, conjointly participate in funding the Manitoba 
Neuroscience Networks’s Seminar Series/Visiting Speaker Program.  The Manitoba Neuroscience 
Network’s administrative office is located within the Division of Neurodegenerative Disorders. 

The following is a list of some of the events held throughout 2019. 

 
January 14, 2019  
 
Dr. Keith Murai 
Director | Centre for Research in Neuroscience 
Professor | Neurology & Neurosurgery, Medicine (Dept. & Faculty) 
Researcher | Research Institute of the McGill University Health 
Centre 
Topic:   Astrocyte diversity and brain circuit microenvironments 
 

 

 

January 25, 2019  
 
Dr. Saeid Ghavami  
Department of Human Anatomy & Cell Science 
University of Manitoba 
Topic: “Glioblastoma and Cholesterol Metabolism Pathway” 

 
 
 
March 11- 26, 2019 
 
Brain Awareness Week  
 
Established by the Dana Foundation in 1995, Brain Awareness Week is a global event promoting 
neuroscience research and education. Each year, neuroscientists, in partnership with universities, 
schools, and community organizations, celebrate Brain Awareness Week by hosting public events such as 
lectures, information displays, art shows, and children’s activities.   
 
 
 
 
 
 

https://mcgill.ca/ipn/
http://www.medicine.mcgill.ca/deptmedicine/
https://mcgill.ca/medicine/
http://www.rimuhc.ca/web/research-institute-muhc/brain-repair-and-integrative-neuroscience-program
http://www.rimuhc.ca/web/research-institute-muhc/brain-repair-and-integrative-neuroscience-program
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To learn more about Brain Awareness Week and see pictures from events held across the world, please 
visit the Dana Foundation’s Brain Awareness Week web site. 

 

 

 

 

 

 

 

 

The MNN is proud to sponsor a variety of Brain Awareness Week activities, including the Winnipeg Brain 
Bee, Café Scientifique, and Neurocraft. We also invite high-profile Canadian neuroscientists to give 
public presentations on their research. 

 

 

 

http://www.dana.org/baw/
https://manitobaneuroscience.ca/community-outreach/winnipeg-brain-bee/
https://manitobaneuroscience.ca/community-outreach/winnipeg-brain-bee/
https://manitobaneuroscience.ca/community-outreach/cafe-scientifique/
https://manitobaneuroscience.ca/community-outreach/neurocraft/
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March 11, 2019 
 
Dr. Steven Connor 
Department of Biology 
York University 

Topic:  Taming the wild synapse:  MDGAs as negative regulators of 
synapse development 
 
 
 
 
 
March 29, 2019 
 
Dr. Spencer Gibson 
Professor, Department of Immunology & Biochemistry and Medical Genetics 
Director, Manitoba Institute of Cell Biology 
Senior Scientist, Research Institute in Oncology and Hematology 
Director, Translational Research 
University of Manitoba 

Topic:  Understanding the regulation of cell death in glioblastoma. Context 
Matters? 

  
 

May 6, 2019 

Dr. David Amaral 
UC Davis Distinguished Professor, Beneto Foundation 
Endowed Chair, The M.I.N.D. Institute, Department of Psychiatry 
and Behavioral Sciences , Center for Neuroscience, and the 
California National Primate Research Center, Director, MIND 
Institute Autism Center of Excellence, Editor-in-Chief, Autism 

Research 
 

Topic:  U of Manitoba’s Victor Havlicek Memorial Lectureship 
The Ups and Downs of Autism Spectrum Disorder  Tracking the 
trajectories of autism in the Autism Phenome project. 
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May 31, 2019 
 
Dr. Tamra Ogilvie  
Department of Biochemistry and Medical Genetics Canada Research 
Chair in Neuro-oncology and Human Stem Cells; Associate 
Professor, Regenerative Medicine Program 
Biochemistry & Medical Genetics and Physiology & Pathophysiology 
Max Rady College of Medicine, Rady Faculty of Health Sciences 
University of Manitoba 
 
Topic:  Novel gene networks regulating self-renewal and 
differentiation in medulloblastoma 
 
 

 
June 7, 2019 
MNN Scientific Meeting June 2019 
  

 

 

 

 

 

 

 

 

 

 

 

The 2019 MNN Scientific Meeting was held on June 7th, 2019.   Co-chaired by Dr. Domenico Di Curzio and 
Dr. Renée Douville, the meeting was held at the University of Winnipeg. There was an engaging program 
developed featuring a visit and talk by Canadian Research Council Chair in Developmental Neurogenetics 
Dr. Daniel Goldowitz (University of British Columbia) a public lecture by Dr. Janice Robertson (University 
of Toronto), a leading expert in Amyotrophic Lateral Sclerosis neuropathology and therapeutic 
development.  The scientific event will be capped off with a networking mixer and neuroscience art silent 
auction at the Winnipeg Art Gallery. 
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The full program is now available and can be found at: 
https://manitobaneuroscience.ca/annual-meeting/2019mnn/ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

https://manitobaneuroscience.ca/annual-meeting/2019mnn/
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August 20, 2019 
 
 Dr. Douglas Wright  
Professor of Anatomy and Cell Biology  
University of Kansas Medical Centre August 19 – 21, 2019 
 
 Topic:   Epidermal axons as a biomarker of disease and disease 
intervention. Location: Theatre B 
 
 
 
 
 

 
 
September 27, 2019 
 
Dr. Tiina Kauppinen  
Associate Professor, Department of Pharmacology & 
Therapeutics, University of Manitoba | Principal  
Investigator, Kleysen Institute for Advanced Medicine 
Topic:   Microglial modulation rescues cognitive impairment 
caused by fetal exposure to gestational diabetes 
 
 
 
 
 
 
 
October 24, 2020 
 
Mohammad Norouzi 
BME PhD Candidate Pharmacology 
Graduate Program in Biomedical Engineering 
University of Manitoba 
 
Topic:  Recent advances in local cancer therapy.  
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October 25, 2019 
 
Dr. Mandana Modirrousta  
Associate Professor, Neuropsychiatrist & Director, 
Neuromodulation & Neuropsychiatry Unit, Department 
of Psychiatry, University of Manitoba | Principal  
Investigator, DND St. Boniface Hospital Research 
 
Topic:  Depression in 2020, a multidimensional approach?  
Oxolipidomic profiles in major depressive disorder 
 
 
 
 

 
 
November 13, 2019 
 
Alyson Fournier 
Professor, Faculty of Medicine 
McGill University 
 
Topic:  Small molecular stabilization of protein interactions to 
promote axon regeneration  
 
 
 
 

 
 
 
 
November 29, 2019 
 
Dr. Jun-Feng Wang  
Associate Professor, Department of Pharmacology & 
Therapeutics, University of Manitoba | Principal 
Investigator, Kleysen Institute for Advanced Medicine 
 
Topic:  Contribution of thioredoxin-interacting protein to chronic 
stress-induced cellular damage 
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Manitoba Dementia Journal Club: 

Dr. Albensi heads up the Dementia journal club that started several years with the effort of Dr. Gough 
(Dept. Chemistry at the Univ. of Manitoba).  With a common goal of uniting researchers across Winnipeg, 
across faculties, and across departments, the club began with a focus on Alzheimer's dementia, but has 
since expanded to include all forms of dementia. Currently the group meets monthly at various Winnipeg 
locations, but with many meetings occurring at the University of Manitoba, Ft. Garry, HSC, and St. 
Boniface.  Learn  more about Dementia Research Manitoba 
at:  https://dementiamanitoba.wixsite.com/mysite 
 

 
 
 

Where Basic, Translational, and Clinical Research Meet 
We are a group of scientists, physicians, administrators, and other healthcare professionals devoted to 

high quality dementia research in Manitoba. 
 
 

To attend our club or for more information contact: 
 

Dr. Benedict C. Albensi, Chair 
204-235-3942 

DementiaManitoba@outlook.com 
 

  

https://dementiamanitoba.wixsite.com/mysite
mailto:DementiaResearch@outlook.com
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11. Commercialization 
 

A. WinSanTor 
 
Founded in 2011, WinSanTor Inc. is a clinical-
stage biotechnology company focused on the 
discovery and development of treatments for 
peripheral neuropathies, including diabetic 
peripheral neuropathy, chemo- and HIV-
induced peripheral neuropathy, and others. 
Visit their website:  https://winsantor.com 
 

 

 
 

 

 

 

 

 

 
 

Read more on the founders:   https://winsantor.com/the-winsantor-team/ 

 

Study finds drugs that can reverse nerve damage.   

People who suffer from chronic numbness or pain and tingling in their extremities, caused by diabetes 
or other conditions, might soon get relief. A study by an international team of researchers has found 
that a class of drugs prescribed for other medical issues such as nearsightedness, incontinence or peptic 

ulcers may also prevent numbness and pain in fingers, 
arms and legs. 

Led by Dr. Paul Fernyhough of the University of 
Manitoba and St. Boniface Hospital Albrechtsen Research 
Centre, and Dr. Nigel Calcutt of the University of 
California at San Diego, the researchers found that 
antimuscarinic drugs such as pirenzepine can reverse the 
numbness and pain, called neuropathy, often 
experienced by people with diabetes, HIV, or as a side 
effect of cancer chemotherapy. 

https://winsantor.com/
https://winsantor.com/the-winsantor-team/
http://www.sbrc.ca/fernyhough/
http://umanitoba.ca/
http://umanitoba.ca/
https://www.universityofcalifornia.edu/
https://www.universityofcalifornia.edu/
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Fernyhough notes: “The costs of treating these diseases and associated morbidities exceed the costs for 
treating breast cancer. For the first time we have identified a new class of drugs that can reverse nerve 
damage in animal models of these diseases.” 
 
In peripheral neuropathy the nerve endings of the 
peripheral nerves die leading to severe impacts on 
quality of life. For example, patients suffer from 
intractable pain, foot ulcers, infections and ultimately 
amputations. There are presently no treatments 
other than palliative care. The study found that 
widely-used drugs targeted a key receptor in the 
neural pathway regulating the growth of nerve fibres 
and stimulated their regeneration. The drugs drive 
nerve fibre regeneration and repair in disease states 
such as diabetes and chemotherapy where there is otherwise irreversible nerve damage. 
 
Calcutt, Fernyhough and Lakshmi Kotra of the University of Toronto together have founded the biotech 
company WinSanTor Inc to specifically develop the therapeutic potential of this novel approach to 
treating neuropathy. 
 
“This data opens the possibility that the process of peripheral nerve degeneration may be 
therapeutically reversible, and now with the potential to use existing drugs, we can rapidly translate 
these findings to clinical trials,” says Stanley Kim, co-founder and CEO of WinSanTor Inc. “Peripheral 
neuropathy is a major and often neglected health problem affecting hundreds of millions of people 
around the world, including a majority of diabetes patients, and we can’t afford to wait any longer in 
advancing treatments for this disease.” 
 
Fernyhough adds: “An exciting aspect of the work is that these are new uses for old drugs. They have 
been used in humans for over 20 years with no serious side effects and have an excellent safety profile. 
We expect Phase 1 trials to progress smoothly with Phase 2 trials arranged and already funded for 
2017.” 
 
“We are proud of Dr Fernyhough’s exciting finding and the clinical implications of this discovery,” says 
Dr. Grant Pierce, Executive Director of Research at St Boniface Hospital. “It is another example of the 
successful history at St Boniface Hospital of translating our lab bench findings into valuable medical 
applications to benefit the health of Canadians.” 
“I congratulate Drs. Fernyhough and Calcutt on their findings,” says Dr. Digvir Jayas, Vice-President 
(Research and International) and Distinguished Professor at the University of Manitoba. “This research 
will benefit millions of people who are affected by chronic diseases.” 
 
The results of the study were published in 2017 in the Journal of Clinical Investigation. The research was 
funded by grants from the JDRF, the Canadian Institutes of Health Research, and the National Institutes 
of Health, with support from St. Boniface Hospital Foundation. 
 

 

 

http://winsantor.com/
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A large body of literature supports the idea that nuclear factor kappa B (NF-κB)
signaling contributes to not only immunity, but also inflammation, cancer, and nervous
system function. However, studies on NF-κB activity in mitochondrial function are much
more limited and scattered throughout the literature. For example, in 2001 it was first
published that NF-κB subunits were found in the mitochondria, including not only IkBα

and NF-κB p65 subunits, but also NF-κB pathway proteins such as IKKα, IKKβ, and
IKKγ, but not much follow-up work has been done to date. Upon further thought the lack
of studies on NF-κB activity in mitochondrial function is surprising given the importance
and the evolutionary history of both NF-κB and the mitochondrion. Both are ancient
in their appearance in our biological record where both contribute substantially to cell
survival, cell death, and the regulation of function and/or disease. Studies also show
NF-κB can influence mitochondrial function from outside the mitochondria. Therefore,
it is essential to understand the complexity of these roles both inside and out of
this organelle. In this review, an attempt is made to understand how NF-κB activity
contributes to overall mitochondrial function – both inside and out. The discussion
at times is speculative and perhaps even provocative to some, since NF-κB does
not yet have defined mitochondrial targeting sequences for some nuclear-encoded
mitochondrial genes and mechanisms of mitochondrial import for NF-κB are not yet
entirely understood. Also, the data associated with the mitochondrial localization of
proteins must be yet further proved with additional experiments.

Keywords: inflammation, immunity, mitochondria, cancer, Alzheimer’s, nervous system

INTRODUCTION

Nuclear factor kappa B (NF-κB) is an ancient protein transcription factor (Salminen et al., 2008)
and considered a regulator of innate immunity (Baltimore, 2009). The NF-κB signaling pathway
links pathogenic signals and cellular danger signals thus organizing cellular resistance to invading
pathogens. In fact, a plethora of studies have shown NF-κB is a network hub responsible for
complex biological signaling (Albensi and Mattson, 2000; Kaltschmidt and Kaltschmidt, 2009;
Karin, 2009). To this end, NF-κB has been hypothesized to be a master regulator of evolutionarily
conserved biochemical cascades (Mattson et al., 2000). Other factors are also translocated into the
mitochondria and are involved in modulating expression (Barshad et al., 2018a), but are not the

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 August 2019 | Volume 7 | Article 154
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focus of this review. The purpose of this review is to
attempt to understand how NF-κB activity contributes to
mitochondrial function. It is assumed the reader already has an
understanding of basic mitochondrial biology. In the case of
further study, the reader is referred to many excellent studies
and reviews on mitochondrial structure and function (Hall,
1979; Fox, 1982; Roger and Silberman, 2002; Henze and Martin,
2003; Conradt, 2006; Ettema, 2016; Wang and Youle, 2016;
Barshad et al., 2018b).

NF-κB ACTIVATION

Nuclear factor kappa B subunits, comprising the NF-κB complex,
are expressed in both neurons and glia. The NF-κB complex exists
in an inactive state in the cytoplasm (Ghosh et al., 1998; Aggarwal
et al., 2004; Hayden and Ghosh, 2004) where the activation of
NF-κB has been well described (Li and Karin, 2000; Baud and
Jacque, 2008; Israel, 2010). When stimulated by molecules such
as TNFα, or other cell stressors, TNFα binds to TNF receptors
(Figure 1). This binding, via several intermediate steps, leads
to an interaction with the IκB kinase (IKK) complex, which
then leads to the phosphorylation of IκB, and subsequently
results in IκB ubiquitination and degradation. Once degraded,
the remaining NF-κB dimer (e.g., p65/p50 subunits) translocates
to the nucleus, where it binds to the DNA consensus sequence
of various target genes. The selectivity of the NF-κB response
is based on several factors (Sen and Smale, 2010) including
dimer composition, timing, and cell type. NF-κB’s influence on
cell survival is also complex and can be neuroprotective or
proinflammatory, depending on cell type, developmental stage,
and pathological state (Qin et al., 2007).

Organizationally, NF-κB is a Rel family transcription factor
and is associated with five genes, NF-κB1, NF-κB2, RELA, RELB,
and REL (Chen and Greene, 2004); these genes encode several
proteins, NF-κB1, NF-κB2, RelA, RelB, and c-Rel, respectively,
where two of these proteins are large precursor proteins known
as p105 and p100 that undergo proteolysis to become p50
and p52, respectively. These proteins contain REL-homology
domains (RHD) at their amino-terminal region; the RHD region
is composed of 2 separate, but adjoining domains. The sequence
most distant from the carboxy-terminal region allows the protein
to bind to DNA. A more interior sequence allows the Rel family
proteins to dimerize (homo- or heterodimers) for the suppression
of expression via the binding of their corresponding family of
inhibitors, the IκB proteins (Chen and Greene, 2004). The latter
sequence includes the nuclear-localization sequence (NLS) that
becomes unmasked when IκB is unbound by degradation. The
NLS has the job of guiding or tagging active proteins for import
into the cell nucleus (Chen and Greene, 2004; Karin et al., 2004;
Barger et al., 2005).

Three of these proteins (RelA, RelB, and c-REL) also encode
a transactivation domain (TADs) in their carboxy-terminal
region. The TADs allow these proteins to interact with the basal
transcription apparatus, known as the TATA binding protein
(TBP), Transcription Factor IIB, as well as the p300 and cAMP
response element (CREB) binding protein (CBP) transcriptional

co-activators (Chen and Greene, 2004). Only these three proteins
are able to induce transcription of their DNA-coding regions
while the other proteins, the p50 and p52 homodimers, are able
to occupy the DNA binding sites without initiating transcription.
Given this, the later 2 homodimers proteins of p50 and p52 act as
transcriptional repressors (Chen and Greene, 2004).

The p105 and p100 homodimers occupy DNA binding sites
thus blocking transcription via transcription factors that do
possess TADs (Barger et al., 2005). A third form of transcriptional
repression is due to IκB proteins. These proteins have several
ankyrin repeats as their core domain and function by binding to
the RHD that mask the NLS (Karin et al., 2004). Without an active
NLS, the NF-κB proteins are restricted to the cytoplasm and are
unable to migrate into the nucleus and so transcription is blocked.

NF-κB IS FOUND IN THE
MITOCHONDRIA

In 2001, a study by Bottero et al. (2001) found IκBα and the NF-
κB p65 subunit in subcellular fractions and purified mitochondria
from Jurkat cells. Jurkat cells are an immortalized cell line of
human T lymphocyte cells that are used to study leukemia.
In Bottero’s study, it was determined that IκBα and NF-κB
p65 were localized in the mitochondrial intermembrane space.
The mitochondrial intermembrane space is the space that exists
between the inner mitochondrial membrane (IMM) and the
outer mitochondrial membrane (OMM).

Subsequently, Cogswell et al. (2003) also showed that NF-κB
subunits, p50 and p65, and IκBα, were found in the mitochondria.
To determine this, several methods were used to provide
evidence, including electron microscopy of sections of U937 cells.
U937 cells were first isolated from the lymphoma of a middle-
aged male patient to study the behavior and differentiation of
monocytes. Here Cogswell et al. (2003) was able to visualize
NF-κB p50 and p65 subunits and IκBα in the inner matrix
of the mitochondria. Rat liver cells were also examined in
this study and the p50 subunit and IκBα subunit were also
identified. Additionally, U937 cells were stimulated for 1 h with
TNFα, a known trigger of the NF-κB signaling pathway. In
this experiment, Western blot analyses in mitochondrial and
cytoplasmic fractions found that TNFα treatment caused a loss
of IκBα in both mitochondrial and cytoplasmic compartments
by 30 min following treatment suggesting that IκBα was
degraded. EMSA analysis, an in vitro assay that detects NF-
κB activation and non-specific binding to DNA sequences,
was also conducted on protein taken from nuclear extracts
from mitochondria isolated from U937 cells stimulated with
TNFα. Here they determined TNFα signaling led to increased
DNA binding activity of NF-κB p50, in protein taken from
the mitochondria.

Other studies have also detected NF-κB in the mitochondria.
These include studies (Guseva et al., 2004; Zamora et al.,
2004) in human fibroblast HT1080 cell lines, human prostate
LNCaP and PC3 cell lines, and HeLa cells. In LNCaP cells,
mitochondria NF-κB p50 and p65 subunits were found
bound to mitochondrial DNA (mtDNA). Taken together,

Frontiers in Cell and Developmental Biology | www.frontiersin.org 2 August 2019 | Volume 7 | Article 154

https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-07-00154 August 5, 2019 Time: 13:12 # 3

Albensi NF-KB in the Mitochondrion

FIGURE 1 | Pathways for Nuclear factor κ B (NF-κB) signaling in the cytoplasm and the mitochondrion. The NF-κB tri-subunt complex (e.g., p65, p50, IκB – one
possible combination) exists in an inactive state in the cytoplasm. NF-κB activation is initiated when molecules such as TNFα bind to TNF receptors (different types
exist). Other external or internal stimuli can also activate NF-κB. A complicated signal transduction process then begins once TNF receptors are activated; IκB kinase
(IKK) is ultimately triggered and leads to the phosphorylation of IκB, which results in IκB ubiquitination and degradation. Once IκB is degraded, the remaining NF-κB
dimer (e.g., p65/p50 or p50/p50 subunit combinations are possible) translocates to the nucleus, where it binds to a DNA consensus sequence of target genes. By
processes not well understood, the NF-κB complex or NF-κB subunits can also migrate into the mitochondrion, where evidence suggests it/they occupies the
intermembrane space. Once inside the mitochondria, NF-κB is thought to interact with OXPHOS genes (mitochondrial mtDNA) that leads to the expression of
proteins involved in various functions, including mitochondrial dynamics and COX III regulation (component of Complex IV). Evidence also suggests, NF-κB can
function as a switch in the mitochondria and control the balance between the utilization of cytoplasmic glycolysis and mitochondrial respiration in normal cells and in
cancer. Finally, data also point to intrinsic apoptotic pathway stimulation, where NF-κB activation in the mitochondria leads to cytochrome c release, thus triggering
caspase cascades and programed cell death.

these studies show evidence for NF-κB signaling in the
mitochondria and that NF-κB regulates mitochondrial
mRNA expression (see NF-κB and mitochondrial gene
expression section below).

NF-κB CONTROLS MITOCHONDRIAL
DYNAMICS

There are several proteins involved in the dynamics (fission
and fusion) and morphology of the mitochondria (Karbowski
and Youle, 2003; Olichon et al., 2006; Brooks and Dong, 2007;
Song et al., 2008; Autret and Martin, 2010; Silva et al., 2013;
Sinha and Manoj, 2019). One of these is the optic atrophy
1 protein (OPA1) (Olichon et al., 2006; Garcia et al., 2018;

Lee and Yoon, 2018). Studies have suggested that OPA1 is a
regulator of mitochondrial inner membrane fusion and also
mitochondrial cristae remodeling (Cipolat et al., 2006). Recently
Laforge et al. (2016) showed that the absence of IKKα had
an impact on OPA1 expression in the mitochondria and on
mitochondrial morphology.

Surprisingly, in a recent study by Nan et al. (2017),
TNFα receptor 2 (TNFR2) stimulation was found to promote
mitochondrial fusion via the NF-κB-dependent activation of
OPA1 expression in cardiac myocytes. Importantly, TNFR2
activation in this study protected cardiac myocytes against
stress by upregulating OPA1 expression. By administering low
concentrations of exogenous TNFα (0.5 ng/mL) before ischemia-
reperfusion appeared to enhance cell survival, whereas higher
concentrations (10–20 ng/mL) led to toxic effects in cells.
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NF-κB AND APOPTOSIS IN THE
MITOCHONDRIA

Mitochondria’s role in programed cell death, or
apoptosis has been known for quite some time
(Green and Reed, 1998; Wang and Chen, 2015). The most
important role for the mitochondria is the generation of
ATP; however, the second most important function for the
mitochondria is probably in controlling cell death. How does the
mitochondrion do this? If the mitochondrion fails at triggering
cell death, cancer is often the consequence. So, in order to
regulate cell death, mitochondria integrate signals from a
variety of sources, which are known as intrinsic pathways of
apoptosis. Components of NF-κB activity appear to be one of
these signals, although TNFα, an activator of NF-κB, is part of
an extrinsic pathway of apoptosis. Extrinsic pathways (death
receptor mediated) are initiated outside of the cell, whereas
intrinsic pathways of apoptosis are mediated and triggered in
the mitochondria.

In a recent study by Pazarentzos et al. (2014), IκBα was
found to exert pro-apoptotic activity as it inhibited the anti-
apoptotic NF-κB. In most cells, the activation of NF-κB leads
to downstream target gene expression that triggers cell death
resistance (Luo et al., 2005). In this study, it was shown that
a novel apoptosis function was due to IκBα, the subunit that
inhibits NF-κB’s activation. Pazarentzos et al. (2014) found that
IκBα localizes to the OMM where it interacts with a voltage
dependent anion channel (VDAC) and mitochondrial hexokinase
II (HKII) to stabilize this complex and prevent Bax-mediated
cytochrome c release for apoptosis. Bax is a member of the Bcl-
2 family of proteins, which have been shown to be regulators of
programed cell death (Karbowski et al., 2006).

Other studies have also hinted at NF-κB’s role in more directly
regulating apoptosis in the mitochondrion. In a study by Liu et al.
(2004), inhibition of NF-κB alone in macrophages resulted in the
release of cytochrome c. Recall that cytochrome c is responsible
for shuttling electrons from Complex III to Complex IV and that
the release of cytochrome c into the cytoplasm, an activator of
caspases, is a key step in triggering apoptosis.

NF-κB AND MITOCHONDRIAL
RESPIRATION

Nuclear factor kappa B has been shown in many studies to
promote tumorigenesis. How this occurs was not exactly clear. In
a groundbreaking study by Mauro et al. (2011), NF-κB was found
to upregulate mitochondrial respiration in colon carcinoma cells.
Here they established that this function of NF-κB suppresses the
Warburg effect. Recall that the Warburg effect (Vander Heiden
et al., 2009) describes the observation that cancer cells tend to
favor metabolism by glycolysis rather than by the more efficient
oxidative phosphorylation pathway. So in this study the authors
determined that NF-κB organizes networks of energy metabolism
by controlling the balance between glycolysis utilization and
mitochondrial respiration. Interestingly, they found a role for
NF-κB in metabolic adaptation in normal cells and in cancer.

Their results further suggested that suppressing mitochondrial
metabolism in established cancer cells by inhibition of NF-κB and
metformin decreases tumorigenesis.

NF-κB AND MITOCHONDRIAL GENE
EXPRESSION

Nuclear factor kappa B is a known regulator of gene
expression – both negatively and positively (Mattson et al.,
2000). However, how NF-κB regulates or influences nuclear-
encoded mitochondrial gene expression is less understood.
Human mtDNA possess 37 genes that encode for 13 polypeptides.
It has been shown that mtDNA genes code for many of the
subunits of all 5 complexes of the electron transport chain (ETC),
2 rRNAs, and 22 tRNAs. Albeit, most ETC subunits are coded
by nuclear DNA, which could be influenced by NF-κB activity
(Calvo et al., 2016).

For example, it has been claimed (Cogswell et al., 2003) that
the NF-κB pathway can negatively regulate mitochondrial gene
expression associated with the COX III subunit. The COX III
subunit is encoded by mtDNA and is a component of Complex
IV in the mitochondrial ETC. It functions as a catalytic subunit in
Complex IV, which is the complex associated with mitochondrial
oxygen consumption. In a study by Cogswell et al. (2003),
modulation of NF-κB activation resulted in the loss of expression
of both COX III and cytochrome b mRNA. Other studies support
a role for NF-κB regulating additional mitochondrial genes, such
as COX I, and Cytb (Psarra and Sekeris, 2008, 2009; Barshad
et al., 2018b). Additionally, NF-κB p65 subunit reduced levels of
mtDNA-encoded CytB mRNA, possibly by binding to the D-loop
in human cells in the absence of p53 (Johnson et al., 2011).
Overall, these results suggest that NF-κB signaling can influence
the enzymatic activity of respiratory ETC complexes.

NF-κB MEDIATES Aβ-INDUCED
DYSFUNCTION IN THE MITOCHONDRIA

Alzheimer’s disease (AD) is associated with the build-up of Aβ

plaques and/or the appearance of neurofibrillary tangles (NFTs)
in certain brain regions (Duyckaerts et al., 2009). However,
controversy exists around whether Aβ is a causative agent of
AD or if Aβ is simply correlated with aging. Accumulating
evidence (Aliev et al., 2009; Correia et al., 2012; Cadonic
et al., 2016; Cardoso et al., 2017; Djordjevic et al., 2017)
also now points to changes in brain metabolism driven by
mitochondrial dysfunction as a process central to many age-
related neurodegenerative disorders including AD. Adding to
this evidence, there are also impairments in enzymatic activity of
the protein complexes of the ETC and alterations in antioxidant
enzymatic activity (Kolosova et al., 2017) in AD. In particular,
Complex IV activity has been shown to be negatively affected in
AD (Mutisya et al., 1994).

In a recent study by Shi et al. (2014), it was found that Aβ

impaired mitochondrial function via NF-κB signaling. Moreover,
Shi et al. (2014) showed here that Aβ decreased the expression
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of the COX III subunit via a NF-κB pathway. Importantly, to
eliminate the possibility that IκBα was phosphorylated by Aβ

in the cytoplasm (and then transported into the mitochondria),
isolated mitochondria were incubated with Aβ in the presence
(or absence) of a NF-κB blocker, namely BAY11-7082. Here they
found Aβ induced phosphorylation and degradation of IκBα in
isolated mitochondria.

These findings also have important implications for AD
treatment as demonstrated by recent studies by Snow et al.
(2018) and as shown in other related studies (Djordjevic et al.,
2017; Adlimoghaddam et al., 2019) that suggest targeting NF-κB
signaling in the mitochondria may have therapeutic value. For
example, in Snow et al.’s study, creatine – a known modulator of
mitochondrial function (Tarnopolsky and Beal, 2001), was shown
to increase and positively alter protein levels of CaMKII, PSD-95,
and Complex 1 subunits in creatine fed mice, whereas the NF-κB
inhibitory IκB subunit was decreased. For additional reading on
creatine’s potential therapeutic effect on mitochondrial function
and in mitochondrial disorders or other neurological disorders
see studies and reviews by Matthews et al. (1998), Klivenyi
et al. (1999), Tarnopolsky and Beal (2001), Hersch et al. (2006),
Rodriguez et al. (2007) and Beal (2011).

NF-κB’s ROLE IN INFLAMMATION AND
MITOCHONDRIAL METABOLISM

Increasing data (Lamas et al., 2003; Mauro et al., 2011; Moretti
et al., 2012) are suggesting that NF-κB signaling, which is
a mediator of inflammatory processes, is also functioning
as a regulator and integrator with energy metabolism. In a
recent study by Zhong et al. (2016), NF-κB was shown to
restrict inflammasome activation via elimination of damaged
mitochondria. Surprisingly, NF-κB appeared to both prime
the NLRP-3 inflammasome for activation and also prevented
excessive inflammation and restrained NLRP-3 inflammasome
activation; although the mechanism for restraint was poorly
defined. Here it was speculated that in addition to NF-κB being
an activator of inflammatory genes, it also functioned in this
study by limiting NLRP3 inflammasome activation and IL-1β

production. Moreover, it was found that p62 induction was
responsible for the inflammasome inhibitory activity by NF-
κB. It appears that NF-κB can restrain its own inflammation in
macrophages by promoting p62 mediated removal of damaged
mitochondria (mitophagy) after macrophages interact with
different NLRP3 inflammasome activators.

CONCLUSION

Over 10 years ago, NF-κB was detected in the mitochondria.
Surprisingly, for such an important transcription factor, little
progress has been made in uncovering specific roles for NF-κB
affecting the mitochondrion. Some studies, as described above,
do provide evidence for NF-κB in mitochondrial dynamics,
apoptosis, respiratory control, gene expression, and mechanisms
of disease (Figure 1). However, duplication of these results and

overall validation is still necessary by other laboratories. Some
additional insight may be gleaned from the fact that other
transcription factors having effects on nuclear genes, such as
AP-1, p53, CREB, c-Myc, Wnt13, Dok-4, HMGA1, and c-Src
have also been detected in the mitochondria (Psarra and Sekeris,
2008). Interestingly, binding sites in the mitochondrial genome
(homologous to their binding sites in the nuclear DNA) for
some of these factors have been determined (Psarra and Sekeris,
2008) where roles for mitochondrial transcription and apoptosis
are suspected and show some overall patterns of activity. For
example, an argument can be made that some of these factors
(NF-κB, CREB, and AP-1) bind to mitochondrial genomes
and mostly attenuate mitochondrial gene expression (Blumberg
et al., 2014), while having stimulatory effects on nuclear gene
transcription. However, clearly more work is needed to not only
find precise roles of activity, but also to determine if overall
patterns of activity truly exist.

After surveying this literature, it also becomes apparent that
NF-κB’s role in the regulation of mitochondrial respiration has
profound implications and demonstrates a level of complexity
not previously appreciated. For instance, Mauro et al. (2011) data
establish a role for NF-κB in metabolic adaptation in normal cells
and in cancer, and also suggest consequences for other disease
states such as AD. Furthermore, given that NF-κB can restrain
its own inflammation as shown by Zhong et al. (2016), not only
is surprising, but further exemplifies the complexity of NF-κB
signaling in mitochondrial function.

In this review, studies were surveyed on NF-κB’s role in
mitochondrial function, and it appears that research in this area
is increasing. Complicating the results though is the observation
that multiple factors are playing similar roles in mitochondrial
function and so detailed studies specific to each factor are
necessary. In conclusion, we can re-ask the question – What is
NF-κB doing in and to the mitochondrion? The immediate and
abbreviated reply would be – a lot!
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Abstract Alzheimer’s disease and related dementias (ADRDs) are a global crisis facing the aging popula-

tion and society as a whole. With the numbers of people with ADRDs predicted to rise dramatically
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tional Society to Advance Alzheimer’s Research and Treatment (ISTAART; alz.org/ISTAART) com-
prises a number of professional interest areas (PIAs), each focusing on a major scientific area
associated with ADRDs. We leverage the expertise of the existing international cadre of ISTAART
scientists and experts to synthesize a cross-PIA white paper that provides both a concise “state-of-
the-science” report of ethnoracial factors across PIA foci and updated recommendations to address
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1. Introduction

Alzheimer’s disease and related dementias (ADRDs) are
a global crisis facing the aging population and society as a
whole. The number of people aged 65 years and older is
more than 35 million in Japan (the world’s fastest growing
aging population) [1,2], approximately 48 million in the
United States (U.S.) [3], nearly 120 million in China [4],
and 104 million in India (�60) [5], and these numbers are
expected to grow rapidly over the next several decades [2–
5]. With this growth, ADRDs are predicted to become the
single greatest challenge facing health care and medical
systems across the world [6]. This includes low- and
middle-income countries [7]. It is anticipated that the nearly
47 million ADRD cases globally will increase by 10 million
new cases each year [8]. Despite the fact that the global pop-
ulation is already ethnically and racially diverse [9–11],
there remain substantial gaps in the scientific literature
regarding the impact of ethnic and racial factors (herein
referred to as ethnoracial) on ADRDs.

The extant literature supports the need for additional
research into the impact of ethnoracial factors on ADRDs.
Ethnoracial factors have been found to be important when
considering biological (e.g., genetic, cerebrospinal fluid
[CSF], and blood proteomics) [12–17] and medical risk
factors for AD (e.g., hypertension, diabetes, obesity,
depression) [14,18]. These factors may be related to
previously demonstrated differences in incidence, timing
of diagnosis, clinical presentation, and course of AD
between different ethnoracial groups [14,19,20].
Ethnoracial factors, with regard to perceptions of the
normality of cognitive changes [21,22], insurance
coverage and access to health care [17,19], and agreement
to participate in clinical trials [17,19,23], are also
previously documented factors for consideration.
Additional factors such as differing emphasis on family
and respect for elders are important considerations when
seeking to enroll diverse ethnoracial groups into research
studies on ADRDs [17,21,24]. Oftentimes, scientists are
not trained to effectively partner with diverse communities
to build trust to facilitate recruiting, communicate
strategies about health research to study potential
participants, and develop culturally informed retention
strategies. For example, there are oftentimes few, if any,
researchers or staff from underrepresented groups on the
research teams [25]. Study design resources and expertise
barriers include insufficient budgets for recruitment costs,
limited resources to translate documents or adapt literacy
levels, inability to develop relationships with minority phy-
sicians [26], and limited expertise to culturally tailor and
translate study documents. Participant-level barriers, more
often cited than those regarding scientists and study design,
reflect a myriad of concerns such as mistrust, and limited
knowledge about clinical research that affect both recruit-
ment and retention [27]. These factors are relevant to each
topic area covered below. In the U.S., the 2012 National
Alzheimer’s Project Act specifically calls for increased
enrollment of diverse ethnoracial populations into ADRD
research studies.

The Alzheimer’s Association International Society to
Advance Alzheimer’s Research and Treatment (ISTAART;
alz.org/ISTAART) comprises a number of Professional In-
terest Areas (PIAs), each focusing on a major scientific
topic associated with ADRDs. These PIAs include leading
scientists from across the globe with substantial expertise
covering crucial topics for ADRDs. Previous reviews have
documented factors contributing to or associated with eth-
noracial disparities in ADRD research [17,28,29]. To
expand on prior work on the topic, we leveraged the
expertise of an international group of ISTAART
scientists to synthesize a cross-PIA white paper to accom-
plish the following goals:

1. Provide a concise “state-of-the-science” report of eth-
noracial factors across PIA foci.

2. Provide recommendations regarding most immediate
needs to advance ADRD science across ethnoracial
populations.

3. Provide a working model that provides specific key
foci for advancing the field of health disparities in
ADRDs.

This white paper is organized into the following sections
with specific contributions from each ISTAART PIA.

� Factors related to disease detection and biomarkers

B Reserve, resilience, and protective factors PIA
B Diversity and disparities PIA
B Neuroimaging PIA
B Electrophysiology PIA
B Biofluid-based biomarkers PIA
B Immunity and neurodegeneration PIA

� Factors related to interventions and methods
B Clinical trials advancement and methods PIA
B Nonpharmacological interventions PIA

� Ethnoracial factors related to subjective concerns and
affect in ADRDs
B Subjective cognitive decline PIA
B Neuropsychiatric syndromes PIA

� Ethnoracial factors related to atypical AD and other
ADRDs
B Atypical Alzheimer’s disease and associated syn-

dromes PIA
B Down syndrome and Alzheimer’s disease PIA
B Vascular cognitive disorders PIA

� Other factors related to cognitive impairment and de-
mentia
B Perioperative cognition and delirium PIA
B Nutrition, metabolism, and dementia PIA
B Technology PIA

� List of recommendations to collectively and collabora-
tively advance the gaps identified by the respective
PIAs
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B All PIAs, including specific methodological consid-
erations from the design and data analytics PIA

� Advancing the Science of Health disparities in ADRDs
B All PIAs
1.1. Factors related to disease detection and biomarkers
in ADRDs

1.1.1. The influence of ethnoracial factors on reserve,
resilience, and protective factors

Cognitive reserve is a heuristic to help explain individual
differences in brain health and cognition relative to aging
and brain disease [30–32]. These individual differences
could reflect higher capital (higher to start with), better
maintenance (lower decline), or greater resilience/
tolerance and compensation capacities [30–32].

Very little research has assessed whether cognitive
reserve differs across ethnoracial groups. Because ethnora-
cial groups are characterized by distinct social and behav-
ioral practices and may have different genetic background,
differences in reserve can be expected as a function of ethno-
racial factors. Differences in cognitive reserve might in turn
explain differences in the prevalence or incidence of AD or
in the age at disease onset between ethnoracial groups
[5,6,29,33]. For instance, some ethnoracial populations are
characterized by a lack of formal education, which is
strongly associated with lower cognitive reserve [34]. How-
ever, years of education has been shown to be a poor reflec-
tion of the value of educational experience and native ability
among ethnoracial groups, whereas literacy levels may be
more strongly associated with reserve in diverse cohorts
[35,36].

Differences in reserve across ethnoracial groups may be
reflected in differences in (1) the baseline capital (of brain
health and cognition), (2) the maintenance of this capital
over time, and (3) the resistance/resilience of cognitive per-
formance to pathological brain changes. Empirical evidence
for the two first cases (higher capital or better maintenance)
may manifest both by differences in brain health markers
and in cognitive performance in diverse ethnoracial popula-
tions. Difference in maintenance may be more accurately as-
sessed longitudinally by measuring the rate of brain or
cognitive changes over time in different groups. For
instance, African Americans have been found to have a
lower level of global cognition at baseline but a slower
rate of cognitive decline over time, compared with non–
African Americans [37]. An important goal that emerges is
to understand the relative contributions of different genetic
and sociobehavioral/lifestyle factors on the observed differ-
ences among ethnoracial groups in markers of brain health
or cognition.

Finally, differences in resilience/resistance to pathology
among ethnoracial groups may reflect different relationships
between brain health and cognitive performance, for
example, higher levels of brain pathology for a given degree
of cognitive impairment. This was found in one previous
study showing lower CSF phosphorylated-tau (p-tau181)
and total tau (t-tau) levels in African Americans compared
with Caucasians, independent of cognition [15].

1.1.2. The influence of ethnoracial factors on diversity and
disparities

Mungas (2006) presented a model illustrating how ethno-
racial factors, aging, and disease may influence cognitive
ability through the interplay of environment, genes, and
brain structure [38]. Based on this model, the influence
that ethnicity exerts on cognitive functioning would be
modulated by the relationships of multiple factors. In this
section, we address these factors from the perspectives
related to the examinees (i.e., individuals with ADRDs and
caregivers), the examiners, and the specific assessments
used.

Cognitive testing is important for detecting, monitoring,
and distinguishing differences among ADRDs. Most cogni-
tive measures are influenced by linguistic, educational, or
cultural factors, which affect the ability to accurately iden-
tify cognitive impairment and decline in diverse individ-
uals. One of the challenges in assessing ethnoracial
groups is limited formal education and/or high illiteracy
rates and/or cultural nuances to learning and ways of
thinking and solving problems. Lower education has
consistently been associated with worse health status on
a number of outcomes, including dementia. Reading mea-
sures created in one language do not necessarily translate
well into other languages due to a variety of factors [39].
Translating tests across cultural boundaries may not cap-
ture the diverse impact that cultures have on cognition
[40,41]; however, it has been reported that appropriate
adjustment for ethnicity can improve validity of test
findings [42,43]. Neuropsychologists need training to
work with minority groups [17,44]; however, the number
of neuropsychologists with competency to work with
ethnoracial groups and/or possess proficiency in non-
English languages is limited [44,45].

Finally, there are factors related to the cultural validity,
cost-effectiveness, representativeness, and availability of
reliable norms of neuropsychological testing itself. It re-
mains unclear whether translated tests measure constructs
retain a similar meaning within and across cultural groups.
As Luria [46] noted, tests developed and validated for use
in one culture frequently result in experimental failures
and are invalid for use with other cultural groups. For
instance, one study showed that relative difficulty of subi-
tems on the widely used Mini–Mental State Examination
could differ due to cultural factors between the U.S. and
Japan, which could affect sensitivity and specificity of iden-
tifying those with cognitive impairment [47]. Although
many groups have attempted to generate appropriate norma-
tive data across ethnic groups [48–50], the numbers of such
norms remain small and the availability of norms for
individuals with little education remains limited [48,50].
Cost-effective screening tools that have little reliance on
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background education would be of tremendous utility to
large-scale longitudinal epidemiological studies of diverse
ethnoracial groups [45], which is preferable to different sites
using different tests or different versions of the same tests.

1.1.3. The influence of ethnoracial factors on neuroimaging
biomarkers

The utilization of neuroimaging biomarkers in ADRDs
has become increasingly important as structural, functional,
and molecular imaging have led to earlier diagnosis [51–53];
disease staging, including prodromal and preclinical stages
[54,55]; and identification of individuals for clinical trial
participation [56]. However, although great strides have
been made in the field of AD neuroimaging, relationships
between biomarkers and ethnoracial factors remain under-
studied. For example, the 2012 demographic report from
the Alzheimer’s Disease Neuroimaging Initiative (ADNI)
describes the sample as comprising fewer than 5% African
American or Hispanic participants [57]. As with ADNI,
the Australian Imaging, Biomarkers, and Lifestyle (AIBL)
study of aging [58] does not contain broad representation
from ethnoracial populations. However, the recently initi-
ated Study of Latinos Investigation of Neurocognitive Aging
(SOL/INCA) and Health & Aging Brain among Latino El-
ders (HABLE) studies will soon offer unique opportunities
to study imaging markers related to cognitive aging among
U.S. Latino adults and seniors.

Only a few studies have explored the link between ethno-
racial factors and brain structure along the AD continuum,
and their findings have not been consistent. DeCarli et al.
examined ethnoracial differences in brain volume and cere-
brovascular disease (CVD) and found greater total brain vol-
ume in Hispanics compared with non–Hispanic whites
(nHWs) regardless of diagnosis and found no ethnoracial
differences in CVD measures [59]. Similarly, the Chicago
Health and Aging Project did not find significant interactions
between race and CVD [60]. Although the Washington
Heights-Inwood Columbia Aging Project (WHICAP)
demonstrated greater brain volume in Hispanics and African
Americans than nHWs, they also demonstrated significantly
higher CVD in these groups than nHWs [61]. The Athero-
sclerosis Risk in Communities (ARIC) study has similarly
demonstrated that African American race was a predictor
of an increased number of silent infarcts [62]. In addition,
ARIC demonstrated higher rates of atrophy in African
Americans at baseline and a greater worsening of atrophy
over time [62]. Many of the ethnoracial differences in
CVD are linked to differences in clinical risk factors, but it
is worth noting that some of these risk factors, such as smok-
ing, conferred a more than 4-fold greater risk of CVD in Af-
rican Americans compared to nHWs [63]. There are also
inconsistencies in the research literature with some work
failing to identify ethnoracial differences in the relationships
between brain function and cognition [59,64], whereas
others have shown a significant relationship between
cognitive dysfunction and structure [65,66]. WHICAP
demonstrated that magnetic resonance imaging predictors
of cognition differed across ethnoracial groups. For
example, CVD was associated with worse language and
executive performance in African Americans than nHWs
[65].

Over the last decade, positron emission tomography im-
aging has played a seminal role in the field of AD
neuroimaging, allowing for accurate in vivo detection of b-
amyloid pathology in the brain [67], advancing the field
significantly. However, few published studies have systemat-
ically explored ethnoracial differences in amyloid positron
emission tomography, and no studies have been published
to date in ethnoracial diverse populations that assess the
more recently developed tau imaging agents. The ARIC
study demonstrated significantly increased odds of elevated
brain amyloid in African Americans, after adjusting for
other risk factors such as apolipoprotein E (APOE) ε4,
age, and CVD [68]. Interestingly, the effect size was similar
to thewell-established increased risk of amyloid positivity in
APOE ε4 carriers [69]. In addition, when examining a multi-
ethnic group of nondemented older adults (n 5 116), base-
line cognitive scores were not associated with amyloid
burden. However, higher amyloid levels were associated
with faster longitudinal cognitive decline among African
Americans and APOE ε4 carriers [66]. These data highlight
the need for not only neuroimaging studies with more
diverse samples but also a better understanding of the inter-
action between ethnoracial factors, risk factors, genetics,
and neuroimaging biomarkers in these populations.

1.1.4. The influence of ethnoracial factors on EEG/event-
related potentials-based biomarkers

Compared with structural, molecular, and functional neu-
roimaging techniques, measurements of brain electroen-
cephalographic activity (EEG) during sleep, resting state
(rsEEG), and sensory and cognitive-motor events (event-
related potentials [ERPs]) are less invasive, more readily
accessible, and cost-effective. EEG also has the unique tem-
poral resolution (i.e., milliseconds) to explore abnormal
oscillatory or dynamical neurophysiological mechanisms
of brain neural synchronization and functional connectivity
in individuals with neurological disease and animal models
of diseases [70].

EEG biomarkers are promising candidates for an instru-
mental assessment of neurophysiological brain functions
across disease progression and intervention in AD popula-
tions [71]. Previous EEG biomarker research with ethnora-
cial groups is inconclusive. A study carried out in 236
patients with AD reported a higher risk of unprovoked sei-
zures and epileptiform EEG activity in African Americans
than nHWs [72]; however, this ethnoracial effect was not
replicated in a larger number of individuals diagnosed with
AD (N 5 453) [73].

Motivation for future EEG investigations testing possible
ethnoracial differences in AD rests on previous evidence. An
EEG study on sleep spindles in healthy individuals



G.M. Babulal et al. / Alzheimer’s & Dementia 15 (2019) 292-312 297
(N5 11,630) reported differences between nHWs and Afri-
can Americans in several EEG features characteristic of
sleep architecture, though these differences decrease with
advanced age [74]. Recent reports have unveiled abnormal
sleep and circadian rhythms with cognitive change and AD
[75], suggesting race/ethnic factors may translate to differ-
ences in AD phenotypes. These studies suggest that ethnora-
cial and genetic factors impact EEG activity.

1.1.5. The influence of ethnoracial factors on biofluid-based
biomarkers

The impact of ethnoracial factors on biofluid-based bio-
markers is well documented across numerous disease pro-
cesses [76–88]. Despite the extensive literature on
biofluid-based biomarkers in other areas, the study of the
link between ethnoracial factors and biofluid-based bio-
markers in ADRDs is nearly nonexistent [89,90]. A meta-
analysis of genome-wide allelic association study data
from several cohorts that included over 500 Hispanics AD
cases to cross-validate four of the top previously identified
AD genes found that the APOE ε4 genotype was signifi-
cantly associated with AD status among all ethnic groups.
However, CLU, CR1, and PICALM were only associated
with AD status among nHWs [89]. In addition, APOE ε4
has been found to be less frequent among Mexican Ameri-
cans diagnosed with mild cognitive impairment (MCI) and
AD [14,91]. The ARIC study reported overlapping and
race-specific genetic markers linked to plasma b-amyloid
levels when comparing African Americans and European
Americans [92]. Ting et al. presented data on a novel
PSEN1 mutation associated with early-onset AD in African
American women [93], whereas a different mutation for
early-onset AD among Caribbean Hispanics has been iden-
tified [94]. Regarding nongenetic blood-based biomarkers,
plasma biomarkers of Ab40, Ab42, and tau were recently
examined among an ethnically diverse sample of females
clinically diagnosed with amnestic mild cognitive impair-
ment (aMCI) [95]. Although increased Ab42 levels were
associated with incidence of aMCI amongHispanics, this as-
sociation did not hold for nHWs or African Americans.
Plasma Ab40 levels were significantly higher among Hispan-
ic aMCI cases than Hispanic controls; this difference was not
found among African Americans. However, plasma total tau
levels were significantly decreased among African Amer-
ican aMCI cases but was not found among nHWs or His-
panics [95]. C-reactive protein (CRP) levels have been
found to be significantly elevated among Mexican Ameri-
cans diagnosed with AD and MCI as compared with non-
Hispanics [96]. Furthermore, the overall proteomic profile
indicative of AD has been found to be different between
Mexican Americans and nHWs [16,97].

Despite the extensive literature on diagnostic biomarkers
of AD in CSF, there has been only one study specifically
examining the impact of ethnoracial factors on these diag-
nostic markers. Howell et al. [15] recently recruited 135
older adults (n 5 65 African Americans and n 5 70
nHWs) spanning normal cognition, MCI, and AD, all of
whom underwent lumbar puncture for an assay of CSF-
based AD pathological markers. The ethnoracial groups
were not significantly different with regard to age, gender,
or education. African Americans had lower levels of CSF
p-tau181, t-tau, and Ab40 levels when compared with
nHWs, whereas Ab42 levels did not vary by the ethnoracial
groups [15]. These results suggest that absolute cut-scores
on these markers may be impacted by ethnoracial factors
and highlight the need for additional work examining the
impact of such factors on CSF biomarkers of ADRDs.

1.1.6. The influence of ethnoracial factors on immunity and
neurodegeneration

Although ethnoracial factors have not been explored with
specific reference to the immune system in AD, there is a
significant body of data that have explored immune differ-
ences across ethnoracial groups in other disorders and sug-
gest further investigation. In vascular disease, for instance,
ethnoracial factors impact expression of adhesion mole-
cules, known to attract lymphocytes to the endothelium
contributing to the formation of atherosclerotic plaques.
Elevated soluble levels of many factors including ICAM-1
and VCAM-1 are associated with increased risk of coronary
artery disease and, more generally, atherosclerosis. Surpris-
ingly, lower levels of soluble ICAM-1 and soluble VCAM-1
were found in individuals of African origin than nHW or
South Asian populations [98,99]. Importantly, these results
remained significant when controlled for homocysteine
and socioeconomic status. These findings were replicated
[100] where soluble ICAM-1 and soluble VCAM-1 were
decreased in African Americans as opposed to nHWAmer-
icans. The results are counter-intuitive given the increased
risk of heart disease in the African American population.

CRP has long been used as a determinant of systemic
inflammation and is frequently measured in the study of
many diseases including CVD, AD, and vascular dementia
[101]. CRP has been shown to be significantly elevated in
the non–Hispanic African American population as opposed
to nHWs [102]. In another study, the CRP elevations in Af-
rican Americans were attenuated significantly when control-
ling for sociodemographic and health variables [103].

Inflammatory cytokines have been explored with respect
to ethnoracial differences. Circulating levels of IL-6 have
been shown to be elevated in African Americans compared
with nHWs in a cross-sectional study of 508men andwomen
with 38%African American participants. The IL-6 elevation
remained when controlling for sociodemographic and health
variables. In the same study, IL-10 and TNFa were found to
be unchanged when comparing African Americans and
nHWs [102]. Other studies examining cytokines present
disparate findings, most likely attributable to the extremely
small sample sizes; some as low as n 5 10 per group. A
good example is IL-1b, where a study concluded IL-1b
levels were elevated in African Americans, but there were
83 African Americans and 24 nHWs in this study [104].
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Another study found a nonsignificant increase in IL-1b in
African Americans as opposed to nHWs, which was in a
sample size of only 10 per group [105]. Finally, a study
with 48 nHWs and 47 African Americans found that there
was no difference in IL-1b levels [106]. These disparate
findings speak to the need to have sufficiently powered
and controlled studies to achieve reliable data and strong
conclusions.

A recent study explored the impact of income and educa-
tional attainment in ethnoracial disparities in inflammatory
risk as it relates to cardiovascular disease [103]. The results
showed that higher CRP levels in non–Hispanic African
Americans and Mexican Americans, compared with
nHWs, were explained entirely by educational attainment.
The authors concluded that studies should move beyond
examining income to include other socioeconomic factors,
with education level being a key part of this. There are no
studies examining neuroinflammation in the brain, and
therefore, we understand very little regarding ethnoracial
microglial differences. The systemic inflammatory differ-
ences, and the immune changes related to cardiovascular
disease, highlight the potential for significant differences
that could have implications for disease progression and
treatment in ADRDs.
1.2. Factors related to interventions and methods

1.2.1. Ethnoracial factors related to clinical trials
There is a well-established widespread failure to success-

fully enroll diverse ethnoracial populations into clinical tri-
als for such ADRD trials. One review found that fewer than
1% of volunteers recruited into AD trials (over 11,000 pa-
tients) were of Hispanic ethnicity and 2% were African
Americans [107]. In general, enrollment of diverse ethnora-
cial groups remains less than 5% of the trial subjects [108];
however, in the U.S., NIH-funded trials appear to have
higher representation of diverse populations when compared
with industry-sponsored trials [107]. Despite this, novel ap-
proaches for recruitment are urgently needed [109]. In addi-
tion to lack of representation in clinical trials,
underrepresented individuals diagnosed with AD are less
likely than nHWs to be prescribed regulatory-approved
(e.g., U.S. Food & Drug Administration, European Medi-
cines Agency) therapeutics [110].

Ethnoracial factors are frequently covaried in statistical
analyses rather than outcomes being reported by subgroups
[111,112]. These factors alone make understanding the
impact of ethnoracial factors on therapeutic response
difficult. ADNI and AIBL studies are frequently used for
estimating sample size for clinical trials, but as noted
earlier, they lack ethnoracial diversity and the estimates
might not be valid if trials were conducted among non-
HWs. Lack of diversity could also mask potential
ethnoracial differences in efficacy due to different biological
mechanisms as discussed earlier, in addition to different
rates of attrition/dropout and medication adherence across
groups. One study, which investigated the structural mag-
netic resonance imaging regions of interest associated with
MCI, showed that once the attrition bias is controlled using
propensity score models, fewer regions were found signifi-
cant [113]. This study underlines the potentially large bias
in study results if attrition bias is neglected and suggests
that documenting rate of attrition for ethnoracial groups in
trials is important.

Utilizing technologies to monitor disease progression
(potential trial outcomes) or identify those who develop
cognitive impairment (study enrichment) has generated
great interest in ADRDs. It is not well known whether ethno-
racial differences may explain willingness in volunteering
for trials that involve modern technologies and naturalistic
methodologies for data collection (e.g., in-home and in-
vehicle monitoring, wearable devices, Internet/webcam).
One study found a volunteer bias for the randomized clinical
trial, where Internet, webcam, and personal computers are
being used intensively [114]. Identifying potential volunteer
bias before the study recruitment begins by closely assessing
past studies or distributing questionnaires, which allows for
assessment of the characteristics of potential participants,
could aid diversification of study participants, especially
when specific types of technologies are involved.

Significant barriers to enrollment of diverse groups into
trials must be addressed. For example, recent work has found
that African Americans are less likely to agree to participate
in preclinical or asymptomatic AD trials [23] and have
higher dropout rates in AD trials when compared with
nHWs [115]. Regardless of these barriers, it is important
that the research community continues to improve recruit-
ment of diverse populations into clinical trials of ADRDs.
This will increase the generalizability of study results as
well as investigate potential biological differences across
ethnoracial groups and their effects on drug efficacy, adverse
events, and drop out/adherence. Recent efforts by the Na-
tional Institute on Aging, with support of the Alzheimer’s
Association, are developing a national strategy for clinical
study recruitment and retention, with a direct emphasis on
local and diverse recruitment and retention strategies [116].

1.2.2. The influence of ethnoracial factors on
nonpharmacological interventions

Nonpharmacological intervention research examines the
effect of therapeutic interventions such as cognitive training,
exercise, functional retraining, and psychological supports
(e.g., counseling or meditation), to delay and/or prevent
the onset of ADRD symptoms or remediate their impact
[117,118]. Relative to pharmacological treatments,
nonpharmacological interventions are more likely to target
not only primary symptoms (e.g., cognitive and functional
decline) but also secondary symptoms that may not be
caused directly by disease but that lead to excess disability
(e.g., stigma, anxiety, reduced self-esteem). In this vein,
nonpharmacological interventions also seek to maintain
the individual’s autonomy and the highest quality of life
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possible during dementia-related cognitive and functional
decline. Researchers working with distinct ethnoracial pop-
ulation groups have developed successful nonpharmacolog-
ical interventions for these groups such as the “Six Arts”
framework developed from a Confucian philosophy that em-
phasizes art, music, and math to improve everyday function
[119]. However, less understood is the generalization of non-
pharmacological intervention studies from one subgroup to
others, especially those with different access, experiences,
and beliefs about medical care.

Sociocultural factors may have an impact on differential
outcomes in nonpharmacological intervention research at
different methodological levels. These factors might hinder
the ability of nonpharmacological intervention researchers
to recruit participants and caregivers from diverse ethnora-
cial groups. Sociocultural factors might influence the reten-
tion of participants in activities, in particular when activities
are less suitable for diverse groups, and in consequence
might influence the outcome of the effectiveness of such in-
terventions. In an analysis of the Resources for Enhancing
Alzheimer’s Caregiver Health (REACH II) trials, re-
searchers concluded that the negative effects of ethnoracial
factors on primary outcomes were diminished after control-
ling for demographic variables such as level of education
and relationship of the caregiver to the person with dementia
[120]. Furthermore, evidence suggests that beliefs, expecta-
tions, quality of life, and even intent-to-participate in non-
pharmacological interventions are impacted by ethnoracial
factors in some chronic conditions [118,121,122], thereby
providing support for the need to study the impact of
ethnoracial factors in nonpharmacological interventions in
ADRDs.
1.3. Ethnoracial factors related to subjective concerns
and neuropsychiatric symptoms in ADRDs

1.3.1. Subjective cognitive decline across ethnoracial
groups

One of the primary challenges ahead of prevention and
treatment interventions in ADRDs is the ability to screen
those at higher risk of developing dementia. The concept
of subjective cognitive decline (SCD; sometimes restricted
to memory only and referred to as subjective memory com-
plaints [SMCs]) has been proposed to unify the research
conceptualization of the earliest nonclinical stage, with po-
tential significance for prevention trials in those with higher
risk of AD [123]. In fact, SCD has been associated with AD-
related neuropathological processes in nonclinical cohorts
[124] and has been identified in individuals aged 30 years
and above [125], which provides a 20- to 30-year window
for potential prevention approaches.

SCD prevalence, incidence, and final outcomes in ethno-
racial groups are areas that have received little attention. One
of the very first yet largest studies of older African Ameri-
cans (n 5 1250) showed that 48.3% of these individuals re-
ported memory problems [126]. The authors concluded that
memory complaints in this group could be explained by
health problems, stressful life events, hearing loss, or depres-
sive signs and symptoms [126]. A more recent publication
on a smaller cohort of African Americans (n5 150) reported
that a third of participants complained about their memory
and cognitive abilities, and their reported cognitive diffi-
culties were mostly associated with increased health prob-
lems, depression, and social problems [127]. Interestingly,
a previous publication reported a discrepancy between
objective cognitive abilities and SMCs reported by African
Americans, where they seemed to report lower numbers of
SMCs in the presence of objectively more impaired abilities
[128]. This finding was reported by a more recent study re-
porting “unique patterns of variability” in SMCs of African
Americans and the relationship between SMCs and psycho-
logical wellbeing [129]. However, it seems that in nonde-
pressed African Americans, SMCs are more related to
cerebrovascular risk factors [130].

The prevalence and incidence, as well as the outcomes of
SCD in other ethnoracial groups, have also been less inves-
tigated. For example, in a memory clinic cohort, Hispanic in-
dividuals reported more cognitive complaints than their
nHW peers [131]. In a recent study of cognitively normal,
community-dwelling Mexican Americans (n 5 319), it
was found that those with SCD exhibited poorer cognition
and were more likely to endorse affective dysfunction
[132]. A qualitative study of SCD in six different ethnic
groups including African Americans, American Indians,
Chinese Americans, Latinos, Vietnamese Americans, and
nHWs indicated that most of the participants were con-
cerned about their cognitive functioning as they age [133].
However, this study did not provide detailed information
on the prevalence, incidence, and follow-up outcomes for
the different ethnoracial groups.

1.3.2. Neuropsychiatric symptoms of AD in ethnoracial
groups

Neuropsychiatric symptoms (NPSs), which include
symptoms such as depression, agitation, and psychosis, are
common in dementia and are associated with faster disease
progression, diminished quality of life, and early institution-
alization [134]. Racial and ethnic disparities in prevalence
and knowledge of NPSs exist in the U.S.; however, few
studies of these disparities of NPSs in AD exist, and they pri-
marily focus on NPS prevalence [135,136]. Because NPSs
create much distress for caregivers and care recipients, it is
critical to determine their impact on different ethnoracial
groups.

The Neuropsychiatric Inventory Questionnaire (NPI-Q)
is the most common measure of NPSs used in AD studies
[137–140]. Existing literature suggests incidence
disparities of NPSs in AD among different ethnoracial
groups. African Americans may experience hallucinations
more frequently [135,136], and noninstitutionalized
African Americans and Latino Americans with dementia
have more frequent behavioral symptoms than nHWs
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[137]. Another study found that being from a member of
some ethnoracial minority groups was associated with psy-
chosis as well [138]. A higher presence and severity of
NPS have been found among Latinos diagnosed with MCI
and AD [14,20,139], which suggests that they may seek
treatment at more advanced stages of AD [137,140].
However, nHWs have been found to exhibit higher levels
of apathy [135,138]. Asian Americans diagnosed with AD
showed frequent emotional disinhibition in one study
[135], but more literature on NPSs in that demographic is
needed. No studies on the prevalence of NPSs in American
Indians with AD currently exist.

Regarding knowledge of AD-related NPSs, Korean
Americans knew less about AD behavioral changes than
about cognitive changes, and Latino caregivers (not specified
by ethnicity) could not attribute NPSs to AD specifically
[141,142]. No literature exists on African Americans’
knowledge of NPSs in AD, but this group appears to view
NPSs as a source of stress in caregiving [143]. African Amer-
icans may cope with NPSs through their faith and assistance
from loved ones and may find behavioral interventions
centered on emotional distress to be less useful [144,145].
No studies were found on access to AD care for NPS
specifically, but minority elders have lower access to
mental health care relative to nHWs and are
institutionalized for AD less frequently [146,147].
Nevertheless, a cultural emphasis on family, respect for
elders, and perceptions of AD symptoms as “natural” parts
of aging may cause members of those minority groups to
take more time before seeking external care for NPSs
[21,24]. African Americans are less frequently prescribed
medications overall for AD and discontinue AD
medication more frequently [148–150]. The only study to
look specifically at medication use for NPSs in AD
(antipsychotics) among different racial groups found that
the usage was higher among Hispanic Americans, likely
due to the higher prevalence ofNPSs in that population [151].

Bridging gaps in NPS prevalence, knowledge, and care
should involve creating tailored interventions for a group
delivered by interventionists who understand (and ideally
come from) cultural dynamics [145,152,153], as well as
through bettering educational outreach to populations with
a lower understanding of NPSs. In addition, much more
research is needed to understand the ethnoracial,
systematic, and possible genetic influences on NPSs
occurrence, neuropathology, and treatment.
1.4. Ethnoracial factors related to atypical ADRDs

1.4.1. The impact of ethnoracial factors in atypical AD and
associated syndromes

Atypical AD was acknowledged in the revised diagnostic
guidelines for AD in 2011 [53] and has since become an um-
brella term encompassing nonamnestic clinical presenta-
tions, early-onset (young) AD, and neuropathologically
defined subtypes of AD (i.e., hippocampal sparing or limbic
predominant) [154–158]. Clinical and neuropathologic
studies suggest that younger age and absence of an APOE
ε4 allele are associated with greater likelihood of atypical
AD [156,159–161]. Regardless of etiology, approximately
5%–10% of individuals present with nonamnestic mild
cognitive impairment (naMCI) [162–164] and 20%–33%
of individuals present with atypical AD [158,165,166].
Compared with typical AD, clinical diagnosis of atypical
AD is often delayed and very little is known about its
pathogenesis, risk factors, natural history, and response to
treatments [167,168] overall, and more so across
ethnoracial groups.

The estimated prevalence and incidence of naMCI in
non–Hispanic African Americans are approximately
16%–18% [162,169] and 3-4 per 100 person-years
[162,170], respectively, with up to a two-fold increased
risk compared with nHWs even after controlling for sex
and education [162,171]. The two-fold increased risk is
suspected to be driven by higher rates of cardiovascular
risk factors among African Americans [172–174],
suggesting a primary or superimposed vascular etiology.
A large cross-sectional study of community-dwelling Co-
lombian adults showed that naMCI was more common in
young-onset dementias and in individuals with lower edu-
cation [175]. Another study investigating the dysexecutive
variant of AD identified that after controlling for covariates
(vascular risk, APOE ε4, and global cognition), the MCI
dysexecutive subgroup was older, less educated, and
more likely identified as African Americans than the
aMCI subgroup. In contrast, the AD dysexecutive subgroup
was younger than the amnestic AD subgroup and did not
differ in education or ethnicity [176]. These results suggest
there may be an even more nuanced aspect related to clin-
ical progression that may need to be accounted for in eth-
noracial studies.

With respect to associated syndromes that may or may
not be related to AD pathology, the prevalence of dementia
among 2011-2013 Medicare beneficiaries ages �68 years
showed that frontotemporal dementia (FTD) was clinically
diagnosed in 0.6% of African Americans, 0.7% of His-
panics, 0.8% of Asian/Pacific Islanders, 0.6% of American
Indians or Alaska Natives, and 1.1% in other/unknown
nonwhite groups [177]. A study examining a community
sample of Hispanics ages �55 years found that approxi-
mately 9% had clinical diagnosis of FTD and 3% had a diag-
nosis of dementia with parkinsonian features [178]. A study
investigating African Americans clinically diagnosed with
FTD revealed AD pathology along with PSEN1 (M139V)
and MAPT polymorphism in exon 7 (A178T) mutations,
suggesting that M139V may present differently among
different ethnoracial groups [179]. Studies also show that
PSEN2 is closely involved in FTD [180,181] and is also
found in Asian [182–184] and African populations [184–
187]. Low-frequency coding variants for genetic susceptibil-
ity to AD and FTD have also been reported in African Amer-
icans, Asians, and Hispanics [188,189].
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Overall, studying clinicopathologic differences in atyp-
ical AD poses great challenges due to their low disease prev-
alence, as well as to the interrelated biopsychosocial and
cultural factors affecting participation in clinical studies
and health outcomes in ethnoracial groups. A paradigm
incorporating those factors is necessary to better understand
and improve dementia treatments in these historically under-
served, ethnoracial populations [190].

1.4.2. The influence of race and ethnicity in Down syndrome
Individuals with Down syndrome (DS) are at high risk for

developing AD compared with the general population [191].
All individuals with trisomy 21 show AD neuropathology by
the age of 40 years, and over 90% show dementia in the sev-
enth decade [192]. The International Workgroup suggests
DS may be a genetically determined atypical AD [154].

There are numerous barriers to early diagnosis of demen-
tia in DS that reflect an interaction between ethnoracial and
health disparities. For example, symptoms of dementia may
be missed or not identified [193]. Often, there are differing
symptom presentations in people with DS relative to spo-
radic AD, and there are concerns about the appropriateness
of the diagnostic tools [194]. Challenges of dementia diag-
nosis in DS within the context of intellectual disability
require specialized expertise and tools [195].

In a preliminary analysis, the incidence of MCI and of
AD was 6% higher among African Americans with DS
than among nHW adults with DS (data from the Aging and
Dementia in Adults with Down Syndrome Study, W. Silver-
man). Age at onset of MCI did not differ between African
American and nHW adults with DS, whereas age at onset
of AD was slightly earlier among African Americans, sug-
gesting a more rapid decline in cognitive function after onset
of MCI. In the general population, the higher rates of AD
among African Americans than among nHWs have been
related to an increased prevalence of cardiovascular risk fac-
tors and CVD, which in turn may elevate risk for AD. These
factors are less likely to influence risk among adults with DS
[191]. Current cohorts under study have relatively few mi-
nority participants, and few studies have examined ethnora-
cial disparities in risk factors for dementia.

Mortality rates also vary across ethnic groups in DS;
disproportionately more African Americans with DS die as
young adults [196]. The ability to determine contributors
to the age of onset of dementia in individuals with DS is
confounded by differences in age at death across different
ethnoracial groups. Disparities are also present in the care
of individuals with DS and dementia. In the U.S., access to
group homes (related to intellectual disability) rather than
dementia special care units is common as group homes are
reported to provide care in a home-like environment, with
more economical costs [197,198]. However, gaps in
services and unmet service needs are reported for adults
with DS in rural/remote settings and their caregivers rely
on informal support [199–201]. In the United Kingdom,
aging-in-place models are encouraged if appropriate support
is available. Most adults with intellectual disability in the
U.S. live at home, and this is more common among diverse
ethnoracial groups (e.g., African Americans, Hispanics)
with DS [202–204]. These differences in care models
impact the caregivers, with poorer health reported for
caregivers of individuals with DS who are also minorities
[203,205,206], which in turn could be a reflection of
socioeconomic status and possibly cultural practices.
Collaborative studies with combined and harmonized
cohorts of older adults with DS are needed to determine
differences in risk factor profiles and to provide accurate
estimates of any differences in risk for AD and rates of
progression after onset.

1.4.3. Ethnoracial factors and vascular cognitive disorders
Vascular cognitive disorders are caused and exacerbated

by health disparities experienced by ethnoracial groups.
Globally, these disparities can be attributed partially to bur-
geoning obesity, combinations of lifestyle factors associated
with poor vascular health, and unknown genetic and lifestyle
susceptibilities among increasing immigrant populations.
Being overweight and obese are cornerstones of vascular
risk, leading to hypertension, type 2 diabetes, CVD, cardio-
vascular disease, and stroke, as well as cognitive impairment
and multiple etiologies dementias.

The prevalence of overweight and obesity is over 50%
among adults in the U.S. and Europe, and within certain
global urban centers such as the Brooklyn Borough of
New York City, the prevalence is over 70%. Of the top 10
causes of death worldwide in 2015 [207], half are related
to obesity, and account for approximately 1/3 of all deaths.
These include ischemic heart disease, CVD/stroke, type 2
diabetes, and ADRDs [207]. Vascular risk is a costly burden.
In Brooklyn, hospitalizations and deaths from heart disease,
diabetes, and disabilities are higher than the New York City
average. Part of the reason is that ethnoracial minority adults
typically present late, at more advanced stages of disease,
and in nontraditional settings, such as the emergency depart-
ment. Given adults from diverse ethnoracial groups also
present with high vascular risk, they are even more
compromised.

Stress is a major facilitator of vascular risk in ethnoracial
minority groups. Stress is a cause, correlate, and conse-
quence of obesity. Not only do stress and obesity lead to
downstream adverse vascular events, they are often accom-
panied by discrimination and unfair treatment, leading to
additional stress responses [208]. Health disparities–
related stress is also associated with ethnoracial differences,
older age, family, employers, stigma due to ethnorace, sex-
ual orientation, infectious disease status, employment status
and/or sex/gender, poor access to health care services, built
environment, lack of social support, depression, and anxiety
[209]. Cumulatively, these stressors challenge social interac-
tions and may manifest as inability to work, difficulties with
personal relationships [210], and challenges to social inclu-
sion [211]. Over the life course, the cost of chronic exposure
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to fluctuating or heightened neuroendocrine responses re-
sulting from repeated or chronic environmental challenges
and social burden that an individual react to as being partic-
ularly stressful [211,212] directly affects neural mechanisms
contributing to cognitive function [213,214].

Potentially modifiable vascular risk factors contribute to
cognitive aging and risk and progression of ADRDs through
their effects on cerebral vasculature. The accumulation of
small vessel cerebral vascular disease that results from years
of exposure to vascular risk is best visualized on T2-
weighted magnetic resonance imaging as white matter hy-
perintensities. Increased white matter hyperintensity burden
is associated with risk for development of ADRDs [215–
217] and progression of symptoms in ADRDs [218] and is
even evident in individuals with autosomal dominant AD
up to 20 years before expected symptom onset [219]. The
severity of white matter hyperintensities differs across racial
and ethnic groups [61] and relates differentially to specific
cognitive outcomes as a function of race/ethnicity
[220,221]. Given the well-documented disparities in
vascular risk factors, differences in CVD, and differential re-
lationships with cognition between racial and ethnic groups,
vascular disease is a major topic of focus with respect to
racial and ethnic disparities in ADRDs.
1.5. Other factors related to cognitive impairment and
dementia

1.5.1. Ethnoracial factors related to perioperative
cognition and delirium

Delirium is a focus for both research investigation and
clinical care around the world. For example, one of the
delirium screening tools, the Confusion Assessment Method
(CAM), has been translated into 19 languages and used in
over 4000 original publications, demonstrating an active
clinical and research interest in delirium [222]. Perioperative
cognitive disorders may contribute to further cognitive
decline and are known to be associated with poor outcomes.
Despite this, there are few studies examining ethnoracial
factors in either delirium or perioperative cognitive disor-
ders, with studies being predominantly restricted to those
who are fluent in English.

Campbell et al. [223] evaluated 1275 older adults aged
�65 years who were admitted to general medical hospital
services. The goal of the study was to determine if race is
a factor in the agreement between clinical documentation
and screening results for delirium and cognitive impairment.
The authors compared clinical documentation with scores on
a screening measure (the Short Portable Mental Status Ques-
tionnaire) and found that there were no differences in
delirium documentation rates between African Americans
and non–African Americans. However, African Americans
had a higher adjusted odds ratio than non–African Ameri-
cans for clinical documentation of cognitive impairment
among those who screened positive for impairment on the
Short Portable Mental Status Questionnaire, as well as
among those who screened negative on the Short Portable
Mental Status Questionnaire.

One study examining the recorded diagnosis of delirium
in acute inpatient units found that African Americans were
more likely to receive a confusional diagnosis or an organic
psychoses diagnosis as opposed to a diagnosis of delirium
[224]. Individuals who received the diagnosis of organic
psychoses had longer lengths of stay and higher rate of
discharge to nursing homes. One of the potential explana-
tions for these differences was that elderly African American
individuals are significantly more likely to receive diagnosis
of psychotic disorders than nHWs [225]. Another study
examining the prevalence of delirium among older adults
presenting with psychiatric complaints to an emergency
department, it was found that although minority individuals
(African American and Hispanic) comprised 55.8% of the
study cohort, 74.1% of delirium visits were comprised of mi-
nority individuals [226].

The most frequent etiology of delirium in sub-Saharan
Africa (SSA) reported in the literature is infection including
HIV, typhoid fever, and malaria. However, the number of
older adults is expected to increase by 64% in Africa in
the next 15 years [227], and it is unknown whether the avail-
able expertise of diagnosing and treating delirium by health
care providers in Sub-Saharan Africa can meet the
increasing demand. In addition, with increasing access to
higher levels of care in Sub-Saharan Africa, clinical entities
such as ICU delirium, which is a new concept to many phy-
sicians in these regions, are also emerging.

Cognitive decline associated with anesthesia and surgery
is known to occur in more than 10% of individuals 3 months
postoperatively [228] and has been termed postoperative
cognitive dysfunction (POCD). POCD has been limited to
predominantly English speakers due to limitations of exist-
ing neuropsychological tests, with some limited European
languages included as part of the International Study of
POCD [229]. POCD studies have been undertaken in some
Asian populations, but most of these are limited to very short
follow-up of days rather than weeks, months, or years [230].
It is unclear if POCD precipitates long-term cognitive
decline, but it is known that POCD is associated with poor
outcomes including increased risk of mortality as far as
7.5 years after surgery [231]. Thus, it is important for future
research to focus on ethnoracial factors that may contribute
to perioperative cognitive disorders. The recent recommen-
dations for new nomenclature should assist in facilitating
this research agenda.

1.5.2. Ethnoracial factors related to diet and nutrition
Diet is complex and varies considerably by ethnicity and

socioeconomic status [232–234]. It is well established that
some ethnoracial groups experience diet-related disparities
and consequently have poorer nutrient profiles relative to
nHWs [235,236]. According to the U.S. Behavioral Risk
Factor Surveillance Survey (BRFSS) [237], only 21.3% of
African Americans consume fruits and vegetables �5 times
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per day, the lowest of any U.S. ethnoracial group. Similarly,
in the third National Health and Nutrition Examination Sur-
vey, NHANES (1999–2002), non–Hispanic African Ameri-
cans were 43% less likely than nHWs to meet fruit and
vegetable guidelines [238]. These racial disparities differ
by geographic region. For example, Hispanic groups
consumed lower-quality diets than nHWs, including more
refined carbohydrates and fewer vegetables and fruits
[232,233,239], whereas in other studies, Hispanics had
higher-quality diets than either nHWs or African Americans
[234].

Poor diets and malnutrition are important contributors to
cognitive impairment [240–242]. Nutritional deficiencies in
older people, particularly in minority groups, are common,
but studies across diverse ethnoracial populations are
limited [242–245]. Randomized trials of nutritional
supplements are needed to examine their impact on
ethnoracial groups (e.g., African Americans) that have
known nutritional deficiencies. Unfortunately, most
randomized clinical trials of dietary supplements have not
targeted populations with low nutrient status, and trial
results have been null overall [246]. Conducting dietary sup-
plement trials in diverse ethnoracial populations with
nutrient insufficiencies has the potential to close some of
the ethnoracial disparities in ADRDs.

The few studies that have examined dietary associa-
tions with AD and other brain neurodegenerative out-
comes in multiethnic participants in most cases do not
present their findings by race or ethnic group [241,247–
257]. Rather, these studies have reported P values
(usually null) for tests of effect modification by race/
ethnicity [247,248,250,251,253,257,258]. This is
inadequate as there are clear examples of nutrition
having different cognitive effects by ethnoracial groups
as shown in the Healthy Aging in Neighborhoods of
Diversity Across the Lifespan Study (vitamin E with
various cognitive domains) and the Health, Aging, and
Body Composition study (the Mediterranean diet with
cognitive decline) [259,260].

Cultural differences in dietary practices pose methodo-
logical challenges in dietary assessment. Many food fre-
quency questionnaires have not been designed and tested
to accurately capture the foods, serving sizes, and meal prep-
arations of different cultural groups [261]. Consequently, the
dietary assessments from these studies likely produce biased
estimates of nutrient relations with dementia, particularly for
ethnoracial minority populations. To adequately address eth-
noracial disparities in diet, nutrition, and ADRDs, it is
imperative that greater attention is devoted to cultural vali-
dation of the dietary assessment methods.

1.5.3. Ethnoracial factors related to the development of
technologies

Technology for dementia has developed in several main
areas: assessment of cognitive functions [262] and daily ac-
tivities [263]; direct cognitive [264] or behavioral support
[265]; monitoring [266]; and direct caregiving [267] and
supporting caregivers [268]. Different ethnoracial groups
have been involved in the creation and testing of technolo-
gies, but the potential impact of these differences has not
been explored. The focus of most research has been on the
effectiveness or impact of the technology, with a lack of
consideration of the role ethnoracial factors may play in uti-
lization or impact potential.

Two key issues in development of technology for demen-
tia relate to cognitive function and accessibility of technol-
ogy. Understanding cognitive function is central to
developing technology for individuals with dementia and
this is where the lack of ethnoracial consideration is most
apparent. Much technology development has focused on
improving cognitive assessment [269] to enhance or
improve dementia diagnosis. However, these studies have
not reported on possible inclusion or on differences in cogni-
tive performance and profiles [270] and rate of decline [271]
in ethnoracial minority groups.

There is also limited information available on access to
technology in ADRDs. The “digital divide” is an issue that
reflects socioeconomic factors, whereby lower-income
groups have less access to technologies. There are no exist-
ing survey data on access and use of technologies by people
with dementia that consider ethnoracial factors. However,
we can gain some insight from two large U.S. surveys that
looked at the use of assistive technologies (ATs) by different
racial groups. Reed et al. [272] conducted the Community
Research for Assistive Technology Survey in California.
They divided ATs into three categories: high-tech (e.g., com-
puters), medium-tech (e.g., scooters), and low-tech (e.g.,
magnifiers). The proportion of white respondents (23%) us-
ing high-tech devices was higher than Asian Americans
(16%), African Americans (13%), and double the number
of Latinos (11%) suggesting unequal access to the same
technology [272]. This lack of access and awareness was
echoed in a 2009 U.S. National Health Survey, which looked
at ATs usage across groups with mobility, visual, auditory,
and emotional disabilities [273]. Their findings suggested
that income status, particularly receiving Medicaid or veter-
an’s benefits, and mental impairment reduced the likelihood
of people using ATs [273]. To address these challenges, they
proposed a list of changes including more cultural compe-
tency training, ensuring the attitudes and values are included
in evaluating AT needs among underrepresented groups and
designing effective outreach and health marketing appropri-
ately tailored to different ethnoracial populations. In relation
to dementia technology specifically, a survey of American
and German family caregivers found low awareness of
what technology is available for themselves or the people
they care for [274]. In addition, lack of access to broadband
Internet and limited availability of specialized technologies
have been identified as key barriers to technology for demen-
tia [275]. However, there are signs that the growing need to
address these problems is starting to take hold through recent
efforts to meet the needs of ethnic minority dementia
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caregivers through apps [276], online education [277], You-
Tube [278], and a survey of their preferences for technology
[279].

Overall, there remains a significant dearth in research
specifically designed to understand and address heath dis-
parities in ADRDs. Diverse ethnoracial populations remain
underrepresented in studies across all areas covered by the
PIAs. However, given the substantial amount of work that
has been accomplished across these respective areas, there
remain tremendous opportunities to rapidly advance the
state of the science. Broad areas of immediate need, based
on the information provided above, are provided below.
1.6. Recommendations for advancing the field of health
disparities in ADRDs

As highlighted across each of the major topic areas and
expert groups listed, there remain substantial knowledge
gaps regarding the ADRDs among diverse ethnoracial
groups globally. The science of ADRDs has advanced
considerably over the last few decades, and the same can
be accomplished regarding an understanding of ADRDs
among diverse populations. First and foremost, the expertise
of the various PIAs and global experts across fields needs to
be leveraged to design and implement research programs to
address the gaps identified in a rapid fashion.

Primary recommendations proposed by the working
group are as follows:

� Develop specific health disparities models/frameworks
and implement data-driven strategies for targeted
recruitment and retention of diverse ethnoracial popu-
lations into ADRD observational studies and clinical
trials.

� Identify differing perspectives and views held by eth-
noracial groups regarding ADRD research and inter-
ventions, to tailor appropriate methodologies for
addressing gaps identified here as well as widely
disseminating findings.

� Uniformly, examine the prevalence of specific life ex-
periences/status (e.g., poverty, war/conflict, stigma,
disability, sex, gender) and whether they play a role
in ADRD disparities among diverse ethnoracial groups
across countries.

� Create training modules, webinars, and related educa-
tional opportunities for researchers, payors, funders,
community members, and even research participants
to learn how to effectively develop diverse and inclu-
sive study designs and recruitment and retention strate-
gies in ADRD studies.

� Train practitioners and researchers (e.g., neuropsy-
chologists, neurologists, geriatricians), including those
from diverse ethnoracial groups, to implement cultur-
ally appropriate research methodologies (e.g., assess-
ments, interviews, interventions) across different
ethnoracial groups.
� Develop and validate appropriate research tools along
with appropriate use and interpretative guidelines
(e.g., normative references). This can include genera-
tion of instruments that can be used across groups,
development of novel tools that are group-specific,
and the development of appropriate analytic methods
for working across tools when needed.

� Establish collaborative infrastructure across existing
longitudinal registries and cohorts that include diverse
ethnoracial populations to address gaps identified here.
Also, leverage existing infrastructures and knowledge-
base for the establishment of additional targeted
research cohorts to advance the field of health dispar-
ities in ADRDs.

� Implement methodological strategies that enable post
hoc analyses across diverse groups, comparisons
across longitudinal cohorts; consistently report ethno-
racial subgroup data even when not analyzed; and
include refreshment samples in cohort studies to main-
tain statistical power—including addition of replace-
ment for attrition in ongoing studies that are not
representative of ethnoracial groups with diverse pop-
ulations.

� Implement analytic methods to weigh observations
from underrepresented groups to attenuate the impact
of small sample size; investigate the impact of ethnora-
cial disparities on retention, attrition, and mortality;
and consistently report ethnoracial subgroup data,
even if such differences are not analyzed due to low
group sample sizes.

� Develop and validate statistical models of risk and pro-
tective factors germane to ethnoracial groups,
including complex interaction terms to better refine
prevalence and incidence of ADRDs between different
groups.

� Employ structured “precision medicine” and “preci-
sion public health” approaches to combine, translate,
and share findings from ADRDs research including
ethnoracial groups across the world to target and
continually refine diagnostics, disease monitoring,
treatment, and development of new therapeutics.

� Include diverse ethnoracial groups in studies exam-
ining sociocultural, biomarker, biological mechanism,
and all other aspects of ADRD science.

� Develop and disseminate educational materials
regarding ADRDs specifically focused on caregivers
from diverse groups; include caregivers from diverse
ethnoracial groups in scientific inquiries addressing
caregiver and family needs.
1.7. Advancing the Science of Health disparities
in ADRDs

As previously discussed, there are several gaps in the
extant literature in many of the key areas of science currently
being examined in ADRDs. Aside from the large gap in



G.M. Babulal et al. / Alzheimer’s & Dementia 15 (2019) 292-312 305
literature examining ethnoracial factors in ADRDs docu-
mented by this working group, there is also no comprehen-
sive framework to address the gaps. Specifically, the vast
majority of the science conducted in the articles reviewed
addressed one question at a time without the end in mind
(i.e., a comprehensive understanding of the full complexity
of ADRDs, including ethnoracial factors). To advance the
understanding of ethnoracial factors in ADRDs, the field
needs to not only directly test importance of ethnoracial fac-
tors but also test these constructs within the context of the
“big picture” including, but not limited to, factors such as
gender, neuropathology (e.g., the 2018 NIA-AA research
criteria for AD explicitly for testing of these new concepts
in diverse populations), molecular biology, environmental
factors, and more.

If the comprehensive framework is to explicitly test and
understand the complexity of ADRDs, then more advanced
analytic modeling approached are needed as is longitudinal
data. Studies that iteratively propose a unique hypothesis,
test the hypothesis, refine the question, and start-over using
large-scale longitudinal data are needed. Multiscale
modeling, advanced artificial intelligence learning tools,
and structural equation modeling are some of the tools that
are explicitly designed to manage such large-scale and com-
plex questions. The statistical/bioinformatics models can
grow and expand iteratively as the hypotheses are tested,
refined, and reanalyzed. Many of these tools were refined
in the human genome project but have been applied to life
sciences at large scale. The translational work in ADRDs
has begun to break down silos; however, the questions posed
do not directly test the complexity of the problem faced. If
these more complex tools are utilized, the complexity of eth-
noracial factors, within the context of ADRDs more broadly
will become more in focus. This approach can lead to a pre-
cision medicine approach to treating and preventing AD.

To continue the momentum of this working group and
other ongoing efforts, we propose that a formal meeting
occur in conjunction with the National Alzheimer’s Project
Act meeting (or other meeting), specifically to address the
advancement of health disparities in ADRDs. This meeting
would serve as a “think tank” on how to move the field for-
ward rather than a venue for individuals to present their
recent (or remote) findings. Experts from diverse back-
grounds (epidemiology, health disparities, neuropathology,
sociology, etc.) would be invited to discuss and provide stra-
tegies for next steps to advance the field.
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the litera-
ture using traditional sources (e.g., PubMed) and
meeting abstracts and presentations. Several recent
publications have described the role of ethnoracial
factors on the incidence, diagnosis, and clinical pre-
sentation of Alzheimer’s disease and related demen-
tias (ADRD). These relevant citations are
appropriately cited.

2. Interpretation: The manuscript clearly identifies the
study of ethnoracial factors in key topic areas of
ADRD science as substantially lacking. Despite the
global search for improved diagnostic and therapeu-
tic understandings of ADRD, research is needed on
these topics across ethnoracial populations.

3. Future directions: Experts from Professional Interest
Areas of ISTAART provide specific immediate needs
on ethnoracial research across a wide range of topic
areas that, when dealt with, will greatly advance
the field of ADRD. Addressing these needs will be
key to implementing culturally-appropriate interven-
tions, as well as improving access to care for ethno-
racial groups.
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A B S T R A C T

In Alzheimer's disease (AD), characterized by cognitive deterioration, synaptic alterations are frequently re-

ported. The TgCRND8 model, in which mice develop AD-like amyloid plaque formation, has been used toβ 

investigate the e ects of amyloidosis on synaptic function. Background strain impacts the behavioral andff

neuropathological phenotype of mice in this model, but whether this extends to synaptic function is unknown.

We investigated the in uence of background strain on basal synaptic transmission and long-term potentiationfl

(LTP) in the hippocampus of TgCRND8 mice (13 16 months) on hybrid backgrounds of (129SvEv/Tac) x (C3H/–

C57/129SvEv/Tac) (aka 129 ) or (C57) x (C3H/C57) (aka C3H ). In littermate controls, basal synaptic“ ” “ ”

transmission was signi cantly reduced, whereas the amplitude of excitatory postsynaptic potentials was sig-fi

ni cantly higher after LTP induction in 129 vs. C3H mice. In 129 TgCRND8 mice, de cits in hippocampal LTPfi fi

were more severe than in C3H TgCRND8 relative to controls. Compared to controls, network excitability was

decreased in transgenics from both strains. These data suggest that 129 TgCRND8 mice are the more appropriate

model to evaluate the e cacy of potential AD treatments on synaptic function, owing to their signi cant de citffi fi fi

in LTP. Such studies are critical in order to improve the translational capacity of basic science research.

1. Introduction

Alzheimer's disease (AD) is a neurodegenerative disorder char-

acterized by severe and worsening cognitive de cits, including memoryfi

impairment. In addition to brain amyloid beta (A ) plaque deposition,β

alterations in markers of synaptic plasticity are evident in AD and are

detectable early in disease progression (Svennerholm and Gottfries,

1994 Heinonen et al., 1995; ).

First developed in the lab of Dr. David Westaway (Chishti et al.,

2001), the TgCRND8 mouse model of AD has been used to study neu-

rophysiological processes in the presence of extensive brain amyloid as

a means of uncovering the physiological underpinnings of AD-related

cognitive de cits. This transgenic strain harbors a double mutation tofi

the human amyloid- protein precursor (A PP) gene, including bothβ β

Swedish (A PP KM670/671NL) and Indiana (A PP V717F) mutationsβ β

under the control of the hamster prion gene promoter. Mice develop

age-dependent overexpression of human A PP and, consequentially,β

robust and early A plaques in the brain, including the hippocampusβ 

( ; ), a region important for spatialChishti et al., 2001 Glazner et al., 2010

memory encoding ( ) that is severely a ected in ADHartley et al., 2013 ff

( ) and the TgCRND8 model ( ;Cherrier et al., 2001 Chishti et al., 2001

Glazner et al., 2010).

Tasks used to measure spatial learning and memory are widely

employed in basic AD research. Several studies, however, indicate that

performance in such tasks is a ected by genetic strain in healthy mice.ff

For instance, it is well known that C57BL/6 mice (B6) perform well in

behavioral assays of spatial memory ( ;Upchurch and Wehner, 1988

Wahlsten et al., 2005). Mice on a 129 background have been shown to
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perform on par with B6 mice in behavioral tasks, such as the Morris

water maze (MWM) ( ), an extensively used beha-Brooks et al., 2005

vioral assay of hippocampal-dependent spatial memory, although

others have shown wide variation in substrains of this background

( ). In contrast, C3H mice are generally consideredOwen et al., 1997

poor performers in spatial memory assays relative to other strains

( ; ; ).Upchurch and Wehner, 1988 Brooks et al., 2005 Owen et al., 1997

Thus, background strain is an important and often overlooked aspect of

research and one that may a ect translational capacity of basic researchff

using AD models. For example, background strain has been shown to

a ect several correlates of AD, including survival ( ;ff Chishti et al., 2001

Rae and Brown, 2015 Glazner et al., 2010), neuropathological extent ( ;

Fonseca et al., 2011), and cognitive abilities/behavioral phenotypes

( ). We previously found impaired spatial memoryGlazner et al., 2010

acquisition in the TgCRND8, however this impairment was markedly

more severe in the strain maintained on a (129SvEv/Tac) x (C3H/C57/

129SvEv/Tac) (aka 129 Tg ) background relative to those on a (C57) x“ ”

(C3H/C57) (aka C3H Tg ) background using the MWM (“ ” Glazner et al.,

2010).

In addition to strain di erences in the extent of behavioral de cits,ff fi

we previously found elevated levels of A plaque load in conjunctionβ 

with decreased levels of insulin-degrading enzyme, involved in Aβ

clearance, in 129 relative to C3H Tg mice ( ).Glazner et al., 2010

Overall, these data indicate a more severe AD-like phenotype in the

TgCRND8 model in the 129 Tg mice and argue for an important yet

underappreciated contribution of strain to the appropriate interpreta-

tion of preclinical ndings of outcomes across multiple parameters infi

AD research. For example, whether these strain di erences extend toff

hippocampal long-term potentiation (LTP), an experimental paradigm

thought to mimic learning and memory formation (in vitro Bliss and

Collingridge, 1993), is unknown. Synaptic alterations have been re-

ported in TgCRND8 mice, including enhanced LTP in the CA1 hippo-

campal sub eld of mice on a C57BL/6xC3H background (fi Jolas et al.,

2002 Tozzi et al., 2015 Kimura et al., 2012 Arrieta-Cruz). Others ( ; ; 

et al., 2010), however, report decreased hippocampal LTP in TgCRND8

mice, although information on background strain is not always pro-

vided (e.g., ). Strain is a critical consideration, givenTozzi et al., 2015

that putative treatments studied in preclinical research often examine

synaptic plasticity to indicate eff ectiveness and mechanisms of action in

AD models ( ). Moreover, discrepancies in the lit-Kimura et al., 2012

erature regarding the nature and/or direction of synaptic abnormalities

in the TgCRND8 model warrant re-evaluation of synaptic plasticity in

TgCRND8 strains of di erent backgrounds, which may be a con-ff

founding factor. To further understand background strain in the context

of AD neurophenotype in the TgCRND8 model, several hippocampal

electrophysiological parameters, including LTP, were compared be-

tween mutant mice and their littermate controls in 129 and C3H Tg

mice, as per the original derivation ( ). Based on ourChishti et al., 2001

previous behavioral data, we hypothesized a more severe alteration in

hippocampal LTP in 129 Tg mice, for which there are no published

studies, as opposed to C3H Tg AD mice.

2. Experimental procedures

2.1. Animals

Both mouse lines were generously provided by Dr. David Westaway

(Centre for Research in Neurodegenerative Diseases (CRND); University

of Toronto, Ontario, Canada).

Generation of transgenic strains has been detailed elsewhere

( ). Brie y, mice possess a double mutant form ofChishti et al., 2001 fl

human A PP 695 ( Swedish KM670/671NL and Indiana V717Fβ “ ” “ ” 

mutations) under the control of the Syrian hamster prion promoter. The

A PP695 cDNA cassette was microinjected into C3H/HeJ × C57BL/6 Jβ

oocytes, generating the strain referred to as C3H Tg . The progeny of“ ”

an F1 cross to the C3H Tg mice were then bred with mice on 129SvEc/

Tac backgrounds to produce (129SvEv/Tac) x (C3H/C57/129SvEv/

Tac) transgenics, herein referred to as 129 Tg ( ).“ ” Chishti et al., 2001

Colonies of mixed backgrounds were maintained at St. Boniface Al-

brechtsen Research Centre. All mice were genotyped prior to use;

transgenic mice (Tg) were those heterozygous for the transgene (e.g.,

Tg+/ ), with wild-type (WT; e.g., Tg / ) littermates serving as− − −

controls. Animals were housed in groups (2 to 5) and provided food and

water . All procedures were carried out under a protocol ap-ad libitum

proved by the University of Manitoba Animal Care and Use Committee,

which conforms to the guidelines set forth by the Canadian Council on

Animal Care. Electrophysiological recordings were taken from 129 and

C3H mice of mixed sex (balanced across groups) at 13 16 months of–

age. The authors con rm that all e orts were made to minimize thefi ff

number of animals used and their su ering.ff

2.2. Slice preparation & electrophysiology

Procedures used herein have been reported by our lab elsewhere

( ). After decapitation under iso urane, the brainOikawa et al., 2012 fl

was removed and placed in cold (~5 °C) arti cial cerebrospinal uidfi fl

(aCSF) solution of (in mM) 124 NaCl, 3 KCl, 1.25 KH 2 PO4 , 1.4 MgCl 2 , 1

CaCl2, 26 NaHCO 3 , and 10 glucose that was bu ered (pH 7.4) with 95%ff

O2 /5% CO 2 . The hippocampus was dissected out, sliced 350 m thick,μ

and allowed to recover for 1 h in warmed (~32 °C) aCSF before transfer

to a recording chamber (~32 °C) containing recording bu er of (in mM)ff

124 NaCl, 3 KCl, 1.25 KH2 PO 4 , 1.4 MgCl 2 , 2 CaCl2 , NaHCO3 , and 10

glucose.

Scha er collaterals projecting to the CA1 region were stimulated inff

slices with Tungsten stimulating electrodes by monophasic test pulses

(0.1-millisecond duration every 30 s) to evoke eld excitatory post-fi

synaptic potentials (fEPSPs). Signals were recorded using an AxoClamp

2B Ampli er (Axon Instruments, Foster CA, USA) in continuous currentfi

clamp bridge mode with glass microelectrodes (2.3 M ) lled withΏ fi

recording bu er. Input/output (I/O) curves were produced to de-ff

termine maximal and half-maximal response as well as voltage settings

such that the voltage was set to evoke fEPSPs at half-maximal ampli-

tude. The fEPSPs were measured from the CA1 dendritic arbor. Data

regarding fEPSP slope were calculated by measuring rise/run (e.g.,

10% 90% of trace). Population spike amplitude was measured from the–

somatic region of pyramidal cells in the CA1 region. After a 15-min

baseline recording period, high-frequency stimulation (HFS;

3 × 100 Hz, 1-s duration, 0.5 s apart) was used to induce LTP responses,

which were recorded for 60 min. The presence of LTP was determined

by calculating the mean 15-min post-tetanization responses and com-

paring them to the mean baseline (15 min) responses. The coupling of

fEPSPs to spike (E-S) was calculated by dividing the slope of fEPSPs by

the population spike amplitude. This same ratio was also calculated

after HFS to investigate potentiation of E-S coupling, de ned as afi

leftward shift in the relationship between population spike amplitude

and fEPSP slope that accompanies LTP. Prior to HFS, the paired pulse

ratio was measured after delivery of paired stimuli (0.1-millisecond

duration; 50 milliseconds apart) in all slices, with the mean amplitude

response after stimulation normalized to the mean response before

stimulation (baseline). Paired pulse ratio was expressed as the 2nd

fEPSP response over the 1st fEPSP response. Data were acquired with

Clampex 9.2, with responses ampli ed (50× gain), low-pass lteredfi fi

(6 kHz) and digitized (20 kHz; DIGIDATA 1322A; Axon Instruments).

Data were analyzed with Clamp t 9.2 (Axon Instruments).fi

2.3. Statistical analyses

To allow for comparisons between strains in WT mice and as a

function of genotype in AD models, three sets of analyses were com-

pleted, with data from WT littermate controls being used in two sets of

analyses. To minimize resultant increases in family-wise error rates,

values indicating statistical signi cance were determined after applyingfi

W.M. Snow et al. Molecular and Cellular Neuroscience 94 (2019) 11–22
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the Holm's sequential Bonferroni correction based on two comparisons

(e.g., statistical signi cance set at either < 0.05 or < 0.025, de-fi p p 

pending on ranking order of the resultant -values). Data were analyzedp

in SPSS V20 (IBM Corp., Armonk, NY) using unpaired and paired

Student's -tests, one-way repeated measures analysis of variancet

(ANOVA), and/or two-way repeated measures ANOVA. In limited cases,

data did not meet assumptions required for parametric tests, and non-

parametric alternatives were used (as stated in Results). Data are pre-

sented as mean ± standard error of the mean (SEM). Statistical ana-

lyses were conducted on individual slices (C3H WT: n = 7 slices from 4

animals (2 males, 2 females), C3H Tg: n = 4 slices from 2 animals (1

male, 1 female); 129 WT: n = 6 slices from 4 animals (2 male; 2 fe-

male), 129 Tg: n = 7 slices from 4 animals (2 males, 2 females)).

3. Results

3.1. Strain di erences between 129 and C3H WT miceff

3.1.1. Paired pulse ratio

To establish the degree to which presynaptic alterations may a ectff

synaptic responses, paired pulse ratios, an established measurement of

presynaptically driven synaptic modi cations (fi Fioravante and Regehr,

2011) were calculated and compared between background strains for

both amplitude and slope. No signi cant di erences were found in WTfi ff

mice as a function of strain for either parameter (Student's -test, am-t

plitude: = 0.4; slope: = 0.7, ).p p Fig. 1

3.1.2. Basal synaptic transmission

To evaluate neuronal excitability in the CA1 hippocampus in WT

mice, I/O curves were generated and compared between strains across

stimulation levels. Two-way repeated measures ANOVA indicated a

trend towards a signi cant main e ect of Strain ( = 0.05), a sig-fi ff p 

ni cant main e ect of Voltage ( < 0.001), and a signi cant interac-fi ff p fi

tion e ect between Strain and Voltage ( < 0.03). Simple main e ectsff p ff

tests indicated that although the amplitude across various stimulation

levels was generally higher for C3H mice, signi cance was only reachedfi

at 7 V (Student's -tests, < 0.05; = 0.05 0.11 for all other voltages;t p p –

Fig. 2 Table 1 and for summary of ANOVAs).

3.1.3. LTP

To con rm that HFS induced LTP in CA1 slices from WT mice, thefi

mean amplitude over the 15-min baseline period (30 traces) was

compared to the mean response over the rst 15 min post-tetanizationfi

(30 traces) and analyzed by paired samples t-tests. In WT controls, LTP

was reliably induced in slices from both 129 ( < 0.001; 50.2% in-p 

crease from baseline) and C3H ( < 0.001; 24.1% increase) strains.p 

As it is well known that LTP induction and its maintenance rely on

di erent physiological mechanisms, statistical comparisons were con-ff

ducted separately for the rst 15 min post-HFS (as used to determinefi

LTP induction above; from 30 traces) and in the remaining 45 min (e.g.,

15.5 60 min post-HFS from 90 traces; referred to herein as 15 60 for– “ – ” 

simplicity) for the parameters of amplitude, slope, population spike,

and E-S coupling. This allowed for the investigation of the existence of

potential strain di erences in plasticity mechanisms in WTs (e.g., in-ff

duction and maintenance phases) and if such di erences change overff

the course of the recording time (e.g., the stability of the response).

3.1.3.1. Amplitude. In WT mice, two-way repeated measures ANOVA of

the fEPSP amplitude 0 15-min post-tetanization revealed no signi cant– fi

main e ect of Trace ( = 1.0), nor a signi cant interaction e ect offf p fi ff

Trace x Strain ( = 1.0). The main e ect of Strain, however, wasp ff

signi cant ( = 0.007), as the amplitude of the early response wasfi p 

signi cantly higher in 129 mice overall. This strain e ect, however,fi ff

became non-signi cant ( = 0.06) over time during the duration offi p 

recording (e.g., 15 60-min after HFS). A signi cant main e ect of Trace– fi ff

( = 0.01) and a signi cant interaction e ect of Trace x Strainp fi ff

( = 0.001, two-way repeated measures ANOVA) was noted duringp 

the later recording period. Therefore, one-way repeated measures

ANOVAs of Trace for each strain separately were conducted and

indicated a signi cant e ect ( < 0.001) in 129 mice but not in C3Hfi ff p 

mice (p = 0.7), consistent with a slight but steady decline in the

amplitude of the response in 129 mice that was not apparent in the

Fig. 1. Comparison of paired pulse ratios

(expressed as the 2nd fEPSP response over

the 1st fEPSP response; mean ± SEM) be-

tween WT mice as well as between Tg mice

and their respective WT littermates after

delivery of paired stimuli (0.1-msec dura-

tion; 50 msec apart). The mean amplitude

(A) and slope (C) response after stimulation

was normalized to the mean response be-

fore stimulation (baseline). No signi cantfi

di erences were found as a function offf

strain (Student's -tests, amplitude: = 0.4;t p 

slope: = 0.7) in WTs or as a function ofp 

genotype in mice of either mixed back-

ground (Student's -tests, amplitude: 129:t

p p p = 0.8; C3H: = 0.9; slope: 129: = 0.8;

C3H: = 0.9). B & D display the responsep 

obtained in each slice (129 WT: n = 6; 129

Tg: n = 7; C3H WT: n = 7; C3H Tg: n = 4).
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C3H strain ( A & B).Fig. 3

3.1.3.2. Slope. Population spikes can be elicited by fEPSPs of a

su cient magnitude, re ecting synchronous action potential ringffi fl fi

recorded along pyramidal cell somata; the presence of population

spikes can a ect fEPSP amplitude measurements (ff Bortolotto et al.,

2001). Therefore, fEPSP slope, which is considered less responsive to

the presence of population spikes than fEPSP amplitude (Bortolotto

et al., 2001), was also calculated and compared between groups. The

slope of the fEPSPs was not signi cantly a ected by Strain ( = 0.3),fi ff p 

nor was the interaction e ect of Strain x Trace ( = 1.0) signi cantff p fi

during the initial LTP induction, whereas the main e ect of Trace wasff

signi cant ( = 0.02, two-way repeated measures ANOVA),fi p 

presumably owing to increases in the rst few traces immediatelyfi

after stimulation. No signi cant main (Strain: = 0.4; Trace: = 0.95)fi p p 

or interaction ( = 1.0) e ects were found for the slope of fEPSPs in thep ff

15 60-min period post-tetanization in WT mice ( A & C; two-way– Fig. 3

repeated measures ANOVA).

3.1.3.3. Population spike. Population spike amplitude, a measure of

synchronous somatic action potential ring in the CA1 region, was notfi

signi cantly di erent between Strain ( = 0.96) or across Tracesfi ff p 

( = 0.3), nor was the interaction between the two signi cantp fi

( = 0.99, two-way repeated measures ANOVA) during the earlyp 

induction period. Similarly, no e ects of Strain were noted during theff

15 60-min period following HFS ( = 0.6), with no interaction e ect– p ff

( = 0.95). The main e ect of Trace was signip ff ficant ( < 0.001, two-p 

way repeated measures ANOVA), an e ect that appeared largely due toff

a general decrease over the course of recording in both strains ( DFig. 3

& E).

3.1.3.4. E-S potentiation. The parameter E-S potentiation refers to an

increase in action potential ring (re ected in population spikefi fl

amplitude) for a given magnitude of fEPSP with tetanization. In 129

mice, no signi cant di erences were found between the mean baselinefi ff

E-S coupling ratio and the 15 min immediately after HFS ( = 0.18;p 

p = 0.25 with Wilcoxon), despite a 44% increase in absolute terms. In

C3H mice, E-S coupling was increased after HFS by 52%; however, this

was non-signi cant after applying the statistical correction ( = 0.028;fi p 

pcrit < 0.025, Wilcoxon signed ranks, non-normal distribution). Two-

way repeated measures ANOVA indicated no strain di erences in theff

magnitude of E-S potentiation immediately after HFS (mean change

from baseline over all traces: 129: 146.9 ± 30.6%; C3H:

159.5 ± 28.4%). The e ect of Trace fell just below the correctedff

signi cance level ( = 0.028; fi p p crit < 0.025), with no interaction e ectff

( = 0.3), indicating a trend towards changes over time in both strains.p 

No signi cant di erences were found for the remainder of the recordingfi ff

period (see ; F).Table 1 Fig. 3

These data overall demonstrate di erences in hippocampal synapticff

function between WT mice on the 129 and C3H background, including

network hypoexcitability, an enhanced degree of potentiation in early

induction after HFS and decreased stability in the response speci callyfi 

in 129 mice relative to C3H mice.

3.2. 129 and C3H Tg AD models

3.2.1. Paired pulse ratio

As with the strain comparisons in WT, no signi cant di erences infi ff

either the amplitude (129: = 0.8; C3H: = 0.9, Student's -tests) orp p t

slope (129: = 0.1; C3H: = 0.4) of paired pulse ratios were found asp p 

a function of genotype in Tg mice relative to their littermate WT con-

trols in either background strain ( ).Fig. 1

3.2.2. Basal synaptic transmission

In 129 mice, two-way repeated measures ANOVA revealed a sig-

ni cant main e ect of Genotype ( < 0.001) and of Voltagefi ff p 

( < 0.001) as well as a signi cant Genotype x Voltage interactionp fi

( < 0.001). Simple main e ects tests of each voltage by genotypep ff

indicated that for all but the rst voltage ( = 0.04; fi p p crit = 0.025,

Student's -test), the response in slices from 129 Tg mice wast

Fig. 2. Basal synaptic transmission in CA1

hippocampus in (A) 129 versus C3H WT

mice and in Tg mice on (B) 129 and (C) C3H

backgrounds relative to their WT littermate

controls. I/O curves (expressed as

mean ± SEM) were generated by mea-

suring the amplitude of the evoked fEPSP

with increasing voltages. (A) Analyses in-

dicated a trend towards an overall main

e ect of Strain ( = 0.05; two-way ANOVA)ff p 

in the I/O relationship, with a signi cantlyfi

higher amplitude in the evoked response at

7 V of stimulation ( < 0.05; Student's -p t

test) in C3H mice, indicating enhanced

neuronal excitability in this background

strain. In strain-speci c comparisons be-fi

tween Tg mice and their WT littermate

controls, the APP mutations resulted in

signi cant and substantial decreases in thefi

amplitude of fEPSPs across various stimu-

lation levels in both (B) 129 and (C) C3H

background strains. 129 WT: n = 6; C3H

WT: n = 7; 129 Tg: n = 7; C3H Tg: n = 4.

Student's -tests, * < 0.05; ** < 0.01;t p p 

*** < 0.001, mean ± SEM.p 

W.M. Snow et al. Molecular and Cellular Neuroscience 94 (2019) 11–22

14



signi cantly lower than in 129 WT slices ( = 0.004 to < 0.001), in-fi p 

dicating a less robust response in AD-like slices in the 129 background

( B).Fig. 2

In a similar manner, the main e ects of Genotype ( = 0.02),ff p 

Voltage ( < 0.001), and the interaction between the two ( < 0.001)p p 

were signi cant in C3H mice. Simple main e ects tests indicated that atfi ff

stimulation levels of 4 V or greater, the response was lower in C3H Tg

mice relative to C3H WT littermate controls ( = 0.015 to 0.006,p 

Student's -test; C).t Fig. 2

3.2.3. LTP-129 Tg mice

Comparison of the mean baseline amplitude and 15-min post-teta-

nization response indicated an 11% increase from baseline that was

non-signi cant ( = 0.4, paired -test) in hippocampal slices from 129fi p t

Tg mice. Such data indicates a failure to induce robust LTP with HFS in

this AD model compared to slices from WT controls on this same

background.

3.2.3.1. Amplitude. In 129 mice, two-way repeated measures ANOVA

of fEPSP amplitude between Tg and littermate WT controls over the

fi fi ffrst 15-min post-tetanization period revealed a signi cant main e ect

of Genotype ( = 0.006). The main e ect of Trace was not signi cantp ff fi

( = 0.4), nor was there a signi cant interaction between Genotype andp fi

Trace ( = 0.3, two-way repeated measures ANOVA). The main e ectp ff

of Genotype was signi cant ( = 0.007) from 15 to 60 min, as was thefi p 

main e ect of Trace ( < 0.001), with no signi cant interaction e ectff p fi ff

( = 0.2, two-way repeated measures ANOVA). These data indicate ap 

consistent decline in the amplitude over the course of recording in both

genotypes, with a generalized reduced potentiation in 129 Tg mice

relative to 129 WT littermate controls ( A & B).Fig. 4

3.2.3.2. Slope. Analysis of the initial fEPSP slope after HFS between

129 Tg and 129 WT controls also revealed a signi cant main e ect offi ff

Genotype ( = 0.02), with reduced fEPSP slope in 129 Tg mice relativep 

to controls. The main e ect of Trace ( = 0.8) and the interactionff p 

between Genotype and Trace ( = 0.3, two-way repeated measuresp 

ANOVA) were not signi cant. During the 15 60-min post-tetanizationfi –

period, analysis of di erences in fEPSP slope based on genotype fell justff

below the critical value for statistical signi cance ( = 0.03;fi p 

pcrit < 0.025), with no signi cant main e ect of Trace ( = 0.12) orfi ff p 

Table 1

Summary of ANOVAs as a function of strain and genotype.

Dependent variable & time period (min) Between-subjects e ects Within-subjects e ects Interaction e ectsff ff ff

F F F p p p

WT Mice Strain Voltage

Input/Output 4.8 0.05# 129.7 < 0.001
⁎⁎⁎

2.2 0.03
⁎

Trace

Amplitude: 0 15 11.12 0.007–
⁎⁎

0.48 1.0 0.3 1.0

Amplitude: 15 60 4.4 0.06–
# 1.39 0.013

⁎

1.6 0.001
⁎⁎

129 3.3 < 0.001– –  
⁎⁎⁎

– –

C3H 0.9 0.7 – –  – –

Slope: 0 15 1.1 0.3 1.63 0.024–
⁎ 0.4 1.0

Slope: 15 60 0.8 0.4 0.8 0.95 0.7 1.0–

Population Spike: 0 15 0.002 0.96 1.1 0.3 0.5 0.99–

Population Spike: 15 60 0.4 0.6 2.64 < 0.001–
⁎⁎⁎

0.8 0.95

E-S Potentiation: 0 15 0.09–
# 0.7 1.6 0.028# 1.17 0.3

E-S Potentiation: 15 60 0.01 0.9 0.8 0.9 0.6 1.0–

129 Tg Genotype Voltage

Input/Output 83.6 < 0.001
⁎⁎⁎

84.0 < 0.001
⁎⁎⁎

40.5 < 0.001
⁎⁎⁎

Trace

Amplitude: 0 15 12.17 0.006–
⁎⁎ 1.07 0.4 1.17 0.3

Amplitude: 15 60 11.4 0.007–
⁎⁎ 1.7 < 0.001⁎⁎⁎ 1.2 0.25

Slope: 0 15 7.5 0.021–
⁎

0.75 0.8 1.2 0.3

Slope: 15 60 6.48 0.029–
# 1.19 0.12 1.0 0.4

Population Spike: 0 15 5.96 0.035–
# 0.98 0.6 0.68 0.9

Population Spike: 15 60 6.96 0.0248–
⁎ 1.22 0.09 # 0.86 0.8

E-S Potentiation: 0 15 1.05 0.3 1.3 0.2 1.04 0.4–

E-S Potentiation: 15 60 1.16 0.3 1.04 0.4 0.9 0.6–

C3H Tg Voltage

Input/Output 8.4 0.02
⁎

50.8 < 0.001
⁎⁎⁎

7.9 < 0.001
⁎⁎⁎

Trace

Amplitude: 0 15 0.8 0.4 2.62 < 0.001–
⁎⁎⁎ 1.58 0.03#

Amplitude: 15 60 0.04 0.8 0.88 0.8 1.64 < 0.001–
⁎⁎⁎

WT 0.9 0.7 – –  – –

Tg 1.64 0.001– –  
⁎⁎

– –

Slope: 0 15 0.9 0.4 2.05 0.002–
⁎⁎ 0.9 0.6

Slope: 15 60 0.07 0.8 0.7 0.97 1.22 0.1–

Population Spike: 0 15 0.48 0.5 3.16 < 0.001–
⁎⁎⁎

2.0 0.002
⁎⁎

WT 1.44 0.08– –  
#

– –

Tg 2.08 0.005– –  
⁎⁎

– –

Population Spike: 15 60 0.1 0.8 2.37 < 0.001–
⁎⁎⁎ 1.4 0.01⁎

WT 1.49 0.005– –  
⁎⁎

– –

Tg 1.29 0.06– –  
#

– –

E-S Potentiation: 0 15 0.3 0.6 1.52 0.047–
# 1.01 0.5

E-S Potentiation: 15 60 0.3 0.6 1.12 0.2 0.5 1.0–

⁎ p p < 0.05 or < 0.025 after applying Holm s sequential Bonferroni correction.’

⁎⁎

p < 0.01.
⁎⁎⁎

p < 0.001.
# trend towards signi cance.fi
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interaction e ect ( = 0.4, two-way repeated measures ANOVA; Aff p Fig. 4

& C).

3.2.3.3. Population spike. Two-way repeated measures ANOVA of the

amplitude of the population spike in the rst 15 min post-HFS indicatedfi

a trend towards an e ect of Genotype ( = 0.035; ff p p crit < 0.025), with

no main e ect of Trace ( = 0.6) or interaction e ect ( = 0.9). Fromff p ff p 

15 to 60 min after stimulation, the main e ect of Genotype wasff

signi cant ( < 0.025). The main e ect of Trace was not signi cantfi p ff fi

( = 0.09), with no signi cant interaction e ect between Trace andp fi ff

Genotype ( = 0.8; two-way repeated measures ANOVA) in thisp 

parameter, indicating reduced population spike in 129 Tg slices

particularly during the later phases of LTP ( D & E).Fig. 4

3.2.3.4. E-S potentiation. In 129 Tg mice, no signi cant di erencesfi ff 

were found between the mean baseline E-S coupling ratio and the

15 min immediately after HFS ( = 0.7; paired -test), indicating ap t

failure to potentiate E-S coupling after tetanization. No genotype

di erences in the magnitude of E-S potentiation immediately afterff

HFS ( = 0.3) or throughout the duration of the recording ( = 0.3)p p 

were observed, consistent with a lack of E-S potentiation in both Tg and

WT slices from the 129 strain. During the initial and later recording

periods, neither the e ects of Trace ( = 0.2 and 0.4, respectively) norff p 

the interaction e ects ( = 0.4 and 0.6, respectively) were signi cant inff p fi

129 Tg mice (two-way repeated measures ANOVA; F).Fig. 4

3.2.4. LTP-C3H Tg mice

Paired -tests between baseline and post-tetanization amplitude in-t

dicate a signi cant increase ( < 0.05; increase of 17.4%) after HFS infi p 

hippocampal slices from C3H Tg mice. These data indicate preserved

capacity for LTP induction in the C3H transgenic strain, as seen in WT

littermate controls.

3.2.4.1. Amplitude. Analysis of the amplitude of initial fEPSPs after

HFS indicated no signi cant e ect of Genotype ( = 0.4), a signi cantfi ff p fi

e ect of Trace (ff p < 0.001), and an interaction e ectff that fell just short

of signi cance ( = 0.034; fi p p crit < 0.025, two-way repeated measures

ANOVA). With continued recording (15 60 min post-HFS), the–

interaction e ect reached signi cance ( < 0.001), whereas mainff fi p 

e ects of Trace ( = 0.8) and Genotype ( = 0.8, two-way repeatedff p p 

Fig. 3. Comparison of LTP in CA1 hippo-

campus in 129 WT versus C3H WT mice.

Baseline (15 min) measurements were col-

lected prior to applying HFS (arrows;

3 × 100 Hz, 1-s duration, 0.5 s apart) to

induce LTP, which was reliably induced in

slices from both strains (increase in mean

15-min post-tetanization response relative

to mean baseline response). Representative

traces of fEPSP waveforms (A) and popula-

tion spikes (D) before (black) and after

(gray) HFS. (B) The mean amplitude (per-

centage change from baseline) of the fEPSP

in the rst 15 min after HFS (up to dottedfi

line) was signi cantly higher in slices fromfi

129 mice relative to C3H mice ( = 0.007),p 

with a signi cant decrease ( < 0.001) infi p 

amplitude with extended recording (after

dotted line) only in 129 mice ( < 0.001).p 

No strain di erences were noted in (C)ff

fEPSP slope, (E) population spike ampli-

tude, or (F) E-S coupling, de ned as thefi

slope of fEPSPs relative to the population

spike amplitude. 129 WT: n = 6; C3H WT:

n = 7. ** < 0.01; *** < 0.001;p p 

mean ± SEM.
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measures ANOVA) were not signi cant. Simple main e ects of Trace forfi ff

each genotype separately demonstrated no signi cant e ect ( = 0.7;fi ff p 

one-way repeated measures ANOVA) of Trace in slices from C3H WT

mice (as found above in comparison of background strains). In contrast,

the main e ect of Trace was signi cant ( = 0.001, one-way repeatedff fi p 

measures ANOVA) in C3H Tg hippocampal slices. These data indicate a

slight but steady decline in the amplitude of fEPSPs in slices from C3H

Tg mice that was not apparent in slices from C3H WT mice (Fig. 5A &

B).

3.2.4.2. Slope. The main e ect of Genotype was not signi cant forff fi

fEPSP slope during the initial 15-min period after tetanization

( = 0.4), whereas Trace was signi cant ( = 0.002), with nop fi p 

interaction e ect ( = 0.6, two-way repeated measures ANOVA),ff p 

signifying changes over time in both genotypes. The e ects offf

Genotype ( = 0.8), Trace ( = 0.97), and their interaction ( = 0.1)p p p 

on fEPSP slope were not signi cant for the later recording period (e.g.,fi

15 60 min post-tetanization, two-way repeated measures ANOVA).–

These data indicate that overall, genotype had no e ect on fEPSPff

slope in C3H Tg mice ( A & C).Fig. 5

3.2.4.3. Population spike. Analysis of population spike amplitude

0 15 min after HFS in C3H mice showed no signi cant e ect of– fi ff

Genotype ( = 0.5), with a signi cant e ect of Trace ( < 0.001) asp fi ff p 

well as a signi cant Trace x Genotype interaction ( = 0.002, two-wayfi p 

repeated measures ANOVA). Given the presence of an interaction, one-

way repeated measures ANOVAs were conducted for each genotype

separately. In C3H WT slices, there was a trend towards an e ect offf

Trace ( = 0.08), whereas in C3H Tg mice, this e ect was highlyp ff

signi cantfi ( = 0.005). These data are coincident with a slow rise inp 

population spike amplitude during LTP induction in C3H Tg mice, in

contrast to the sharp and sustained rise seen in slices from C3H WT

mice.

With continued recording (15 60 min post-HFS), similar results–

were evident, with no main e ect of Genotype ( = 0.8) but a sig-ff p 

ni cant main e ect of Trace ( < 0.001) as well as a signi cant in-fi ff p fi

teraction e ect ( = 0.013, two-way repeated measures ANOVA). One-ff p 

way repeated measures ANOVAs of Trace for each genotype separately

revealed a signi cant main e ect in C3H WT mice ( = 0.005), with afi ff p 

generalized steady decline throughout the 60-min recording period.

Although a decline was seen in Tg slices, it was more severe and fol-

lowed by a sharp rise in population spike amplitude, demonstrating

more instability in the response in C3H Tg relative to C3H WT hippo-

campus. The overall main e ect of Trace, however, failed to reachff

Fig. 4. Comparison of LTP in CA1 hippo-

campus in 129 Tg versus 129 WT mice.

Baseline (15-min) measurements were col-

lected prior to applying HFS (arrows;

3 × 100 Hz, 1-s duration, 0.5 s apart) to

induce LTP. Representative traces of fEPSP

waveforms (A) and population spikes (D)

before (black) and after (gray) HFS. In 129

Tg mice (B: gray circles), HFS (arrow) failed

to induce a statistically signi cant increasefi

in the amplitude of fEPSP (mean 15-min

post-tetanization response relative to mean

baseline response). Several LTP parameters

were reduced in 129 Tg mice relative to 129

WT littermate controls, including (B) fEPSP

amplitude, both during early induction

(before gray dotted line) and later (after

gray dotted line) phases, as well as (C)

fEPSP slope and (E) population spike am-

plitude. (F) The E-S coupling ratio (fEPSP

slope/populations spike amplitude) after

HFS was not signi cantly di erent as afi ff

function of genotype in mice from the 129

background. Data (mean ± SEM) are ex-

pressed as percentage change from baseline.

129 WT: n = 6, 129 Tg: n = 7; * < 0.05;p 

** < 0.01; # < 0.1.p p 
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signi cance in Tg slices ( = 0.06, one-way repeated measures ANOVA;fi p 

Fig. 5D & E).

3.2.4.4. E-S potentiation. In C3H Tg mice, the mean E-S coupling ratio

at baseline versus 15 min after HFS were not statistically signi cantfi

( = 0.2; paired samples -test), despite a ~38% increase. Two-wayp t

repeated measures ANOVA indicated no genotype di erences duringff

initial 15-min recording post-tetanization ( = 0.6). The e ect of Tracep ff

approached signi cance ( = 0.047; fi p p crit < 0.025), with no interaction

e ect ( = 0.5). No e ects were signi cant during the latter part of theff p ff fi 

recording period (Genotype: = 0.6; Trace: = 0.2; Trace x Genotype:p p 

p = 1.0, two-way repeated measures ANOVA; F).Fig. 5

Overall, these data indicate network neuronal hypoexcitability in

transgenic AD mice on both background strains relative to their WT

littermate controls. Impairments in LTP, however, are more severe and

widespread in 129 Tg versus C3H Tg mice.

4. Discussion

The present report sought to evaluate the electrophysiological

properties and synaptic plasticity capacity of neuronal networks in the

hippocampus in a common AD mouse model, the TgCRND8 model, by

examining the potentially di erent e ects of AD-like mutations as aff ff

function of genetic background. This study is the rst to report severefi

de cits in LTP in the 129 Tg mice. To more fully appreciate the basis forfi

such possible di erences, we also investigated whether strain di er-ff ff

ences were present in the absence of genetic manipulations.

4.1. Strain di erences in WTff

In our comparison of 129 and C3H WT hybrid strains, the primary

finding was enhanced network excitability yet decreased amplitude,

particularly during the initial induction period after HFS, in C3H WT

mice. This is in contrast to other reports demonstrating increases in the

I/O relationship in 129 mice and decreases in the C3H mice when

compared to C57 controls ( ). Strain-de-Schimanski and Nguyen, 2004

pendent e ects in LTP have been reported in WT mice (ff Schimanski

et al., 2007), including the degree of stress-induced de cits in hippo-fi

campal synaptic plasticity ( ), as well as in models ofKamal et al., 2014

disease, including schizophrenia ( ). For example,Freund et al., 2016

compared to C57BL/6NCrlBR as the control strain, both 129S1/SvImJ

and C3H mice exhibited impairments in LTP maintenance as well as

lower brain levels of norepinephrine ( ). DirectSchimanski et al., 2007

comparisons between 129 and C3H strains, however, were not

Fig. 5. Comparison of LTP in CA1 hippo-

campus in C3H Tg versus C3H WT mice.

Representative traces of fEPSP waveforms

(A) and population spikes (D) before (black)

and after (gray) HFS. (B) LTP was reliably

induced with HFS (arrows in A-D;

3 × 100 Hz, 1-s duration, 0.5 s apart) in

slices from both genotypes on this back-

ground (increase in mean 15-min post-te-

tanization response relative to mean base-

line response). The fEPSP amplitude was

not signi cantly di erent between geno-fi ff

types in the C3H strain after HFS using two-

way ANOVAs of the rst 15-min post-teta-fi

nization (before gray dotted line) and re-

maining 15 60 recording period (after gray–

dotted line), although the stability of the

LTP response was a ected in C3H Tg miceff

only, as indicated by a signi cant e ect offi ff

Trace. (C) fEPSP slope measured from the

dendritic CA1 region indicated no sig-

ni cant main e ects of Strain. (E)fi ff

Population spike amplitude, an indication

of the degree of synchronous action poten-

tial ring, was not signi cantly a ected byfi fi ff

genotype but did show changes over time in

both genotypes (one-way ANOVAs of Trace

in each genotype independently). (F) The E-

S coupling ratio was not statistically dif-

ferent as a function of APP mutation status

in mice on the C3H background. C3H WT:

n = 7, C3H Tg: n = 4, mean ± SEM per-

centage change from baseline, ** < 0.01.p 
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conducted.

Using contextual and cued fear conditioning, hippocampal and

amygdalar function were impaired in C3H, but not 129 strains, relative

to B6. In line with these data, the magnitude of LTP induced by HFS in

both brain regions was reduced in C3H but not 129 relative to B6 mice

( ). Moreover, C3H mice demonstrateSchimanski and Nguyen, 2005

poor learning capabilities in the MWM, a commonly used behavioral

assay of hippocampal-dependent spatial learning and memory cap-

abilities ( ; ). In con-Upchurch and Wehner, 1988 Wahlsten et al., 2005

trast, B6 mice are considered good performers in spatial memory tasks,

including the MWM ( ; Upchurch and Wehner, 1988 Wahlsten et al.,

2005); in one study, memory retention scores on the MWM were lowest

in C3H mice and highest in 129B6F1 crossed mice, similar to that used

in the present study ( ). It is worth nothing, however,Owen et al., 1997

that C3H carry the retinal degeneration gene and, consequently, have

poor visual acuity, which undoubtedly confounds performance in tasks

used to assess learning and memory that rely on visual cues, as in the

MWM. Hippocampal LTP correlates with MWM performance in rodents

( ), and learning can induce neurophysiologicalSchulz et al., 2002

changes in the hippocampus that are similar to those seen with HFS-

induced hippocampal LTP in the rodent ( ).in vivo Whitlock et al., 2006

Although studies have found evidence of a direct association between

hippocampal LTP and hippocampal-mediated learning and memory

( ; ), others have notWhitlock et al., 2006 Pastalkova et al., 2006

( ; ). Notwithstanding such in-Zamanillo et al., 1999 Huang et al., 1996

consistencies in the literature, investigation of hippocampal function

between strains and putative hippocampal dysfunction in C3H

TgCRND8 mice may be more appropriate at the synaptic level, given

the confounds that vision loss would impart on assessment of hippo-

campal function through behavioral assays, such as the MWM.

Although these data and those presented here indicate less robust

LTP in C3H relative to other inbred strains, others report enhanced

hippocampal LTP in WT C3H versus C57 mice ( ),Freund et al., 2016

which express fewer nicotinic acetylcholine receptors than C3H mice

( ). Di erences regarding the degree and direction ofMarks et al., 1989 ff

e ects reported in the literature may also be due to methodological/ff

technical di erences, including the use of di erent stimulation patternsff ff

(e.g., theta burst vs. HFS), which can in uence the e cacy by whichfl ffi

LTP is induced ( ), as well as the measurement ofAlbensi et al., 2007

di erent parameters (e.g., measuring the initial fEPSP slope).ff

Given these aforementioned strain di erences in basal synapticff

function, synaptic plasticity, and cognitive abilities in mice, corre-

sponding di erences at the genetic, biochemical and molecular levelsff

would be expected in the hippocampus. Indeed, several strain-speci cfi

e ects have been reported speci cally in the hippocampus in this re-ff fi

gard, including proteomic (Pollak et al., 2006b) and gene expression

pro les ( ), as well as the relative levels of sig-fi Fernandes et al., 2004

naling ( ), metabolic ( ), andPollak et al., 2006d Pollak et al., 2006a

plasticity-related proteins ( ). Further, hippocampalPollak et al., 2005

levels of proteins involved in chaperoning, degradation (Pollak et al.,

2006a), neurotransmission, and actin dynamics, integral for synaptic

remodeling ( ) also exhibit strain di erences. ThePollak et al., 2006c ff

C3H strain has not been studied as extensively in terms of molecular

and biochemical di erences as the 129 strain and substrains. One study,ff

however, noted increased expression of the gene in the 129S1/Camk2a 

SvImJ substrain relative to other strains, including C3H (Fernandes

et al., 2004). Its protein product, CaMKII , has been shown to be re-α

quired for hippocampal-associated spatial learning ( ),Silva et al., 1992a

memory consolidation ( ), and intact hippocampalFrankland et al., 2001

LTP ( ), making it an attractive candidate to poten-Silva et al., 1992b

tially explain some of the phenotypic strain di erences reported in theff

literature.

4.2. Di erences in TgCRND8 modelsff

Importantly, this is the rst examination of basal and synapticfi

function in the 129 TgCRND8 model, in which several parameters were

severely a ected by the AD-like mutations, as all prior published stu-ff

dies of synaptic function in this model have been in mice maintained on

C3H hybrid backgrounds ( ; ;Jolas et al., 2002 Kimura et al., 2012

Arrieta-Cruz et al., 2010 Tozzi et al.,) or un-speci ed backgrounds (fi

2015). This may possibly be due in part to C3H being favored in ex-

perimental designs due to the increased mortality rate of 129 Tg (25%

survival rate by 12 months) relative to C3H Tg mice (50% survival rate

by 12 months; ( )) and the resulting di culties inChishti et al., 2001 ffi

establishing older experimental groups.

Despite the enhanced LTP observed in 129 WT mice, the TgCRND8

mutations severely attenuated the synaptic response associated with

HFS in this strain such that no statistically signi cant potentiation wasfi

present. In fact, nearly all parameters measured were compromised in

this strain. In contrast, we found what could be considered minor def-

icits in synaptic function in C3H Tg mice, in which LTP was generally

preserved but maintenance of the potentiating response was compro-

mised. In order to determine whether di erences in strain alone couldff

account for the more severe phenotype in 129 Tg mice, it was important

to evaluate electrophysiological parameters between these mixed

strains in the absence of AD-like mutations. The heightened LTP re-

sponse in 129 WT mice relative to C3H WTs suggests that inherent

di erences in background strain would not be expected to contribute toff

the reduced LTP response seen in 129 Tg mice, where a decreased ca-

pacity for LTP in 129 WTs versus C3H WTs might be expected. Whether

the increased LTP response seen in 129 WT mice actually contributed to

the more severe LTP de cits in AD-like mice on this background,fi

however, is unknown. Although LTP was generally spared in the C3H

AD model, basal synaptic transmission was a ected in both strains,ff

evidenced by decreased network excitability. Reduced synaptic trans-

mission/neuronal excitability may be a consequence of a corresponding

reduction in the number of excitatory synapses or in the e ciency atffi

individual synapses.

Coincident with hippocampal functional data , behavioralin vitro

data also supports the notion that hippocampal function is more se-

verely a ected in 129 Tg mice. A previous study from this lab (ff Glazner

et al., 2010) found de cits in spatial learning in mutants from bothfi

background strains during MWM acquisition; however, the learning

de cits in 129 Tg mice were severe, as demonstrated by no change infi

escape latencies over the course of training. Further, memory impair-

ments, as measured by a probe trial in the MWM, were observed only in

129 Tg mice, whereas memory for the platform location appeared intact

in C3H Tg mice. Swim speeds were not a ected by the AD-like muta-ff

tions in either background.

In line with more extensive hippocampal dysfunction from both in

vitro in vivo and studies was our previous nding of elevated amyloidfi

plaque burden in 129 Tg relative to C3H Tg mice, in combination with

decreased levels of insulin-degrading enzyme, involved in A clearanceβ 

( ). Overall, these data indicate a more severe phe-Glazner et al., 2010

notype in AD mice on the 129 background than the C3H background.

Although studies investigating the e ects of A PP mutations onff β

synaptic plasticity as a means of understanding the neuropathological

correlates of AD-related cognitive dysfunction have yielded somewhat

inconsistent ndings ( ), the large majority of studiesfi Pozueta et al., 2013

indicate reductions in basal synaptic transmission, LTP, or both (Spires-

Jones and Knafo, 2012), including specific d e ficits with LTP persistence

over time ( ), similar to the results reported here.Moechars et al., 1999

One exception is the work of Jolas et al. ( ), however, inJolas et al., 2002

C3H Tg mice. Here, LTP was enhanced, as was synaptic excitability,

consistent with an increased contribution from glutamatergic (ex-

citatory) currents and decreased gamma-aminobutyric acid (GABA)-

mediated (inhibitory) currents. Age may be a factor in the disparate

findings between previous studies and the present report, as the en-

hancement in LTP and increased excitability were noted in much

younger mice (9- and 20-week-old mice) and suggest alterations in

synaptic plasticity that rst appear as an elevated LTP response, anfi
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e ect that is not apparent with advanced disease progression, as in ourff

data in 13 16-month-old mice. Previous studies also report increased–

spontaneous seizure activity in hippocampal slices from TgCRND8 mice

at 6 months ( ), consistent with enhanced ex-Arrieta-Cruz et al., 2010

citability, which could also indicate early enhanced network excit-

ability that is followed by decreased excitability with advanced neu-

ropathology, as in our mice. Information on background strain,

however, was not provided. In 6 12-month old C3H Tg mice, LTP was–

signi cantly reduced 40 60 min post-tetanization, indicating a similarfi –

de cit in continued LTP expression, as seen here in older mice in thisfi

AD model ( ).Kimura et al., 2012

Several studies, including the present report, have failed to de-

monstrate presynaptic alterations with paired pulse paradigms, leading

to the overall conclusion that presynaptic function is generally pre-

served in this AD model. Suppressed basal synaptic transmission,

however, has been reported previously in TgCRND8 mice on a C57BL/6

and C3H/He background ( ), a de cit that was associatedYe et al., 2010 fi

with impaired function of presynaptic large-conductance Ca 2+-acti-

vated K+ channels. Data therefore implicate both pre- and post-sy-

naptic mechanisms in altered synaptic function in the TgCRND8 model.

Given that only one interstimulus interval was used in the results pre-

sented herein measuring PPRs, an established measure of synaptic

function at the presynaptic level, we cannot disregard the possibility of

presynaptic dysfunction in our TgCRND8 mice (on either background)

that may have been elucidated at other intervals.

Importantly, strain comparison data in WTs indicate that reductions

in basal synaptic transmission alone are not expected to account for the

profound LTP de cits found in 129 Tg mice, as 129 WT counterpartsfi

exhibited enhanced LTP relative to C3H WT mice. Tozzi et al. isolated

alterations in glutaminergic signaling to those associated with -me-N

thyl-D-aspartate (NMDA) receptor dysfunction in TgCRND8, as no sig-

ni cant di erences were found in -amino-3-hydroxy-5-methyl-4-iso-fi ff α

xazolepropionic acid (AMPA) receptor function, although no

information on background is provided ( ). Thus, oneTozzi et al., 2015

hypothesis is that the degree of NMDA dysfunction may di er betweenff

TgCRND8 strains, based on our present ndings.fi

Another possible interpretation regarding the noted strain-speci cfi

di erences in LTP in TgCRND8 mice may relate to the relationshipff

between enhanced neuronal excitability and mortality. For example,

several APP-overexpressing mouse models of AD exhibit both sponta-

neous seizure activity and premature death ( ), in-Lalonde et al., 2012

cluding the TgCRND8 model ( : ). InChishti et al., 2001 Jolas et al., 2002

APdE9 mice expressing human APP and PS1 mutations, increased

mortality has been directly attributable to the increased propensity for

seizures ( ). Given the increased mortality rateMinkeviciene et al., 2009

reported in 129 Tg mice in the CRND8 model, our results of more

pronounced LTP de cits in 129 Tgs may represent survival e ects,fi ff

whereby a poorer electrophysiological response may have promoted

survival to the age used in the present study (13 16 months). As mor-–

tality e ects were not estimated in our cohorts of mice, nor was seizureff

activity examined here, we cannot directly comment on this possibility.

4.3. Limitations

It is important to note that mice used in the present study were not

on pure 129 or C3H backgrounds but were, instead, hybrid mice that

included genetic in uences from C57 strains, a common inbred mousefl

strain that is well-characterized genetically and behaviorally and is

considered to display good spatial learning and memory capabilities

( ). This fact precludes a simple interpretation ofNguyen et al., 2000

findings based on genetic background. Moreover, the occurrence of

hybrid vigor or heterosis ( ), the genetic phenomenonShull, 1914

whereby hybrid o spring possess phenotypic enhancements (e.g., lessff

susceptibility to disease, increased survival and reproductive capacity)

than either parent strain, hinders direct comparisons and resultant in-

terpretations across functional studies in mixed genetic backgrounds

and/or in models of disease against those in single inbred strains in the

absence of pathology. Nonetheless, as many genetically altered mice

used in the generation of disease models are developed on similar

crossed backgrounds, we felt it was important to characterize di er-ff

ences between these commonly used background strains, despite these

limitations in interpreting ndings of genetic di erences in back-fi ff

grounds of mixed origins.

In terms of synaptic physiology, the time course (minutes to days) of

potentiation has been classi ed along various terms, including induc-fi

tion (initially after tetanus; largely Ca2+ - and NMDA-driven), as well as

the persistent expression of the enhancement (e.g., maintenance),

which can be further generally classi ed depending on their temporalfi

and mechanistic characteristics as short-term potentiation, LTP 1

(driven by posttranslational modi cations), LTP 2 (driven by proteinfi

translation), and LTP 3 (driven by gene expression) (Bliss and

Collingridge, 1993). We acknowledge that, given our relatively shorter

recording period (60 mins.), we were not able to assess many of these

temporally- and mechanistically-associated properties of hippocampal

potentiation in the TgCRND8 strains, including protein-synthesis-de-

pendent LTP. Further, as previously acknowledged, the e cacy offfi

generating a potentiated response, including the magnitude and dura-

tion of said response, in hippocampal slices critically depends upon the

induction protocol used (as reviewed in ( )). Thus,Albensi et al., 2007

the failure to induce LTP in 129 Tg mice, as shown here, may be due to

experimental conditions (e.g., the use of HFS vs. theta burst stimula-

tion). We cannot rule out or comment on the possible preserved in-

tegrity of hippocampal LTP in 129 Tg mice using other stimulation

parameters, nor can we rule out the possible existence of more subtle

strain di erences that may be elucidated with theta burst stimulation,ff

which is considered by some to be more physiologically relevant as

compared to HFS (as discussed in ( )). The goal,Albensi et al., 2007

however, was to evaluate the potential e ects of background strain inff

TgCRND8 against previously reported studies (done entirely in C3H

mixed backgrounds), where recording times were similar and HFS has

been used (e.g, ; ). HavingTozzi et al., 2015 Arrieta-Cruz et al., 2010

established strain di erences in the e ects of A PP mutations in theff ff β

time course studied, future research could evaluate potentiation over

longer durations, using di erent induction protocols, and/or underff

di erent experimental conditions (e.g., in behaving animals/in vivo vs.ff

slice preparation) to more thoroughly investigate putative molecular,

translational, and/genetic mechanisms associated with transgenic-

mediated strain di erences in the TgCRND8 model and to more fullyff

characterize synaptic plasticity in this model. Moreover, additional

experiments are warranted to evaluate the e ects of disease progressionff

and amyloidosis and their relation to synaptic de cits in the context offi

background strain by: 1) re-examining the presence and/or degree of

A deposition in relation to the electrophysiological parameters in bothβ 

strains; 2) examining LTP in both strains of transgenic mice at younger

ages, including prior to plaque deposition; and 3) evaluating the e ectsff

of putative AD treatments on synaptic function in both strains (e.g.,

amyloid vaccines). In light of our preliminary ndings on the in uencefi fl

of background strain on hippocampal plasticity, such additional studies

would considerably advance our understanding of the translational

implications of strain in AD mouse models.

5. Conclusions

The results presented here document di erences in both basal sy-ff

naptic transmission and LTP in WT mice on two mixed background

strains commonly used in AD mouse models. Despite enhanced early

synaptic potentiation in 129 WTs, expression of human A PP on thisβ

background resulted in more profound de cits in LTP relative to thatfi

seen in mice on the C3H mixed background. These results, which are in

agreement with previous behavioral and neuropathological studies in

which the TgCRND8-associated mutations resulted in more pronounced

learning and memory impairments ( ) as well asGlazner et al., 2010
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increased plaque load ( ) and mortality (Glazner et al., 2010 Chishti

et al., 2001) in 129 Tg mice indicate a more severe AD-related phe-

notype in this mixed background and also suggest potential resilience to

overexpression of A PP and resultant A plaque deposition in mice onβ β 

the C3H mixed background. Given these ndings, 129 Tg mice are afi

more suitable model for investigating synaptic de cits associated withfi

AD than C3H Tg mice and for the investigation of putative treatments to

rescue synaptic function. Strain di erences in the e ects of treatmentsff ff

have been reported in other mouse models of disease (Freund et al.,

2016). As synaptic de cits more closely correlate with the severity offi

cognitive dysfunction than even amyloid plaque load (Terry et al.,

1991), a more complete understanding of synaptic function in common

mouse models of AD is imperative if such models are to have utility as

research tools and to improve generalizability of research ndings infi

e orts to prevent and treat the disease.ff
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Metabolomic characterization of 
myocardial ischemia-reperfusion 
injury in St-segment elevation 
myocardial infarction patients 
undergoing percutaneous coronary 
intervention
Arun Surendran1,3, Michel Aliani2,3 & Amir Ravandi1,3

Aim: the aim of the study was to discover the metabolomic changes in plasma that occur during 
human ischemia-Reperfusion (i/R) injury and to evaluate the diagnostic utility of plasma metabolomic 
biomarkers for determination of myocardial injury. Deciphering the details of plasma metabolome in 
St-segment elevation myocardial infarction (SteMi) patients before and after primary percutaneous 
coronary interventions (ppci) would allow for better understanding of the mechanisms involved 
during acute myocardial ischemia and reperfusion in humans. We performed a detailed non-targeted 
metabolomic analysis of plasma from 27 STEMI patients who had undergone PPCI in the first 48 hrs 
employing a Lc-MS approach. plasma metabolome at ischemic condition was compared to multiple 
time points after PPCI which allowed us to focus on changes in the reperfusion phase. Classification 
of the differential metabolites based on chemical taxonomy identified a major role for lipids and 
lipid-derived molecules. Biochemical pathway analysis identified valine, leucine and isoleucine 
biosynthesis, vitamin B6 metabolism and glutathione metabolism as the most significant metabolic 
pathways representing early response to I/R injury. We also identified phenyl alanine, tyrosine, 
linoleic acid and glycerophospholipid metabolism as the most significant pathways representing 
late response to I/R injury. A panel of three metabolites pentadecanoic acid, linoleoyl carnitine and 
1-linoleoylglycerophosphocholine was discovered to have diagnostic value in determining the extent 
of I/R injury based on cardiac biomarkers. Using a non-targeted LC-MS approach, we have successfully 
generated the most comprehensive data to date on significant changes in the plasma metabolome in 
STEMI patients who had undergone PPCI in the first 48 hrs showing that lipid metabolites represent the 
largest cohort of molecules undergoing significant change.

Despite considerable improvements in mortality rates over the past two decades, coronary artery disease (CAD) 
remains the leading cause of morbidity and mortality worldwide, with myocardial infarction (MI) a common 
manifestation of this disease1. After an acute myocardial infarction, early and successful myocardial reperfusion 
by means of primary percutaneous coronary interventions (PPCI) is the treatment of choice for limiting the size 
of myocardial infarction and improving clinical outcomes. But the process of rapid restoration of blood flow to 
myocardium (reperfusion) can lead to additional injury, a phenomenon known as myocardial ischemia/reperfu-
sion (I/R) injury2. The largest impact of I/R in the clinical setting is during percutaneous coronary intervention 
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of patients presenting with an occluded coronary artery known as STEMI3 (ST elevation myocardial infarction). 
Even with the best clinical care, the 30 day rate of Major Adverse Cardiac Events (MACE) for these patients is 10%4.

Although there have been extensive in vitro and in vivo studies on the concept of I/R injury, there has yet to 
be a therapeutic option available to minimize the harmful effects of reperfusion injury. Many studies have inves-
tigated a single molecule or a single pathway as a potential therapeutic avenue. As in many other pathological 
processes there are multiple pathways involved in reperfusion injury. The numerous advancements in “omics” 
technology platforms in recent years have allowed us to determine the changes at the genome and proteome level. 
However, only changes in the metabolite level will allow us to understand the downstream effects of perturbed 
cellular pathways5. The heart is the most metabolically demanding organ in the body and its metabolic perturba-
tion leads to changes in the metabolome of body fluids including plasma6. Therefore changes in plasma metab-
olites may reflect underlying cardiac diseases progression. Previous studies have reported individual metabolic 
biomarkers for heart failure, myocardial infarction, and CAD7–9. However, there is little information available on 
the metabolomic changes in human plasma during I/R injury.

In this study we did a detailed non-targeted plasma metabolomic analysis employing a liquid chromatography 
coupled with mass spectrometry (LC-MS) platform. We investigated the time-effect changes in human plasma 
metabolome before and after PPCI during the first 48 hours in the setting of I/R injury in patients presenting with 
STEMI. We also identified a panel of plasma metabolite markers with potential for determining the extent of I/R 
injury.

Materials and Methods
patients and study design. A total of 108 plasma samples from 27 patients presenting with STEMI 
enrolled from St. Boniface Hospital, Canada between June 2014 and July 2015 formed the study cohort. Both 
verbal and written consent were obtained from all subjects.

Inclusion criteria were: ages between 18 and 75, confirmation of STE (ST segment elevation) on 12 lead ECG, 
presentation with chest pain and documentation of occluded coronary artery with coronary angiography. The 
overall study design is shown in Fig. 1A. The samples were collected by venipuncture at four different time inter-
vals including the time of arrival at the cardiac catheterization laboratory for primary PCI (0 h, time-1), 2 h post 
angioplasty (time-2), 24 h post angioplasty (time-3), and 48 h post angioplasty (time-4). Blood samples were 
collected in EDTA- treated tubes and immediately centrifuged at 2500 × g for 10 minutes at 4 °C in a refrigerated 
centrifuge to harvest plasma. To avoid frequent retrieval of the aliquot box from the −80 °C freezer that can cause 
small scale thawing, exactly 100 microliters of plasma samples required for sample preparation was aliquoted in 
cryogenic vials, (Fisher Scientific, NY, USA) snap-frozen in liquid nitrogen and sealed under a stream of nitrogen 
gas and frozen at −80 °C prior to metabolite extraction. Average time of sample collection to plasma separation 
and aliquoting were less than 30 min. Approval for this study was obtained from both the University of Manitoba 
and the St. Boniface Hospital research ethics boards. Clinical data was reviewed retrospectively.

Sample size calculation. To determine the necessary number of subjects needed to ensure the detection 
of a true statistical difference across different time intervals, we performed a power analysis (Supplementary 
Fig. 1). The power analysis indicated that we will have over 80% power to detect discriminating metabolites using 
approximately 25 subjects in each group. By considering the results from power analysis and effort required, we 
confined our study with 27 subjects. A detailed procedure for sample size consideration employed was provided 
in the Supplementary Data.

Extraction of plasma metabolites. Extraction of low-molecular-weight (<1500 Da) metabolites in 
plasma samples was done by as previously described10. Briefly, a volume of 100 microliters of plasma was mixed 
with a volume of 200 microliters of acetonitrile. The sample was centrifuged and supernatant of the mixture was 
collected and then analysed. Each plasma sample was extracted in duplicate. Also, a quality control (QC) mixture 
made of pooled plasma samples were used to validate the extraction and LC-MS method11. More detail regarding 
blood sample collection, metabolite extraction and QC runs are provided in the Supplementary Data.

The metabolites were separated on a 1290 Infinity Agilent HPLC system from Agilent Technologies (CA, USA) 
using a Zorbax Extend-C18 analytical column (2.1 mm × 50 mm I.D., particle size 1.8 µm, Agilent Technologies, 
USA). Mass spectral analysis of eluting peptides from the analytical column was carried out on a 6538 UHD 
Accurate Q-TOF LC/MS from Agilent Technologies (CA, USA) controlled by MassHunter Workstation Software 
(v 7.0). All analyses were performed in both positive and negative mode ESI employing a dual ionization source. 
The acquired raw LC/MS data (‘.d files’) was preprocessed using Agilent MassHunter Qualitative Analysis (MHQ, 
vB.07) and Profinder (vB.06) software. Agilent Mass Profiler Professional (MPP, v12.6), MetaboAnalyst12 software 
v3.0 and v4.0 (McGill University, Quebec, Canada), MetScape software v3.0 (http://metscape.ncibi.org), and R 
statistical software v3.5.2 (https://www.r-project.org) were used for data processing and statistical analysis. In 
addition, receiver operating characteristic (ROC) analysis was used to evaluate the diagnostic capability of metab-
olites which can serve as potential biomarkers. Detailed description of LC conditions, MS parameters, compound 
identification, data processing and statistical analysis were provided in the Supplementary Data. Also, a summary 
of the metabolomic workflow was provided in Supplementary Table. 1.

Results
Table 1 shows the demographic and laboratory data of the patients. We have also collected data on biochemi-
cal and cardiac markers including creatine kinase (CK) and high sensitivity troponin (TnT) for these patients. 
The mean age of our population was 61 years with 40% female and 15% had a diagnosis of type 2 diabetes. 
The prevalence of hypertension, dyslipidemia and smokers were 30%, 37% and 22% respectively and only a few 
(7%) had a previous history of known CAD. In our patients, 37% had occlusion in the left anterior descending 
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Figure 1. (A) Overall study design: The samples were collected by venipuncture at four different time intervals 
including the time of arrival at the cardiac catheterization laboratory for primary PCI (0 h ischemic condition (pre 
angioplasty)), 2 h post angioplasty (time-2), 24 h post angioplasty (time-3), and 48 h post angioplasty (time-4). (B) 
Metabolite classification based on chemical taxonomy: The number of metabolites from each metabolite super family 
of those identified (p < 0.001) in the analysis. (C) PCA plot of samples across different time intervals: PCA score plot 
showing a clear separation between samples from initial time points (0 h, 2 h) and final time points (24 h, 48 h). Also, it 
shows a close association among the samples of initial time points (0 h, 2 h) and final time points (24 h, 48 h).
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(LAD) coronary artery, 48% in the right coronary artery (RCA) and 19% in the circumflex coronary artery. Based 
on patient’s characteristics, our study cohort is similar to previous STEMI studies as shown by patients in the 
FAST-MI Program (French Registry of Acute ST-Elevation or Non-ST-elevation Myocardial Infarction)13.

Utilizing “Find by Formula” (FBF) algorithm, by searching against the database, resulted in the identification 
of 765 and 670 compounds in positive and negative modes, respectively in plasma from patients presenting with 
STEMI undergoing PPCI. The endogenously present metabolites which are detected and quantified in blood 
from Human Metabolome Database14 (HMDB) served as the database. We enlarged the scope of this database 
by adding further 350 metabolites from published literature known to be associated with cardiac diseases. In 
order to find missing features and to give higher confident identifications by further minimizing the false posi-
tives and false negatives identifications, batch recursive analysis was done on the already identified compounds. 
Subsequent to recursive analysis, the list was further reduced to 69 and 82 compounds in positive and negative 
modes, respectively. After adjusting for p-value after ‘Bonferroni FWER’ correction, only those feature satisfying 
p < 0.001 were considered as significantly differential metabolites across all the four time intervals. The final 
annotated list contained 130 significantly differential metabolites (p < 0.001) across all the four time intervals. Of 
these, 55 elements compounds were identified exclusively in “Positive” ESI mode, 64 compounds were identified 
exclusively in “Negative” ESI mode and 11 compounds were identified in both the modes (Supplementary Fig. 2 
and Supplementary Table 2). A total of 59 metabolites from this list were already recognized metabolic signatures 
of ischemia, myocardial infarction or other forms of CAD including non-obstructive coronary atherosclerosis, 
stable angina pectoris or unstable angina pectoris. The details of the significant compounds with their associated 
pathways and respective references from literature are shown in Supplementary Table 3.

Characteristics (n = 27) Results

Age, yrs. 61.55 ± 14.51

Female (%) 44

LVEF 59.29 ± 13.07

Body mass index, kg/m2 28.48 ± 5.08

Comorbidity (%)

Hypertension (%) 30

Diabetes mellitus (%) 15

Current smoker (%) 22

Dyslipidemia (%) 37

Hx of CAD (%) 7

Laboratory data

TG, mmol/l 1.9 ± 1.65

TC, mmol/l 4.69 ± 1.27

HDL-C, mmol/l 1.14 ± 0.33

LDL-C, mmol/l 2.84 ± 1.06

CR, mmol/l 92.33 ± 43.97

Additional parameters*
Minutes from onset of chest pain to reperfusion 140 [50–360]

Peak CK (Units/L) 1017 [136–7028]

Peak TnT (ng/L) 1862 [503–10000]

Culprit vessel (%)

LAD Infarct (%) 37

RCA Infarct (%) 48

Circumflex Infarct (%) 19

Medications at baseline (%)

ASA 100

Intravenous heparin 100

ACEI/ARB 15

Beta blocker 7

Statin 15

Ticagrelor 96

Clopidorgrel 4

Table 1. Demographic and laboratory characteristics of STEMI patients. Values are mean ± SD or percent of 
patients otherwise specified. *Median [Range]. GP IIb/IIIa inhibitors were not used in this cohort. LVEF = left 
ventricular ejection fraction; Hx of CAD = history of coronary artery disease; TG = triglyceride; TC = total 
cholesterol; HDL-C = high-density lipoprotein cholesterol; LDL-C = low-density lipoprotein cholesterol; 
CR = creatinine; CK = creatine kinase; TnT = troponin; LAD = Left Anterior Descending coronary artery; 
RCA = Right coronary artery; ASA = Acetylsalicylic acid; ACEI = Angiotensin-converting enzyme (ACE) 
inhibitors; ARB = Angiotensin II receptor blockers.
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Taxonomy of significant metabolites. Classification of significant metabolites (p < 0.001) based on 
chemical taxonomy showed that lipids and lipid-derived molecules (38%) formed the major constituents of the 
altered metabolomic profile followed by organic acids, organo heterocyclic compounds, benzenoids, nucleotides 
and phytochemical compounds (Fig. 1B). These represent compounds with significant change amongst the four 
time points.

Changes in metabolic profile before and after the reperfusion. To understand the changes in plasma 
metabolome before and after the PPCI, we employed multivariate pattern recognition tools such as principal 
component analysis (PCA) and partial least squares-discriminant analysis (PLS-DA). These visualizing plots were 
built based on the metabolite concentrations of 130 differential metabolites at each time interval. The PCA plot 
(Fig. 1C) revealed that not only there was a clear separation in metabolic profile between initial time intervals (0 h, 
2 h) and final time intervals (24 h, 48 h) but also, there was a close association existed among the initial time inter-
vals (0 h, 2 h) and final time intervals (24 h, 48 h). In line with the PCA plot, PLS-DA plot (Fig. 2) also confirmed 
a clear separation between ‘24 h post reperfusion’ time point and baseline (0 h, ischemic condition) (Fig. 2B) and 
a tight clustering between the ‘2 h post reperfusion’ time point and baseline (Fig. 2A).

early and late response to reperfusion. Metabolites showing significant changes were analyzed using 
Metabolomics Pathway Analysis15 (MetPA) analysis to understand the metabolic pathways that were impacted 
due to primary PCI (Fig. 3). Based on impact scores, the most significant pathways (FDR <= 1) representing 
early response to reperfusion immediately after PPCI (2 h after reperfusion) (Fig. 3A) were found to be associated 
with valine, leucine and isoleucine biosynthesis, vitamin B6 metabolism and glutathione metabolism. Likewise, 
the most significant pathways (FDR < 1) after PPCI (24 h and 48 h after reperfusion) representing late response 
to reperfusion were found to be associated with the metabolism of following compounds: (1) phenyl alanine, (2) 
tyrosine, (3) linoleic acid and (4) glycerophospholipid (Fig. 3B,C). The details of metabolites involved at each time 
point were shown in Supplementary Table 4 and Supplementary Fig. 3.

Highly correlated metabolites. Finding the highly correlated metabolites in the metabolite set becomes 
imperative as most of the high correlations may be due to either (1) stronger mutual control by a single enzyme 

Figure 2. PLS-DA scores plots for comparison of the metabolic profiles: The partial least squares analysis 
(PLS-DA) score plots compared (A) ‘0 h ischemic’ time point to ‘2 h post reperfusion’ time point (B) ‘0 h 
ischemic’ time point to ‘24 h post reperfusion’ time point, (C) ‘0 h ischemic’ time point to ‘48 h post reperfusion’ 
time point and (D) ‘24 h post reperfusion’ time point to ‘48 h post reperfusion’ time point. The different colours 
red and green correspond to different time points.
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or (2) variation of a single enzyme level much above others16. This can also help unravel the biological basis of 
underlying phenotypic or disease conditions17,18. To envisage this metabolite correlation, a heat map (Fig. 4A) was 
made with only highly correlated metabolites (n = 37) amongst 4 time points based on Pearson correlation (coef-
ficient value, |r| > 0.9). This heat map shows the relative concentration of 37 highly correlated metabolites across 
different time intervals. To identify subtle but substantial changes among these correlated compounds, Metabolite 
Set Enrichment Analysis (MSEA) was performed on these functionally related metabolites (n = 37) along with 
their relative concentrations by using the web-based platform MetaboAnalyst (Fig. 4B). The pathways signif-
icantly enriched by these related compounds were (FDR <= 1) were (1) linoleic acid and alpha linolenic acid 
metabolism, (2) aspartate metabolism, (3) insulin signaling, (4) urea cycle, (5) alanine metabolism and (6) citric 
acid cycle. A correlation network plot showing connectivity and information flow was depicted in Fig. 5. This 
metabolic network plot depicts the connection between highly correlated metabolites based on STITCH (‘search 

Figure 3. MetPA analysis of metabolic changes: TheMetPA analysis shows metabolic pathways of differential 
metabolites by comparing (A) ‘0 h ischemic’ time point to ‘2 h post reperfusion’ time point (B) ‘0 h ischemic’ 
time point to ‘24 h post reperfusion’ time point, (C) ‘0 h ischemic’ time point to ‘48 h post reperfusion’ time 
point and (D) ‘24 h post reperfusion’ time point to ‘48 h post reperfusion’ time point. The size and color of 
each circle indicate the significance of the pathway ranked by p-value (red: higher p-values and yellow: lower 
p-values) and pathway impact score (the larger the circle the higher the impact score), respectively.
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tool for interactions of chemicals’)19 database, such that only highly confident interactions are shown. In this 
metabolite – metabolite network presentation, the most significant ‘hub nodes’ or metabolites that were involved 
in the flow of information between the different pathways were pyruvic acid, succinic acid, malonic acid, palmitic 
acid and arachidonic acid. To further investigate the relationship between the plasma metabolites and important 
clinical factors at baseline (0 h, time-1), correlations were also calculated for all pairs of metabolite-clinical factors 
using the R statistical package ‘corrplot’. The resulting correlation plot (Fig. 6) was presented as a clustered matrix 
in which rows and columns are ordered such that correlated variables are close to each other. At baseline (Fig. 6), 
the plasma concentrations of Lyso PE (18:3), Lyso PE (20:4), Lyso PE (22:1) showed a strong positive correlation 
with Glomerular Filtration Rate (eGFR), as were a number of other metabolites. Likewise, the plasma concen-
trations of 3-Octanone, palmitic acid, 12,13 DiHODE and few other metabolites were negatively correlated with 
duration of ischemia since onset of chest pain to reperfusion. In the full dataset, though there are a few clusters 
of correlated metabolites and clinical parameters, the overall correlation between the metabolites and clinical 
parameters is comparably weak. As expected, we can see a significant positive correlation (Supplementary Fig. 4) 
between ischemic time (duration from onset of chest pain to reperfusion) and the level of troponin in our cohort.

Metabolites and clinical biomarkers of cardiac cell death. To find the links between changes in 
metabolite concentrations in plasma with STEMI patient physiology/pathology, we sought to find metabolites 
that are closely related to myocardial cell death and clinical outcomes. For that plasma metabolites were further 
evaluated for predictive accuracy for discriminating large infarct size patients from small infarct size patients 
based on troponin20 and creatine kinase21 (CK) concentrations which are the ‘gold standard’ biomarkers of cardiac 
cell death. The sample population was classified into two groups as ‘Above median Troponin’ group and ‘Below 
median Troponin’ group centered on the median troponin value (peak TnT, 1862 ng/L) of the cohort. We manu-
ally selected a combination of three metabolites namely pentadecanoic acid, 1-linoleoylglycerophosphocholine 
and linoleoyl carnitine to create a biomarker model to distinguish between these two groups using RF (random 
forest) algorithm22. This biomarker model was built using the metabolic profile at the time of admission. In order 
to produce a smooth ROC curve, 100 cross validations (CV) were performed and the results were averaged to 
generate the plot (Fig. 7A).From the ROC plot, it was evident that the combination of these 3 metabolites was a 
good classifier with an area under the curve (AUC) equal to 86%. The sample population was again classified into 
two groups centred on median CK value (peak CK, 1017 Units/L) of the cohort. The resulting ROC plot (Fig. 7B) 

Figure 4. (A) Heat map of significant metabolites obtained from correlation analysis: The heat map constructed 
with highly correlated metabolites (n = 37), |r| > 0.9. The colors ranging from blue to orange indicates 
more concentration of metabolites. ETrA acid = 5,8,11-Eicosatrienoic acid; DHA = docosahexaenoic acid; 
NAAG = N-Acetylaspartylglutamic acid; LysoPC = lysophosphatidylcholine; PI = phosphatidylinositol; 
TCA = tricarboxylic acid. (B) Summary plot of metabolite set enrichment analysis (MSEA) of highly correlated 
metabolites: The horizontal bar graph summarizes the metabolic pathways that were significantly enriched 
by this group of functionally related metabolites (n = 37) during the setting of I/R injury. The color code 
corresponds to the calculated p-values (red: p = 4 × 10−2 to white: p = 8 × 10−1).
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with an AUC value of 82%, further reinforced the diagnostic ability of these 3 metabolites to serve as potential 
biomarkers in determining the impact of myocardial injury. To deal with the problem of over-fitting and to assess 
the statistical significance of our biomarker model with this relatively smaller sample size, permutation tests 
were performed using 100 cross-validations on the metabolite data. The resulting empirical p-value obtained 
(p-value < 0.05) shows the statistical significance of this biomarker model.

Discussion
The main objective of our study was to characterize the altered metabolic pathway(s) in the first 48 hours after pri-
mary PCI which represent the reperfusion phase. To our knowledge, our study is the most comprehensive metabolo-
mic analysis of human plasma ever undertaken during the first 48 hrs in the setting myocardial I/R injury in patients 
presenting with STEMI. In this study, we employed a repeated-measure research design by doing serial blood sam-
pling from all STEMI patients both pre and post angioplasty. In repeated measures designs, each subject serves as 
their own biological control26 thereby reducing the intra patient variability. This allows the analysis to focus precisely 
on intervention effects and allows for fewer subjects to detect a desired effect size27 with increased statistical power.

A handful of metabolomic studies have been conducted in patients presenting with STEMI23–25. But none of 
these studies have investigated the time-effect changes in plasma metabolome before and after PPCI which is 
crucial to provide insights into the altered metabolic pathways with clinical relevance during I/R injury.

Our study had three major findings. Firstly, we identified a total of 130 plasma metabolites (Supplementary 
Table. 3) which were significantly (p < 0.001) affected prior to coronary intervention and in the follow up time inter-
vals in the setting myocardial I/R injury as outlined. Secondly, we used metabolic profiling to identify early and late 
response in plasma metabolome in response to I/R injury. Notably, linoleic acid and alpha linolenic acid metabolism 

Figure 5. Network plot highlighting the highly correlated metabolites: The nodes represent metabolites and 
edges represent biochemical reactions. Only significant (|r| > 0.9) correlations are drawn. The blue nodes 
represent the most significant hub nodes in establishing connection between the sub-networks in the flow of 
information. Pyruvic acid, Succinic acid, Malonic acid, Palmitic acid and Arachidonic acid constitute the most 
significant sub nodes.
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pathway represent the most significant change in plasma metabolome among the related metabolites. Thirdly, classi-
fication using ROC analysis identified pentadecanoic acid, linoleoyl carnitine and 1-linoleoylglycerophosphocholine 
as the top discriminating metabolites in determining the extent of myocardial injury.

The lipids and lipid-derived molecules formed the major components (38%) of the altered metabolomic pro-
file (Fig. 1B) in the setting of I/R injury during the first 48 hours. Our previous work on in vivo models of I/R 
injury have also shown that during reperfusion, there are significant changes within bioactive lipid molecules28,29. 
The multivariate PCA and PLS-DA plots (Figs 1C and 2), showed that the underlying plasma metabolomic 
change was progressive after 24 hours post primary PCI, with a comprehensive change in the plasma metabolome 
compared to baseline (0 h, ischemic condition).

The pathway impact analysis revealed key metabolites and perturbed pathways (Fig. 3) that shed light on the 
early and late changes in plasma metabolome during I/R injury. Immediately post PPCI (Fig. 3A), when com-
pared to pre PPCI, metabolic pathways for valine, leucine and isoleucine biosynthesis, vitamin B6 metabolism 
and glutathione metabolism were observed to have significant change. Among the metabolites in these altered 
pathways, the three intermediaries of glutathione metabolism namely glutathione, oxidized (GSSG), ascorbic 
acid and dehydroascorbic acid are of significant importance in the setting of myocardial reperfusion injury30. The 
extent of myocardial injury sustained during reperfusion is very dependent on the effectiveness of its antioxidant 
defenses31. Compared to ischemic period (0 h), there were marked increase in levels of ascorbic acid and oxidized 
forms of ascorbate and glutathione namely dehydroascorbic acid and GSSG, following reperfusion. This suggests 
that these tissue hydrophilic antioxidants may be the first line of antioxidant defences to curb the generation of 
reactive oxygen species (ROS) following reperfusion31. The most significant pathways (Fig. 3B,C) representing 

Figure 6. Correlation between clinical parameters and plasma metabolites at baseline: The figure shows 
the correlation matrix ordered by hierarchical clustering between the important clinical parameters and 
plasma metabolites at baseline (0 h, time-1). Positive correlations are displayed in green; negative correlations 
are displayed in pink; blue arrow indicates the clinical factors. Color intensity and the size of the circle are 
proportional to the correlation coefficients. In the right side of the correlogram, the legend color shows 
the correlation coefficients and the corresponding colors. Correlations with p-value > 0.05 as computed by 
Spearman correlations were considered as insignificant and were left blank. Only those metabolites factors 
(30 metabolites) having more than two significant correlations (p < 0.05) with any of the clinical parameters 
were used to construct the correlogram. ETrA acid = 5,8,11-Eicosatrienoic acid; DHA = docosahexaenoic acid; 
LVEF = left ventricular ejection fraction; 1-palmitoyl –GPC = 1-palmitoyl glycerophosphocholine.
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Figure 7. Multivariate ROC plots based on the troponin and creatine kinase (CK) concentration. (A) Receiver 
operating characteristic (ROC) plot obtained by combining three metabolites namely pentadecanoic acid, 
linoleoyl carnitine and 1-linoleoylglycerophosphocholine. The curve is based on the median troponin value of 
the cohort (Peak TnT) and is represented by an area under the curve (AUC) of 0.86 indicating good predictive 
ability. (B) The multivariate ROC curve discriminates individuals based on the median creatine kinase value 
(Peak CK). The curve is represented by area under the curve (AUC) of 0.82 indicating good predictive ability. 
The empirical p-value (p-value < 0.05) shows the statistical significance of these biomarker models. (C) The line 
plot shows the relative concentration of three potential metabolic biomarkers across different time intervals.
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late response in plasma metabolism at 24 h and 48 h post PPCI were phenylalanine metabolism, tyrosine metabo-
lism, linoleic acid metabolism and glycerophospholipid metabolism which were different from those seen imme-
diately post PPCI.

Measures of correlation between metabolites in replicate profiles can be very informative about the underlying 
biological system16. From the heat map (Fig. 4A) constructed with highly correlated metabolites (n = 37), it was 
evident that the concentration levels of certain free fatty acids (FFA) such as arachidonic acid (AA), docosapentae-
noic acid (DPA), eicosatrienoic acid, docosahexaenoic acid (DHA), which are intermediaries of linoleic acid and 
alpha linolenic acid metabolism, and certain lysophospholipids such as lysoPC (18:3), lysoPC (20:3) were elevated at 
ischemic time point (0 h, pre angioplasty), but decreased progressively following reperfusion. The enzyme phospho-
lipases A2 (PLA2) is known to play an important role in the hydrolysis of phospholipids32 especially phosphatidylcho-
lines (PC), which leads to accumulation of FFA including (non-esterified) AA and DHA33. This non-esterified AA is 
then rapidly esterified to available lysophospholipids, or is converted into bioactive arachidonic acid metabolites, i.e., 
eicosanoids via cyclooxygenase (COX), lipoxygenase (LOX), or cytochrome P450 (CYP) epoxygenase enzymes34. 
From our study, the observed progressive decrease in the concentration levels of AA, DHA, DPA, lysophospholipids 
and their downstream products such as eicosatrienoic acid after reperfusion strongly endorses the possible part that 
PLA2 plays in disturbed phospholipid homeostasis during the transition from reversible to irreversible ischemic 
myocardial injury. This evidence also underlines the current understanding that lipoprotein-associated PLA2 is a 
significant predictor of cardiovascular outcome independent of traditional clinical risk factors35. In addition, few 
other metabolites like citrulline (a participant in urea cycle), mevalonic acid, 3-octanone and pregnenolone sulfate 
also exhibited the same co-variation (initially increases with subsequent decline) as the above metabolites.

Amongst highly correlated metabolites, several metabolites exhibited a pattern (Fig. 4A) which is different 
from the metabolites discussed above. The abundance levels of these metabolites declined at ischemic condition 
(0 h) compared to post reperfusion time intervals, but elevated noticeably following reperfusion. These include 
pyruvate, succinate, malonic acid, 2-hydroxyglutarate, acetate and propanoate which are known to involve directly 
or indirectly with TCA cycle metabolism. The variation in the metabolic concentrations of these compounds 
before and after reperfusion suggests an impaired TCA cycle metabolism and subsequent energy metabolism in 
the setting of I/R injury. The heat map (Fig. 4A) also shows that the concentration levels of certain other highly 
correlated metabolites, like deoxyadenosine, N-acetylaspartylglutamic acid (NAAG), 3-O-methylepicatechin, 
2-nonynoic acid, 5-methylthioadenosine, 1-methylhistamine and neopterin also exhibited the same co-variation 
(initially low, but finally high) as the above metabolites.

Previous studies have shown that elevations in troponin (Troponin T) and creatine kinase (CK) or its specific MB 
(CKMB) isoform after primary PCI represent larger infarct size and are clearly associated with increased early and late 
mortality36–38. In our study cohort, a combination of three metabolites namely pentadecanoic acid (15:0), linoleoyl 
carnitine (18:2 carnitine) and 1-linoleoylglycerophosphocholine (18:2 lysoPC) exhibited good separating capability 
in discriminating small and large infarct size patients with an AUC value of 86 based on peak troponin concentration 
(Fig. 7A) and with an AUC value of 82 (Fig. 7B) based on peak CK concentration. The Fig. 7C shows the relative con-
centration of these three molecules across the four time points. For pentadecanoic acid and 18:2 lysoPC, their amount 
is high before reperfusion and their amount decreases considerably 2 h post reperfusion. In the case of 18:2 carnitine, 
its amount is negligible before reperfusion, but increases progressively post reperfusion. Thus, our data suggest that 
determining the concentration level of these three metabolites at the time of admission is a good indicator of myocar-
dial infarct size following coronary angioplasty and subsequent increased late morbidity and mortality.

Until recently it was assumed that the existence of straight chain odd number fatty acids such as pentade-
canoic acid (15:0) in normal physiological conditions were rare. Recent analytical instrumentation has proven 
this to be a misconception, since the presence of odd number carbon fatty acids such as 15:0 and 17:0 have been 
shown to occur as minor constituents in practically every natural fat and carry out many roles like synthesis of 
very-long-chain odd-numbered fatty acids, replenish the TCA cycle with anaplerotic intermediates and, hence, 
improve mitochondrial energy metabolism in nature39. But whether one or all of these known metabolic roles 
of 15:0 has a link to CVD risk is still debated. Though certain studies have reported the association of 15:0 with 
greater risk of CVD40, many studies like Elwood et al.41 showed that, in relation to coronary artery disease, it 
is inappropriate to accept an estimate of CVD risk based on plasma concentrations of 15:0 alone. Also, earlier 
studies have reported that lower serum levels of 18:2 lysoPC, a downstream product of lysophosphatidylcholine 
(LPC), has a tight relationship with increased arterial stiffness, increased resting heart rate and occurrence of silent 
myocardial ischemia42,43. Linoleoyl carnitine is a long-chain acyl fatty acid derivative ester of carnitine. Ischemic 
condition inhibits beta oxidation of fatty acids and leads to accumulation of toxic intermediates of beta oxidation, 
particularly long-chain acyl carnitine compounds like linoleoyl carnitine. These compounds are detrimental to 
cellular function and are known to enhance myocardial injury by inducing structural damage in ischemic myo-
cytes44,45. From our study these three molecules were proved to be promising molecular markers for the deter-
mination of myocardial injury. To our knowledge, this is the first published report of a blood-based biomarker 
panel for the prediction of I/R injury following coronary intervention in patients presenting with STEMI. This 
has the capacity to identify novel pathways impaired during reperfusion injury and identify patients at high risk 
for myocardial damage after PPCI allowing for development of therapeutic intervention to minimize I/R injury.

Study Limitations
Our study has several potential limitations that should be considered. First, though serial sampling performed 
in all STEMI patients both before and after PPCI helped minimize inter-individual variability and clinical con-
founders such as diet, drug effects, age, sex, and other co morbidities, our study population was comparatively 
small to identify metabolites that failed to reach minimal significance. But these metabolites which fail to reach 
minimum significance might be scientifically relevant. So it is important to adequately validate the identified 

https://doi.org/10.1038/s41598-019-48227-9


1 2Scientific RepoRtS |         (2019) 9:11742  | https://doi.org/10.1038/s41598-019-48227-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

metabolites in a relatively larger patient cohort. Second, though ROC analysis with 100 CV exhibited good pre-
diction accuracy (better than 80%); these findings are exploratory in nature and should be confirmed in an inde-
pendent patient cohort. Moreover, as with any untargeted metabolomic study, samples were analysed without 
authentic standards. This calls for further confirmation of these identified metabolites by employing a targeted 
metabolomic analysis.

conclusions
Using a non-targeted LC-QTOF-MS methodology, we have successfully generated the most comprehensive data 
to date on significant changes in the plasma metabolome in STEMI patients undergoing PPCI. The role of lipids 
and lipid metabolism pathways in the pathogenesis of atherosclerosis is already well understood. But there is little 
information about their role in reperfusion and I/R injury. From our study, we elucidated that lipid metabolism 
in general and phospholipid, linoleic acid and alpha linolenic acid metabolism in particular represent the largest 
change in the plasma metabolome post PPCI. We also identified a panel of three metabolites namely pentade-
canoic acid, linoleoyl carnitine and 1-linoleoylglycerophosphocholine that could serve as plasma biomarkers 
in determining the extent of myocardial injury after PPCI. This knowledge could help to predict the response 
to PPCI and how to limit complications in STEMI patients after reperfusion. Given that there is currently no 
therapy available for I/R injury, we consider our results as a major step toward moving us closer to our ultimate 
goal of developing therapies to prevent myocardial reperfusion injury and improve clinical outcomes in patients 
with STEMI.

Data Availability
Data and associated protocols are available to readers.
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Sensory and Physical Characteristics of Pan Bread
Fortified with Thermally Treated Split Yellow Pea
(Pisum sativum L.) Flour
Ronak Fahmi, Donna Ryland, Elaine Sopiwnyk, and Michel Aliani

Abstract: Pulses, including peas, are a good source of protein, dietary fiber, folic acid, and iron and are reported to
reduce the risk for cardiovascular disease and diabetes. However, pulse ingredients present a known challenge as they
exhibit a grassy/beany off-flavor. Heat treatment in some cases can decrease this off-flavor. The objective of this study was
to determine the effect of substitution of 20% split yellow pea (SYP) flour treated by Revtech thermal processing at 140 °C
with 10% steam (RT10%) and without steam (RT0%) for wheat flour in bread on the sensory attributes, acceptability,
nutrient composition, firmness, color, and pH. RT10% was more acceptable overall than bread with untreated pea flour
(USYP) or RT0% as assessed by 110 consumers. Sensory attributes were defined and measured on 15-cm line scales by an
11 member trained panel. Attributes associated with RT10% included wheaty, sweet, and yeast aromas and wheaty flavor,
whereas attributes associated with USYP and RT0% were pea and nutty aroma and flavor. Although firmness and dryness
were higher in RT10%, the acceptability of the bread texture was not affected. This sample contained significantly higher
protein and lower carbohydrate than the wheat sample.

Keywords: consumer acceptability, descriptive analysis, pan bread, pea flour, Revtech process

Practical Application: Revtech (RT), a novel thermal process, when applied at 140 °C with steam to split yellow pea
(SYP) flour successfully increased the acceptability of white pan bread fortified at 20% compared to bread fortified with
RT 140 °C with no steam, and untreated SYP flours. This could be due to its association with wheaty aroma and flavor
attributes rather than the pea aroma and flavor attributes of the other two breads.

Introduction
Pea (Pisum sativum L.) is one of the major pulse seeds grown and

consumed extensively worldwide (FAOSTAT, 2018). Canada is
the largest producer of peas contributing approximately one-third
of the total 14 million tonnes of peas produced worldwide
(FAOSTAT, 2018). Over 100 types of dry peas are currently
grown in Canada with yellow and green varieties predominating
(Bekkering, 2014). Like other pulses, peas are a good source
of dietary fiber, protein, complex carbohydrate, as well as
micronutrients such as vitamins and minerals (Boye & Ma,
2012). Increased consumption of dietary pulses has been well
associated with a reduced risk of diet-related chronic diseases
such as cardiovascular diseases (Padhi & Ramdath, 2017), diabetes
(Jenkins et al., 2012), metabolic syndrome (Mollard et al., 2012),
and cancer (Velie et al., 2005).

Bread made from wheat is a commonly consumed food around
the world (Zafar et al., 2015). Gluten, the dough-developing
protein of wheat flour, is responsible for its unique structural
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forming properties (Ortolan & Steel, 2017). Although white
wheat flour provides high baking quality, it has a high glycemic
index (GI; Foster-Powell, Holt, & Brand-Miller, 2002). Pulses
are among foods with the lowest GI (Jenkins et al., 2012) with a
reported value for cooked split yellow peas at 45 ± 4 compared to
white bread at 101 ± 9 (Wolever et al., 1994). Consumption of
low GI foods has been associated with a lower risk for developing
both type 2 diabetes and coronary heart disease (Chiu et al.,
2011; Jenkins et al., 2012; Rizkalla, Bellisle, & Slama, 2002). The
low GI properties of pulses, including peas, have been attributed
to the high proportion and slow digestibility of resistant starch
(Johnson, Thomas, & Hall, 2005).

Several researchers indicated that incorporating pulse flours with
wheat flour into bread and other baked products is feasible at
various levels. Examples include pea flour in white pan bread
(Repetsky & Klein, 1982), banana bread (Marinangeli, Kassis, &
Jones, 2009), biscuits (Kohajdová, Karovicová, & Magala, 2013),
and cupcakes (Kraujutienė & Gailevičienė, 2017); chickpea flour
in yeast bread (Bojňanská, Frančáková, Lı́šková, & Tokár, 2012;
Mohammed, Ahmed, & Senge, 2014; Zafar et al., 2015), toast
bread (Hefnawy, El-Shourbagy, & Ramadan, 2012), and biscuits
(Yadav, Yadav, & Dhull, 2012); lentil flour in cookies (Zucco,
Borsuk, & Arntfield, 2011), pita bread (Borsuk, Arntfield, Lukow,
Swallow, & Malcolmson, 2012), and yeast bread (Portman et al.,
2018); and bean flour in cookies (Zucco et al., 2011) and pita bread
(Borsuk et al., 2012). Food products containing higher levels of
sugar in their formulation may be better suited to the addition
of pulse flours as the high sugar levels may mask the undesirable
flavor associated with pulse flours. The inclusion of higher levels
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of pulse flour is also possible in products that do not require
gluten for their structure. For yellow pea flour, Repetsky and
Klein (1982) determined that 10% substitution was possible in a
home pan bread formulation, although the flavor was significantly
lower in acceptability than the 100% wheat bread control sample.
A substitution of 2.5% pea flour produced bread that was as good
as or better than the 100% wheat control. The acceptability of
bread containing 20% and 25% chickpea flour was demonstrated
(Bojňanská et al., 2012; Zafar et al., 2015). Portman et al. (2018)
concluded that inclusion of lentil flour in yeast bread could be
increased from 5% to 20% by including gluten in the formulation.
On the other hand, cupcakes containing 22% sugar and chemical
leavening in the formulation were acceptable with 100% pea flour
(Kraujutiene & Gailevičiené, 2017).

To take advantage of the health benefits associated with pulse
containing foods, they need to be accepted by consumers. Beany
off-flavors in pulse ingredients can negatively influence the con-
sumer acceptability, which may limit their incorporation into food
products and the daily diet. These off-flavors are thought to be
caused by the enzymatic activity of lipoxygenase (LOX). The
enzyme catalyzes the breakdown of polyunsaturated fatty acids
like linoleic (18:2) and linolenic acids (18:3) to hydroperoxides
(Roland, Pouvreau, Curran, van de Velde, & de Kok, 2017). The
generated hydroperoxides are further degraded resulting in volatile
organic compounds (VOCs) such as n-hexanal, 3-cis-hexenal, n-
pentylfuran, and ethyl vinyl ketone, which are major contributors
to grassy-beany off-flavors (Rackis, Sessa, & Honig, 1979). Heat
treatment such as blanching, steam heating, or dry heating has
been effective in decreasing off-flavors in pulses (Roland et al.,
2017). RT, a patented innovative heating technology based on
continuous vibrant thermal processing (Mitzkat, 2009), is viewed
as a successful sterilization/pasteurization process (Higgins, 2016).
The processing unit consists of three major parts: a hopper, a
heating spiral, and a cooling spiral. The flours are fed into an
electrically heated, vibrating spiral tube at a constant flow rate en-
suring uniform heating. Once the product’s temperature reaches
the desired level, a small amount of steam (up to10 %) is directly
injected resulting in minimal condensation on the product fol-
lowed by cooling with dry air in the second spiral tube (Mitzkat,
2009; Revtech Process Systems, 2018). As a heat technology, RT
may affect the chemical composition and structure of pulse flours
including carbohydrates, proteins, and enzymes. These changes
may result in an overall decrease in the enzymatic activity of LOX,
which will have an impact on the formation of VOCs contribut-
ing to the beany off-flavor formation in pulse flours and products
fortified with them. Documented research is lacking in the litera-
ture regarding the effect of RT on product quality. Micronization,
another heat technology applied to grain and pulse products that
uses infrared radiant energy, increased rapidly digestible starch and
decreased enzymatic activity without altering the carbohydrate,
protein, and fat content of maize flour (Deepa et al., 2014). LOX
activity decreased significantly for micronized chickpea and lentil
flours with a concomitant decrease in VOCs (Shariati-Ievari et al.,
2016). Moisture is applied to samples before micronization takes
place rather than at the same time as is the case with RT.

Interest in pulses as a nutritional food product has generated
valuable data recently, but little information is available on split
yellow pea (SYP) flour as a supplement in wheat bread or its effect
on bread’s sensory characteristics. Thus, the study objective was to
determine the sensory, nutritional, and physicochemical properties
of bread made with 20% SYP flour that was or was not subjected
to RT at 140 °C.

Materials and Methods

Flour preparation and bread formulation
Flour provided by Warburtons (Bolton, UK) from Nelstrop

William & Co. Ltd. (Stockport, UK) was a blend of straight grade
wheat (W) flour, milled from a grist of Canadian Western Spring
Wheat (CWRS) and English wheat. The average particle size of
the wheat flour was 80 µm.

SYP (Pisum sativum L.) flour that was commercially dehulled and
milled (regular grind) was obtained from Avena Foods Limited
(Portage la Prairie, MB, Canada). Bread produced from regular
grind size (230 µm on average) SYP flour was not different in
sensory properties compared to fine grind SYP flour (132 µm on
average; Bourré, Frohlich, et al., 2019) and hence was used in this
study. SYP flour was processed at 140 °C with no steam and 140 °C
with 10% steam using pilot scale RT equipment (Revtech Process
Systems, Loriol-sur-Drôme, France) at Campden BRI (Chipping
Campden, UK). A motor angle of 40 degrees was applied with
a residence time of 4 min. Flours and blends prepared using 20%
pulse flour and 80% wheat flour were stored in covered food-
grade plastic pails (20 L) at 22 °C, 50% RH for approximately
3 months before baking. This is well within the manufacturer’s
guideline of a 2–year shelf life for the SYP flour. Three blends
of W and SYP flours used to make bread were (1) USYP—80%
W and 20% SYP flour with no processing, (2) RT0%—80% W
and 20% SYP with RT process at 140 °C with no steam, and (3)
RT10%—80% W and 20% SYP with RT process at 140 °C with
10% steam. The fourth bread sample was 100%W—100% wheat
flour that was used as the control. Other ingredients including
their manufacturer and amounts for the bread formulations for
both baker’s percent and weight are in Table 1. Formulations were
developed at the Canadian Intl. Grains Inst. (Cigi), an independent
technical institute whose members have expertise in the milling
quality and end use functionality of Canadian grain and pulses.
Cigi conducted preliminary work to determine the RT treatment
to apply to the samples to be used. The SYP flours were initially
processed with RT pilot plant equipment at 120, 140, 160, and
180 °C without steam and 10% steam addition using a 4-min
residence time. The eight pan breads were baked using Cigi’s
standard formulation and processing using blends of 80% wheat
flour and 20% SYP flour. Breads were evaluated by experienced
panelists using the Flavor Profile consensus method. Based on the
baking performance and preliminary sensory results, the 140 °C
at 0% and 10% steam RT treated SYP flours were selected.

Bread preparation
Water absorption for baking was determined using the

Farinograph-E (300 g bowl; C.W. Brabender Instruments Inc.,
South Hackensack, NJ, USA) and was adjusted (if necessary) to
form a soft dough, as determined by an experienced baker. All
ingredients were placed in the bowl of a spiral mixer (Erka, Ger-
many) and mixed on slow speed for 5 min followed by fast speed
(5 to 7 min) until the dough was fully developed. Throughout
the mixing period, assessments were made by an experienced
baker knowledgeable in the proper dough characteristics required
for processing/baking. The baker assessed the dough using visual,
tactile, and sound cues to determine whether the full development
of the dough had been reached. After mixing to optimum dough
development time, the dough was removed from the mixer bowl
and rested on the bench (10 min) before being scaled (640 g),
rounded by hand and proofed (10 min, ambient conditions). The
dough was then punched, molded, panned (115 × 240 × 83 mm;
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Table 1–Pan bread formulation (split yellow pea [SYP]/wheat flour blend).

Ingredient Manufacturer Baker’s Percent (%) Weight (g)

Flour Blenda

As described in the Materials
and Methods section

Wheat flour: Nelstrop William & Co. Ltd. (Stockport, UK); SYP flour:
Avena Foods (Portage la Prairie, MB, Canada)

100 3,000

Yeast, fresh, compressed AB Mauri (Canada) Limited, Lasalle, QC, Canada; Fleischmann’s
Baker’s Yeast

4 120

Salt, table Compass Minerals Canada Corp., Unity, SK 2 60
Sugar, fine granulated Lantic, Montreal, QC, Canada 4 120
Shortening, all-purpose Richardson Oilseed, Winnipeg, MB, Canada 4 120
Milk powder, skim Parmalat, Toronto, ON, Canada 2 60
Dough conditionerb Puratos Canada Inc., Mississauga, ON, Canada 2 60
Gluten Manildra Milling Corporation, Gladesville, New South Wales, Australia 4 120
Water Variablec Variable

aWeight adjusted to 14.0% moisture basis.
Flour/Blend: 100% wheat flour; 80% wheat flour and 20% pea flour (untreated); 80% wheat flour and 20% pea flour treated with Revtech Process at 140 °C with no steam; 80%
wheat flour and 20% pea flour treated with Revtech Process at 140 °C with 10% steam.
bS500 Plus (contains wheat flour, diacetyl tartaric acid esters of monoglycerides, calcium carbonate, sunflower oil, amylase, ascorbic acid, xylanase, lipase, and l-cysteine
hydrochloride).
cTarget was a soft dough consistency starting with Farinograph water absorption followed by optimization at the mixer based on subjective assessment of experienced baker.

W x L x H), and proofed (85% RH, 37 °C) for the time required
for USYP. Loaves were baked at 200 °C for 26 min in a Picard
reel oven (Picard Ovens Inc., Drummondville, QC, Canada). A
100%W sample was baked each day and served as a processing
control. Breads were cooled thoroughly, sliced (1.5 cm), double
wrapped in plastic bags, and frozen the following day at –20 °C
until required for testing (not longer than 3 months). Ideally using
fresh bread would mitigate the loss of volatile components and
moisture that affect flavor and textural attributes. Making fresh
bread for a number of days introduces an additional variable that
has been documented as a greater risk than presenting a rela-
tively consistent frozen product over an extended period of time
(Haglund, Johansson, & Dahlstedt, 1998). Also, a large bake re-
duces the variation associated with doing multiple bakes for each
aspect of the study. In terms of nutrition, freezing of bread rolls did
not affect the level of resistant starch, which plays an important
role in glycemic control (Borczak, Sikora, Sikora, & Kapusta-
Duch, 2014). It has been reported that the changes in sensory and
textural properties of bread are greatest during freezing and up to 1
week with little change occurring throughout 11 weeks at –18 °C
(Fik & Surówka, 2002). All samples containing SYP flour as well
as 100%W went through the same freezing, storage, and thawing
conditions prior to analysis. Therefore, the effect of freezing was
the same for all of them. All of the testing was completed when
bread had been stored from 2 to 12 weeks. Thus, our objective to
determine the effect of SYP flour on sensory properties will be
valid for frozen bread samples as is also the case for other research
studies (Bourré, Frohlich, et al., 2019; Bourré, McMillin, et al.,
2019; Haglund et al., 1998; Zafar et al., 2015). Three batches
(replications) of each of the four bread samples were made over
two consecutive days.

Sample preparation
Approximately 3 hr prior to the descriptive analysis panel, for

each panel session three slices of each replication for each of the
four samples were removed from the frozen loaf. For the accept-
ability panel, bread from each of the three baking replications for
each of the four samples was almost equally divided among the 110
consumers. Slices were placed into a plastic Ziploc large storage
bag (26.8 cm × 27.3 cm; S.C. Johnson and Son, Limited, Brant-
ford, ON, Canada) to thaw for approximately 20 min. For aroma,
flavor, and color evaluation by the descriptive analysis panel and
for acceptability by the consumer panel, slices were cut in half

lengthwise and then again in half width-wise. One piece from
the bottom half of the bread slice was placed in zipper snack bags
(16.5 cm × 8.2 cm; Loblaws Inc., Toronto, ON, Canada) labeled
with a three-digit random number. Each sample consisted of one
quarter of a slice of bread with crust present on the bottom and
one side of the piece. For texture analysis, two 2.5-cm squares
from the crumb of the bottom half of the bread slice were placed
in a 2 oz (60 mL) plastic cup with a lid and labeled with three-digit
random numbers the same as for snack bags. Samples were placed
on racks at all times to enhance air flow to the frozen samples.

Sensory evaluation
Recruitment. Procedures for recruitment of volunteers for

the sensory panels were approved by the Univ. of Manitoba Hu-
man Ethics Review Board (Protocol No. J2017:051). Criteria for
participation in both the consumer and descriptive analysis panel
included no allergies to food or beverages, 18 years of age and
over, available and interested in the research study. Information
about the study and the consent form were distributed by e-mail
to students, staff, and affiliates in the Faculty of Agricultural and
Food Sciences at the university. An honorarium was provided.

Consumer panel. A total of 110 volunteers participated in the
evaluation of the acceptability of the four bread samples. Females
were in the majority with 76% participation. Age breakdown was
as follows: 18 to 24 years—30%, 25 to 34 years—27%, 35 to
44 years—16%, 45 to 54 years—10%, 55 to 64 years—11%, and
over 64 years—6%. The frequency of bread consumption by par-
ticipants was once a day or more than once a day—35%, more than
3 times a week—35%, at least once a week—21%, at least once a
month—5%, less than once per month—3%, and never—1%. Par-
ticipants were verbally instructed first to open the bag, smell the
sample, and determine how much you like or dislike the aroma.
Next was to look at the sample and determine how much you like
or dislike the color. This was followed by tasting the sample for
flavor and texture acceptability. Overall acceptability was assigned
a liking descriptor related to how much the sample was liked tak-
ing into account all of the attributes. The acceptability scale was
from 1 to 9, where 1 = dislike extremely; 2 = dislike very much;
3 = dislike moderately; 4 = dislike slightly; 5 = neither like nor
dislike; 6 = like slightly; 7 = like moderately; 8 = like very much;
and 9 = like extremely. Data were also collected using another
measure of acceptability, the Food Action Rating Scale (Schutz,
1965), to determine how often the samples would be eaten. One
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of the following nine descriptors was selected: 1 = I would eat
this only if forced; 2 = I would eat this if there were no other
food choices; 3 = I would hardly ever eat this; 4 = I don’t like this
but would eat it on an occasion; 5 = I would eat this if available
but would not go out of my way; 6 = I like this and would eat it
now and then; 7 = I would frequently eat this; 8 = I would eat
this very often; and 9 = I would eat this every opportunity I had.
Volunteers were shown to a room illuminated with fluorescent
lighting containing four partitioned work stations. Sensory Infor-
mation Management System sensory software (SIMS, Version 6.0,
2017, Berkeley Heights, NJ, USA) was used for questionnaire pre-
sentation and data collection. Evaluators signed into the computer
program anonymously while the tray of samples was delivered to
them through the sliding door at the front of the station. In addi-
tion to the four bread samples, filtered water at room temperature
was provided for cleansing the palate as required. Samples coded
with three-digit random numbers were evaluated in the order ac-
cording to the randomized design generated by the SIMS software.
After completing the tasting of the samples, responses to questions
on gender, age, and usual frequency of bread consumption were
input.

Descriptive analysis panel. Eleven volunteers were trained
during eight sessions of 45 min each. At the group sessions,
panelists were guided through the modified descriptive analysis
method (Stone & Sidel, 2004) by an experienced facilitator. All of
the bread samples were presented with three-digit random num-
bers for all of the sessions. Panelists looked at, smelled, and tasted
the breads and recorded descriptors for the appearance, aroma,
flavor/taste, and texture attributes at four different sessions. These
descriptors were discussed by the group to develop the definitions
for the attributes and the appropriate techniques used to evaluate
them. Attribute definitions for aroma (wheaty, sweet, nutty, yeasty,
and pea), flavor/taste (wheaty, sweet, nutty, yeasty, and pea), tex-
ture (firmness, initial mouth dryness, cohesiveness of mass, and
adhesiveness to teeth), and appearance (yellow color) with appro-
priate standards as well as the methods for measuring them are
in Table 2. Once clarified, attribute intensities were measured on
15-cm line scales with endpoints from 0 labeled low on the far left
end of the scale and 15 labeled high on the far right end. Samples
were evaluated multiple times throughout the training, and results
were discussed at each session to decrease the variability of the
measurements within the group and also within individual mem-
bers. Three experimental sessions, one per day, were completed
within 1 week of the last training session where all of the sam-
ples were presented to all of the panelists in a randomized order
as determined by the SIMS sensory software. Sessions were con-
ducted at the same workstations with the same computer access
as for the consumer panel. Evaluation of aroma, flavor/taste, and
texture was conducted at a station where red lighting was used to
mask possible color differences among the bread samples. This was
accomplished by using red plastic to block the incandescent light
directed onto the samples. For color, samples were evaluated in a
station lit by overhead fluorescent bulbs. Panelists were instructed
to remove the piece of bread from the plastic bag and place it on
the square that was outlined on a piece of 28 × 43 cm (11 × 17
inch) white paper. Filtered water (room temperature) was available
for rinsing the palate before each sample.

Instrumental measurements
Color. The whole slice of bread was placed on white paper

and covered with a glass plate. The Hunterlab MiniScan (Hunter
Associates Laboratory, Inc., Reston, VA, USA) standardized with a

white tile was positioned on the lower portion of the bread crumb
making sure that it was flat on the surface. L∗, a∗, and b∗ values
were recorded.

Firmness. Two complete slices of bread were placed together
after thawing (held for 2 hr at room temperature [three slices
per plastic bag]). A circular aluminum plunger (3 cm diameter)
attached to the LR1000 Lloyd Texture Measuring Instrument
(Lab Integration, Sherbrooke, QC, Canada) compressed 10 mm
into the bottom part of the sample (crumb only) at a speed of
1 cm/s. Firmness was measured in Newtons.

pH. The pH of the samples was measured according to AACC
International Method (2001) using an Accumet Basic AB15 pH
meter (Fisher Scientific, Ottawa, ON, Canada). The electrode was
washed after each measurement with distilled water. All the above
measurements were made in triplicate on each of the three baking
replications of the four bread samples.

Proximate analysis. Moisture (%) (Moisture Analyzed
AOAC 930.15 [AOAC, 2005c]; Moisture Received AOAC
922.02 [AOAC, 2005a]), crude protein (%) (Modification of
AOAC 990.03; AOAC 2005b), crude fiber (%) (AOCS Ba6a-
05; AOCS, 2017a), fat (%) (AOCS Am 5-04; AOCS, 2017b), ash
(%) (AOAC 923.03; AOAC, 2005c), carbohydrate by difference
calculation (%), and Calories (cal/100 g; by calculation) were de-
termined in triplicate on combined baking replications of the four
bread samples (Central Testing Laboratory Inc., Winnipeg, MB,
Canada).

Statistical analysis. For the consumer study, consumer was
a random effect and sample was a fixed effect in the two-way
analysis of variance (ANOVA) model. For the descriptive analysis,
panelist and replication were random effects, and sample was a
fixed effect for the three-way ANOVA model. All two-way inter-
actions were included. When the interaction was not significant,
the sums of squares were pooled with the error term and the F-
value recalculated as suggested by O’Mahony (1986). Sample and
replicate were fixed effects in the two-way ANOVA for the instru-
mental measurements. One-way ANOVA was performed for the
proximate analysis. A probability level of less than 0.05 was con-
sidered significant. Tukey’s multiple comparison test was applied
where applicable to determine fixed factor differences. Partial least
squares regression (PLS-R) was used to determine the associations
between the consumer acceptability attributes (Y variables) and the
other parameters (X variables including trained panel attributes,
L∗, a∗, b∗, firmness, pH, and proximate analysis) measured on the
bread. Mean values were entered into the program. Two factors
were considered, and the Jackknife Leave One Out was the val-
idation method selected. Cumulative Q2, R2X, and R2Y values
were 0.719, 0.926, and 0.891, respectively. Variable importance
in the projection scores for the PLS regression greater than 1 are
highly influential. These included pH, nutty aroma, pea flavor,
yeasty aroma, nutty flavor, fat, pea aroma, yellowness, yeasty fla-
vor, sweet taste, carbohydrate, cohesiveness of mass, and protein for
both Components 1 and 2. Internal preference mapping (IPM) a
statistical method based on principal component analysis was con-
ducted to visually depict the majority of responses by consumers
for overall acceptability in relation to the four bread samples. The
overall acceptability value for each consumer was used to visually
interpret these responses in relation to each of the bread sam-
ples. Parameters for the analysis included standardized values and
correlations with retention of two components. Eigenvalues were
42.88 and 34.48 for Components 1 and 2, respectively. Statistical
software employed included SAS (sensory and chemical data) and
XLSTAT (PLS-R and IPM).
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Table 3–Consumer acceptability results for bread containing pea flour.

Source of variation (F-valuea 3, 327 df) Sample mean acceptability values (n = 110)

Attribute Consumer n = 110 Sample n = 4 100%W USYP RT0% RT10%

Aromab 2.00∗∗∗ 22.63∗∗∗ 7.4a (1.3) 5.9d (1.8) 6.4c (1.5) 6.9b (1.3)
Colorb 8.02∗∗∗ 1.56 NS 7.4 (1.3) 7.3 (1.2) 7.2 (1.2) 7.4 (1.2)
Flavorb 2.47∗∗∗ 10.87∗∗∗ 7.3a (1.5) 6.3c (1.9) 6.4bc (1.6) 6.7b (1.4)
Textureb 3.24∗∗∗ 3.61∗ 7.3a (1.7) 7.0b (1.7) 6.8b (1.6) 7.1ab (1.5)
Overall acceptabilityb 2.32∗∗∗ 12.75∗∗∗ 7.2a (1.5) 6.3b (1.8) 6.3b (1.6) 6.9a (1.3)
FACTc 3.46∗∗∗ 12.20∗∗∗ 6.5a (1.8) 5.5c (2.0) 5.6c (1.5) 6.0b (1.5)

aNS, not significant; P � 0.05; ∗P < 0.05, ∗∗∗P < 0.001
100%W, 100% wheat flour; USYP, 80% wheat flour and 20% pea flour no Revtech Process; RT0%, 80% wheat flour and 20% pea flour Revtech Process 140 °C with no steam;
RT10%, 80% wheat flour and 20% pea flour Revtech Process 140 °C with 10% steam.
b1 = dislike extremely; 2 = dislike very much; 3 = dislike moderately; 4 = dislike slightly; 5 = neither like nor dislike; 6 = like slightly; 7 = like moderately; 8 = like very much; 9
= like extremely.
c1 = I would eat this only if forced; 2 = I would eat this if there were no other food choices; 3 = I would hardly ever eat this; 4 = I don’t like this but would eat it on an occasion;
5 = I would eat this if available but would not go out of my way; 6 = I like this and would eat it now and then; 7 = I would frequently eat this; 8 = I would eat this very often; 9 =
I would eat this every opportunity I had.
Mean values (followed in brackets by the standard deviation) within the same row with the same letter are not significantly different when a probability level of 0.05 is applied.

Results

Consumer panel
The consumer variable was significant for all of the attributes

when a probability level of 0.05 was applied (Table 3). This is to be
expected as everyone has their individual liking for aroma, flavor,
color, texture, overall acceptability, and how often they would eat
the samples presented. These likings depend on previous expe-
riences with breads in general and individual ingredients such as
pea flours. Significantly lower aroma and flavor acceptability and
frequency of eating (FACT) rating were observed in the breads
with pea flour compared to 100%W. However, mean values (MV)
for breads with pea flour for aroma were 5.9 (like slightly) to
6.9 (like moderately), for flavor 6.3 to 6.7, and for FACT 5.5 to
6.0 (I like this and would eat it now and then). RT10% had the
highest mean values of the pea samples 6.9 and 6.7 for aroma and
flavor, respectively, and 6.0 for FACT, which were significantly
different from USYP. RT10% was not significantly different in
acceptability for color, texture, and overall acceptability compared
to 100%W. According to Dabija, Codina, and Fradinho (2017),
20% addition of pea flour to bread had lower acceptability val-
ues especially for appearance, taste, and color, which led to their
recommendation of a 10% substitution level. Bread fortified with
25% chickpea flour was significantly different in acceptability from
the 100% wheat control (Zafar et al., 2015). However, compared
to the 100% whole wheat control bread, it was not significantly
different.

Descriptive analysis panel
The overall objective is to determine whether or not the addi-

tion of 20% SYP flour either untreated and/or treated with RT
influenced the sensory attributes of bread. Results from the three-
way ANOVA are in Table 4. The three replications presented to the
panelists were not significantly different for any of the attributes.
The replication by panelist interaction was significant only for ad-
hesiveness to teeth. This was possibly due to some higher values
for replication one for three of the 11 panelists. The replication by
sample interaction was significant for pea flavor and yellow color.
The panelist by sample interaction was significant for all of the
flavor attributes indicating inconsistencies among the panelists in
terms of the intensities of the attributes. One cause for this incon-
sistency is that panelists may use the measurement scale differently
(Naes & Solheim, 1991). Training can help to decrease this, but
it cannot eliminate it. Another cause for the significant interac-

tion is the basic differences among human beings in this case their
sensitivities, that is, their ability to perceive the various attributes
(Naes & Solheim, 1991). Attribute perception is complicated fur-
ther by the sample complexity in terms of the many flavors and
tastes in addition to the texture. Trends indicated that RT10% had
higher wheaty flavor than RT0% (MV 8.9 compared with 6.4).
RT0% had higher nutty flavor than 100%W (MV 7.0 compared
with 4.5). There was no significant panelist by sample interaction
for the aroma and texture attributes. USYP and RT0% were sig-
nificantly higher in nutty aroma than 100%W; however, RT10%
was not significantly different than 100%W. Pea aroma was sig-
nificantly higher for the RT0% compared to 100%W. It would
appear that the flavor impact was less evident for RT10% because
the nutty aroma and pea aroma mean values were lower than for
RT0% and USYP and not significantly different from 100%W.
In terms of texture, RT10% was significantly firmer than all of
the other samples, and drier than 100%W and USYP. USYP had
significantly lower adhesiveness to teeth compared to 100%W. For
acceptability of texture of these samples, RT10% was not signif-
icantly different than 100%W, so even though it was firmer and
drier the acceptance was not affected. USYP was significantly less
acceptable than 100%W, which may have been due to the lower
adhesiveness to teeth. There was no significant difference in the
cohesiveness of mass for the bread samples.

L∗, a∗, and b∗
The 100%W sample had a lighter overall color compared with

the three breads containing pea flour (Table 5), although L∗ values
were not significantly different. Breads made with 20% pea flour
substituted for durum flour had slightly lower L∗ values (approx-
imately 71), but its addition also had no significant effect (Ficco
et al., 2018). Very little indication of red and green colors is evident
given the low a∗ values obtained, although the breads containing
pea flour were significantly higher than that with wheat alone,
which is in agreement with Ficco et al. (2018). Yellow color indi-
cated by the high positive b∗ value was significantly higher for the
three breads with pea flour added at 20% compared to the breads
made from wheat flour alone. This same trend agrees with the
descriptive panel as 100%W had a lower mean value (5.0 ± 2.6)
for yellow color compared to a combined average of 7.9 ± 2.8
for the breads containing pea flour. Despite these observations in
instrumental color difference, acceptability by the consumers did
not appear to be affected (MV 7.2 to 7.4).
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Table 4–Descriptive analysis results of bread from three-way ANOVA.

Source of variation (F-valuea) Mean intensity values for sampleb

Attribute Sample n = 4 Panelist n = 11 Replicate n = 3 P x R P x S R x S 100%W USYP RT0% RT10%

Aroma
Wheaty 0.73 NS 3.40∗∗∗ 0.34 NS † † † 8.0 (3.3) 8.0 (2.8) 7.5 (3.4) 8.5 (2.8)
Sweet 0.71 NS 1.98∗ 0.59 NS † † † 6.8 (2.8) 6.8 (2.4) 6.1 (2.8) 6.8 (2.4)
Nutty 4.19∗∗ 18.84∗∗∗ 0.86 NS † † † 5.4b (3.2) 7.1a (3.8) 7.1a (3.5) 6.1ab (3.9)
Yeasty 1.42 NS 6.89∗∗∗ 0.52 NS † † † 7.1 (3.6) 6.0 (2.8) 6.1 (2.8) 6.9 (3.5)
Pea 4.28∗∗ 4.20∗∗∗ 1.56 NS † † † 4.4b (3.0) 6.2ab (4.0) 7.2a (3.9) 5.4ab (3.9)
Flavor/Taste
Wheaty 3.08∗ 2.12 NS 0.26 NS † 2.00∗∗ † 8.0ab (3.8) 7.9ab (2.8) 6.4b (2.4) 8.9a (2.5)
Sweet 1.01 NS 3.52∗∗ 0.35 NS † 2.53∗∗∗ † 6.7 (3.2) 5.3 (2.8) 5.8 (3.0) 6.0 (2.9)
Nutty 3.54∗ 6.15∗∗∗ 0.11 NS † 2.05∗∗ † 4.5b (3.4) 6.8a (3.3) 7.0a (3.3) 6.1ab (3.8)
Yeasty 2.53 NS 4.76∗∗∗ 1.59 NS † 2.44∗∗∗ † 8.0 (3.6) 6.1 (2.6) 6.2 (3.0) 6.7 (3.0)
Pea 2.47 NS 3.36∗∗ 0.90 NS † 2.56∗∗∗ 2.88∗ 4.1 (3.6) 6.9 (4.0) 7.6 (4.2) 5.5 (3.6)
Texture
Firmness 10.66∗∗∗ 8.68∗∗∗ 0.25 NS † † † 3.8b (2.9) 4.2b (2.8) 5.1b (2.7) 6.6a (2.7)
Initial mouth dryness 7.22∗∗∗ 7.14∗∗∗ 1.25 NS † † † 4.6b (3.1) 5.0b (2.5) 5.9ab (2.7) 7.0a (2.6)
Cohesiveness of mass 2.12 NS 8.16∗∗∗ 1.43 NS † † † 6.3 (3.2) 5.6 (2.7) 5.3 (2.6) 6.6 (2.9)
Adhesiveness to teeth 3.38∗ 2.23 NS 1.86 NS 5.32∗∗∗ † † 7.5a (4.2) 5.9b (3.5) 7.3ab (3.5) 6.8ab (3.3)
Yellow color 4.20 NS 3.82∗∗∗ 0.92 NS † † 3.39∗∗ 5.0 (2.6) 7.9 (2.7) 8.5 (2.3) 7.2 (3.3)

aNS, not significant; P � 0.05; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.
bMean intensity values—0 (low); 15 (high).
100%W, 100% wheat flour; USYP, 80% wheat flour and 20% pea flour no Revtech Process; RT0%, 80% wheat flour and 20% pea flour Revtech Process 140 °C with no steam;
RT10%, 80% wheat flour and 20% pea flour Revtech Process 140 °C with 10% steam.
†Sums of squares pooled with error as the probability of the interaction effect was �0.05.
Mean values (followed in brackets by the standard deviation) within the same attribute (row) with the same letter are not significantly different when a probability level of 0.05 is
applied.

Table 5–F-value with associated probabilities and mean value (with standard deviation) from physical testing of bread containing
pea flour two-way ANOVA.

Source of variation (F-valuea) Mean value for sample (n = 9)

Sample n = 4 Replicate n = 3 S x R 100%W USYP RT0% RT10%

Color
L∗ 1.88 NS 0.61 NS 2.94∗ 74.0 (1.1) 73.5 (1.4) 73.3 (1.6) 72.8 (0.7)
a∗ 67.94∗∗∗ 2.14 NS 6.02∗∗∗ 0.0b (0.1) 0.6a (0.1) 0.8a (0.2) 0.9a (0.3)
b∗ 16.39∗∗∗ 0.02 NS † 15.2b (0.3) 16.6a (0.7) 17.0a (0.9) 17.5a (0.8)
pH 52.70∗∗∗ 1.92 NS 4.67∗∗ 5.75c (0.04) 5.87a (0.03) 5.88a (0.02) 5.80b (0.03)
Firmness (N) 42.14∗∗∗ 0.67 NS 3.44∗ 1.8c (0.3) 2.6b (0.5) 3.4a (0.5) 3.3a (0.4)

aNS, not significant; P � 0.05; P < 0.05; ∗∗∗P < 0.001.
100%W, 100% wheat flour; USYP, 80% wheat flour and 20% pea flour no Revtech Process; RT0%, 80% wheat flour and 20% pea flour Revtech Process 140 °C with no steam;
RT10%, 80% wheat flour and 20% pea flour Revtech Process 140 °C with 10% steam.
†Sums of squares pooled with error as the probability of the effect was �0.05.
Mean values with the same letter within the same row within the same variable are not significantly different when a probability level of 0.05 is applied.

Firmness
RT0% and RT10% were significantly firmer than USYP, and

100%W was significantly softer than any of the breads contain-
ing pea flour (Table 5). Bourré, Frohlich, et al. (2019) also found
that previously frozen bread made with 100% wheat flour was
softer (less firm) than bread containing 20% yellow pea flour. This
same trend was reported for fresh bread (Dabija et al., 2017).
Higher firmness in bread containing 20% chickpea flour was at-
tributed to thickening of the cell wall structure and strengthening
of the crumb structure due to the additional non-gluten containing
protein (Mohammed et al., 2014). Descriptive panel results indi-
cated a similar trend with wheat bread, which had lower firmness
than the breads containing pea flour but only significantly lower
than RT10%.

pH
According to the United States, Food and Drug Administration,

Center for Food Safety and Applied Nutrition (http://www.
webpal.org/SAFE/aaarecovery/2_food_storage/Processing/lacf-

phs.htm), the pH of cooked peas is 6.2 to 6.8, and the pH of
white bread is 5.0 to 6.2. Addition of the pea flour to the wheat
flour is in agreement as the pH of the three breads containing pea
flour was significantly higher than that of the wheat flour sample
(Table 5). According to Su et al. (2019), bread with higher pH
produced higher instrumental hardness, which is similar to our
finding. In terms of acceptability, higher pH of bread (that is,
less bean protein added to bread) resulted in higher acceptability
for flavor, crumb color, cell structure, internal texture, and
overall acceptability (Ade, Ingbian, & Abu, 2012). RT10% was
significantly lower in pH than the other two pea flour bread
samples; however, it resulted in higher acceptability for aroma and
overall acceptability.

Proximate analysis
All of the nutrients measured in the breads were significantly

different among the samples except for moisture and Calories
(Table 6). The three bread samples with pea flour contained
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Table 6–F-value with associated probabilities and mean value (with standard deviation) from proximate testing of bread containing
pea flour two-way ANOVA.

Source of variation (F-valuea) Mean value for sample (n = 3)

Sample n = 4 Replicate n = 3 100%W USYP RT0% RT10%

Moisture (%) 0.31 NS 0.12 NS 36.2 (1.4) 36.6 (0.6) 36.4 (0.5) 37.0 (1.0)
Crude protein (%) 70.98∗∗∗ 0.24 NS 9.3b (0.3) 11.6a (0.3) 12.0a (0.2) 11.7a (0.1)
Crude Fiber (%) 12.77∗∗ 0.67 NS 1.0ab (0.1) 0.7b (0.1) 0.8b (0.1) 1.2a (0.1)
Fat (%) 6.01∗ 3.33 NS 2.2b (0.2) 2.5a (0.1) 2.5a (0.0) 2.4ab (0.1)
Ash (%) 8.09∗ 2.18 NS 3.3a (0.1) 2.8ab (0.3) 3.0ab (0.2) 2.3b (0.5)
Carbohydrate, by difference (%) 7.36∗ 0.23 NS 48.9a (1.0) 46.6b (0.8) 46.1b (0.2) 46.6b (0.5)
Calories (cal/100 g) 0.45 NS 0.28 NS 255.1 (5.8) 258.5 (4.3) 258.2 (1.6) 256.4 (1.3)

aNS, not significant; P � 0.05; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.
100%W, 100% wheat flour; USYP, 80% wheat flour and 20% pea flour no Revtech Process; RT0%, 80% wheat flour and 20% pea flour Revtech Process 140 °C with no steam;
RT10%, 80% wheat flour and 20% pea flour Revtech Process 140 °C with 10% steam.
Mean values with the same letter within the same row within the same variable are not significantly different when a probability level of 0.05 is applied.

significantly more protein than the bread with wheat alone.
Proportionally this probably accounted for the significantly higher
carbohydrate content of the wheat flour bread compared to the
pea flour bread especially because carbohydrate was determined
by calculation. Cookies, another bakery product, fortified with
15% pea flour contained 8.1% protein and 55.8% carbohydrate
compared to the 100% wheat control with 6.8% protein and
59.6% carbohydrate (Amin, Bashir, Dar, & Naik, 2016) illus-
trating a similar trend. This corresponds with composition data
reported in the United States Dept. of Agriculture (USDA)
Nutrient Database (2018) for flours where wheat flour is listed at
11.80 g/100 g protein and 70.60 g/100 g carbohydrate compared
to pea flour with 33.33 g/100 g protein and 60.00 g/100 g
carbohydrate. Regarding the effect of heat treatment on nutrients,
micronized pea flour was not significantly different for protein,
fat, or ash (Ribéreau, Aryee, Tanvier, Han, & Boye, 2018), which
is in agreement with the present study. RT10% had significantly
higher crude fiber than RT0% and USYP, possibly due to the
increased moisture of this sample.

PLS-R
The correlation plot among the acceptability attributes color,

aroma, flavor, texture, overall acceptability and FACT (how often
you would eat the product), and the sensory attributes, physical
measurements, and nutrient components of the breads is presented
in Figure 1. First, the four breads were considered to be some-
what different as they were in different areas of the plot. 100%W
appears at the bottom right quadrant with L∗, ash, adhesiveness to
teeth, carbohydrate, yeasty flavor, and sweet taste in close proxim-
ity. In the bottom left quadrant is RT0%, which is fairly close to
USYP. Close to these two samples are pea aroma, pea flavor, nutty
aroma, nutty flavor, yellow color, pH, fat, and protein. RT10%
is close to firmness, initial mouth dryness, wheaty aroma, wheaty
flavor, cohesiveness of mass, crude fiber, and sweet aroma. All of
the acceptability attributes are grouped on the far right of the
plot with 100%W and RT10% indicating their commonality with
acceptability. Sensory attributes also on the right side of the plot
related to the acceptability are wheaty aroma and flavor, sweet
aroma and taste, yeasty aroma and flavor, cohesiveness of mass,
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Figure 1–Partial least squares regression
correlation plot for four bread samples
containing 100% wheat flour, and 80%/20%
wheat-treated/pea-treated and untreated flour
blends. Correlation plot where X variables
♦ = sensory attributes—WheatyAR, wheaty
aroma; SweetAR, sweet aroma; NuttyAR, nutty
aroma; YeastyAR, yeasty aroma; PeaAR, pea
aroma; WheatyFL, wheaty flavor; SweetTA,
sweet taste; NuttyFL, nutty flavor; YeastyFL,
yeasty flavor; PeaFL, pea flavor; InMouthDry,
Initial Mouth Dryness; CohesiveMass,
Cohesiveness of Mass; AdTeeth, Adhesiveness
to Teeth and Yellow Color; proximate
composition—Protein, CHO—Carbohydrate,
Crude Fiber, Fat, Ash, color (L∗, a∗, and b∗),
firmnessIN, firmness instrumental and pH, and
Y variables▲ = acceptability (AC)—ColorAC,
FlavorAC, TextureAC, AromaAC, OverallAC and
FACT—Food Action Rating Scale.
Observations■ = 100%W, 100% wheat flour;
USYP, 80% wheat flour and 20% pea flour no
Revtech Process; RT0%, 80% wheat flour and
20% pea flour Revtech Process 140 °C with no
steam; RT10%, 80% wheat flour and 20% pea
flour Revtech Process 140 °C with 10% steam.
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Figure 2–Results from internal preference mapping for overall acceptability for four bread samples containing 100% wheat flour, and 80%/20%
wheat-treated/pea-treated and untreated flour blends. 100%W, 100% wheat flour; USYP, 80% wheat flour and 20% pea flour no Revtech Process;
RT0%, 80% wheat flour and 20% pea flour Revtech Process 140 °C with no steam; RT10%, 80% wheat flour and 20% pea flour Revtech Process
140 °C with 10% steam.

and adhesiveness to teeth. RT0% and USYP are farthest away
from the acceptability parameters and therefore would be con-
sidered less acceptable. It appears that the group of consumers in
this study related the lower acceptability to pea aroma and flavor,
nutty aroma and flavor, and yellow color. The higher pH of these
samples, as well as the fat, contributed to this lower acceptabil-
ity. Flavor/taste is one of the most important sensory attributes in
terms of acceptability (Verbeke, 2006). Off-flavors are generated
by the breakdown of polyunsaturated fatty acids by LOX to form
secondary lipid oxidation products (Roland et al., 2017). USYP
and RT0% had higher fat content and hence more substrate avail-
able for the enzymatic reaction resulting in the lower acceptability.
These samples had a higher pH than the other samples, which
could relate to the optimum pH of LOX which is reported at 5.8
to 6.4 (Loiseau, Vu, Macherel, & Deunff, 2001).

Internal preference mapping
The principle component analysis explained 75% of the variabil-

ity in the data. Visualization of the overall acceptance in relation
to the bread samples is displayed in Figure 2. Similar numbers of
consumer responses were on the left side of the plot in the area
surrounding RT10% and 100%W. USYP and RT0% on the right

side of the plot had similar numbers of responses for each sam-
ple but were fewer in number compared to RT10% and 100%W.
These results agree with the PLS-R results where RT10% and
100%W were on the same side of the plot closest to the overall
acceptability and the other acceptability attributes.

Conclusion
Bread samples fortified with 20% pea flour were more accept-

able with RT treatment of 140 °C with 10% steam (RT10%)
compared to breads with untreated pea flour (USYP) or pea flour
with RT at 140 °C with no steam (RT0%). Attributes associated
with RT10% included wheaty, sweet and yeast aromas, and wheaty
flavor, whereas attributes associated with USYP and RT0% were
pea and nutty aroma and flavor. RT10% was significantly firmer
and drier than 100%W but was not significantly different in ac-
ceptability of texture. This sample contained significantly higher
protein and lower carbohydrate than the wheat sample. Further
work is recommended for RT10% to determine the optimum
substitution of wheat for pea flour in order to produce bread that
provides nutritional benefit and is also acceptable in terms of flavor,
texture, and color.
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A B S T R A C T

Background: Lung cancer is a major cause of global morbidity and mortality. Current low dose CT screening is
invasive and its role remains contentious. There are no known biomarkers to monitor treatment response, detect
disease recurrence and patient selection for adjuvant treatment after curative surgical resection. Hence there is
an urgent need to explore non-conventional and non-invasive tools to develop novel biomarkers to improve the
outcome of this lethal cancer.
Methods: This is an ongoing exploratory and translational study involving collection of bio fluids from 50 pa-
tients with early stage non-small cell lung cancer before and after surgical resection. The primary objective is to
identify cancer specific metabolome in body fluids - sputum, exhaled breath condensate, blood and urine of the
patients with early stage non-small cell lung cancer using Magnetic Resonance Spectroscopy and Mass
Spectroscopy.
Conclusion: The trajectory of change in metabolic profile of body fluids before and after surgical resection may
have potential clinical applications in lung cancer screening, as biomarkers for disease recurrence and ex-
ploration of novel targets for therapeutic intervention.

1. Introduction

There has been major advancement in our understanding of mole-
cular biology of lung cancer within the last 15 years. This research has
led to innovative targeted drug therapy in lung cancer with optimism
and improved outcome for patients with new diagnoses of lung cancer
[1].

However, the issue of lung cancer screening to detect early stage
lung cancer remains contentious, not the least of which is due to the
invasiveness and cost of current screening methods [2]. Unfortunately,
most patients present with advanced stage disease when treatment may
or may not be possible [3]. In those who receive local or systemic
treatment, there is absence of biomarkers to monitor their response to

treatment and for disease recurrence. Biomarkers to monitor treatment
response and recurrence status in a non-invasive fashion would re-
present significant improvement in the delivery of care. Current trends
in modern precision medicine indicate an essential need to explore
novel biomarkers [4]. In the current study, we are exploring the me-
tabolic profile of patients with lung cancer before and after surgical
resection using MRS and MS. This may lead to identification of meta-
bolic profiles that can potentially serve as the aforementioned bio-
markers.

2. Scientific rationale

Normal body cells transform their biologic and metabolic behavior
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and microenvironment after acquiring genetic alterations; namely ac-
tivation of certain oncogenes and loss of certain tumor suppressor
genes. This leads to alteration of cellular signaling pathways, PH, nu-
tritional status and oxygen status of the cells. Normal existing mi-
tochondrial oxidative phosphorylation is replaced by the newly acti-
vated glycolytic pathway as a source of nutrition to the rapidly
proliferating and demanding malignant cells. Metabolic changes ac-
companied by oncogenes and proteins such as HIF-1a., RAS, C-MYC,
SRC, and p53 result in tumorigenesis and metastasis [5–12].

MRS and MS are two powerful tools to study metabolic changes at
the cellular level. MRS is essentially a somatic expression of nuclear
spins at atomic levels influenced by number of protons and neutrons in
the nuclei, the concentration of nuclei in a given organic substance and
the applied external magnetic field. With MRS there is minimal sample
preparation and rapid detection of multiple metabolites in a single
experiment [13,14]. MS on the other hand is 100 times more sensitive
than MRS and can detect the metabolites with low concentration. MS
analysis of biological samples is typically performed with LC [14].

Our team has recently completed and published a feasibility study
on bio-fluids obtained from advanced stage lung cancer patients using
MRS. We have demonstrated absence of glucose in the sputum and
decreased concentration of methanol in breath condensate of patholo-
gically proven NSCLC in comparison to patients without lung cancer
[15].

Our current study is unique to explicitly enroll early stage lung
cancer patients who have surgically resectable cancer. Bio-fluids from
the enrolled patients will be obtained before and surgical resection;
hence providing the control arm of the study from same group of pa-
tients

We hypothesize that MRS and MS are powerful metabolomics tools for
in vitro diagnostics and can yield a specific metabolic phenotype of lung
cancer obtained from sputum, EBC, blood and urine of early stage lung
cancer patients.

3. Methods

3.1. Ethics

The study is conducted in accordance with the declaration of
Helsinki. Written approvals were obtained from the Research Ethics
Boards at the University of Manitoba (H2017:247), Research Impact
Committees of Health Science Center, Cancer Care Manitoba,
Diagnostic Service Manitoba and St Boniface General Hospital prior to
implementation of the study and enrollment of any subject. The tenets
of Good Clinical Practice have been followed in the completion of this
study. Eligible patients will receive written and oral information about
the goals and methodology of the study from a qualified research as-
sistant and will be asked for informed consent. Subjects are free to
withdraw from the study at any time.

3.2. Patient selection and enrolment

Fifty patients with early stage NSCLC who are candidates for sur-
gical resection will be enrolled over two years. Patients will be screened
at thoracic surgical clinic. Patient's clinical characteristics, CT/PET
images and pathology will be reviewed by the principal investigator or
one of the clinical co-investigators. If deemed eligible, patients will be
contacted and introduced to the study. A dedicated and formally
trained research assistant will obtain informed consent from each pa-
tient and collect bio-fluid specimens before and after surgical resection
as described in Fig. 1.

3.3. Specimen collection

A set of samples from the patients consisting of sputum, EBC, blood
and urine will be collected within and up to 4 weeks before surgical

resection and then another set of samples of the same bio-fluids will be
collected within and up to 4 months after the surgical resection before
any further therapeutic interventions including chemotherapy, im-
munotherapy, targeted therapy or radiation.

3.3.1. Exhaled breath condensate (EBC) collection
Approximately 1–3ml of EBC will be obtained by having the par-

ticipant exhale into a cooled collecting container (a custom-built con-
denser using a metal element that surrounds a tightly fit inert collection
tube) while breathing comfortably through a mouthpiece with a nose
clip in place for 20–30min according to our previously published
protocol [15] (Fig. 2).

3.3.2. Sputum collection
Induced sputum samples from the inhalation of 4ml of hypertonic

saline solution will be collected. Sputum would be confirmed cytolo-
gically by the presence or absence of macrophages by a dedicated pa-
thologist as in our feasibility study [15]. Some patients may yield
sputum spontaneously and may not require induction.

3.3.3. Serum collection
About 8–10ml of blood sample will be collected into a sterile va-

cutainer tube. No additives such as EDTA, citrate, Li-heparin and other

Fig. 1. Schema of Procedures.

Fig. 2. EBC collection.
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added stabilizers will be used; as they may give additional signals in the
NMR spectra. Similarly no gel containing tubes will be used as they
separate blood cells from serum. Collected blood sample will be left at
room temperature for 30–40min to coagulate and spun for 15min;
followed by centrifugation at 4000 RMP, 4 °C for 15min. The resulting
serum will be collected into cryo vials.

3.3.4. Urine collection
Mid-stream urine will be collected into a sterile cup.
All 4 types of samples will be collected and stored at −80 °C until

MRS and MS experiments are performed.

3.4. Nuclear Magnetic Resonance (NMR) data collection and analysis1

Frozen EBC, sputum, serum and urine samples will be thawed on ice
for 20–30min. 500 μl of neat EBC will be transferred into an Eppendorf
tube, to which 75 μl of D2O and 25 μl of Trimethylsilylpropanoic acid
(TSP),(0.75%) solution will be added. 300 μl of sputum will be trans-
ferred into a tube, to which 300 μl of 2M NaCl solution (pH=7.4) and
20 μl of TSP,> 0.75%) will be added. A volume of 300 μl of phosphate
buffer (pH=7.4) containing 5 μM NaN3 will be added to each serum
sample in 1:1 ratio (v/v), and then 20 μl of TSP (0.75%) will be added.
For urine analysis, 400 μl of sample will be mixed with 230 μl of 0.2M
phosphate buffer (0.2% NaN3) solution and 70 μl of Chenomx ISTD (IS-
2, 5mM DSS, 0.2% w/v NaN3) solution. Samples will be mixed by
vortex and centrifuged at 12,000 rcf, 4 °C for 5min. A volume of 600 μl
of each prepared sample will be transferred into a 5mm NMR tube for
analysis.

The NMR experiments will be conducted on a Bruker Ascend 600
Spectrometer, operating at 600.27MHz for proton nuclei and
150.938MHz for carbon nuclei. Each sample will be analyzed using
NMR within 24 hrs of being prepared, with a probe temperature of 298
K. Two different scans will be run for each sample with a few randomly
selected samples running Heteronuclear Single Quantum Coherence
(HSQC) for additional analysis. The proton will be run with a 65.5 k
time domain, a 90° pulse width of 10 μs, a spectral width of 16 ppm,
and a relaxation delay of 5s. The number of scans is 32 with 2 dummy
scans producing an acquisition time of 4.75min. The Nuclear
Overhauser Effect Spectroscopy (NOESY) suppresses the water at
2819 Hz, with a time domain of 32.7 k, a 90° pulse width of 10 μs, a
spectral width of 16 ppm, and a relaxation delay of 5s. The 7.75min
acquisition time is produced by 64 scans and 4 dummy scans. The 2D
NMR will have a 90° pulse width of 10μs and a relaxation delay of 1.5s.
The time domain values for F1 and F2 will be 2048 and 400, respec-
tively. The spectral width will be set to 16 ppm (F1) and 210 ppm (F2),
the acquisition time will be approximately 11 h to cover32 scans and 16
dummy scans. The spectra will be processed using MestReNova version
12.0.0–20080. The metabolomics analyses will be performed using
Chenomx NMR suite 8.2 professional.

3.5. Liquid chromatography quadrupole time-of-flight mass spectrometry
(LC-QTOF-MS) data collection and analysis

All frozen samples will be thawed on ice for 20–30min. An aliquot
(250 μl of urine) will be transferred into an Eppendorf tube, to which
10 μl of norvaline solution (0.03mg/ml) and 500 μl of Acetonitrile
(ACN) will be added. The mixture will be left at −20 °C for 30min
(quenching step). 100 μl of sputum will be added to 100 μl of H2O, and
vortexed and placed at −20 °C and freeze-dried under 0.016 mbar at
−53 °C. Dried sputum samples will be mixed with 20 μl of standard
solutions (15mg/ml), 150 μl of MeOH and 150 μl of ACN, and will be
sonicated for 5min. Serum aliquots (100 μl) will be mixed with 20 μl of

internal standards solution (15mg/ml) and 200 μl of ACN. EBC (110 μl)
will be mixed with 10 μl of internal standard solution (Norvaline,
0.03mg/ml) and 30 μl of ACN and centrifuged at 12,000 rcf at 4 °C for
20min.

Processed EBC sample will be directly transferred into a glass insert
in a GC vial for LC-QTOF- MS analysis. Supernatants of sputum, serum
and urine will be transferred into new tubes and dried under nitrogen
flow and stored at −20 °C prior to use. Dried serum and sputum sam-
ples will be reconstituted with 100 μl of ddH2O: ACN (1:4) and dried
urine sample will be constituted with 200 μl of ddH2O: ACN (4:1). Each
reconstituted sample will be transferred into a glass insert in a GC vial
for MS analysis as previously described [16–18].

Data acquisition will be performed on a 1260 Infinity HPLC coupled
to a 6538 UHD Accurate Q-TOF MS system (Agilent Technologies, CA,
USA) equipped with an electrospray ionization (ESI+) source.

Urinary, EBC and sputum metabolites will be separated on a
2.1 mm×100mm, 1.8 μm Zorbax SB-Aq column (Agilent
Technologies) with the column temperature maintained at 45 °C while
serum metabolites will be separated on a 2.1mm×50mm, 1.8 μm
Zorbax Extended-C18 column (Agilent Technologies) with the column
temperature maintained at 60 °C. Mobile phase A (ddH2O) and B
(Acetonitrile) with 0.1% formic acid will be used for both methods. The
flow rate will be maintained at 0.4 and 0.5 mL/min for urine and serum
metabolites analyses, respectively.

The gradient program for urine, EBC, sputum and serum samples
will be as follows: 0 (2%) to 13 min (95%) of solvent B for urine, EBC
and sputum samplesand 0, 0.5 and 16 min with 30%, 30% and 100% of
solvent B, respectively, for serum samples. There will be a post-run time
of 2 min with buffer (TFANH4, Hp, purine) before the next sample
injection. The auto-sampler is maintained at a temperature of 5 °C.Gas
temperature, drying N2 gas flow rate and nebulizer pressure for MS will
be maintained at 300 °C, 11 L/min, and 45 psig. Capillary voltage and
fragmentor voltage are 4000 V and 175 V, respectively. Mass detection
will be operated by using electrospray with reference ions of m/z
121.050873 and 922.009798 for both of positive and negative mode. A
full range mass scan from 50 to 1700 m/z will be used, and the data
acquisition rate is maintained at 2 spectra/s. When detected and se-
parated in LC-MS, raw data files will be acquired and stored as “*.d”
files using Agilent MassHunter Acquisition software (B.07).

Raw “*.d” files will be processed in Agilent MassHunter Qualitative
(MHQ B.07) where the Molecular Feature Extraction will be used as the
first algorithm to extract the detected compounds from the “*.d” files.
The parameters will be set to allow the detection and extraction of
features satisfying absolute abundances of more than 3000 counts and
to provide information regarding [M+H]+, isomers and their corre-
sponding NH4+, Na+, and K+ adducts. Potential formulas will be
generated for the extracted compounds by the Generate Formulas al-
gorithm using collected information such as retention time, exact
masses and abundances. After converting into compound exchange
format (*.cef) files by the Export to CEF algorithm, extracted features is
ready for further comparative and statistical analyses by Mass Profiler
Professional (MPP, 12.6) [16–18].

3.6. Statistical analysis

3.6.1. Sample size
The sample size (n=50) should be sufficient to detect systematic

changes in several biomarkers. All the subjects have lung cancer; there
is no gold standard. The study will not deal with diagnostics, specifi-
cities or sensitivities. Further it should be noted that the 2 groups for
comparing metabolites are from the same patient population before and
after surgical resection of the pathologically proven lung cancer.

3.6.2. Analysis of the detected metabolites
Fold change analysis using paired T-tests (P<0.05; ≥ 2-fold

changes) with an asymptotic P value computation and a multiple-
1 Magnetic Resonance Spectroscopy (MRS) and Nuclear Magnetic Resonance

(NMR) are used interchangeably.
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testing correction (Benjamini-Hochberg) will be applied to examine
statistical significance of metabolites detected in EBC, sputum, serum
and urine samples using the MPP software (12.6). Identification of
those compounds will be confirmed by mass spectra, retention time and
confidence scores against the Metlin database (>79,000 metabolites,
39,000 lipids and 168,000 peptides). Biochemical pathways of selected
metabolites will be analyzed using the KEGG (Kyoto Encyclopedia of
Genes and Genomes) database and the architect pathway (MPP, 12.6).

3.6.3. Clinical correlation
Metabolic profile obtained from the samples with NMR and MS will

then be analyzed for key metabolic markers and correlated with the
clinical, pathological and radiological characteristics of the patients in
addition to pre surgical Standard Uptake Value (SUV) on Positron
Emission Tomography (PET) and molecular mutations including EGFR,
ALK, PDLI. Data will be analyzed using a paired t-test (if assumptions of
the test are met) to report the mean changes in the concentrations of
metabolites before and after surgical resection and the standard de-
viations of changes among the participants. Similar, but less powerful,
non-parametric tests will be applied if the assumptions necessary for the
paired t-test are violated. Correlation analyses will be used to examine
the associations between concentrations of metabolites before and after
the surgical resection. Regression analyses will examine relationships of
metabolite levels and level changes with clinical and pathological
variables of the patients.

4. Current study progress

Patient enrolment began in Feb. 2018. To date, we have successfully
enrolled 50 patients as in Table 1. All the collected sputum specimens
have been further processed for cytological evaluation.We hope to
complete data collection and data analysis within the next 3months.
Post-operative sample collection is continued.

5. Clinical significance and future directions

The current study will provide an opportunity to study the meta-
bolic changes in relation to clinical, radiologic and pathological fea-
tures of early stage lung cancer when there is minimal gross disease.
Hence, bio-fluid specimens taken before and after surgery (i.e. to re-
move the lung cancer) will provide a direct comparison of metabolic
changes in the same patient population with and without lung cancer.
The results of our study may open new avenues for lung cancer
screening, new biomarkers for patient selection for adjuvant therapy
post-resection, detect subclinical recurrence and identification of

metabolic targets for new drug therapy.
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Abstract: Flaxseed is a rich source of the omega-3 fatty acid, alpha linolenic acid, the lignan
secoisolariciresinol diglucoside and fiber. These compounds provide bioactivity of value to the health
of animals and humans through their anti-inflammatory action, anti-oxidative capacity and lipid
modulating properties. The characteristics of ingesting flaxseed or its bioactive components are
discussed in this article. The benefits of administering flaxseed or the individual bioactive components
on health and disease are also discussed in this review. Specifically, the current evidence on the benefits
or limitations of dietary flaxseed in a variety of cardiovascular diseases, cancer, gastro-intestinal
health and brain development and function, as well as hormonal status in menopausal women, are
comprehensive topics for discussion.

Keywords: flaxseed; cancer; cardiovascular; microbiome; diabetes; menopause; nutraceutical;
functional food

1. Introduction

Dietary flaxseed has an impressive and growing research literature supporting its use in a variety
of health conditions. Whereas in the late 20th century, little was known of the health-related benefits of
flaxseed as well as how to consume flaxseed to achieve any health benefits, today is an entirely different
time. Research information on the effects of dietary flaxseed has increased dramatically. We now
know what diseases flaxseed can treat or prevent, the health impacts dietary flaxseed can provide,
the bioactives within flaxseed that provide these health-related effects in many cases and the forms of
flaxseed that are required to provide these bioactives to the body. Data on the impact of dietary flaxseed
on disease have been translated, albeit in limited amounts, from animal research studies to human
trials. Many of these trials have been conducted with the highest standards of control available in order
to provide solid, reliable information on its value to the general public and, more specifically, to those
in a disease compromised condition. These data have sparked the food processing industry to create a
greater variety of foods that contain flaxseed, giving the public an increased opportunity to incorporate
flaxseed into their everyday diet. With this growing availability of flaxseed in the marketplace and the
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increasing awareness of the public to its impact on human health when supplemented into the diet
on a daily basis, it would be expected that flaxseed will also grow in the coming years in economic
importance to the farmer, the food processer and the retailer in the marketplace [1].

We now know that environmental factors like diet can have a profound effect on the maintenance
of health and the appearance of disease [2]. It is also increasingly apparent that the treatment of disease
is not only achieved through pharmacological therapy, but through dietary interventions as well. The
purpose of this review is to provide a broad summary of the highlights of the research that have
supported the growth of flaxseed as a commodity with significance in the fields of health and medicine.

2. Flaxseed and Its Use in the Diet

The main bioactive compounds in flaxseed include alpha-linolenic acid (ALA), lignans and fiber.
Four common forms of flaxseed available for human consumption include whole flaxseed, ground
flaxseed, flaxseed oil and partially defatted flaxseed meal [3]. A new form available in the marketplace
is flax “milk” (Pizzey Ingredients Inc, Manitoba, Canada). An alternative to “milks” like almond milk,
flax milk is finely milled flaxseed mixed with filtered water and other minor compounds. Flax milk is
high in ALA and is an excellent alternative to dairy milk, as it has no cholesterol or lactose. It is suitable
for people allergic to soy, nuts and gluten, and it contains more health benefits than almond milk.

However, no matter how good a food is for the general public to consume, if that food does not
have acceptable taste, texture, appearance, colour and aroma qualities, then the majority of people
will not eat it. Flaxseed has several characteristics that could negatively affect its flavour profile and
that are cause for concern. The two most important are the potential for the very high omega-3 fatty
acid content in flaxseed to become rancid through oxidation, and the propensity for bitterness. The
high content of alpha linolenic acid (ALA) renders it highly susceptible to oxidation. The oxidation
and subsequent rancidity will lead to off flavours and a musty aroma that would be rejected in taste
tests. The antioxidant content in flaxseed, provided in turn by its secoisolariciresinol diglucoside (SDG)
content, is of great value in curtailing any oxidation process. In addition, flaxseed has been described
as possessing a “nice nutty smell and aroma” [4], and is potentially ideal for the incorporation into
a variety of foods. In research studies, flaxseed has been incorporated successfully into snack bars,
muffins, bagels, bread, buns, tea biscuits, cinnamon rolls and pasta [5,6]. The concentration of flaxseed
in the food will, of course, influence its flavour characteristics. Flaxseed has been incorporated into
foods for human consumption at concentrations of 5–28% of total ingredients (by weight) before
baking [7]. The amount of flaxseed ingested daily over an extended period of time has been as much
as 40 to 50 g [8]. Clinical trials having patients ingesting a food each day for up to one year have been
successfully completed with drop-out rates of approximately 20% in both placebo and flax groups [5].
This demonstrates that it is not the flaxseed that induces non-compliance per se, but instead a great
number of different flax-containing foods are needed to allow variety in the daily choices if one is to
maintain subjects in a trial with an extended duration.

The most common foods in which to have flaxseed are baked goods. The process of baking even
up to 178 °C for two hours does not alter the composition or content of ALA in a baked muffin, for
example [9]. The addition of flavouring to the baked good also makes it possible to disguise any less
than optimal flavour profile induced by the bitterness of flaxseed or any minor rancidity. Flavourings
like banana and nuts, banana chocolate chip, cinnamon apple raisin, cinnamon raisin, cinnamon spice,
gingerbread raisin, cappuccino chocolate chip, sunflower sesame and cranberry orange have been
used in research studies [7,10]. The public will have preferences to these flavourings and matrices for
the flaxseed. In a study of the daily preferences of the ingestion of food products containing 30 g of
milled flaxseed over one year, bagels were consumed > muffins > snack bars > sprinkles > tea biscuits
> pasta > sundried tomato buns [11]. Cinnamon raisin flavourings were preferred > cranberry orange
> apple spiced > sunflower sesame [11]. The recent development of flax “milk” provides an even more
convenient way to consume flaxseed and preserve it as well.
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Each of these different food matrices can influence the stability of the flaxseed. Processing of the
seed, storage temperature and duration as well as the form of flaxseed (milled flaxseed versus whole
seed versus flax oil) will also influence the stability of the product. Milling, grinding or crushing flaxseed
will destroy the hard protective seed coat on flaxseed, exposing the ALA and SDG to oxidation [12].
However, this process is required to render these bioactive ingredients bioavailable [13]. ALA is
more bioavailable to the body if it is in oil or milled form [13]. The incorporation of milled flaxseed
into baked products may actually protect the ALA and SDG from degradation [12]. Cooler storage
temperatures and a shortened storage duration, particularly for flax oil, will also result in a better
preservation of the ALA and SDG [12].

Recently, a concern was raised about the presence of components in flaxseed that may have
undesirable effects that could affect the bioavailability and bioaccessibility of essential nutrients [14].
These include the presence of protease inhibitors, phytic acids, linatine and cyanogenic glycosides in
flaxseed. However, there are no deleterious effects reported of these components in human studies.
The concentrations of these components delivered through dietary flaxseed may be below that needed
to induce any biological actions. Nevertheless, it is prudent to take into account the raised concern.
Plant bio-breeding and/or food processing methods may be considered to reduce the levels of these
components in flaxseed.

3. Dietary Flaxseed and Cardiovascular Disease

The effects of flaxseed on parameters of cardiovascular disease have become one of the most
intensely studied areas with regard to the health-related benefits of dietary flaxseed (Figure 1).
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In animal models of heart disease, dietary flaxseed has decreased the progression of atherosclerosis
induced by high dietary cholesterol or high dietary trans fat content [15–17], likely via an
anti-inflammatory action provided through its ALA content [15,16,18]. Depending upon the animal
species, flaxseed may (mice and rats) or may not (rabbits) lower circulating cholesterol levels [15,16,18].
Flaxseed can also lower circulating trans fats levels [17]. In a stable, established atherosclerotic plaque,
supplementation of the diet with flaxseed can also regress atherosclerosis [19].
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Ischemic reperfusion challenge to isolated hearts can induce arrhythmias. Rabbits on a flaxseed
supplemented diet prior to being subjected to the ischemic reperfusion insult are protected from
ventricular fibrillation [20]. If rats are placed on a flaxseed supplemented diet prior to and after the
induction of a myocardial infarction, they exhibit smaller infarcts, less arrhythmias and a reduction in left
ventricular dilation [18]. The mechanism once again is likely to involve the ALA content of flaxseed [18].
ALA has shown a capacity to alter arrhythmogenic ionic currents in the heart [21]. However, the
metabolism of SDG into enterolignans within the circulation may also have a cardioprotective
role [18,22].

In humans exhibiting symptoms of cardiovascular disease, dietary flaxseed has displayed
powerfully protective effects. The most impressive involves the decrease in both systolic and diastolic
blood pressure in patients with peripheral arterial disease (PAD) [5]. Both brachial and central blood
pressures were significantly reduced by dietary flaxseed in this trial [5,23]. In the double-blinded,
placebo-controlled, randomized FlaxPAD Trial [24], PAD patients fed 30 g of milled flaxseed every day
for 6 months exhibited significant decreases in both systolic and diastolic blood pressure [5]. As shown
in Figure 2, not all patients responded to the flaxseed diet with decreases in systolic blood pressure
(SBP). In the placebo group, fifteen subjects showed a decrease in SBP over the 6 months, whereas
twenty-one exhibited an increase in SBP. In the flax-fed group, twenty-seven subjects exhibited a
decrease in SBP over the 6 months and twelve had an increase in SBP over this time. The SBP in two
subjects was unchanged over this time period. The average drop in the flax group was substantial
(10 mm Hg) and statistically significant. This hypotensive effect was shown as early as 1 month
after commencing the flaxseed in the diet and was maintained for up to one year [5]. The decrease
was sufficient to predict a 50% decrease in the incidence of myocardial infarctions and strokes [5].
This action was shown to be associated with a significant change in lipid metabolism such that the
generation of oxylipins with less vasodilatory and more pro-inflammatory action was blocked [25]. This
action was suggested to be due to the ALA content of the flaxseed [25]. Alternatively, in animal studies,
flaxseed protein hydrolysates and flax oil decreased blood pressure in the spontaneously hypertensive
rat in acute or chronic conditions, respectively [26,27]. As well, a flaxseed lignan concentrate reduced
blood pressure in the deoxycorticosterone acetate (DOCA-salt) induced renal hypertensive rats [28]
and in the high fat, high sugar-fed rat [29].
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4. Dietary Flaxseed and Diabetes

Flaxseed also impacts another major disease that is growing in incidence across the globe: diabetes.
Flaxseed supplementation reduced blood glucose in subjects with type 2 diabetes [30,31] and lowered
blood glucose in subjects with prediabetes [32]. Flaxseed derived gum and lignan supplement also
decreased blood glucose in subjects with Type 2 diabetes [33,34]. Pre-clinical studies have reported
anti-hyperglycemic effects of the flaxseed lignan SDG in animals with Type I diabetes [35]. Whether
SDG or flaxseed supplementation improves glycemic control in human subjects with Type 1 diabetes
remains unknown and could be a topic of experimentation in the future.

5. Dietary Flaxseed and Cancers

Flaxseed is already used extensively in animal studies to treat a variety of cancers [36]. Perhaps the
most studied cancer with respect to the impact of dietary flaxseed is breast cancer. In both experimental
animal studies [36,37] and in human trials [36–38], dietary flaxseed has significant protective effects
against breast cancer. A systematic review of 10 human trials led to the conclusion that flaxseed
reduced tumour growth in women with breast cancer [36,38]. They also found evidence in support of
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flax-associated protection against primary breast cancer as well as a reduced risk of mortality in women
living with breast cancer [38]. Beneficial effects were observed with 25 g doses of milled flaxseed [38].

Flaxseed lignans are nonsteroidal phytoestrogens that have a chemical structure that resembles
mammalian estrogens, and hence produce estrogen-like effects in mammals. Flax lignans are
metabolized by intestinal bacteria to become bioavailable in the plasma [39]. Lignans derived
from food occur mainly as glucosides and undergo deglycosylation by β-glucosidases from gut
microbiota before their intestinal absorption. Secoisolariciresinol diglucoside (SDG) is hydrolyzed in
this way to release secoisolariciresinol (SECO). Deglycosylation of SECO is followed by demethylation
by microbiota to produce dihydroxyenterodiol, which further results in the formation of enterodiol
through dehydroxylation. Finally, dehydrogenation of enterodiol produces enterolactone. Enterodiol
and enterolactone are absorbed from the large intestine, and ultimately appear as glucuronide and
sulfate conjugates in body fluid and are excreted in urine [40]. The metabolism of SDG to enterolactone
occurs in all subjects irrespective of gender [39]. A pharmacokinetic study in humans demonstrated
the appearance of enterolignans in the plasma 8–10 h after ingestion of SDG, with the mean maximum
plasma concentrations of enterodiol and enterolactone attaining ~14.8 h and ~19.7 h, respectively, after
consumption [40]. The mean elimination half-life reported for enterodiol is ~4.4 h, and enterolactone
is ~12.6 h [40]. Epidemiological studies in postmenopausal breast cancer patients have reported
an association of higher blood concentrations of enterolactone with a reduced risk of breast cancer,
decreased mortality rate and better survival. Clinical evidence also supports the protective effect of
enterolactone in cancers of the breast, colon, prostate, gut and lung [41].

Breast cancer is not the only cancer that has shown sensitivity to dietary flaxseed or its
components. Cancer of the prostate gland [42], lung [43,44], colon [45], ovary [41], endometrium [41],
hepatocellular [41] and cervix have been inhibited by flaxseed.

The mechanisms responsible for the beneficial anti-oncotic action of milled flaxseed have been
studied in cell culture, in animal experiments and in human trials. The rich compositions of both SDG
and ALA have been postulated to play a role in the beneficial action of flaxseed on cancer [37,38,45,46].
Lignans like SDG reduce the breast cancer mortality by 33–70% and reduce all-cause mortality by
40–53% [36]. Doses of 50 mg of SDG will reduce tumours [38]. However, it is unlikely that SDG is
itself responsible for the anti-tumour activity. SDG is restricted to the gastro-intestinal space and does
not enter the blood stream. It is metabolized within the gastrointestinal tract to the enterolignans:
enterolactone and enterodiol [47]. These compounds have estrogenic and antioxidative properties [36].
Enterolactone and enterodiol can bind to estrogen receptors and alter cell growth [37]. It is likely
that these metabolites of SDG are ultimately responsible for the anti-tumour capacity of SDG [41].
The anti-inflammatory action of ALA may also play a role [41]. Flaxseed oil (enriched in ALA)
also potentiates the anti-tumour action of drugs used in oncotic therapy. Flax oil administered with
trastuzumab for epidermal growth factor receptor 2 positive breast cancer enhanced the anti-tumour
effects of trastuzumab and significantly lowered the concentrations of trastuzumab needed to kill
tumours in athymic mice [48]. Similar results have been observed using flaxseed with tamoxifen,
another anti-tumour drug [37].

The cellular oncotic pathways affected by flaxseed and its bioactive components include a
modulation of estrogen metabolism [36], an inhibition of cellular proliferation, angiogenesis, metastasis
and inflammation, as well as a stimulation of apoptosis within the tumour [36,38,41–43,45,46].
The molecular targets for the anti-tumour actions of flaxseed and its bioactive components include a
suppression of the phosphorylation of p-AKT, p-ERK and p-JNK kinases (resulting in a general slowing
of the MAPK pathways) [43,46], inhibition of CDK4 [45], down regulation of multiple miRNAs [44],
decreased expression of mRNAs for Bcl2, cell cycle proteins, ERalpha and beta and epidermal and
insulin-like growth factor receptors [46].

It would appear that increasing our understanding of the value of dietary flaxseed, flax oil and
SDG in this field and its efficacy in human trials may be a profitable avenue of future study. As in the
case of the effects of flaxseed and its bioactive constituents in cardiovascular disease, it would appear
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that sufficient data already exists for the institution of these dietary therapies in specific cases of cancer
prevention and treatment.

6. Dietary Flaxseed and the Brain

The critical role that omega-3 fatty acids obtained from marine sources play in brain development is
well known [49]. This work has focused in the past primarily on the omega-3 fatty acids docosahexaenoic
acid (DHA) and eicosapentaenoic acid (EPA). Whereas research has established an essential role for
DHA in pre- and post-natal brain development [49,50], EPA appears to modulate behaviour and
mood [50]. A loss of brain DHA content has been associated with poorer performance in spatial and
learning tasks [51].

These data suggest that another omega-3 fatty acid, ALA, which is enriched in flaxseed, may have
similar functional significance for the brain. When mothers of rats were fed flaxseed during pregnancy,
the brains of newborn pups were heavier and contained significantly greater amounts of both ALA
and DHA [52]. In pups given milled flaxseed or flaxseed oil soon after birth, these pups showed higher
brain mass, demonstrating the value of milled flaxseed particularly in contributing to early postnatal
brain development [53]. However, although dietary flaxseed may improve brain development and
spatial memory, research has cautioned that the diet may depress body growth due to an imbalance
between omega-3 and omega-6 fatty acid levels [54].

Dietary flaxseed may also improve aspects of brain function during conditions of neural
disease. Maternal intake of flaxseed prevented depressive symptoms in offspring and demonstrated
neuroprotection during experimental neonatal hypoxic-ischemic encephalopathy by lessening brain
mass loss together with improvements in motor hyperactivity and spatial memory [55]. In mice exposed
to chronic mild stress, dietary flaxseed reduced all parameters of chronic stress [56]. Supplementation
to the diet with flaxseed lignans like SDG have shown anti-depressant-like effects in mice subjected to
chronic stress [57] and demonstrated protective effects in cortical neurons against NMDA-induced
neurotoxicity [58].

7. Dietary Flaxseed and Female Hormonal Status

Dietary flaxseed may also exhibit a protective effect against menopausal symptoms [59]. Several
studies have examined the effects of flaxseed or its bioactive ingredients on the quality of life and the
frequency and severity of hot flashes in post-menopausal women. The estrogenic action of certain
metabolites of flaxseed suggested a potentially positive effect on these post-menopausal symptoms.
In a study of 140 postmenopausal women, menopausal symptoms decreased and the quality of life
increased in women who ingested a flaxseed supplemented diet [60]. A particularly large trial (199
women) of an unusually long duration (1 year) on a high dose of flaxseed (40 g per day) reported a
significant decrease in menopausal symptoms, but this effect did not differ from the control group
that ingested a wheat germ placebo [8]. Another study reported similar inconclusive evidence of a
positive effect of flaxseed on menopausal symptoms with up to 90 g of flaxseed per day [61]. Further
randomized controlled trials and systematic reviews of clinical trials found no significant effect of
flaxseed on quality of life or hot flashes during menopause [62–65]. It is concluded that randomized,
placebo-controlled trials are necessary to determine conclusive effects on menopausal symptoms. When
carefully controlled trials are carried out in this manner, it would appear that flaxseed does not induce
a significant effect on quality of life or the incidence and severity of hot flashes in menopausal women.

Caution has been advised for flaxseed consumption during pregnancy and lactation. SDG and
flaxseed oil given to pregnant rats have shown opposite effects on total fat mass of the body. SDG
administration resulted in higher fat mass, whereas flaxseed oil lowered fat mass. Furthermore, flax oil
also reduced serum and milk triglyceride and cholesterol levels in female rats during lactation [66,67].
Similarly, male and female pups of mothers supplemented with flaxseed oil exhibited lower body
fat mass and triglyceride levels [66,67]. With such changes in maternal and offspring biochemical
parameters, it may be prudent to exercise caution when using flaxseed or its components in pregnancy.
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However, as no other studies have reported similar changes, randomized, placebo-controlled trials in
pregnant subjects are warranted to provide any conclusive evidence.

Postmenopausal women are at an increased risk of osteoporosis. In a short 6 weeks study by
Arjmandi et al [68], a slightly lower bone resorption marker (tartrate-resistant acid phosphatase) was
observed in postmenopausal women receiving flaxseed. However, no influence was reported when
using anabolic bone agents. Conversely, most studies have shown no effect of flaxseed consumption
on bone mineral density, bone mineral content or bone turnover in postmenopausal women [69].
In an animal model, flaxseed supplementation resulted in an additional benefit when combined
with estrogen therapy. Flax oil rich in ALA showed a positive effect on bone health, particularly in
pathological conditions such as obesity and kidney disease. ALA may be more responsible for this
improvement in osteoporotic bone conditions than the estrogenic lignan content of flaxseed [69].

8. Dietary Flaxseed and Skin Health

A 12 week, randomized, double-blinded study on healthy female volunteers with sensitive skin
reported a positive improvement in skin properties with the ingestion of flaxseed oil. A significant
decrease was noted in skin sensitivity, transepidermal water loss, skin roughness and scaling, with
an increase in skin hydration and smoothness [70]. ALA was identified as the main bioactive
responsible for these effects on skin and aging. Compared to a younger population, older individuals
have higher concentrations of proinflammatory oxylipins including 5-HETE, 9,10,13-TriHOME and
9,12-13-TriHOME, which could explain higher levels of inflammation in this older demographic [71].
Dietary supplementation of flaxseed has been shown to correct the balance of pro- and anti-inflammatory
oxylipins and thus may exert a healthy effect on aging [71].

9. Dietary Flaxseed and Gastro-Intestinal Health

The influence of the microbiome on human and animal health is receiving increasing attention
from the research community [72]. However, our understanding of the impact of dietary flaxseed
on the gut microbiome in either healthy or diseased populations is limited. It was known that the
lignans that are unusually high in content within flaxseed need to be metabolized by intestinal bacteria
in order to gain access to the systemic circulation in humans. The production of enterolignans like
enterodiol and enterolactone from SDG is best generated from milled flaxseed and defatted flaxseed
meal, in comparison to a variety of other foods that contain SDG [73]. This intestinal metabolism is
accomplished via the biotransformative action of specific intestinal bacteria [74] including Ruminococcus
bromii and Ruminococcus lactaris [75]. Others have found Lactobacillus casei and Lactobacillus acidophilus
were important for the digestion of whole flaxseed in order to increase enterodiol bioaccessibility [76].

Early studies have shown the capacity of flaxseed supplementation in the diet to alter the bacterial
flora in the intestines of animals. For example, flaxseed supplemented to the diet of mice will alter
Enterobacteriaceae diversity and prevalence in the feces and cecum [77]. Power and colleagues [78]
showed that a flaxseed supplemented diet will alter the microbial microenvironment in the colon
with a 20-fold increase in Prevotella spp. and a 30-fold decrease in Akkermansia muciniphila abundance.
Others have shown that a combined high fat, flaxseed and fish oil supplemented diet increased the
abundance of intestinal Bifidobacterium [79].

Changes in specific bacteria in the microbiome may have implications on disease progression
(Figure 3). Dietary flax oil consumption can, under some conditions, reduce the presence of Proteobacteria
and Porphyromonadaceae in the gut microbiome, which may have a positive impact on alcoholic liver
disease [80]. Defatted flaxseed meal (which is a partially delipidated form of flaxseed) reduced
the appearance of aberrant crypt foci in the colon of mice through an increase in the expression
of Bifidobacterium [81]. Daily intake of flaxseed mucilage resulted in changes in the abundance
of 33 different metagenomics species in the gut microbiota, including eight different species of
Faecalibacterium. This altered insulin sensitivity in these women [82]. These data contrast with those of
Lagkouvardos et al [75], who found that flaxseed did not significantly change the fecal microbiome
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nor the abundance of the dominant bacterial species present. Others have also challenged the efficacy
of dietary flaxseed to alter the appearance of disease based upon a change in the gut microbiome.
For example, a 5% flaxseed supplemented diet had no protective effect against the development of
intestinal tumours [83]. Caution in the use of flaxseed in the diet has also been introduced by the
results of Maatanen and co-workers, who showed that whereas a reduced fat diet could protect against
colitis, the high levels of PUFAs provided by flaxseed supplementation to the diet diminished these
beneficial effects [84].Nutrients 2019, 11, x FOR PEER REVIEW 9 of 15 
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The potential for dietary flaxseed to replace or reduce the use of constipation medication in
different populations at risk (the elderly, the ill, in personal health care homes, etc.) and the reduction
in side-effects associated with conventional constipation medication is worthy of study. Two recent
randomized trials have generated results of great interest for the introduction of flaxseed into diets for
relief from constipation. In the first trial [30], flaxseed baked into cookies was ingested in constipated
patients with Type 2 diabetes. They found the flaxseed reduced constipation symptoms, weight, fasting
plasma glucose, triglycerides and LDL and HDL cholesterol levels. In a subsequent trial using the
same type of patient population, flaxseed affected all of these parameters once again and, importantly,
was superior in its capacity to reduce constipation symptoms to psyllium [85]. Flaxseed may also be of
use in reducing the symptoms of irritable bowel syndrome; however, further research is required [86].
Flaxseed oil was also beneficial in reducing experimental diarrhea [87].

The mechanism of action of flaxseed in stimulating fecal output during constipation clearly lies
largely with its high fiber content. It is not surprising, therefore, that even partially defatted flaxseed
meal was a valuable laxative in both normal and constipated condition [78]. However, flaxseed oil has
been shown to act on intestinal muscarinic receptors and blocks K+ channels [77], actions that would
both lead to modifications of intestinal motility.

10. Toxicity of Flaxseed

Although no toxicity has ever been reported in clinical studies with dietary supplementation
of flaxseed, some compounds within flaxseed such as cyanogenic glycosides and linatine have
been identified as potential toxic compounds. Cyanogenic glycosides such as linamarin, linustatin,
neolinustatin, lotaustralin and amygdalin are nitrogenous secondary plant metabolites [3]. These
compounds are not exclusively found in flaxseed, but are also present in other food items including
apples, spinach and cassavas [88–90]. The glycoside is converted by intestinal β-glycosidase to
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cyanohydrin, which then decomposes to hydrogen cyanide [90]. In flaxseed, this process is catalyzed
by two distinct enzymes: linustatinase and linamarase β-glucosidase [90]. Hydrogen cyanide could
cause acute cyanide poisoning, which may place the respiratory and nervous system at risk [3]. However,
no increase in plasma cyanide levels above baseline have been observed with the consumption of
15–100 g of flaxseed [90]. The linustatin and neolinustatin found in flaxseed are thought to be the lowest
cyanide producers compared to other cyanogenic glycosides. This is because flaxseed glycosides have
a gentiobiose moiety that needs to be hydrolyzed to glucose. The cyanohydrin formed by metabolism
is highly stable [90], which, therefore, resists any spontaneous decomposition to hydrogen cyanide.
Theoretically, 1–2 tablespoons of flaxseed will produce approximately 5–10 mg of hydrogen cyanide
after ingestion. This is highly unlikely to cause toxicity for three reasons: a) 50–60 mg dose of cyanide
is required to cause acute toxicity; b) the human body can routinely detoxify up to 100 mg/day of
cyanide [3,89] and c) cooking destroys cyanide (cyanide is heat labile [91]). Human studies with
50 g/day flaxseed did not increase urinary thiocyanate levels [3]. Based on these data, humans
would need to consume the unrealistic amount of 1 kg of flaxseed daily for cyanide toxicity to ever
manifest itself.

Another potentially toxic compound is linatine (antipyridoxin factor), which has been identified
as a vitamin B6 antagonist in chicks [89]. However, flaxseed has never been shown to induce vitamin
B6 deficiency in clinical studies [91]. Other compounds such as phytic acid and trypsin inhibitor
have also been suggested to induce negative effects on the nutritional status after flaxseed ingestion.
However, once again, no studies have reported any alterations in zinc status due to phytic acid, or
any difference in trypsin inhibitor activity in flaxseed compared with canola or soybean seeds [89,91].
In conclusion, it is important to recognize that no definitive scientific data have been produced to
support the concept of toxicity from dietary flaxseed because of any of these compounds.

11. Conclusions

Supplementation of the diet with milled flaxseed has many healthy benefits to the body. Although
cardiovascular disease and canceer are probably the best researched areas that have shown convincing
evidence of a beneficial action for dietary flaxseed, other areas like gastro-intestinal health and diabetes
have also been receptive to the beneficial effects of dietary flaxseed. Other areas in human health
require further research to make definitive conclusions but the preliminary data is encouraging. With
little or no evidence of toxicity for dietary supplementation with flaxseed, there appears to be a clear
argument to support its inclusion in the daily diet and little reason to oppose it.
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Insulin-like growth factor-1 activates AMPK to
augment mitochondrial function and correct
neuronal metabolism in sensory neurons in type
1 diabetes
Mohamad-Reza Aghanoori 1,2, Darrell R. Smith 1, Shiva Shariati-Ievari 5, Andrew Ajisebutu 1, Annee Nguyen 3,
Fiona Desmond 3, Carlos H.A. Jesus 3, Xiajun Zhou 3, Nigel A. Calcutt 3, Michel Aliani 4,5,6,
Paul Fernyhough 1,2,*
ABSTRACT

Objective: Diabetic sensorimotor polyneuropathy (DSPN) affects approximately half of diabetic patients leading to significant morbidity. There is
impaired neurotrophic growth factor signaling, AMP-activated protein kinase (AMPK) activity and mitochondrial function in dorsal root ganglia
(DRG) of animal models of type 1 and type 2 diabetes. We hypothesized that sub-optimal insulin-like growth factor 1 (IGF-1) signaling in diabetes
drives loss of AMPK activity and mitochondrial function, both contributing to development of DSPN.
Methods: Age-matched control Sprague-Dawley rats and streptozotocin (STZ)-induced type 1 diabetic rats with/without IGF-1 therapy were
used for in vivo studies. For in vitro studies, DRG neurons from control and STZ-diabetic rats were cultured and treated with/without IGF-1 in the
presence or absence of inhibitors or siRNAs.
Results: Dysregulation of mRNAs for IGF-1, AMPKa2, ATP5a1 (subunit of ATPase), and PGC-1b occurred in DRG of diabetic vs. control rats.
IGF-1 up-regulated mRNA levels of these genes in cultured DRGs from control or diabetic rats. IGF-1 treatment of DRG cultures significantly
(P < 0.05) increased phosphorylation of Akt, P70S6K, AMPK and acetyl-CoA carboxylase (ACC). Mitochondrial gene expression and oxygen
consumption rate (spare respiratory capacity), ATP production, mtDNA/nDNA ratio and neurite outgrowth were augmented (P < 0.05).
AMPK inhibitor, Compound C, or AMPKa1-specific siRNA suppressed IGF-1 elevation of mitochondrial function, mtDNA and neurite
outgrowth. Diabetic rats treated with IGF-1 exhibited reversal of thermal hypoalgesia and, in a separate study, reversed the deficit in corneal
nerve profiles. In diabetic rats, IGF-1 elevated the levels of AMPK and P70S6K phosphorylation, raised Complex IV-MTCO1 and Complex
V-ATP5a protein expression, and restored the enzyme activities of Complex IV and I in the DRG. IGF-1 prevented TCA metabolite build-up
in nerve.
Conclusions: In DRG neuron cultures IGF-1 signals via AMPK to elevate mitochondrial function and drive axonal outgrowth. We propose that this
signaling axis mediates IGF-1-dependent protection from distal dying-back of fibers in diabetic neuropathy.

� 2018 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords IGF-1; AMPK; Axon regeneration; Diabetic neuropathy; Oxygen consumption rate
1. INTRODUCTION

Diabetic sensorimotor polyneuropathy (DSPN) frequently presents with
a stocking and glove distribution that is proposed to reflect the dying
back of the longest peripheral nerve fibers. Incidence can range from
10% to 90% in diabetic patients, depending on the criteria and
methods used to define neuropathy [1]. In humans and animal models
of type 1 and type 2 diabetes, the level of available insulin-like growth
factor-1 (IGF-1) in serum is substantially decreased, primarily a
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consequence of suppressed expression in the liver [2e5]. Thus,
impaired neurotrophic support by insulin signaling and insulin-like
growth factors (IGF-1 and IGF-2) have been proposed to contribute
to neurodegeneration in diabetes [6e8]. In addition to a critical role for
IGF-1 during nervous system development and early postnatal growth
[9], IGF-1 promotes neurite outgrowth in sensory [10,11], motor [12]
and sympathetic [9,11] neurons. Further, Schwann cells also require
IGF-1 and IGF type 1 receptor signaling for survival, motility, cell
proliferation and phenotypic remodeling and myelination [13e16].
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Following peripheral nerve injury, the local or systemic delivery of IGF-
1 improves the rate of sciatic nerve regeneration in age matched
control or streptozotocin (STZ)-induced type 1 diabetic rats [5,17,18].
Hyperalgesia was also prevented/reversed in STZ-induced diabetic
rats treated with IGF-1 [19]. Lumbar intrathecal injection of IGF-1
reversed indices of neuropathy including the deficit in intra-
epidermal nerve fiber (IENF) density, sural nerve axonal degenera-
tion, and reduced sensory and motor nerve conduction velocities in
STZ-induced type 1 diabetic rats [20,21]. Adenovirus-mediated IGF-1
expression via an intrathecal route or through the liver improved nerve
regeneration, myelination, and motor and sensory nerve conduction
velocities in mouse models of diabetic neuropathy [22,23]. Finally, IGF
binding protein 5, an endogenous inhibitor of IGF-1 action, is up-
regulated in sural nerve biopsies from persons with diabetic neurop-
athy, and its over-expression in transgenic mice induced motor and
sensory neuropathy [24]. Thus, there is extensive evidence of the
therapeutic potential of IGF-1 in animal models of diabetes. However,
less is known about the cellular mechanisms by which IGF promotes
neuroprotection in diabetes.
IGF type 1 receptor mobilizes two widely known pathways, the Akt/
phosphoinositide-3 kinase (PI-3K) and the mitogen-activated protein
(MAP) kinase pathways, mediated by insulin receptor substrate (IRS) 1
and IRS 2 phosphorylation following ligand binding [25,26]. The Akt/PI-
3K pathway activates the mammalian target of rapamycin (mTOR)
pathway, which directs protein synthesis and cell growth via down-
stream effectors, P70S6K and 4E-binding protein 1 (4E-BP1) [26]. The
MAPK pathway incorporates activation of extracellular signal-regulated
kinase (ERK)-1/2 and target transcription factors such as Elk-1 to
regulate cell survival [25]. IGF-1 also activates AMP-activated protein
kinase (AMPK) during osteoblast differentiation [27]. The AMPK-a
subunit is phosphorylated and activated by IGF-1 in an ataxia telan-
giectasia mutated (ATM)-dependent manner in a human pancreatic
cancer cell line [28]. Alternatively, IGF-1 suppresses AMPK activity in
vascular smooth muscle cells mediated through Akt1 which phos-
phorylates an inhibitory site on AMPK at S485 [29]. Any or all of these
pathways could be pertinent to the neuroprotective actions of IGF-1
against diabetic neuropathy.
It may be particularly pertinent that IGF-1 activates AMPK as the AMPK/
peroxisome proliferator-activated receptor g co-activator 1-a (AMPK/
PGC-1a) energy sensing pathway augments mitochondrial function in
a range of cell types [30]. A well-characterized upstream activator of
AMPK is Ca2þ/calmodulin-dependent protein kinase kinase b
(CaMKKb) [31]. A small range of studies have demonstrated that IGF-1
can regulate cellular metabolism and bioenergetics in neurons and
astrocytes and protect against Huntington’s disease [32e35]. In hu-
man tissues derived from persons with diabetes there is down-
regulation of the AMPK/PGC-1a pathway [36,37]. In animal models
of DSPN, the levels of expression and activity of AMPK and PGC-1a are
also significantly depressed in the dorsal root ganglia (DRG). Under
hyperglycemic conditions it has been proposed that nutrient stress
triggers this down-regulation of AMPK [38]. However, the mechanistic
interactions between IGF-1, AMPK and mitochondrial function are
poorly defined and the contribution of impaired IGF-1 signaling and
associated pathways to the pathogenesis of DSPN remain to be
characterized. We therefore investigated whether exogenous IGF-1
could optimize AMPK activity and mitochondrial function to promote
axonal repair in sensory neurons derived from the DRG of rodents with
type 1 diabetes and combined this with assessment of the impact of
IGF-1 on indices of small sensory fiber neuropathy in two rodent
models of type 1 diabetes.
2 MOLECULAR METABOLISM xxx (xxxx) xxx � 2018 The Authors. Published by Elsevier GmbH. T
2. MATERIALS AND METHODS

2.1. Induction of type 1 diabetes
Male Sprague-Dawley rats were obtained from a breeding colony at
the University of Manitoba at a weight of 201e225 g and maintained 2
per cage on Sani-Chips bedding (P.J. Murphey, Montville, NJ, USA) in a
Canadian Council of Animal Care (CCAC)-accredited vivarium under a
12 hr light:dark cycle with free access to diet (5001, LabDiet with fat
content of not less than 4.5%, MO, USA) and municipal water. A
randomly selected cohort of rats (275e325 g) were made diabetic
(non-fasting blood glucose > 19 mmol/l) by a single 90 mg/kg i.p.
injection of STZ (Sigma, St. Louis, MO, USA) as previously described
[39]. A randomly selected cohort (N ¼ 12) of 3-month STZ-induced
diabetic rats received thrice-weekly subcutaneous injections of
20 mg IGF-1 (recombinant human, Preprotech Inc., Rocky Hill, NJ, USA)
per rat between 9 AM and 11 AM as previously described [40] for 11
weeks. Fasting blood glucose concentration was monitored half way
through the injection period and at study end using an AlphaTRAK
glucometer (Abbott Laboratories, Illinois, USA) to ensure that IGF-1
injection did not affect hyperglycemia. At the end of 24 weeks,
blood glucose, glycated hemoglobin (HbA1c Multi-test system,
HealthCheck Systems, Brooklyn, NY, USA) and body weight were
recorded before tissue collection (Supplemental Table 1). No rats died
during the study period, no rats required insulin supplementation to
offset extreme weight loss, and, at study end, all STZ-injected rats
remained hyperglycemic (non-fasting blood glucose > 19 mmol/l).
Animal procedures were approved by the University of Manitoba Ani-
mal Care Committee and followed CCAC rules.

2.2. Hind paw thermal sensitivity test in adult rats
Hind paw thermal response latencies were measured using a Har-
greaves apparatus (UARD, La Jolla, CA, USA) as previously described
[41]. Briefly, between 9 AM and 3 PM, rats were placed in plexiglass
cubicles on top of the thermal testing system. The heat source was
placed below the middle of one of the hind paws and latencies of the
paw withdrawal to the heat source were automatically measured.
Response latency of each paw was measured three times at 5 min
intervals and the mean values were determined.

2.3. Intra-epidermal nerve fiber density in hind paw footpads
The plantar dermis and epidermis of the hind paw were removed and
placed in 4% paraformaldehyde. Tissue was coded, processed to
paraffin blocks, cut as 6 mm sections, immunostained using an
antibody to PGP 9.5 (1:1000, Biogenesis Ltd. Poole, UK) and the
number of immunoreactive IENF and sub-epidermal nerve profiles
(SNP) per unit length quantified under light microscopy [41].

2.4. Corneal nerve density
Adult (20e30 g) female Swiss Webster mice (Envigo, CA, USA) were
maintained 3e4 per cage on TEK-Fresh bedding (7099, Envigo) in an
AALAC-accredited vivarium under a 12hr light:dark cycle with free
access to diet (5001, LabDiet, MO, USA) and municipal water. A
randomly selected cohort of mice was made diabetic (non-fasting
blood glucose >15 mmol/l) by injection of STZ (75 mg/kg i.p. on 2
consecutive days) following overnight fast. This cohort was maintained
untreated for 8 weeks, along with the remaining age- and sex-
matched control mice. After 8 weeks of diabetes, the cohort was
divided into 2 groups of mice, one of which (N ¼ 10) received daily
delivery of IGF-1 to one eye by eye-drop (50 ml of 25 ng/ml solution in
0.9% saline) while the other diabetic group (N ¼ 9) and the control
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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group (N ¼ 9) received saline vehicle alone. Treatment was given
between 8 and 10 am each day to manually restrained unanesthetized
animals in their home cage and continued for 4 weeks. No mice died
during the study period, and, at study end, all STZ-injected mice
remained hyperglycemic (non-fasting blood glucose >15 mmol/l).
Corneal nerves of the sub-basal nerve plexus were imaged in
isofluorane-anesthetized mice at 3 time points: before onset of dia-
betes, at week 8 of diabetes, and after 4 weeks of treatment using a
Heidelberg Retina Tomograph 3 with Rostock Cornea Module (Hei-
delberg Engineering, Heidelberg, Germany). Images were collected
from randomly selected animals by an investigator unaware of the
treatment groups and the image stack from each animal was coded.
Nerve occupancy of 5 consecutive images (2 mm intervals) of the cornea
between the superficial corneal epithelium and the stroma was
calculated using an 8 � 8 grid superimposed on randomized and
coded images [42], as described in detail elsewhere [41]. These studies
were carried out using protocols approved by the Institutional Animal
Care and Use Committee of the University of California, San Diego.

2.5. Adult DRG sensory neuron culture
DRGs were isolated from adult male Sprague-Dawley (300e350 g)
rats and dissociated using previously described methods [43]. Neurons
were cultured in no-glucose Hams F12 media supplemented with
Bottenstein’s N2 without insulin (0.1 mg/ml transferrin, 20 nM pro-
gesterone, 100 mM putrescine, 30 nM sodium selenite 0.1 mg/ml BSA;
all additives were from Sigma, St Louis, MO, USA; culture medium was
from Caisson labs, USA). DRG neurons from control rats were cultured
in the presence of 5 mM D-glucose and DRG neurons derived from
STZ-induced diabetic rats with 25 mM D-glucose. No neurotrophins or
insulin was added to any DRG cultures. The following pharmacological
inhibitors were used: Compound C, a selective and reversible AMPK
inhibitor (Abcam, Cambridge, MA, USA), MK-2206, a highly selective
pan-Akt inhibitor (Santa Cruz Biotechnology, Texas, USA), U0126, a
selective non-competitive inhibitor of MAP kinase kinase (Abcam,
Cambridge, MA, USA), and STO-609, a selective CaMKKb inhibitor
(Santa Cruz Biotechnology, Texas, USA).

2.6. AMPK isoform-specific knockdown
DRG neurons were dissociated and subjected to AMPK isoform-
specific knockdown according to the instruction manual of the
Amaxa� Rat Neuron Nucleofector Kit (Lonza Inc., Basel, Switzerland).
Briefly, the neuron pellet was resuspended at room temperature in
100 ml of Nucleofector� solution with 200 nM siRNA specific to
AMPKa1, 50-CGAGUUGACUGGACAUAAATT-3’ (siRNA ID:194424,
Thermo Scientific, Pittsburgh, PA, USA), or AMPKa2, 50-GGUUGA-
CAAUCGGAGCUAUTT-3’ (siRNA ID:s134962, Thermo Scientific, Pitts-
burgh, PA, USA), or a scrambled siRNA (Cat #:4390843, Thermo
Scientific, Pittsburgh, PA, USA) as a negative control. The suspension
was transferred into a certified cuvette and Nucleofector� program O-
003 on Amaxa Nucleofector machine (Lonza Inc., Basel, Switzerland)
was used to electroporate/transfect the cells with the corresponding
siRNA. Neurons were then plated for further experimentation.

2.7. Luciferase-based ATP assay in DRG culture
To measure ATP production by DRG neurons, Luminescent ATP
detection assay kit (ab113849: Abcam, Cambridge, MA, USA) was
used. In brief, cultured DRG neurons and an ATP standard dilution
series were treated with detergent supplied in the kit and shaken for
5 min. A solution containing D-Luciferin and firefly luciferase were
added to the reaction mix and shaken on a plate stirrer for 5 min. After
10 min adaptation to the dark, luminescence from luciferase activity
MOLECULAR METABOLISM xxx (xxxx) xxx � 2018 The Authors. Published by Elsevier GmbH. This is an open acce
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was measured and recorded using the Glomax-multi detection system
(Promega, Wisconsin, USA). A standard curve was plotted and lumi-
nescent units from each sample were interpolated in order to calculate
the absolute ATP concentration per mg of total protein lysate.

2.8. Quantitative Western blotting
Rat DRG neurons were harvested from culture or isolated intact from
adult rats and then homogenized in ice-cold RIPA buffer containing:
25 mM Tris pH ¼ 8, 150 mM NaCl, 0.1% SDS, 0.5% sodium deox-
ycholate, 1% Triton X-100 and protease phosphatase inhibitors. Pro-
teins (2e20 mg total protein/lane) were resolved and separated via
10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE). The proteins were subsequently transferred to a nitro-
cellulose membrane (Bio-Rad, CA, USA) using Trans-Blot Turbo
Transfer System (Bio-Rad, CA, USA) and immunoblotted with specific
antibodies against pP70S6K T389 (1:1000, Cell Signaling Technology,
Massachussetts, USA), pAkt S473 (1:1000, Santa Cruz Biotechnology,
Texas, USA), total Akt (1:1000, Abcam, Cambridge, MA, USA), pAMPK
T172 (1:1000, Cell Signaling Technology, Massachussetts, USA), total
AMPK (1:800, Santa Cruz Biotechnology, Texas, USA), total OXPHOS
(1:2000, MitoSciences, Abcam, Cambridge, MA, USA), PGC-1a
(1:1000, Abcam), pACC S79 (1:1000, Cell Signaling Technology,
Massachussetts, USA) and total ERK (1:1000, Santa Cruz Biotech-
nology, Texas, USA). Of note, total protein bands were captured by
chemiluminescent imaging of the blot after gel activation (TGX Stain-
Free� FastCast Acrylamide Solutions, Bio-Rad, CA, USA) in addition to
the use of T-ERK levels for target protein normalization (to adjust for
loading). The secondary antibodies were HRP-conjugated goat anti-
rabbit IgG (H þ L) or goat anti-mouse IgG (H þ L) from Jackson
ImmunoResearch Laboratories, PA, USA. The blots were incubated in
ECL Advance (GE Healthcare) and imaged using a Bio-Rad ChemiDoc
image analyzer (Bio-Rad, CA, USA).

2.9. Real-time PCR array
RNA was extracted from cultured neurons or previously frozen tissue
samples using TRIzol� Reagent (Invitrogen, California, USA). Com-
plementary DNA (cDNA) was synthesized from RNA samples by using
the iScript� gDNA Clear cDNA Synthesis Kit (Bio-Rad, CA, USA) ac-
cording to the manufacturer’s instructions. Quantitative real-time PCR
(QRT-PCR) was performed using iQ� SYBR� Green Supermix (Bio-
Rad, CA, USA) or Bright Green Master mix (Abmgood Co., Richmond,
Canada) compatible with the iQ5 Cycler machine (Bio-Rad, CA, USA).
The DDCt method was used to quantify gene expression. The mRNA
level of GAPDH and B2m were used for normalization.

2.10. Mitochondrial DNA/Nuclear DNA (mtDNA/nDNA) ratio
Total DNA was extracted from DRGs by using a modified salting-out
DNA extraction method and subjected to QRT-PCR using iQ�
SYBR� Green Supermix (Bio-Rad, CA, USA). To calculate mtDNA/nDNA
ratio, we designed primers specific to D-loop regions on rat mito-
chondrial DNA, and to ApoB and B2m genes on the rat nuclear DNA.
PCR product size and specificity were validated using melt curve and
4% agarose gel (Supplementary Figure 1A and B).

2.11. Mitochondrial respiration in cultured neurons
An XF24 analyzer (Seahorse Biosciences, Billerica, MA, USA) was used
to measure the basal level of mitochondrial oxygen consumption rate
(OCR), the maximal respiration, the spare respiratory capacity and the
coupling efficiency. In short, DRG culture medium was changed 1 h
before the assay to unbuffered DMEM (Dulbecco’s modified Eagle’s
medium, pH 7.4) supplemented with 1 mM sodium pyruvate, and
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5 mM D-glucose. For diabetic rat DRG cultures, 25 mM D-glucose was
used. Four mitochondrial complex inhibitors including oligomycin
(1 mM), FCCP (1 mM) and rotenone (1 mM) þ antimycin A (1 mM) were
injected sequentially through ports in the Seahorse Flux Pak cartridges.
Oligomycin acts as an irreversible ATP synthase inhibitor, FCCP as an
uncoupler, rotenone as Complex I inhibitor, and antimycin A as an
inhibitor of Complex III of the mitochondrial electron transport system.
After OCR measurement, cells were subjected to protein assay (DC
protein assay, BioRad, USA) for normalization purpose and, in some
cases, Western blotting. OCR measures from each well were
normalized to total protein levels and are presented as pmoles/min/mg
protein.

2.12. Neurite outgrowth in DRG cultures
DRG neurons were cultured on glass coverslips. Then, they were fixed
with 4% paraformaldehyde in PBS (pH 7.4) for 15 min at room tem-
perature then permeabilized with 0.3% Triton X-100 in PBS for 5 min.
Neurons were incubated with 5% BSA in PBS for 1 h and with neuron-
specific b-tubulin III antibody (1:1000; from Sigma, St Louis, MO, USA)
overnight. Following three washes with PBS, cells were incubated with
Cy3-conjugated secondary antibody (1:1000, Jackson ImmunoR-
esearch Laboratories Inc., PA, USA) for 1 h at room temperature.
Coverslips were mounted on slides using VECTASHIELD antifade
mounting medium with DAPI (Vectorlabs, Inc., CA, USA) and imaged
using a Carl Zeiss Axioscope-2 upright fluorescence microscope
equipped with AxioVision3 software. The fluorescent signal was
collected as total pixel area for neurites and was measured by the high
throughput NeurphologyJ plugin in ImageJ software after image
enhancement. Total pixel area was normalized to number of cell bodies
to calculate total neurite outgrowth per neuron.

2.13. Mitochondrial isolation and enzymatic activity of respiratory
complexes I and IV in DRG
DRG tissues were homogenized in mitochondrial isolation buffer (MIB)
consisting of 70 mM sucrose, 210 mM mannitol, 5.0 mM HEPES PH
7.2, 1.0 mM EGTA, and 0.5% (w/v) fatty acid free BSA using a Dounce
homogenizer. Supernatant from a double centrifugation of the tissue at
800 g for 15 min was centrifuged twice at 8000 g for 10 min and the
pellet subjected to enzymatic activity assays. Enzymatic activity of
cytochrome c oxidase (a subunit of Complex IV of the mitochondrial
electron transport system) was measured by a temperature controlled
Ultrospec 2100 UVevisible spectrophotometer equipped with Bio-
chrom Swift II software (Biopharmacia Biotech). Briefly, 0.02% lauryl
maltoside was mixed with 10 mg purified mitochondria and incubated
for 1 min before addition of 40 mM reduced cytochrome c and 50 mM
KPi to the mixture. The resulting absorbance decrease of reduced
cytochrome c at 550 nm was monitored for 2 min [44]. Enzymatic
activity of mitochondrial Complex I was measured according to the
instruction manual of the kit (Cat #:K968-100, BioVision, California,
USA). Data was collected at 5 min by reading the absorbance of the
mixture (10 mg mitochondria, Complex I assay buffer, Decylubiquinone
and Complex I dye) at 600 nm using a Ultrospec 2100 UV-visible
spectrophotometer and the kinetic reduction of Complex I dye was
calculated as Complex I activity.

2.14. Metabolomic analysis of nerve
The tibial nerve tissue from rats was utilized for biochemical ana-
lyses. The nerve (10e30 mg) was homogenized with 500 ml ultra-
pure water (Milli-Q H2O, EMDMillipore, Billerica, USA) using a bead
homogenizer (Omni Bead Ruptor 24, OMNI, USA). The same volume
of methanol (500 ml) was added to the homogenized tissue, and the
4 MOLECULAR METABOLISM xxx (xxxx) xxx � 2018 The Authors. Published by Elsevier GmbH. T
mixture was vortexed, sonicated and centrifuged at 10500 g for
5 min. The supernatant was dried under a gentle flow of nitrogen,
and reconstituted in 100 ml deionized water:methanol (1:1) con-
taining 150 ng of each of the following internal standards: L-Tryp-
tophan-d5, L-Valine-d8, L-Alanine-d4, L-Leucine-d10, Citric Acid-d4
and D-Fructose (all from Sigma, USA). Metabolomics analysis was
performed on a 1290 Infinity Agilent high performance liquid chro-
matography (HPLC) system coupled to a 6538 UHD Accurate Quad-
rupole time-of-flight liquid chromatography/mass spectrometry (Q-
TOF LC/MS) from Agilent Technologies (Santa Clara, CA, USA)
equipped with a dual electrospray ionization source as described
elsewhere [45]. A Zorbax SB-Aq 4.6 � 100 mm, 1.8 U, 600 bar
column (Agilent Technologies) was used to separate metabolites
while the column temperature was maintained at 55 �C. In brief, a
sample size of 2 ml was injected into the Zorbax column by main-
taining the HPLC flow rate at 0.6 ml/min. The mass detection was
operated using dual electrospray with reference ions of m/z
121.050873 and 922.009798 for positive mode, and m/z 119.03632
and 980.016375 for negative mode. Targeted MS/MS mode was
used to identify potential biomarkers using Agilent MassHunter
Qualitative (MHQ, B.07) and Mass Profiler Professional (MPP, 12.6.1).
The Molecular Feature Extraction (MFE) parameters were set to allow
the extraction of detected features satisfying absolute abundances of
more than 4000 counts. The data were normalized using a percentile
shift algorithm set to 75 and were adjusted to the baseline values of
the median of all samples.

2.15. Statistical analysis
Data were analyzed using two-tailed Student’s t-tests or one-way
ANOVA followed by Tukey’s or Dunnett’s post hoc tests, as appro-
priate and indicated (GraphPad Prism 7, GraphPad Software). A P
value < 0.05 was considered to be significant. The HeatMap was
made using GraphPad (GraphPad Prism 7, GraphPad Software). The
metabolomics data were analyzed using One Way ANOVA (P < 0.05)
followed by Benjamini-Hochberg multiple testing corrections (Mass
Professional Profiler 12.6.1 and XLSTAT).

3. RESULTS

3.1. IGF-1 enhances mitochondrial respiration and ATP production
in cultured DRG neurons from control and diabetic rats
DRG neurons derived from control rats were cultured and treated with
IGF-1 (10 nM) for 2e24 h. This concentration of IGF-1 does not cross-
occupy the insulin receptor in neurons [46]. Mitochondrial oxygen
consumption rate (OCR) was enhanced at 24 h but not at 2 h or 6 h
(Figure 1A). Bioenergetic parameters of maximal respiration and spare
respiratory capacity were significantly (P < 0.05 and P < 0.01,
respectively) increased 24 h after IGF-1 treatment (Figure 1B).
Nevertheless, IGF-1 did not affect the corrected oligomycin-insensitive
mitochondrial respiration rate (proton leak) (Supplementary Figure 2).
IGF-1 treatment of DRG neurons derived from age-matched diabetic
rats showed up-regulation of mitochondrial maximal respiration at 2 h
and 24 h treatment. Spare respiratory capacity was elevated at least 3-
fold, although not reaching statistical significance, and respiratory
control ratio was significantly increased at 2 h and 24 h of IGF-1
treatment (Figure 1C). To confirm that the mitochondrial OCR was
reflected by similar alterations in cellular ATP production, DRG neurons
from control rats were treated with various doses of IGF-1 for 24 h and
ATP production was measured in live cells. At doses of 1, 10, and
100 nM, but not 0.1 nM, IGF-1 augmented ATP production (P < 0.05)
(Figure 1D).
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Figure 1: Mitochondrial function-related genes are dysregulated in DRG neurons from diabetic rats, and exogenous IGF-1 modulates selective transcripts and
upregulates mitochondrial respiration and ATP production in cultured adult sensory neurons. DRG neurons derived from (A, B, D) adult control or (C) diabetic rats were
treated with/without IGF-1 for 2e24 h. In (A, B, C) the culture plate was then inserted into the Seahorse XF24 Analyzer and oligomycin, FCCP and rotenone þ AA (antimycin A)
added sequentially. In (D) ATP concentration was calculated from proportional luminescent reads by a GloMax�-Multi Detection System. Data were normalized to protein con-
centration units per well prior to statistical analysis. Real-time PCR array derived mRNA levels for (F) DRG tissues or (E and G) cultured DRG neurons treated with IGF-1 for 6 h, from
control (ctrl) and diabetic (Db) rats. All mRNA levels were calculated relative to GAPDH or B2m mRNA levels using the DD Ct method. Data are mean � SEM of N¼ 3e5 replicates;
* ¼ p < 0.05 or ** ¼ p < 0.01 or *** ¼ p < 0.001 or **** ¼ p < 0.0001; analyzed by unpaired Student’s t-test or one-way ANOVA with Dunnett’s post-hoc test.
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3.2. Genes linked to mitochondrial function were dysregulated in
DRGs from control vs. diabetic rats and in vitro were up-regulated
after IGF-1 treatment
The mRNA levels of a number of genes downstream of IGF-1 signaling
that are linked to mitochondrial function, including Akt2, Akt3,
AMPKa2, UQCRC2, ATP5a1, MFN1, RHOT1, IGF-1, and Kif5B, were
down-regulated in DRG of diabetic rats when compared to control rats
(P < 0.05) (Figure 1F). Some mRNAs including those for Slc2a1
(Glut1), Ppargc1b (PGC-1b) and DNAi1 were up-regulated in DRGs of
diabetic rats (Figure 1F). IGF-1 (10 nM) treatment of cultured DRGs
from control rats for 6 h up-regulated Akt1, Akt2, Akt3, AMPKa1,
AMPKa2, IGF-1R, GSK3b, b-actin, RPS6Kb1 (P70S6K), CPT1a, Glut1,
PFKp, P53, Ppargc1a (PGC-1a), PGC-1b, Srebp1c, MFN1, Nrf1, and
VDAC1 mRNA levels when compared to untreated DRG neurons
Figure 2: IGF-1 treatment increases Akt and AMPK phosphorylation, and the express
were treated with/without 10 nM IGF-1 for (A, B) 15 min-6 h or (C, D) 2e24 h and lysate
quantified and expressed relative to total protein. Complexes I-NDUFB8 and III-UQCRC2 s
* ¼ p < 0.05 or ** ¼ p < 0.01 or *** ¼ p < 0.001 or **** ¼ p < 0.0001 vs ctrl by o
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(P < 0.05) (Figure 1E). DRGs derived from diabetic rats and treated
in vitro with IGF-1 showed a significant (P < 0.05) up-regulation in
mRNA levels of Akt1, Akt2, Akt3, AMPKa1, AMPKa2, GSK3 b, b-actin,
P70S6K, Glut1, PFKp, P53, PGC-1a, PGC-1b, UQCRC2, MTCO1,
ATP5a1, MFN1, Opa1, Drp1, Nrf1, and VDAC1 genes vs. untreated
cultured DRG neurons (Figure 1G).

3.3. IGF-1 augments AMPK, Akt, ACC phosphorylation, and
respiratory protein expression in cultured neurons from control rats
DRG neurons from age matched control rats treated with 10 nM IGF-1
exhibited elevated phosphorylation of Akt (at S473) within 15 min
(Figure 2A,B) and at 2 h this was associated with enhanced
phosphorylation of pP70S6K (a downstream substrate for P-Akt)
(Supplementary Figure 3D). IGF-1 elevated phosphorylation of AMPK at
ion of electron transport chain proteins. DRG neurons derived from adult control rats
s subjected to Western blotting. Specific proteins from each respiratory Complex were
ubunit proteins were not detectable. Data are mean � SEM of N ¼ 3e4 replicates;
ne-way ANOVA with Dunnett’s post-hoc test.
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T172 and also its phosphorylation target acetyl-Co-A carboxylase (P-
ACC) at 2 h and 6 h (Figure 2A,B). These effects were dose dependent;
with 10 nM IGF-1 giving the highest P-AMPK and P-ACC levels,
whereas 100 nM induced the highest activation of Akt (Supplementary
Figure 3A and B). Treatment for up to 24 h with 10 nM IGF-1 up-
regulated the total protein levels for AMPK and Akt (Supplementary
Figure 3C). The stimulatory effect of IGF-1 on total protein expres-
sion levels for AMPK and Akt at 6 h and 24 h was the reason we
normalized all data to total protein levels. Mitochondrial OXPHOS
proteins, components of the electron transport system (ETS), including
Complex components IV-MTCO1 and V-ATP5a were significantly
elevated after 6 he24 h of IGF-1 treatment (Figure 2C,D). IGF-1 also
elevated these same Complex proteins and Complex II-SDHB in DRG
neuron cultures derived from STZ-induced type 1 diabetic rats
(Supplementary Figure 4A and B). Overall, the impact of IGF-1 on the
level of expression of these respiratory chain proteins was greater in
the diabetic cultures compared with control age-matched cultures.
Figure 3: Compound C (AMPK inhibitor) suppresses the IGF-1 upregulation of mit
pretreated with inhibitors 2 h prior to IGF-1 treatment and maintained for 24 h. Mitochond
AMPK inhibitor, MK (MK-2206, 1 mM): Akt inhibitor and STO (STO-609, 1 mM): CaMKKb in
analysis. Data are mean � SEM of N ¼ 3e5 replicates; * ¼ p < 0.05 or ** ¼ p < 0.0
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3.4. AMPK inhibitor, AMPKa1 knockdown, and Akt inhibitor
suppress the IGF-1 induced up-regulation of mitochondrial function
in DRG neurons from control rats
The stimulatory effect of IGF-1 on AMPK activity and respiratory chain
protein expression provided a good rationale to study putative effects
on mitochondrial function. To identify the signaling pathway utilized by
IGF-1 to modulate mitochondrial function, DRG neurons from control
rats were cultured and pretreated with 1 mM compound C (AMPK in-
hibitor), MK-2206 (Akt inhibitor) or STO-609 (CaMKKb inhibitor) 2 h
prior to 10 nM IGF-1 treatment for 24 h. Seahorse XF24 assay for OCR
revealed that IGF-1 up-regulated mitochondrial function with respect
to augmented maximal respiration and spare respiratory capacity
(Figure 3A,B). This effect was completely suppressed by the AMPK
inhibitor and partially suppressed by the Akt inhibitor (Figure 3A,B). The
CaMKKb inhibitor STO-609 also prevented induction of mitochondrial
function by IGF-1 but this effect did not reach statistical significance
(Figure 3A,B). To specifically knockdown isoforms of AMPK, DRG
ochondrial respiration. (A, B) DRG neurons derived from control rats were cultured,
rial respiration was measured using Seahorse XF24 Analyzer. CC (compound C, 1 mM):
hibitor. Data were normalized to protein concentration units per well prior to statistical
1; analyzed by one-way ANOVA with Tukey’s post-hoc test.
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Figure 4: IGF-1 acts through AMPKa1 and a2 to augment mitochondrial function and mtDNA copy number. (A, B) DRG neurons derived from adult control rats were
transfected with AMPKa1-or a2-specific siRNAs, cultured for 24 h and treated with/without 10 nM IGF-1 for another 24 h. Mitochondrial respiration was measured using Seahorse
XF24 Analyzer. Data were normalized to protein concentration units per well prior to statistical analysis. (C) DRG neurons from control rats were cultured and treated with different
IGF-1 doses (10 nM and 100 nM) for 24e48 or transfected with AMPKa1-or a2-specific siRNAs, cultured for 24 h and treated with/without 10 nM IGF-1 for another 24 h mtDNA/
nDNA ratio was analyzed using Real-Time PCR and calculated using the DDCt method. Data are mean � SEM of N ¼ 3e5 replicates; * ¼ p < 0.05 or ** ¼ p < 0.01; analyzed by
one-way ANOVA with Tukey’s or Dunnett’s post-hoc test.
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neurons were also transfected with siRNAs specific to AMPKa1 or
AMPKa2 (and in combination) for 24 h prior to IGF-1 treatment for
another 24 h. AMPK knockdown efficiencies were 75e80% for the
specific isoform mRNAs and 73% for the total AMPK protein when both
siRNAs were combined (Supplementary Figure 5AeC). 2D gel elec-
trophoresis revealed that the isoforms of AMPKa1 (mw 63.97 kDa) and
AMPKa2 (mw 62.26 kDa) could be visualized (Supplementary
Figure 5D). Supplementary Figure 5D and E shows that siRNA
knockdown for each isoform was relatively specific. SiRNA to AMPKa1
caused a 77% knockdown and only reduced AMPKa2 by 16%
(Supplementary Figure 5F). For siRNA to AMPKa2, the values were
61% for its own isoform and 16% for the AMPKa1. SDS-PAGE revealed
effective knockdown of phosphorylated AMPK and its target P-ACC
with the combined siRNAs in the presence/absence of IGF-1 for 24 h
(Supplementary Figure 6A). Under the same experimental conditions
siRNA to AMPKa1 blocked phosphorylated AMPK. However, its target
8 MOLECULAR METABOLISM xxx (xxxx) xxx � 2018 The Authors. Published by Elsevier GmbH. T
P-ACC was not significantly affected (Supplementary Figure 6B). With
the same experimental paradigm OCR measurements showed sup-
pression of IGF-1-driven up-regulation of maximal respiration and
spare respiratory capacity in neurons treated with AMPKa1 siRNA
(Figure 4A,B) and AMPKa1a2 siRNAs combined (data not shown), but
not with siRNA to AMPKa2 (Supplementary Figure 7AeD).

3.5. AMPK knockdown and Akt inhibitor impede IGF-1
enhancement of neurite outgrowth and mtDNA copy number in DRG
cultures from control rats
To investigate the inhibitory effect of AMPK on mitochondrial DNA copy
number and neurite outgrowth, DRG cultures derived from control rats
were transfected with siRNA to AMPKa1 or a2 and treated with IGF-1.
IGF-1 (10 nM or 100 nM) significantly (P < 0.05) increased mtDNA
copy number after 24 h and 48 h (Figure 4C). This effect of IGF-1 on
mtDNA was significantly suppressed following treatment with siRNA to
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AMPKa2 (Figure 4C). Knockdown of either AMPKa1 or AMPKa2 iso-
forms also prevented the IGF-1 enhancement of neurite outgrowth
(Figure 5A). In a complementary experiment, neurite outgrowth was
enhanced by IGF-1 treatment (P < 0.01) and pretreatment with Akt
inhibitor or AMPK inhibitor Compound C suppressed this neuritogenic
effect of IGF-1 (Figure 5B).

3.6. Topical IGF-1 to the eye of diabetic mice reversed the loss of
corneal nerve profiles
To address whether the relatively rapid effects of IGF-1 on regulation of
mitochondrial respiration and neurite outgrowth from adult sensory
neurons in vitro predict neurotrophic and neuroprotective properties
in vivo, we delivered IGF-1 topically to the eye of STZ-induced diabetic
mice daily for 4 weeks, following 8 weeks of diabetes. Nerve density of
the sub-basal nerve plexus was measured iteratively by corneal
confocal microscopy across the study period. Nerve density did not
change over the 12-week study period in control mice (Figure 5CeD).
Eight weeks of diabetes induced a mild reduction in nerve density that
progressed in the subsequent 4 weeks. Initiation of topical IGF-1
treatment prevented this progression such that by the end of the
study the vehicle-treated diabetic group had values that were signifi-
cantly (P < 0.05) lower than the IGF-1 treated group.

3.7. IGF-1 therapy reverses thermal hypoalgesia and corrects
impaired activities of mitochondrial Complexes I and IV in DRG of
diabetic rats
Age-matched control and STZ-induced diabetic rats were maintained
for 3 months; then, a cohort of diabetic rats received injections of
human recombinant IGF-1 (20 mg/rat per day s.c.) for the final 11
weeks (Figure 6A). Body weight, blood glucose, and glycated hemo-
globin values were not any different between untreated and IGF-1-
treated diabetic rats (Supplemental Table 1). Thermal testing on the
hind paw was performed at three time points and revealed develop-
ment of hypoalgesia in diabetic rats and significant improvement in the
IGF-1-treated diabetic rats at the end of study (Figure 6A). Analysis of
IENF density and SNP levels in the hind paw revealed no significant
loss of fibers at the end of this study and no effect of IGF-1 treatment
on IENF whereas a significant rise in SNP profiles was observed
compared to control rats (Figure 6B). Mitochondria isolated from DRGs
of diabetic rats exhibited depressed activity levels of mitochondrial
Complexes I and IV compared with age matched control and these
activities were significantly elevated by IGF-1 therapy (Figure 6C).

3.8. IGF-1 therapy increases the expression of PGC-1a and
respiratory chain proteins and up-regulates AMPK, Akt, and P70S6K
phosphorylation in DRG of diabetic rats
Due to low tissue availability, each animal group was divided into
different sub-groups to perform Western blotting, enzymatic assay,
and mRNA measurements on DRGs. Levels of expression of mito-
chondrial Complex IV-MTCO1 and Complex V-ATP5a, and PGC-1a
proteins were suppressed in DRGs derived from diabetic rats by
approximately 40% and these deficits were prevented by IGF-1 therapy
(Figure 7A). IGF-I therapy also significantly increased the phosphory-
lation of critical effector proteins upstream of mitochondria including
AMPK and P70S6K compared to both control and untreated diabetic
rats, while a trend of elevated Akt activation was also observed
(P ¼ 0.08 vs. control: Figure 7B). It should be noted, that only a partial
depression of P-AMPK and P-P70S6K levels were observed in DRGs of
the diabetic group versus age-matched control in this study. Consistent
with Western blotting data, mRNA levels of AMPKa2 isoform, Complex
III-UQCRC2, and Nrf-1 were restored in diabetic rat DRGs after IGF-I
MOLECULAR METABOLISM xxx (xxxx) xxx � 2018 The Authors. Published by Elsevier GmbH. This is an open acce
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therapy (Supplementary Figure 8). AMPKa1, Akt2 and Akt3 mRNAs
were not significantly different between groups (Supplementary
Figure 8).

3.9. IGF-1 therapy reinstates components of the Krebs cycle,
amino acid metabolism, ketosis, and oxidant status but does not
correct aberrant glucose metabolism in tibial nerve of diabetic rats
A targeted metabolomics approach was used to monitor 35 selected
metabolites (Supplemental Table 2) related to energy generation by
mitochondrial function, carbohydrate metabolism and protein meta-
bolism, as recently reported [47]. A total of 13 metabolites were
significantly different and exhibited a similar trend between the 3
groups (Figure 8A). The metabolomics analysis of tibial nerve tissues
showed that Krebs cycle intermediates including fumaric acid, succinic
acid, malic acid and citric acid, and free amino acids or fragmented
peptides such as leucine, aspartic acid, and Ala-Cys-Asp, were
significantly (P < 0.05) up-regulated in nerves of diabetic rats and
were returned to the normal range with IGF-1 therapy (Figure 8A). IGF-
1 injections did not correct the levels of sorbitol, glucose and
myoinositol 4-phosphate, which all represent aberrant glucose meta-
bolism (Figure 8AeB), indicating that IGF-1 did not alter glucose up-
take or metabolism within the local environment of the nerve. However,
diabetes-induced elevation of oxidized glutathione and ketone bodies
including b-hydroxy butyric acid in nerve was reduced by IGF-1
treatment of diabetic animals (Figure 8A). Other metabolites such as
isocitrate (TCA metabolite), homoserine (amino acid precursor), and
acryloylglycine (fatty acid metabolism) did not differ or show any
consistent trends between groups (Supplemental Table 2). The Krebs
cycle metabolites, free amino acids, ketone bodies, and oxidized
glutathione levels showed similar trends, as illustrated for citric and
aspartic acid (Figure 8CeD).

4. DISCUSSION

We demonstrate for the first time that IGF-1 activates and up-regulates
AMPK to augment mitochondrial function, ATP production, mtDNA copy
number, and expression of ETS proteins in cultured rat DRG neurons.
IGF-1 utilizes this AMPK pathway and, possibly in parallel, the Akt
pathway to drive axonal outgrowth. Further, we show that IGF-1
therapy prevented diabetes-induced progressive loss of sensory
nerves in the cornea and ameliorated paw thermal hypoalgesia.
Correction of these clinically relevant endpoints was associated with
suppression of build-up of TCA intermediates in nerve and optimization
of mitochondrial phenotype in the DRG of type 1 diabetic rats. The
stimulatory effect of IGF-1 upon mitochondrial oxygen consumption
rate can be explained by signaling via the AMPKa1 isoform. The
elevation in mtDNA copy number revealed the involvement of AMPKa2
isoform downstream from IGF-1 signaling.
For more than two decades, a variety of studies have demonstrated
that IGF-1 promotes neurite outgrowth and protects from multiple
functional and structural indices of diabetic neuropathy in animal
models [2,9,10]. The emergence of corneal confocal microscopy as a
technique to visualize human sensory nerves in situ has provided a
non-invasive and sensitive biomarker of DSPN that offers the oppor-
tunity to track progression of neuropathy and efficacy of therapeutic
interventions [48]. Diabetic rodents also develop loss of corneal nerves
[42,49] and topical delivery of potential therapies to the eye provides a
useful translational model that bridges in vitro and traditional in vivo
therapeutic studies. Our demonstration that topical delivery of IGF-1
prevented progressive corneal nerve loss in diabetic mice provides
in vivo validation of our in vitro model using adult sensory neuron
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Figure 5: AMPK and Akt inhibition suppresses the axonal regeneration triggered by IGF-I in cultured DRGs from rats and topical IGF-1 prevents progressive loss of
corneal nerves in diabetic mice. DRG neurons derived from adult control rats were (A) transfected with AMPKa1-or a2-specific siRNAs, cultured for 24 h or (B) pretreated
with inhibitors for 2 h and treated with/without 10 nM IGF-1 for another 24 h. b-tubulin III immunostaining was used to stain sensory neurons and NeurphologyJ was used for
automated neurite tracing. CC (compound C, 1 mM): AMPK inhibitor and MK (MK-2206, 1 mM): Akt inhibitor. Total neurite outgrowth data is presented relative to neuron number.
Data are mean � SEM of N ¼ 4 replicates; * ¼ p < 0.05 or ** ¼ p < 0.01 or **** ¼ p < 0.0001; analyzed by one-way ANOVA with Tukey’s post-hoc test. (C) Reveals the
time line for the topical delivery of IGF-1 to the eye of STZ-induced diabetic mice. (D) Line chart showing nerve density (as % occupancy) in the sub-basal nerve plexus of
control (blue line), diabetic (STZ: red line) and IGF-1 treated diabetic (STZ þ IGF-1; green line) mice at 0, 8 and 12 weeks of diabetes. IGF-1 treatment was initiated at 8 weeks.
Data are group mean � SEM of N ¼ 9e10/group. At week 12 * ¼ p < 0.05 for Db vs Db þ IGF-1 group and **p¼<0.01 for Db vs age matched control group by two-way
ANOVA with Tukey’s post-hoc test.
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Figure 6: IGF-1 therapy restored the activity of Complexes I and IV and prevented thermal hypoalgesia in diabetic rats. Control (ctrl), diabetic (Db) and IGF-1-treated
diabetic (Db þ IGF-1) rats were tested for their thermal response latency according to the timeline in (A). (B) IENF and SNP were analyzed in hind paw footskin in the three
groups of animals. (C) DRG tissues from control, diabetic and IGF-1-treated diabetic rats were isolated and subjected to Complex I and Complex IV enzymatic activity assays. Data
are in mU/mg tissue. In (A, B and C) data are mean � SEM of N ¼ 5e10; * ¼ p < 0.05 or ** ¼ p < 0.01 or *** ¼ p < 0.001 or **** ¼ p < 0.0001; analyzed by one-way ANOVA
or two-way ANOVA with Tukey’s post-hoc test.
cultures and adds a novel index of the therapeutic potential of IGF-1
against a structural manifestation of DSPN using an assay that
reflects the human condition.
The mechanisms through which IGF-1 operates to implement nerve
growth and repair are not completely understood. It has been proposed
that optimal mitochondrial function is a key factor for axonal outgrowth
and repair [50,51]. For instance, modulating mitochondrial dynamics
by overexpression of MFN-2 or inhibition of DRP-1 regulated the di-
rection and rate of neurite outgrowth in cultured retinal ganglion cells
from rat embryos [52]. Mitochondrial biogenesis triggered by the
AMPK-PGC-1a-Nrf1 pathway and energy supplementation was
required for axonal outgrowth in rat cortical neurons [53]. Resveratrol,
an activator of AMPK, drives axonal outgrowth and was protective
against diabetic neuropathy in STZ-induced diabetic rats [44,54].
Growth factors IL-1b, IL-17A, ciliary neurotrophic factor, and insulin
enhanced mitochondrial function and promoted neurite outgrowth,
which correlated with protection from development of DSPN in animal
models of type 1 diabetes [39,55e57]. Studies with modulators of
heat shock protein function revealed that improved mitochondrial
MOLECULAR METABOLISM xxx (xxxx) xxx � 2018 The Authors. Published by Elsevier GmbH. This is an open acce
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function was associated with prevention and reversal of diabetic
neuropathy in type 1 and type 2 models of diabetes [58,59]. In the
present work in cultured DRG neurons, we demonstrate the novel
finding that a physiologically relevant concentration of IGF-1, which
does not stimulate the insulin receptor [46], up-regulated mitochon-
drial respiration together with a dose-dependent stimulation of ATP
production.
Recent studies also report IGF-1-mediated optimization of mitochon-
drial phenotype in other cell types and diseases. IGF-1 therapy cor-
rected mitochondrial ATPase activity and inhibited caspase 3 and 9
activation in liver cells from aging rats [60]. Glutamine knock-in in
striatal cells from the mutant Huntingtin (mHtt) mouse displayed a
reduction in ROS production and caspase 3 activity and an elevation in
Tfam and mitochondrial-encoded cytochrome c oxidase II proteins
when treated with IGF-1 [35]. In cancer cell lines, exogenous IGF-1
sustains cell viability by stimulating mitochondrial biogenesis and
BNIP3-induced mitophagy [61]. In the current study, in cultured DRG
neurons derived from control or diabetic rats, IGF-1 exerted a novel
up-regulatory effect on mitochondrial respiration, with a significant
ss article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 11
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Figure 7: IGF-1 therapy restored the expression of PGC-1a and ETS proteins and up-regulated AMPK, P70S6K, and Akt phosphorylation in diabetic rats. DRG tissues
from control (Ctrl), diabetic (Db) and IGF-1-treated diabetic (Db þ IGF-1) rats were isolated and subjected to (A, B) Western blotting. Western blot band intensity of target proteins
was normalized to total ERK bands of the same blot. Data are mean � SEM of N ¼ 5e7 animals; * ¼ p < 0.05 or ** ¼ p < 0.01; analyzed by one-way ANOVA with Tukey’s post-
hoc test.

Original Article
stimulatory effect on spare, or reserve, respiratory capacity. This effect
occurred over 24 h in control cultures and in diabetic cultures was
triggered within 2 h. This may suggest that IGF-1 enhances the
electrochemical gradient, as observed previously with insulin in DRG
cultures [62], and aerobic glucose metabolism to elevate mitochondrial
oxygen consumption rate [63e65]. In contrast to mitochondrial basal
respiration, spare respiratory capacity is normally utilized when cells
have excessive ATP demands or are stressed, as under chronic hy-
perglycemia. It is most likely that defects in expression or activity of
respiratory chain complexes (or supercomplex formation) in diabetic
conditions, essentially nutrient stress, drives suppression of spare
respiratory capacity thus inducing an energy deficit [38,66,67]. IGF-1
may raise spare respiratory capacity through high ATP demand due to
accelerated neurite outgrowth (thus optimizing the electrochemical
gradient), and/or by normalizing aerobic glucose metabolism and/or
via AMPK-dependent modulation of gene expression of ETS
components.
Comparative mRNA quantitation of selective genes revealed that IGF-1,
AMPK, and Akt isoforms, ATP5a1, MFN-1, and RHOT-1 were sup-
pressed in DRG in diabetic rats. IGF-1 treatment of cultured DRGs from
both control and diabetic rats improved the expression of these dys-
regulated genes with a higher impact in DRG neurons derived from
12 MOLECULAR METABOLISM xxx (xxxx) xxx � 2018 The Authors. Published by Elsevier GmbH. T
diabetic rats. The most prominent finding of our gene expression
analysis was that IGF-1 up-regulated AMPK (a1 and a2) and Akt (Akt1,
Akt2, and Akt3) functional isoforms in cultured DRGs derived from
diabetic rats. The transcriptional upregulation of these genes by IGF-1
in 6 h could be the main driving factor for enhanced mitochondrial
respiration after 24 h IGF-1 treatment in cultured DRGs from both
control and diabetic rats. Nevertheless, this does not seem to be the
case for enhanced mitochondrial respiration after 2 h IGF-1 treatment,
which is observed in diabetic cultures implying the involvement of
post-translational modifications of metabolism-regulating proteins
including AMPK and Akt.
AMPK and Akt pathways are modulated by IGF-1 in other cell types. In
vascular smooth muscle cells, IGF-1 activates Akt to suppress AMPK
activity by stimulating AMPK S485 phosphorylation, thus instigating
AMPK T172 dephosphorylation [29]. There are two common upstream
kinases, LKB-1 and CaMKKb, known to phosphorylate AMPK on its
activation site, T172, and activate this enzyme [68,69]. Our preliminary
data (not shown) reveal that LKB-1 was not activated by IGF-1, and
CaMKKb inhibition by STO-609 did not significantly affect AMPK
phosphorylation/activity (data not shown) or mitochondrial function in
the presence of IGF-1 (Fig. 4B). In addition, we have preliminary data
showing that IGF-1 did not induce a rise in intracellular Ca2þ in
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 8: IGF-1 therapy reinstates the Krebs cycle, amino acid metabolism, ketosis and oxidant status in tibial nerve of diabetic rats. Tibial nerve tissues from control
(Ctrl), diabetic (Db) and IGF-1-treated diabetic (Db þ IGF-1) rats were dissected and weighed. Total metabolites were extracted using a methanol-water mixture, dried and
subjected to metabolomic analysis using an HPLC system coupled to time-of-flight liquid chromatography/mass spectrometry. Normalized intensity value of each compound was
estimated by using internal standards (L-Tryptophan-d5, L-Valine-d8, L-Alanine-d4, L-Leucine-d10, Citric Acid-d4, and D-Fructose). The final value for each metabolite was
normalized to its corresponding tibial nerve weight and illustrated in (A) HeatMap. The trends for (B) sorbitol, (C) citric acid and (D) aspartic acid are shown as examples. Data are
mean � SEM of N ¼ 9e12 animals; * ¼ p < 0.05; analyzed by one-way ANOVA, followed by Benjamini-Hochberg multiple testing corrections.
cultured DRG neurons (where a rise in Ca2þ could be surmised to
trigger activation of CaMKKb). AMPK is also reported to be phos-
phorylated on T172 and activated in an ATM-dependent manner by
IGF-1 in HeLa, PANC-1 and TIG103 cell lines [28] and so future studies
will focus on this pathway.
Among different pharmacological inhibitors used to block IGF-1
downstream effectors, the AMPK inhibitor Compound C completely
abolished the IGF-1-mediated up-regulation of mitochondrial maximal
respiration and spare respiratory capacity. Neurite outgrowth was also
blocked (Fig. 6). SiRNA-based inhibition of the AMPKa1 isoform, but
not AMPKa2 isoform, exhibited a similar suppression of the IGF-1
enhancement of mitochondrial respiration and neurite outgrowth.
The IGF-1 stimulation of mitochondrial DNA copy number was blocked
by either AMPKa2 or AMPKa1 knockdown, which implicates both
isoforms in mtDNA replication. A variety of functions have been re-
ported for these two AMPK isoforms in other tissues. In striatal cells in
mice with Huntington’s disease (HD), accumulated Huntingtin resulted
in AMPKa1 over-activation and nuclear translocation causing cell
death through down-regulation of Bcl-2 [70]. AMPKa1 promotes
contractile function of cardiomyocytes by phosphorylating troponin I
[71], and myogenesis through myogenin gene expression [72].
AMPKa2 knock-out mice show deficient Complex I activity and lower
MOLECULAR METABOLISM xxx (xxxx) xxx � 2018 The Authors. Published by Elsevier GmbH. This is an open acce
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cardiolipin content correlating with decreased cardiolipin synthetic
enzymes in cardiomyocytes [73]. In endothelial cells, AMPKa2 acti-
vates anti-inflammatory pathways by phosphorylating PARP-1 and
induction of Bcl-6 [74].
Acute (30 min) intrathecal application of IGF-1 activated Akt in DRG and
this effect was diminished in ob/ob type 2 diabetic mice [75]. In our
in vitro studies the Akt inhibitor, MK-2206, suppressed the IGF-1
dependent augmentation of mitochondrial function and neurite
outgrowth (Figure 4B and 6). Previous work in smooth muscle cells and
cancer cell lines revealed an inhibitory effect of Akt on AMPK via
phosphorylation on S485/S487 and subsequent suppression of
phosphorylation on T172 [29,76]. Moreover, we also found that
inhibiting Akt results in higher AMPK T172 phosphorylation in cultured
DRGs (data not shown). However, we have observed that the Akt in-
hibitor suppressed the IGF-1 up-regulation of mtDNA copy number
(data not shown). In the present study, IGF-1 enhanced phosphoryla-
tion of P70S6K (Supplementary Figure 3D) and Akt directly elevates
P70S6K activity and eukaryotic translation initiation factor 4E (eIF4E)-
binding protein 1 (4E-BP1) function to augment ETS gene expression
[77]. Thus, these studies utilizing pharmacological blockade of Akt
reveal (i) in DRG neurons treated with IGF-1 Akt is acting upstream
from AMPK to suppress AMPK activity, and (ii) upon IGF-1 treatment,
ss article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 13
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Akt is mediating parallel or alternative pathways from AMPK that
regulate mitochondrial function and neurite outgrowth.
Previous studies reveal a role of impaired IGF-1 signaling in the eti-
ology of diabetic neuropathy, or as a protective factor [6,7,24]. Mice
with overexpression of neuron-specific IGF binding protein 5 (IGFBP5:
an inhibitory IGF binding protein) or with depleted IGF1R expression
displayed a progressive neurodegeneration similar to that seen in
diabetic neuropathy. These deficits included motor axonopathy and
sensory disorders such as thermal hypoalgesia and intra-epidermal
nerve fiber loss [24]. Osmotic minipump implants releasing 4.2e
4.8 mg/day IGF-1 or IGF-2 for two weeks prevented hyperalgesia and
promoted nerve regeneration in STZ-diabetic rats that had a sciatic
nerve crush injury [17,19]. In a similar study, STZ-induced diabetic rats
exhibited loss of IENF after three months of diabetes, which was
prevented by one-month intrathecal delivery of IGF-1 [20]. Five
micromolar (5 mM) intrathecal infusion of IGF-1 for one month also
improved sensory and motor nerve conduction velocities in diabetic
rats [21].
We previously reported a significant loss of nerves of paw skin and
concurrent hypoalgesia in 5 month diabetic rats and that insulin im-
plants for the last four months prevented IENF loss and thermal
hypoalgesia without correcting hyperglycemia [39]. In the present
study, maintaining diabetic rats for 5 months did not cause significant
nerve fiber loss in the foot skin compared to age-matched control rats,
despite concurrent thermal hypoalgesia. There is precedence for this
disassociation as thermal hypoalgesia precedes detectable IENF loss in
STZ-diabetic mice [78]. It is notable that while our STZ-injected rats
were clearly hyperglycemic, they were not in a state of extreme
catabolic dominance as they gained weight over the study period and
appear to model a slowly progressing neuropathy reflective of the
human condition. The amelioration of thermal hypoalgesia by IGF-1 in
diabetic rats could be due to enhanced sensitivity of afferents via such
known properties as stimulation of T-type channels [79] or sensiti-
zation and translocation of the vanilloid receptor [80]. Alternately, as
IGF-1 enhances substance P and CGRP expression in DRG cultures
[81], it may protect against the diabetes-induced depletion of
sensory neuron neuropeptide expression [82] and stimulus-evoked
spinal release [83] that is associated with early stages of thermal
hypoalgesia [78].
Nutrient flux analysis in db/db type 2 diabetic mice at 24 weeks of age
showed an increase in flux of TCA intermediates in kidney but a
decrease in sciatic nerve [84]. Metabolomic analysis of tibial nerves in
the current study exhibited an increase in TCA intermediates in diabetic
rats. Thus, if reduced flux of metabolites is occurring [84], this build-up
of TCA intermediates suggests that a deficiency in ETS electron flow
and/or enzyme activities is causing impaired utilization of the excessive
available energy sources provided by the Krebs cycle under diabetic
conditions. The diabetes-induced suppression of spare respiratory
capacity combined with reduced ETS protein expression and activity of
Complexes I and IV support the last statement. Despite no effect on up-
regulated intracellular sorbitol and glucose in nerve in diabetes, IGF-1
therapy reinstated ketosis, lowered TCA intermediate build-up, and
normalized oxidant status. Moreover, increased free amino acids or
fragmented peptides in tibial nerves of diabetic rats demonstrate
disturbed protein synthesis and metabolism, which were restored by
IGF-1 therapy, correlating with higher phosphorylation of P70S6K in
DRGs.
Given the established role of IGF-1 in neurite outgrowth, differentiation,
and development, a plethora of nervous system-related diseases
including Parkinson’s disease, Alzheimer’s disease, multiple sclerosis,
amyotrophic lateral sclerosis, Fragile X syndrome, and Rett syndrome
14 MOLECULAR METABOLISM xxx (xxxx) xxx � 2018 The Authors. Published by Elsevier GmbH. T
have become candidates for IGF-1 therapy [85]. A double-blind clinical
trial of IGF-1 therapy in ALS patients receiving IGF-1 (0.5e3 mg/kg
every two weeks for 40 weeks) resulted in beneficial effects with no
adverse events [86]. A phase 1 clinical trial of IGF-1 therapy (40e
120 mg/kg twice daily for 4 weeks) in 12 girls with Rett syndrome
improved measures of anxiety, mood, and apnea with no serious
adverse effects [87]. IGF-1 therapy remains a potential therapeutic
option in diabetic neuropathy but has been hindered by other potential
systemic actions of the peptide. Our studies reveal a novel aspect of
IGF-1 signaling to augment the AMPK pathway to drive nerve repair.
Specific targeting of the IGF-1 signaling axis in neurons could offer an
alternative or complementary approach to treating neurological
disease.
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Abstract: Fatty acids come in a variety of structures and, because of this, create a variety of functions
for these lipids. Some fatty acids have a role to play in energy metabolism, some help in lipid storage,
cell structure, the physical state of the lipid, and even in food stability. Fatty acid metabolism plays a
particularly important role in meeting the energy demands of the heart. It is the primary source of
myocardial energy in control conditions. Its role changes dramatically in disease states in the heart,
but the pathologic role these fatty acids play depends upon the type of cardiovascular disease and the
type of fatty acid. However, no matter how good a food is for one’s health, its taste will ultimately
become a deciding factor in its influence on human health. No food will provide health benefits if it is
not ingested. This review discusses the taste characteristics of culinary oils that contain fatty acids
and how these fatty acids affect the performance of the heart during healthy and diseased conditions.
The contrasting contributions that different fatty acid molecules have in either promoting cardiac
pathologies or protecting the heart from cardiovascular disease is also highlighted in this article.

Keywords: bitter taste; fatty acids; heart disease; metabolism; atherosclerosis; ischemia

1. The Challenge of Incorporating Fatty Acid into the Diet

Dietary intake of fatty acids is important for human and animal health. Indeed, this is particularly
clear with essential fatty acids which are not found in the body and must be ingested to be present.
Essential fatty acids like alpha-linolenic acid (ALA), an omega-3 fatty acid, and linoleic acid (LA),
an omega-6 fatty acid, are necessary for human health. However, despite the requirement for these
fatty acids in human health, the acceptability of oils that contain fatty acids in the diet is a significant
challenge due to their taste characteristics. This can be compounded by limited shelf stability of oils
that may compromise taste and aroma further through unwanted oxidation of the fatty acids found in
the oil.

Analytical methods used for studying the compounds that cause bitterness in food include
chromatography and mass spectrometry, but also sensory evaluation. The so-called “electronic tongue”
is a simple device used to analyze the compounds in food using chemical sensors in a similar way as the
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human tongue analyses taste. Busch et al. validated the efficacy of the electronic tongue in detecting
bitterness in virgin olive oils by conducting a study in which they compared the enzyme-based
biosensors and a standard HPLC method for the analyses of the total content of phenolics in virgin
olive oils [1].

Olive oil and flaxseed oil (also known as linseed oil) are two commonly used culinary oils. Both
oils exhibit a bitter and pungent taste [2–6]. This can limit their acceptance in the general population
and restrict their use in both regular diets and in experimental research studies as well [7]. Different
agricultural practices, new processing technologies, and educational campaigns to emphasize the
benefits of an association of a bitter taste with health have all been suggested as strategies to improve
the acceptance of these oils in the general population [3]. However, the acceptance of the bitterness in
oil is influenced by the country of origin of the consumer. Spanish consumers were more tolerant of
the pungent and bitter taste characteristics of olive oil than were their American counterparts [6]. The
bitter taste originates from the unique polar polyphenol-rich composition of the oils [3]. Extended
storage of flaxseed oil can result in its deterioration and generation of methionine oxidation of its
cyclolinopeptides [2]. The primary one responsible for the bitter taste of flaxseed oil has been identified
as cyclic octapeptide cyclo (PLFIM OLVF) [5], also referred to as cyclolinopeptide E [2].

The bitter taste can be reduced in a variety of ways. From a food processing standpoint, both high
and low temperatures can be used as effective ways of reducing the bitter taste. Storage of olive oil at
5 ◦C for two to eight weeks leads to a reduction in bitterness [8]. In addition, Garcia et al. showed that
heating the olives leads to a decrease in olive oil bitterness and the reduction in bitterness correlated
with the time and temperature used for heating [9]. Heating the olives did not cause any changes in
the oxidative stability of the olive oil or its acidity, however, Garcia et al. did find decreased levels of
phenolic content. Not only heat, but also cold temperatures can be effective in reducing the bitterness
of olive oil. Another method used successfully to reduce the bitterness of olive oil is the addition
of phospholipids. Koprivnjak et al. [10] showed that the addition of 5–10 g of soy lecithin/kg olive
oil leads to a significant reduction in bitterness and an increase in the sweetness of olive oil. The
partitioning of polyphenols between oil and water phases can be an effective method used to decrease
the total polyphenol content and therefore leads to a reduction in bitterness without affecting the
physicochemical parameters of oil [11]. Adding spices [4] or flavorings to the oils can also change the
taste characteristics in a way to try to make the oil more compatible. Shape Foods, Inc. in Brandon.
Manitoba Canada produced a variety of flavored flax oils in dessert flavors (chocolate, caramel, banana,
and coconut) and culinary flavors (Italian, Mexican, Indian, Thai, Szechuan and Culinary).

Fish, hempseed, flaxseed, and olive oil can be ingested as an oil by the spoonful, in salad dressings,
by pill form or incorporated into food products [7,12–14]. The oils provide the fatty acids to the body
with greater bioavailability than foods that contain the same amount of fatty acids [13]. However, each
of these types of oils (i.e., fish versus hemp versus flax) has a different bioavailability to the body [14].
Fish oil had its eicosapentaenoic acid (EPA)/docosahexanoeic acid (DHA) content absorbed better than
the ALA in flaxseed oil, which was more bioavailable than the LA in hempseed oil [14]. However,
although the bioavailability and the biological benefit of each of these fatty acids differ considerably,
encouraging the consuming public to actually ingest these oils has been a considerable challenge.
The incorporation of these fatty acids into foods commonly consumed disguises their bitter taste
characteristics and encourages greater acceptability [7,12]. For example, even though bioavailability
may be compromised slightly [13], the inclusion of milled flaxseed into biscuits, muffins, bagels, bread
products, and even pasta can increase consumption [13]. In 2011, Aliani and colleagues used a trained
sensory panel to test whether adding different flavors will reduce the bitterness of muffins and snack
bars containing milled flaxseed [7]. Flaxseed is rich in the omega-3 fatty acid ALA. Among several
flavors used such as apple spice, gingerbread raisin, orange cranberry, and cappuccino chocolate, the
gingerbread raisin flavor reduced the bitterness of flax best. Therefore, the authors suggested that
the flavorings that naturally contain a small amount of bitterness could be effective in reducing the
bitterness caused by flax [7].
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The food processing industry is beginning to recognize this potential and is starting to incorporate
healthy fatty acids into foods without compromising taste. Ultimately, this will introduce these beneficial
fatty acids into the daily diet of the general public to allow them to access their heart-health benefits.

2. Introduction to the Biological Activity of Fatty Acids

Fatty acids play a role in energy generation and storage, phospholipid membrane formation, and
signaling pathways. Therefore, fatty acid metabolism can be catabolic with respect to energy and
metabolite generation or anabolic for creating biologically important molecules from dietary sources of
fatty acids.

Fatty acid metabolism plays a particularly important role in the heart. The continuous pumping
action of the heart exhibits a high energy demand. ATP is the ultimate source of this energy. In order
to generate ATP at a high enough rate to sustain cardiac contractility, almost all ATP (−95%) is derived
from mitochondrial oxidative phosphorylation [15]. The remainder is derived from glycolysis within
the tricarboxylic acid (TCA) cycle. Beta oxidation within the heart is under complex control. The
factors which affect the cycle include the supply of fatty acid, the presence of competing substrates,
the energy demand of the heart and the supply of oxygen to the heart [15]. Fatty acids can be
recognized by the heart as free fatty acids (FFA), triacylglycerol (TAG), or very low-density lipoproteins
(VLDL). In the case of VLDL, the enzyme lipoprotein lipase (LPL) can hydrolyze TAG and VLDL
within cardiomyocytes. Regulation of LPL plays a significant role in fatty acid metabolism within
the heart. Increased LPL translocation to the plasma membrane has been correlated with increased
beta oxidation [16]. Mitochondrial uptake of fatty acids is regulated by carnitine palmitoyltransferase
(CPT1). The enzyme CPT1 catalyzes and converts long-chain acyl-CoA into long-chain acyl-carnitine.
This facilitates uptake into the mitochondria and will have distinct effects on rates of beta oxidation.
Changes in fatty acid metabolism within the heart have been implicated in a variety of complex
cardiovascular diseases.

Once fatty acids are taken up by the cell through transport proteins and/or passive diffusion, they
can then be converted into energy. This process is known as beta oxidation. Once the fatty acid is
taken up within the cell, a CoA group is added to the fatty acid using the enzyme fatty acid CoA
synthase (FACS). This forms long-chain acyl-CoA. Carnitine palmitoyltransferase 1 (CPT1) converts
long-chain acyl-CoA to long-chain acylcarnitine. This allows the fatty acid moiety to be transported
into the inner mitochondrial membrane via carnitine translocase. The inner membrane protein CPT2
then converts long-chain acylcarnitine back to long-chain acyl-CoA inside the mitochondria. The
long-chain acyl-CoA then enters the beta oxidation pathway. Fatty acid beta oxidation consists of
breaking down the long-chain acyl-CoA molecule into acetyl-CoA. Four main enzymes are used in the
process to convert acyl-CoA to acetyl-CoA. The number of acetyl-CoA molecules is dependent upon
the carbon chain length in the fatty acid. Acetyl-CoA can then enter the citric acid cycle and electron
transport chain to yield ATP [15].

Other than beta oxidation, fatty acids can also be used in other key processes within the cell. Of
note, polyunsaturated fatty acids (PUFAs) are integrated into phospholipids within the cell membrane.
Structurally, phospholipids (or glycerophospholipids) consist of a glycerol backbone, two fatty acids
and a phosphate containing a polar head group. PUFAs are preferentially incorporated into the
sn-2 position of phospholipids. Incorporation of omega-3 PUFAs into membrane phospholipids can
lead to changes in membrane properties and alter the function of membrane proteins [17,18]. It has
been shown that the antiarrhythmic effect of omega-3 PUFAs is achieved by their incorporation into
membranes and modulation of ion channel function in cardiomyocytes [19].

On demand, specific PUFAs can be cleaved from the phospholipid by phospholipase A2 (PLA2) [20].
Once cleaved, PUFAs can undergo enzymatic oxygenation and are transformed into short term lipid
mediators known as oxylipins [20]. Moreover, PUFAs on the sn-2 position of phospholipids can
be oxidized leading to the production of oxidized phospholipids which were recently shown to be
involved in the formation and progression of various cardiovascular pathologies [20–26].
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Oxylipins represent a class of fatty acid metabolites present in all tissues in the body and produced
by oxygenation of polyunsaturated fatty acids by three different enzymes. The tissue oxylipin profile
depends on many different factors. Since oxylipins are derived from polyunsaturated fatty acids, the
amount of dietary PUFAs influences oxylipin production. Moreover, the presence of different enzymes,
as well as enzyme preferences for certain PUFAs, will influence the tissue oxylipin profile. The major,
but not the only source of oxylipins, are fatty acids released from membrane phospholipids by the
cytosolic PLA2 [27]. Upon releasing fatty acids from the phospholipids, these fatty acids are converted
to oxylipins by three main pathways: cyclooxygenase (COX), lipoxygenase (LOX) and cytochrome
P-450 (CYP) epoxygenase and omega-hydrolase [28].

3. Dietary Fatty Acids and Cardiovascular Disease

There has been a great deal of interest in two distinct categories of PUFAs on cardiovascular
disease, the n-6 and n-3 fatty acids [29]. The position of the double bond, either in the 3rd or 6th
position from the methyl end group will distinguish an n-6 fatty acid from an n-3 fatty acid. Within
the cell, these ‘essential’ fatty acids are metabolized and converted into physiologically recognized
compounds [30]. Long-chain n-3 fatty acids like ALA can be converted into two longer chain derivatives
(DHA-docosahexaenoic acid and EPA-eicosatetraenoic acid), primarily by the 5- and 6-desaturase
enzymes (Figure A1). DHA is derived from EPA by β-oxidation. n-6 fatty acids such as linoleic acid
(LA) are converted into AA using the 5- and 6-desaturases similar to n-3 fatty acids. A higher ratio of
n-6: n-3 intake in the diet will shift the desaturase action to favor the production of AA [30].

Essential fatty acids can only be found in dietary sources and are required for adequate function of
the human body. Essential fatty acids cannot be made by the human body. It is important to note that
there are two major sources of essential fatty acids: alpha-linolenic acid (ALA) and linoleic acid (LA).
ALA is an n-3 PUFA found in a variety of food items such as walnuts and flaxseeds. However, it is
most prevalent in flaxseed. LA is an n-6 PUFA enriched in safflower, poppyseed and rapeseed oil [31].
These two fatty acids serve in a variety of cell maintenance functions. There is evidence, however,
suggesting that over-consumption of n-6 PUFAs may lead to increased inflammation within the body.
It is important to note that fatty acids (essential or nonessential) can be found in a variety of dietary
sources. Depending upon the saturation, different fatty acids are found in different foods. PUFAs are
generally found in fish, flaxseed and grape seed oils. Saturated fatty acids (SFAs) are found in palm,
coconut and cottonseed oils as well as chocolate products [32]. Further research into some of these
fatty acids to better elucidate their effects within the body and more specifically, their mechanism of
action, will aid in the ongoing research within the field of nutraceuticals and functional foods [33–37].

Unlike n-6 fatty acids, n-9 fatty acids are primarily found in foods such as olive oil, rapeseed oil,
mustard seeds/oil, and wallflower seeds. Omega-9 fatty acids are usually found in two forms, oleic
acid (18:1 n-9) and erucic acid (22:1 n-9). Both of these fatty acids have important biological functions.
For example, oleic acid, found in olive oil, has been shown to decrease inflammation [32]. Erucic acid is
enriched in colewort or kale. Some of the early studies suggested no severe effects of erucic acid on the
heart [38], however, more recent evidence has correlated high intake of erucic acid with complications
within the heart [39]. Therefore, erucic acid intake should be limited to 2% of total energy intake [40].

Dietary fat recommendations for cardiovascular health have focused on limiting the intake of
saturated fatty acids. Studies of the association between saturated fatty acid intake and cardiovascular
disease has generated conflicting data, with some dietary guidelines recommending to limit SFA intake
and other studies showing no connection between SFA and CVD. A meta-analysis of 21 cohort studies
showed no association between SFA consumption and an increased risk of CVD and coronary heart
disease (CHD) [41]. However, the key to cardiovascular health may be the type of nutrient that replaces
SFAs. An analysis of 11 cohort studies showed that the replacement of 5% energy intake of SFAs
with PUFAs was associated with decreased risk of coronary events and mortality [42]. Another two
prospective cohort studies reported a 25% and 15% reduction in CVD risk when SFAs are replaced
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with PUFAs and monounsaturated fatty acids (MUFAs), respectively [43]. Conversely, the replacement
of SFAs with carbohydrates augmented the risk of coronary events [42].

Omega-3 fatty acids are found in a variety of sources. Marine oils contain two major n-3 fatty
acids. EPA and DHA have important anti-inflammatory and early developmental functions within the
body [44]. Unlike ALA, DHA and EPA can be derived within the body through different enzymes
known as desaturases. ALA is an essential fatty acid and can be a precursor for DHA and EPA.
However, ALA is not completely converted to both EPA and DHA. ALA is a plant-derived n-3 PUFA
and can be found in walnuts, sunflower seed, and flaxseed. ALA has important biological actions
within the heart [35,45]. In the National Heart, Lung and Blood Institute (NHLBI) study, it was
demonstrated that LA and ALA decrease the risk of heart disease by 40% and 70%, respectively [46].

Trans fatty acids (TFAs) are unsaturated fatty acids in which the double bond is in the trans
configuration. Artificial TFAs are produced during industrial hydrogenation of vegetable oils leading
to solidification and an increase in the half-life for the purpose of prolonged storage in the food industry.
Natural TFAs are produced in the rumen of ruminants as a product of bacterial transformation and
are found in small amounts in dairy and meat products [47]. The most common industrial TFA
is elaidic acid (18:1, omega-9), while vaccenic acid (18:1, omega-7) represents the major ruminant
TFA [48]. According to the current guidelines of the European Food Safety Authority, TFA intake
should be <1% of the total caloric intake. North Americans consume between 5–10 g/day of industrial
TFAs daily which constitutes approximately 2–5% of total energy within our diets [34]. However,
some studies suggest that some individuals consume up to 20 g/day of industrial TFAs [49,50]. A
2% increase in TFA consumption leads to a 23% increase in the risk of CHD [51]. TFAs have been
associated with an increased risk of CVD by altering serum lipid composition. They increase the
ratio of total cholesterol to high-density lipoprotein cholesterol which is an important predictor of
CVD [52]. In addition, they increase the levels of low-density lipoprotein (LDL) cholesterol and
reduce the levels of high-density lipoprotein cholesterol [52], triglyceride levels [53], and increase Lp(a)
levels [54]. Increased dietary TFA intake induces inflammation in women as confirmed by increased
levels of interleukin-6 and C- reactive protein [55]. Therefore, the effect on CVD can be indirect, since
inflammation is an independent risk factor for atherosclerosis [56]. Furthermore, there is evidence
that increased TFA intake leads to endothelial dysfunction by increasing the levels of intercellular
adhesion molecule 1, soluble vascular cell adhesion molecule 1, and E-selectin [57]. Apart from playing
a role in the development of atherosclerosis, TFA can have an influence on atherosclerotic plaque
stabilization. The type of atheromatous plaque with a thin <65 µm fibrous cap which is infiltrated by
macrophages [58] is most prone to rupture [59]. In a cross-sectional study of the association between
TFAs and a thin fibrous cap atheroma as assessed by optical computed tomography, an association
was identified between serum levels of elaidic acid and the presence of a thin fibrous cap atheroma in
patients with CHD [60].

In addition to simply avoiding the ingestion of TFAs, nutritional interventions can be an effective
way of altering the deleterious effects of trans fatty acids on atherosclerosis development. In a
mouse model of atherosclerosis, intake of ground flaxseed, or an ALA-rich flaxseed oil prevented
atherosclerotic plaque development induced by mild or moderate TFA intake [35].

4. Polyunsaturated Fatty Acids in Atherosclerosis

Atherosclerosis is a chronic disease characterized by lipid deposition and inflammation and
hardening of the arteries. An atherosclerotic plaque can be asymptomatic or, as it progresses, it can
become unstable, or it can rupture leading to myocardial infarction. Fatty acids are involved in plaque
formation and stabilization. Dietary fatty acids can affect atherosclerosis in both a negative or a positive
way depending on their structure. In a study conducted in 111 patients with CAD, fatty acid profiles
established by gas chromatography showed significant correlation between trans fatty acids: elaidic
acid (C18:1trans 9), trans isomers of linoleic acid (trans C18:2 isomers) and trans 11 eicosanoic acid
(C20:1 trans 11) and biomarkers of oxidative stress, inflammatory parameters (hs-CRP, IL-6, TNF–α)
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as well as vascular severity [38]. Increased trans fatty acid intake correlates with an increase in LDL,
leading to a promotion of atherosclerosis [61]. An association between saturated fatty acid intake and
CVD has been extensively studied. The first trial known as the “Seven Countries Study” had more than
12.000 participants within the seven countries: United States, Finland, Italy, Yugoslavia, Greece, Japan,
and the Netherlands. It showed that saturated fatty acids are the most powerful lifestyle predictor of
CVD [62]. However, the most recent study that enrolled >135,000 patients, aged 35–70 years in the 18
countries, with over seven years follow-up showed that increased SFA intake was not associated with
major CVD outcomes [63].

Omega-6 and omega-3 fatty acids play an important role in cardiovascular disease and health.
Conversion of omega-6 fatty acids like LA to arachidonic acid and the conversion of omega-3 fatty
acids to DHA and EPA is a process driven by the same enzymes. Therefore, the conversion of ALA will
depend on the amount of ALA and LA ingested, but not their ratio [64]. While LA is easily converted
to arachidonic acid, ALA conversion to EPA and DHA is 1% and 5% respectively [65].

Taking this into consideration as well as the omega-6 rich and omega-3 poor western diet [66],
there is a risk of cardiovascular disease in western societies [67]. The omega-6 derived arachidonic acid
(AA) serves as a precursor for the formation of oxylipins via cyclooxygenase (COX) [68]. Oxylipins
have both beneficial and deleterious effects on the cardiovascular system. The best-characterized
oxylipins are the ones derived from AA, and so far, the levels of AA-derived oxylipins in plasma
have shown detrimental effects on cardiovascular health. Oxylipins derived from arachidonic acid
promote inflammation [69,70], oxidative stress [71], and vasoconstriction [71,72]. The very first product
of COX-induced oxidation of AA is prostaglandin G2 (PGG2) and subsequently, prostaglandin H2
(PGH2) which is further converted to other PGs and thromboxanes through PG and thromboxane
synthase [73]. Prostaglandin E2 (PGE2) is involved in cardiac hypertrophy and ischemia [74,75].
Thromboxane A2 has potent pro-aggregatory and vasoconstrictive properties [76–78]. Its concentration
is reduced by aspirin administration [76–78]. 20-hydroxyeicosatetraenoic acid (20-HETE) induces
vasoconstriction of porcine coronary arteries [79], whereas, 16-, 18-, 19- and 20-HETE metabolites
promote vasodilation [80,81]. LOX-derived oxylipins affect the heart by promoting inflammation.
Leukotrienes (LTs) lead to endothelial dysfunction, foam cell formation, and smooth muscle cell
proliferation, all of which lead to atherosclerosis [82].

Not all oxylipins have a detrimental effect on the heart. CYP enzymes are highly expressed in the
heart, and they are involved in converting AA to eicosanoids, which have a cardio-protective role [83–85].
Some of them, such as epoxy-eicosatrienoic acid (EpETrE), attenuate ischemia/reperfusion injury [84].
Moreover, EpETrE improved the electrical activity of the heart following ischemia/reperfusion
injury [86,87]. This protective role is induced through multiple pathways involving mitochondrial
and sarcolemmal potassium channels, p42/p44 MAPK (mitogen-activated protein kinase), and
PI3K-AKT [88].

Dietary modulation of fatty acids can influence plasma oxylipin levels. Therefore, dietary fatty acid
content has to be carefully considered since the oxylipins derived by specific dietary PUFAs can have a
detrimental effect and lead to cardiovascular disease. For example, dietary LA leads to an increased
production of 13-hydroxy-octadecadienoic acid (13-HODE) which has been shown to be increased in
oxidized LDL, leading to its accumulation in macrophages, and ultimately to atherosclerosis [89].

In contrast, the metabolism of dietary omega-3 fatty acids can be protective in atherosclerosis,
since it results in the production of oxylipins that can compete with the ones derived from omega-6
fatty acids and lead to a decreased cardiovascular risk [90–92]. Dietary supplementation with omega-3
fatty acids EPA and DHA show protective effects in the heart [31,93]. Epoxyeicosanoids derived by
oxidation of EPA/DHA by CYP enzymes, such as 17,18-epoxy-EPA and 19,20-epoxy-DHA, shows
potent antiarrhythmic effects [94]. The Singapore Chinese Health study included 744 acute myocardial
infarction cases and 744 matched controls and showed not only an inverse association between acute
myocardial infarctions and long-chain omega-3 PUFAs and stearic acid but also a positive correlation
between AA and the risk of an acute myocardial infarction [95].
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The fatty acid composition of chylomicrons can influence lipid deposition in macrophages that
leads to atherosclerosis [96,97]. The chylomicrons that are rich in saturated fatty acids are more readily
taken up by macrophages compared to the ones that contain omega-3 fatty acids [98]. Omega-3
fatty acids may also protect against atherosclerosis through a reduction in inflammatory signaling by
decreasing the expression of various cytokines, as well as by a reduction in adhesion molecules [99].
EPA and DHA also promote the stabilization of atherosclerotic plaques, reducing the occurrence
of acute fatal and nonfatal cardiovascular events [100]. Dietary flaxseed supplementation, through
its rich content of ALA, inhibits the progression of atherosclerosis and promotes the regression of
atherosclerotic plaque in animal models [93].

5. Fatty Acids and Ischemic Heart Disease

Fatty acid metabolism is altered in patients post myocardial infarction. In the healthy heart,
95% of the energy is produced by oxidative phosphorylation in mitochondria with the rest coming
from glycolysis [101]. During myocardial ischemia/reperfusion injury, metabolism in the heart
is significantly altered. During ischemia, the oxygen supply/demand ratio increases leading to a
diminished mitochondrial oxygen phosphorylation in proportion to the decreased blood flow [101].
Under these conditions, glycolysis becomes the primary generator of ATP while glucose oxidation
is inhibited [101]. The decoupling of these two processes results in the accumulation of lactate and
H+ [102]. Restoration of blood flow, however, leads to increased fatty acid β oxidation due to fatty
acid accumulation, further diminishing glucose oxidation and leading to cellular acidosis [103]. This
suggests that the inhibition of fatty acid oxidation can be beneficial during reperfusion. The only
clinically available drug that can suppress fatty acid oxidation is trimetazidine. It inhibits 3-ketoacyl
CoA thiolase [104], leading to decreased fatty acid oxidation, improved contractility, decreased injury
and increased cardiac efficiency [104].

Phospholipids play an important role in ischemic reperfusion injury in the heart.
Due to the presence of double bond PUFAs on the sn-2 position, phospholipids are
highly susceptible to oxidation. This ultimately leads to the production of oxidized
phospholipid species [105–107]. Using mass spectrometric analyses, a significant increase in
oxidized phosphatidylcholine (oxPC) species was found following in vitro ischemia/reperfusion
injury [107]. These oxidized phosphatidylcholine species have been predominantly
fragmented species identified as 1-palmitoyl-2-(5′-oxo-valeroyl)-sn-glycero-3-phosphocholine (POVPC),
1-palmitoyl-2-(9′-oxo-nonanoyl)-sn-glycero-3-phosphocholine (PONPC), 1-palmitoyl-2-azelaoyl-
sn-glycero-3-phosphocholine (PAzPC) and 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine
(PGPC) [107]. The exogenous addition of these compounds to cardiomyocytes resulted in cell
death, therefore, an increase in these oxPC species during reperfusion injury can be of great clinical
importance [107].

Apart from a pharmacological approach for improving heart function and reducing the extent
of ischemia/reperfusion injury, there is evidence that dietary intervention might be beneficial as well.
A case-control study including 125 patients showed that ALA intake leads to a decreased risk of
fatal ischemic heart disease [75]. The Lyon Diet Heart Study, a randomized secondary prevention
trial demonstrated that the Mediterranean diet enriched in ALA leads to a 70% reduction in total
deaths and 75% reduction in nonfatal myocardial infarctions [108]. In vitro treatment of adult rat
cardiomyocytes with ALA led to multiple beneficial effects. It induced increased incorporation
of ALA into membrane phospholipids, led to a reduction in cardiomyocyte cell death during
ischemia/reperfusion injury [105]. Moreover, ALA treatment led to a decrease in production of
oxidized phosphatidylcholines: 1-palmitoyl-2-(5′-oxo-valeroyl)-sn-glycero-3-phosphocholine (POVPC)
and 1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine (PGPC) [105].
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6. Fatty Acid Metabolism in the Heart in Obesity

Although there is a clear association between fat intake and obesity [109], it is important to
recognize that the type of fat ingested may influence obesity risk. This is particularly important with
respect to n-3 fatty acids. For example, n-3 fatty acids may have a protective effect on cardiovascular
diseases. However, epidemiological studies remain unclear whether n-3 PUFA intake decreases weight
gain and abdominal fat. Although some studies have indicated a decrease in body fat with up to 6 g/day
EPA and DHA consumption [110], other large prospective health studies such as the Nurses’ Health
Study observed an increased prevalence of obesity with high fish intake and n-3 PUFA intake [111].
Taken together, these results cannot define a clear role of n-3 fatty acids in the prevalence of obesity,
however, published data tens to indicate a decrease in obesity risk with n-3 fatty acid consumption. As
well, most studies are limited by solely analyzing the effect of the n-3 fatty acids EPA and DHA on
weight gain.

The effects of dietary n-6 PUFAs may be less controversial. Rat and mice work suggests that
maternal intake of LA predisposes the fetus to AA, the metabolic bi-product of LA. Increased exposure of
the fetus to AA has been associated with increased adipocyte production suggesting increased maternal
LA intake may predispose an individual to increased adipocyte production [112,113]. Furthermore,
studies conducted by Massiera and colleagues [66] suggest that when rat diets were supplemented with
55% LA as a % of the total lipid fraction (19% total energy) for four generations, there was a progressive
weight gain in each of four generations [66]. This evidence suggests that the early development of
obesity may be correlated to increased n-6 fatty acid consumption. Taken together, these studies
suggest that n-3 and n-6 PUFAs have differential effects on obesity. However, more study is necessary
to fully understand this phenomenon.

A diseased condition can either cause changes in fatty acid uptake or its oxidation, or, conversely,
the disease can be caused by a dysfunction of the fatty acid uptake/oxidation processes. Understanding
the role of proteins and pathways involved in fatty acid uptake and the role that changes in metabolism
may play is particularly important in diseases of the heart. Since substrate utilization changes
during stressful situations, analyzing fatty acid uptake and oxidation patterns are critical to a better
understanding of the progression of cardiac diseases.

For example, insulin resistance in the heart and skeletal muscle is associated with a reduced
response to increased circulating free fatty acids [114]. This is a common occurrence in insulin-resistant
conditions such as obesity and type 2 diabetes [114]. When the uptake of fatty acids exceeds the rate of
beta-oxidation, intramuscular lipids can accumulate leading to lipotoxicity [15]. CD36, therefore, plays
an important role in increasing long-chain fatty acid (LCFA) uptake into the heart and increasing lipid
accumulation when beta oxidation rates do not meet the energy needs of the heart [15]. Treatment
with an inhibitor of CD36, sulfo-N-succimidyl-palmitate (SSO), decreased LCFA uptake and the
subsequent accumulation of lipids in the heart. CD36 also plays a role in atherosclerosis since CD36
is a class B scavenger protein and associated with macrophage infiltration. CD36 inhibition also
leads to complications in the heart, such as development of hypertrophy [115]. Taken together, these
studies suggest a clear role of CD36 in the progression of CVD. However, while CD36 knock-out may
play a beneficial role in limiting disease progression (such as type 2 diabetes), it is still important for
basal metabolic function. Long term use of agents such as SSO that inhibit FA uptake through the
blocking of CD36 increase the risk of cardiac hypertrophy in rats [116]. Conversely, type 2 diabetes is
associated with increased intramyocardial levels of TG [117] which, despite the early association with
ventricular dysfunction, can have beneficial effects. Increased intramyocardial TG as well as elevated
levels of serum PUFAs were protective in the failing heart [118] and can be important for maintaining
ventricular function in both healthy individuals [119] as well as individuals with type 2 diabetes [120].

7. Conclusions

Fatty acids represent a class of molecules with a large structural and functional diversity. They
have a detrimental role in the heart functioning as a primary energy source in controlled conditions.
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The main point of this review was to highlight the metabolism of fatty acids in the heart in health and
disease as well as to draw the attention to the importance of dietary fats. Dietary fatty acid intake can
have both detrimental as well as beneficial effects on heart fatty acid metabolism. However, due to
their bitter taste, fatty acid ingestion could be reduced. Here, we summarized the studies describing
different methods that could be used to reduce the bitterness of fatty acids in order to improve their
ingestion and the beneficial effects these ingested fatty acids, particularly PUFAs may have on our
cardiovascular health.
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Dr. Dinender Singla 

 

Dr. Singla Appointed as Florida Hospital Foundation Endowed 
Chair in Cardiovascular Research 

 

The Burnett School of 
Biomedical Sciences, 
University of Central 
Florida (UCF), 
appointed Dr. 
Dinender Singla as 
the Endowed 
Professor in 

Cardiovascular 
Research funded by 
the Florida Hospital. 
In this position, Dr. 

Singla will serve as a 
critical resource for the University and the College of 
Medicine and the school to continue development of a 
program of excellence in cardiovascular research. In 
addition, he will serve as a bridge to connect 
cardiovascular research at the University, Donor, and 
other medical basic sciences and research institutions, as 
well as the catalyst in developing joint UCF-Florida 
Hospital grant proposals to the National Institute of 
Health and other agencies. 

Dr. Dinender Singla received his B.Sc. and M.Sc. degrees 
from Punjabi University, Patiala, India and his Ph.D. from 

the Post Graduate Institute of Medical Education and 
Research, Chandigarh, India. He held post-doctoral 
fellowship positions at different Universities in Canada. 
He joined as a tenure track Assistant Professor of 
Medicine at the University of Vermont in 2004. His 
current position at the University of Central Florida is a 
Professor of Medicine. His major area of research is 
related to stem cells, heart failure, diabetes, inflammation 
and cardiac regeneration. He continuously serves to 
review the grants for various NIH, AHA, Ministry of 
Italian Health, and Hong Kong study sections. He is an 
Academic Editor for PLos One, Associate Editor for the 
Canadian Journal of Physiology and Pharmacology as 
well an Editorial Board member for different journals 
such as the American Journal of Physiology: Heart and 
Circulatory. He is a chair, TPIG committee, American 
Physiology Society and also currently is secretary of the 
North American section of the IACS. He is a fellow of the 
IACS. He is a reviewer for different journals. He has 
served as a chair for various scientific sessions throughout 
the world. He has also organized a scientific conference. 
He is an author or co-author of more than 70 peer 
reviewed papers. 

 

Metabolic Profiling of Risk for Cardiovascular Disease 
 

Erin M. Goldberg1 and Michel Aliani1,2 
1Department of Food and Human Nutritional Sciences, University of Manitoba, 

2Canadian Centre for Agri-Food Research in Health and Medicine, Winnipeg, MB, Canada R2H 2A6 
Email: Michel.Aliani@umanitoba.ca 

Introduction: 
Atherosclerotic cardiovascular disease (CVD) persists as 
the most common cause of death among adults, according 
to the American Heart Association (Benjamin 2017). 
Extensive research has been undertaken over the years to 
determine biomarkers for CVD and other heart-related 
conditions. Beyond lipoproteins, it has been difficult to 
pinpoint one or multiple biomarkers that are robust 
enough to be used in a clinical setting. Metabolomics 
offers a progressive, in-depth preventative and diagnostic 
tool to determine differences among patients suffering 
from such conditions, and to compare them to their 
healthy counterparts by further understanding the human 

metabolome. Therefore, the literature was searched to 
determine commonalities among metabolomics studies to 
determine if better targets could be studied. 
 

Methods: 
In this viewpoint article/review, we searched PubMed for 
papers with the key words “metabolomics and 
cardiovascular disease” published within the last 10 years. 
We arrived at 946 papers that matched these criteria, and 
selected 30 papers based on the following factors: largest 
sample size, use of a variety of methodology (ie. GC, 
NMR etc.) and analysis of a mix of biological fluids (ie. 
plasma, urine etc.). We excluded papers that involved 
pharmaceutical interventions.  
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Table 1: Summary of Selected Papers Involving Metabolomics and Heart-Related Conditions 
 

Author Sample 
size Sample Method Result 

Lawler 2017 9423 Plasma 1H-NMR Pharmacological reduction in small, cholesterol-enriched, triglyceride-depleted 
VLDL was associated with reduction in atherosclerotic cardiovascular disease 
(ASCVD) events risk. 

Delles 2018 7330 Plasma 1H-NMR Phenylalanine identified as a novel predictor of incident, heart failure 
hospitalisation, although prediction gains are low. 

Yu 2016 1887 Serum LC/MS Mannose and glycocholate associated with cardiovascular mortality (P < 1.23 × 
10-4), but predictive ability was not improved beyond the traditional risk factors.  

Paynter 2018 472 Plasma LC-
MS/MS 

Strong associations with CHD observed for glutamine, glutamate, cytidine 
monophosphate, and 5 oxidized lipids that had not previously been associated with 
incident CHD in humans (2 species of hydroxy-PCs (C34:2 and C36:4) and 3 
oxidized derivatives from arachidonic acid (15-HETE, 5-HETE, and 11-HETE)). 

Ahmad 2016 453 Plasma Tandem 
flow 
injection 
MS 

In chronic heart failure patients, circulating long-chain acylcarnitine 
metabolite levels were independently associated with adverse clinical outcomes 
and decreased after long-term mechanical circulatory support. 

Wolak-
Dinsmore 
2018 

443 Plasma 1H-NMR Elevated valine, leucine and isoleucine may be associated with carotid intima 
media thickness (a proxy of subclinical atherosclerosis).  

Zhong 2019 302 Plasma LC-
MS/MS 

Trimetlylamine oxide (TMAO), choline, creatinine, and carnitine were 
significantly higher in CHD patients. 

Guasch-
Ferré 2016 

229 Plasma LC-
MS/MS 

Elevated short-chain acylcarnitines associated with CVD. 

Guasch-
Ferré 2016 

229 Plasma LC-
MS/MS 

The multivariable hazard ratios (95% confidence intervals) per 1-SD increase in 
choline and α-glycerophosphocholine metabolites were 1.24 (1.05-1.46) and 1.24 
(1.03-1.50), respectively. The baseline betaine/choline ratio was inversely 
associated with CVD. The baseline choline metabolite score was associated with a 
2.21-fold higher risk of CVD across extreme quartiles (95% confidence interval, 
1.36-3.59; P<0.001 for trend) and a 2.27-fold higher risk of stroke (95% 
confidence interval, 1.24-4.16; P<0.001 for trend).  

Jung 2018 182 Plasma LC-
QTOF-
MS 

Elevated SFA and reduced PUFA in atrial fibrillation (AF) patients may be 
associated with enhanced inflammation and FFA levels may play a 
role in the development and progression of AF. 

Loo 2018 158 Urine 1H-NMR Blood pressure associated with 6 metabolites (proline-betaine (inverse), carnitine 
(direct)], gut microbial co-metabolites [hippurate (direct), 4-cresyl sulfate 
(inverse), phenylacetylglutamine (inverse)], and tryptophan metabolism [N-
methyl-2-pyridone-5-carboxamide (inverse)].  

Lu 2018 102 Serum LC/MS Amino acids and phosphatidylethanolamine (PE) in the CHD group were much 
higher than those in healthy control group, and levels of 
unsaturated fatty acids, sphingosine, Lyso, phosphatidylcholine (PC) were lower 
(P<0.01).  

Yao 2017 101 Serum 1H-NMR Concentrations of Lac, m-I, lipid, VLDL, 3-HB, and LDL were higher in the 
unstable angina pectoris group whereas the concentrations of Thr, Cr, Cho, 
PC/GPC, Glu, Gln, Lys, HDL, Ile, Leu, and Val were lower. 

Hasokawa 
2012 

86 Serum GC-MS Isobutylamine, sarcosine, homoserine, ribulose, taurine, glutamine, glucose, and 
tryptophan - in the major restenosis group were 
significantly different from those in the minor restenosis group.  

Zhao 2018 75 Urine LC-
QTOF-
MS 

Melatonin, cortolone, L-methionine, 3,4-dihydroxyphenylglycol, butyric acid, 5-
hydroxyindoleacetic acid, o-tyrosine, 11-hydroxyandrosterone, 5-
hydroxyhexanoic acid and 2-aminooctanoic acid were closely related to essential 
hypertension. 

Guo 2019 66 Plasma LC-
MS/MS 

9-cis-Retinal, DL-Indole-3-Lactic Acid, Methyl Ricinoleate, (2S)-OMPT, 2-
Methyl-1-Pyrroline, D-Pipecolinic Acid, 7,7-Dimethyl-5,8-Eicosadienoic Acid, 
PC(15:0/0:0)[U], DL-Dihydrosphingosine, Bufexamic Acid, 10-Hydroxy-2-
Decenoic Acid and L-Thyroxine considered biomarkers for ischemic stroke in 
hypertensive patients. 

Cui 2018 53 Faecal + 
Plasma 

LC/MS Faecalibacterium prausnitzii decrease and Ruminococcus gnavus increase were the 
essential characteristics in CHF patients' gut microbiota. An imbalance of gut 
microbes involved in the metabolism of protective metabolites such as butyrate 
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and harmful metabolites such as trimethylamine N-oxide in CHF patients was 
observed. 

Ali 2016 45 Serum GC/MS, 
SPME-
GC/MS 
+1H-
NMR 

19 metabolites, including elevated hydrogen sulfide in ST-elevation myocardial 
infarction patients. 

Tovar 2017 44 Plasma LC-
QTOF-
MS 

Acylcarnitines, furan fatty acids (inc), phospholipids (plasmalogens, 
phosphatidylcholines, phosphatidylethanolamines), and various low-molecular 
weight products from the bioactivity of gut microbiota changed after consumption 
of a Multifunctional Diet. 

Alexander 
2010 

39 Plasma LC/MS + 
GC/MS 

Steroid metabolites, glutamine, threonine and histidine were reduced while levels 
of citric acid cycle intermediates and lipid β-oxidation 
products were increased in patients with primary dilated cardiomyopathy (DCM). 

Wang 2018 36 Urine LC-
QTOF-
MS 

Among 20 biomarkers that functioned in 9 metabolic pathways, 9 biomarkers 
were found up-regulated significantly, including 
isobutyryl-l-carnitine, 3-methylglutarylcarnitine, cinnavalininate, l-tryptophan, 
3-methyldioxyindole, palmitic acid, N4-acetylaminobutanal, 3-sulfino-l-alanine 
and S-adenosyl-l-homocysteine. The other 11 biomarkers were down-regulated, 
including: l-lactic acid, trigonelline, nicotinuric acid, l-alanine, d-alanyl-d-alanine, 
creatine, N4-acetylaminobutanoate, glutathionyl spermidine, 
5-methoxytryptamine, kynurenic acid and xanthurenic acid.  

Deidda 2017 21 Plasma 1H-NMR Absence of stenosis (microvascular disease; "Micro") group patients showed a 
higher content of 2-hydroxybutirate, alanine, leucine, isoleucine, and N-acetyl 
groups and lower levels of creatine/phosphocreatine, creatinine, and glucose, 
14whereas stenotic-disease (SD) group patients sh15owed higher levels of 3-
hydroxybutirate and aceta16te and a lower content of 
2-hydro17xybutirate. Moreover, relative to SD patients, M18icro patients showed 
higher levels of 2-hydroxybutir19ate, alanine, leucine, and N-acetyl groups and 
lowe20r levels of 3-hydroxybutirate and acetate. 

Zordoky 
2015 

24 Serum 1H-NMR Heart failure (HF) with preserved ejection fraction (HFpEF) patients demonstrated 
higher serum concentrations of acylcarnitines, carnitine, 
creatinine, betaine, and amino acids; and lower levels of phosphatidylcholines, 
lysophosphatidylcholines, and sphingomyelins compared to non-HF patients. 
Medium and long-chain acylcarnitines and ketone bodies were higher in HFpEF 
than HF with reduced 
ejection fraction (HFrEF) patients.  

Diercks 2012 24 Urine GC/MS Taurine, sulfuric acid and talose associated with worsening renal function. 
Auguet 2018 20 Plasma LC/MS Only 20-HETE found to be related to carotid plaque. 
Basak 2015 18 Plasma LC-MS Lyso PC (18:0), Cortisol, Lyso PC (P-17:0), and glycerophosphocholine were 

among the top discriminators for coronary artery disease which implies 
involvement of phosphatidylcholine pathway in the pathogenesis of 
atherosclerosis 

Jung 2018 18 Aortic 
tissue 

LC/MS Metabolites in the purine and glutathione pathways showed dysregulation of 
oxidative stress in plaques, and levels of 
glucosylceramide, tryptophan, and kynurenine (related to inflammation), were also 
altered. Increased level of quinic acid was observed in plaques (p < 0.000), and an 
inhibitory effect of quinic acid 
on inflammatory activation and oxidative stress in macrophages. 

Kang 2011 15 Urine 1H-NMR HF patients had higher levels of metabolites for acetate (p<0.05) and acetone 
(p<0.01) compared to healthy  
controls. There was a perturbation in methylmalonate metabolism as shown by 
increased urinary levels of methylmalonic acid (p<0.001) in the HF patients. HF 
patients also had increased urinary levels of cytosine (p<0.01) and 
phenylacetylglycine (p<0.01) and decreased 1-methylnicotinamide (p<0.05) 
compared to healthy controls. 

Bakker 2016 12 Plasma 1H-NMR Impaired HDL functionality in South Asians may contribute to elevated CVD risk. 
Teul 2009 9 Plasma GC/MS + 

1H-NMR 
39 metabolites, with the top 3 upregulated in stable carotid atherosclerosis patients 
compared to control include glucose, creatinine and acetoacetate; downregulated 
include isocitrate, glycerate and fructose. 

  



CV Network Vol 18 No 2 • June 2019  www.heartacademy.org       26 

Results & Discussion: 
Table 1 summarizes the results from selected papers from 
our research. Some of the papers used a targeted 
approach, meaning that the authors searched for and 
quantified known metabolites that have been shown 
previously to associate with CVD in some way. Others 
used a non-targeted approach to generate hypotheses and 
understand relationships between certain metabolites and 
CVD. Both methods are important to use in conjunction 
with one another to explain the whole picture. Typically, 
blood analysis is the most common biological fluid 
measured for this type of work, but urinalysis offers a less 
invasive alternative. Results from the studies depict a 
wide array of upregulated and downregulated metabolites 
depending on the specific condition assessed. Among 
these included amino acids, lipids, sugars, hormones, 
vitamins, among others. Associations between CVD and 
various carnitines and acylcarnitines did arise across 
seven papers. Carnitines have long been associated with 
cardiac diseases, and have a number of effects 
endogenously, including transport of long-chain fatty 
acids and carbohydrate metabolism. 
 
Conclusions: 
Given the complementary nature of NMR, GC, LC, 
QTOF and MS, it seems obvious that deploying more 
than one technique is likely to result in a more 
comprehensive set of metabolic data than using one alone. 
Despite this, the challenge in metabolomics is that varying 
any parameter will significantly alter the results, and 
therein the conclusions that can be derived from them. 
 
Attempting to understand human metabolism and its 
relationship with development and progression is akin to 
seeing a whole picture that is composed of thousands of 
pixels, when you are only provided with a handful of 
pixels. Based on these findings, and the complexity of 
CVD, metabolomics might be of greater use if researchers 
shift their focus away from finding the "magic 
biomarker", and rather use it in a personalized approach to 
assess individuals at baseline and monitor their response 
to various dietary, pharmaceutical and surgical 
interventions.  
 
References: 
1. Ahmad, T., Kelly, J. P., McGarrah, R. W., 

Hellkamp, A. S., Fiuzat, M., Testani, J. M., ... & 
Ilkayeva, O. R. (2016). Prognostic implications of 
long-chain acylcarnitines in heart failure and 
reversibility with mechanical circulatory support. 
Journal of the American College of Cardiology, 
67(3), 291-299. 

2. Alexander, D., Lombardi, R., Rodriguez, G., 
Mitchell, M. M., & Marian, A. J. (2011). 
Metabolomic distinction and insights into the 
pathogenesis of human  

primary dilated cardiomyopathy. European journal 
of clinical investigation, 41(5), 527-538. 

3. Ali, S. E., Farag, M. A., Holvoet, P., Hanafi, R. S., 
& Gad, M. Z. (2016). A comparative metabolomics 
approach  
reveals early biomarkers for metabolic response to 
acute myocardial infarction. Scientific reports, 6, 
36359. 

4. Auguet, T., Aragonès, G., Colom, M., Aguilar, C., 
Martín-Paredero, V., Canela, N., ... & Richart, C. 
(2018). Targeted metabolomic approach in men with 
carotid plaque. PloS one, 13(7), e0200547. 

5. Bakker, L. E. H., Boon, M. R., Annema, W., 
Dikkers, A., van Eyk, H. J., Verhoeven, A., ... & van 
Dijk, K. W. (2016). HDL functionality in South 
Asians as compared to white Caucasians. Nutrition, 
Metabolism and Cardiovascular Diseases, 26(8), 
697-705. 

6. Basak, T., Varshney, S., Hamid, Z., Ghosh, S., Seth, 
S., & Sengupta, S. (2015). Identification of 
metabolic markers in coronary artery disease using 
an untargeted LC-MS based metabolomic approach. 
Journal of proteomics, 127, 169-177. 

7. Benjamin, E. J., Blaha, M. J., Chiuve, S. E., 
Cushman, M., Das, S. R., Deo, R., ... & Jiménez, M. 
C. (2017). Heart disease and stroke statistics-2017 
update: a report from the American Heart 
Association. Circulation, 135(10), e146-e603. 

8. Cui, X., Ye, L., Li, J., Jin, L., Wang, W., Li, S., ... & 
Zhou, X. (2018). Metagenomic and metabolomic 
analyses unveil dysbiosis of gut microbiota in 
chronic heart failure patients. Scientific reports, 8(1), 
635. 

9. Deidda, M., Piras, C., Dessalvi, C. C., Congia, D., 
Locci, E., Ascedu, F., ... & Atzori, L. (2017). Blood 
metabolomic fingerprint is distinct in healthy 
coronary and in stenosing or microvascular ischemic 
heart disease. Journal of translational medicine, 
15(1), 112. 

10. Delles, C., Rankin, N. J., Boachie, C., McConnachie, 
A., Ford, I., Kangas, A., ... & Zannad, F. (2018). 
Nuclear magnetic resonance based metabolomics 
identifies phenylalanine as a novel predictor of 
incident heart failure hospitalisation: results from 
PROSPER and FINRISK 1997. European journal of 
heart failure, 20(4), 663-673. 

11. Diercks, D. B., Owen, K., Tolstikov, V., & Sutter, 
M. (2012). Urinary metabolomic analysis for the 
identification of renal injury in patients with acute 
heart failure. Academic Emergency Medicine, 19(1), 
18-23. 

12. Guasch-Ferré, M., Zheng, Y., Ruiz-Canela, M., 
Hruby, A., Martínez-González, M. A., Clish, C. B., 
... & Dennis, C. (2016). Plasma acylcarnitines and 
risk of cardiovascular disease: effect of 



CV Network Vol 18 No 2 • June 2019  www.heartacademy.org       27 

Mediterranean diet interventions. The American 
journal of clinical nutrition, 103(6), 1408-1416. 

13. Guasch Ferré, M., Hu, F. B., Ruiz Canela, M., 
Bulló, M., Toledo, E., Wang, D. D., ... & Lapetra, J. 
(2017). Plasma metabolites from choline pathway 
and risk of cardiovascular disease in the 
PREDIMED (Prevention With Mediterranean Diet) 
Study. Journal of the American Heart Association, 
6(11), e006524. 

14. Guo, X., Li, Z., Zhou, Y., Yu, S., Yang, H., Zheng, 
L., ... & Sun, Y. (2019). Metabolic Profile for 
Prediction of Ischemic Stroke in Chinese 
Hypertensive Population. Journal of Stroke and 
Cerebrovascular Diseases. 

15. Hasokawa, M., Shinohara, M., Tsugawa, H., Bamba, 
T., Fukusaki, E., Nishiumi, S., ... & Hirata, K. I. 
(2012). Identification of biomarkers of stent 
restenosis with serum metabolomic profiling using 
gas chromatography/mass spectrometry. Circulation 
Journal, CJ-11. 

16. Jung, S., Song, S. W., Lee, S., Kim, S. H., Ann, S. J., 
Cheon, E. J., ... & Lee, S. H. (2018). Metabolic 
phenotyping of human atherosclerotic plaques: 
Metabolic alterations and their biological relevance 
in plaque-containing aorta. Atherosclerosis, 269, 21-
28. 

17. Jung, Y., Cho, Y., Kim, N., Oh, I. Y., Kang, S. W., 
Choi, E. K., & Hwang, G. S. (2018). Lipidomic 
profiling reveals free fatty acid alterations in plasma 
from patients with atrial fibrillation. PloS one, 13(5), 
e0196709. 

18. Kang, S. M., Park, J. C., Shin, M. J., Lee, H., Oh, J., 
Hwang, G. S., & Chung, J. H. (2011). 1H nuclear 
magnetic resonance based metabolic urinary 
profiling of patients with ischemic heart failure. 
Clinical biochemistry, 44(4), 293-299. 

19. Lawler, P. R., Akinkuolie, A. O., Harada, P., Glynn, 
R. J., Chasman, D. I., Ridker, P. M., & Mora, S. 
(2017). Residual Risk of Atherosclerotic 
Cardiovascular Events in Relation to Reductions in 
Very Low Density Lipoproteins. Journal of the 
American Heart Association, 6(12), e007402. 

20. Loo, R. L., Zou, X., Appel, L. J., Nicholson, J. K., & 
Holmes, E. (2018). Characterization of metabolic 
responses to healthy diets and association with blood 
pressure: application to the Optimal Macronutrient 
Intake Trial for Heart Health (OmniHeart), a 
randomized controlled study. The American journal 
of clinical nutrition, 107(3), 323-334. 

21. Lu, X. Y., Xu, H., Zhao, T., & Li, G. (2018). Study 
of Serum Metabonomics and Formula-Pattern 
Correspondence in Coronary Heart Disease Patients 
Diagnosed as Phlegm or Blood Stasis Pattern Based 
on Ultra Performance Liquid Chromatography Mass 
Spectrometry. Chinese journal of integrative 

medicine, 24(12), 905-911. 
22. Paynter, N. P., Balasubramanian, R., Giulianini, F., 

Wang, D. D., Tinker, L. F., Gopal, S., ... & 
Martínez-González, M. A. (2018). Metabolic 
predictors of incident coronary heart disease in 
women. Circulation, 137(8), 841-853. 

23. Teul, J., Rupérez, F. J., Garcia, A., Vaysse, J., 
Balayssac, S., Gilard, V., ... & Egido, J. (2009). 
Improving metabolite knowledge in 
stableatherosclerosis patients by association and 
correlation of GC-MS and 1H NMR fingerprints. 
Journal of proteome research, 8(12), 5580-5589. 

24. Tovar, J., de Mello, V. D., Nilsson, A., Johansson, 
M., Paananen, J., Lehtonen, M., ... & Björck, I. 
(2017). Reduction in cardiometabolic risk factors by 
a multifunctional diet is mediated via several 
branches of metabolism as evidenced by nontargeted 
metabolite profiling approach. Molecular nutrition & 
food research, 61(2), 1600552. 

25. Wang, Y., Sun, W., Zheng, J., Xu, C., Wang, X., Li, 
T., ... & Li, Z. (2018). Urinary metabonomic study 
of patients with acute coronary syndrome using 
UPLC-QTOF/MS. Journal of Chromatography B, 
1100, 122-130. 

26. Wolak-Dinsmore, J., Gruppen, E. G., Shalaurova, I., 
Matyus, S. P., Grant, R. P., Gegen, R., ... & Dullaart, 
R. P. (2018). A novel NMR-based assay to measure 
circulating concentrations of branched-chain amino 
acids: Elevation in subjects with type 2 diabetes 
mellitus and association with carotid intima media 
thickness. Clinical biochemistry, 54, 92-99. 

27. Yao, W., Gao, Y., & Wan, Z. (2017). Serum 
metabolomics profiling to identify biomarkers for 
unstable angina. BioMed research international, 
2017. 

28. Yu, B., Heiss, G., Alexander, D., Grams, M. E., & 
Boerwinkle, E. (2016). Associations between the 
serum metabolome and all-cause mortality among 
African Americans in the Atherosclerosis Risk in 
Communities (ARIC) study. American journal of 
epidemiology, 183(7), 650-656. 

29. Zhao, H., Liu, Y., Li, Z., Song, Y., Cai, X., Liu, Y., 
... & Li, Y. (2018). Identification of essential 
hypertension biomarkers in human urine by non-
targeted metabolomics based on UPLC-Q-TOF/MS. 
Clinica Chimica Acta, 486, 192-198. 

30. Zhong, Z., Liu, J., Zhang, Q., Zhong, W., Li, B., Li, 
C., ... & Zhao, P. (2019). Targeted metabolomic 
analysis of plasma metabolites in patients with 
coronary heart disease in southern China. Medicine, 
98(7). 

31. Zordoky, B. N., Sung, M. M., Ezekowitz, J., 
Mandal, R., Han, B., Bjorndahl, T. C., ... & Dyck, J. 
R. (2015). Metabolomic fingerprint of heart failure 
with preserved ejection fraction. PloS one, 10(5), 
e0124844. 



Contents lists available at ScienceDirect

Psychiatry Research

journal homepage: www.elsevier.com/locate/psychres

Cognitive profiles in major depressive disorder: Comparing remitters and
non-remitters to rTMS treatment

Mohamed Abo Aouna, Benjamin P Meeka, Mandana Modirroustaa,b,⁎

a St Boniface General Hospital, Winnipeg, MB, R2H2A6, Canada
bUniversity of Manitoba, Department of Psychiatry, Winnipeg, MB, Canada

A R T I C L E I N F O

Keywords:
rTMS
Cognition
Remission
MDD
Task Switching
Reaction time

A B S T R A C T

Major Depressive Disorder (MDD) is typically accompanied by cognitive impairment. Repetitive Transcranial
Magnetic Stimulation (rTMS) treatment for MDD involves stimulation of the dorsolateral prefrontal cortex which
plays an important role in cognition. This study aimed to identify differences in cognitive profiles between
remitters and non-remitters to rTMS at baseline and across treatment. 25 patients with MDD performed cognitive
tasks at baseline and after 6, 12 and 30 sessions of rTMS. At baseline, there was no difference in simple reaction
time (RT) between groups, but remitters (n=13) showed faster RTs than non-remitters (n=12) in the Switch
and No-Switch conditions of Task Switching. Across sessions, remitters showed a decrease in 3-Back omission
errors and RTs to 3-Back, Stroop's Congruent and Incongruent, and Task Switching's Switch and No-Switch
conditions, whereas non-remitters only showed improvements in Stroop Congruent and Incongruent RTs.
Baseline and final scores on the Hamilton Depression Rating Scale were positively correlated with Switch and
No-Switch RTs. This study demonstrates that eventual remitters to rTMS treatment for MDD perform better in
cognitive tasks requiring shifting attention, and this difference is observable prior to the start of treatment.
Remitters also show improvement in both their mood and cognitive performance.

1. Introduction

Major Depressive Disorder (MDD) is a pervasive, multidimensional
disorder that is diagnosed in 14% of individuals during their lifetime
(Kessler et al., 2012) and is associated with high rates of non-recovery
and recurrence (van Randenborgh et al., 2012). In addition to affective
symptoms, subjective complaints of cognitive decline from patients are
common (Dotson et al., 2008). Indeed, in two thirds of cases, MDD is
associated with cognitive dysfunction (Bhalla et al., 2006; Reppermund
et al., 2009), which acts as a crucial mediator of adverse psychosocial
outcomes (Buist-Bouwman et al., 2008; Conradi et al., 2011; Jaeger
et al., 2006) and is associated with poor response to antidepressant
treatment (Roiser et al., 2012). Functional impairment caused by MDD,
especially with regards to workforce participation, disproportionately
accounts for the costs incurred by the disorder (Kessler et al., 2008;
Reppermund et al., 2009).

Broadly, the cognitive domains found to be impaired in MDD in-
clude executive functioning, memory, and attention (Rock et al., 2014).
Although no ‘gold standard’ psychometric cognitive tests exist for MDD
assessment, cognitive deficits are fairly consistent and easily replicable,
especially with regards to executive functioning, working memory,

attention, and sensorimotor or cognitive processing speed (Lee et al.,
2012). Successful treatment of affective symptoms in MDD using anti-
depressants is not always accompanied by an improvement in cognitive
functions, with studies reporting mixed results (Conradi et al., 2011;
Constant et al., 2005).

Previous studies have attempted to use the cognitive profiles of
patients with MDD to predict treatment response to antidepressants. For
example, it has been observed that non-responders to fluoxetine tend to
show more baseline perseveration in the Wisconsin Card Sorting Test
(Dunkin et al., 2000) as well as psychomotor slowing on oral word
association and Stroop tests compared to responders (Taylor et al.,
2006). Similarly, in geriatric patients, abnormal scores on the initia-
tion/perseveration subscale of the Mattis Dementia Rating Scale are
associated with poor response to citalopram (Alexopoulos et al., 2005).
Logistic regression has also been used to identify neuropsychological
indices able to predict SSRI responsiveness using the results of clinical
and neuropsychological assessment (Kampf-Sherf et al., 2004).

Repetitive transcranial magnetic stimulation (rTMS) is a non-in-
vasive method of producing an intense, localized magnetic field using
an electromagnetic coil held over the scalp in order to excite or inhibit
focal cortical areas. rTMS is now accepted and approved as standard of
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care for treatment resistant MDD in many countries (McClintock et al.,
2018). The most common cortical region targeted in the treatment of
depression using rTMS is the left dorsolateral prefrontal cortex
(DLPFC), which has been shown to have decreased activation in func-
tional neuroimaging studies of depression (George et al., 1999). The
DLPFC plays a significant role in the dorsal executive system, where it is
involved in cognitive control during emotional regulation (Iordan et al.,
2013; Mayberg, 1997). Dopaminergic dysfunction in fronto-striatal
structures, including the DLPFC, is thought to contribute to the psy-
chomotor performance deficits seen in MDD (Taylor et al., 2006).

Given the role of DLPFC in cognitive control and the associated
cognitive dysfunctions in patients with MDD, especially those with
treatment resistant depression, this study sought to explore the differ-
ences in cognitive profiles of remitters and non-remitters to rTMS
treatment at baseline as well as how these cognitive profiles change
across a full course of treatment.

2. Methods

This study was approved by the University of Manitoba's Research
Ethics Board and the Research Review Committee at Saint Boniface
General Hospital.

25 patients who were scheduled to receive rTMS treatment for de-
pression were recruited from the Neuromodulation and
Neuropsychiatry Unit at Saint Boniface General Hospital. Informed
consent was obtained from all participants. All participants were over
18 years of age and had a diagnosis of Major Depressive Disorder as
established by a psychiatrist according to the Diagnostic and Statistical
Manual of Mental Disorders (DSM-5) (Association, 2013). Additional
inclusion criteria required that participants i) not be actively receiving
psychotherapy and ii) currently be taking no more than one anti-
depressant and willing to keep their antidepressant dosage stable
throughout their participation in the study. Exclusion criteria elimi-
nated potential participants with: i) any history of a psychotic episode,
ii) neurological illness, iii) previous major head injury (e.g. concussion
with loss-of-consciousness), iv) active alcohol or substance abuse, v)
history of a seizure disorder, vi) current pregnancy.

Depression symptoms were assessed by the study psychiatrist (MM)
using the Hamilton Depression (Ham-D) Scale (Hamilton, 1960) at
baseline and after 10, 20, and 30 sessions of treatment. Patients were
discontinued from treatment after 20 sessions if they failed to show any
improvement in mood. rTMS treatment was administered using a
Magstim® Rapid² stimulator attached to an AirFilm® Figure-Eight Coil
(The Magstim Company Ltd., Whitland, UK). Treatment consisted of 30
sessions of high-frequency (HF) stimulation over the left dorsolateral
prefrontal cortex (DLPFC). The DLPFC was defined at Brodmann areas 9
and 46 using Brainsight software (ver 2.3.7; Rogue Research, QC), and
precise targeting of the treatment site was achieved using on-line
neuronavigation combining Brainsight with a mounted Polaris Vicra
camera (Northern Digital Inc., ON). The treatment coil was held per-
pendicular to the scalp over the center point of the previously defined
target region, with the coil oriented at a 45°angle to the parasagittal
plane. 60 trains of 10 Hz pulses were administered in 5 s trains with a
25 s inter-train interval, for a total of 3000 pulses per session. Stimu-
lation power was set at 120% of each participant's resting motor
threshold (MT), which is considered safe for a broad spectrum of pa-
tients receiving rTMS (Johnson et al., 2013). Resting MTs were estab-
lished using the criterion of lowest intensity of stimulation that resulted
in a visible movement of the dominant thumb (targeting the abductor
pollicis brevis muscle) on 5 of 10 sequential pulses. MTs were not re-
measured after the initial session, so each patient's treatment intensity
remained the same throughout the length of their treatment. Two ses-
sions of stimulation were administered each working day (Monday-
Friday) with a 15 min break between sessions. This twice-daily treat-
ment protocol has been found to be as effective as once-daily stimula-
tion for the treatment of depression (Loo et al., 2007; Modirrousta et al.,

2018).
Following 30 sessions of rTMS treatment, patients were determined

to have reached remission if their Ham-D scores were less than or equal
to 7.

2.1. Tasks

Participants performed four computer-based tasks at baseline, and
then after receiving 6, 12 and 30 sessions of rTMS: Simple Reaction
Time, 3-Back, Stroop, and Task-Switching. All of these tasks were re-
ported a priori as part of the task battery. Participants also completed an
emotion-judgement task at the end of each testing session, the results of
which were not intended to be part of this analysis and are not reported
here. The timing of mid-treatment testing (i.e. following sessions 6 and
12 rather than 10 and 20) was chosen in an effort to specifically detect
changes in cognitive functioning early in rTMS treatment with the in-
tent of observing whether early cognitive changes may be an indicator
of treatment response. Baseline testing was performed prior to partici-
pants receiving any rTMS treatments, while subsequent testing sessions
were performed immediately following the 6th, 12th, and 30th rTMS
session (which was always the second treatment session of the day).
The task battery took an average of 30 min to complete. All tasks were
programmed using E-Prime software version 2.0 (Psychology Software
Tools, Inc.) and were presented on a desktop computer with a 24″
monitor. Responses were collected using a Serial Response Box
(Psychology Software Tools, Inc.) with an attached microphone.

The Simple Reaction Time tasks required participants to press a
designated key on the response box in response to the appearance of a
target stimulus (a red circle) over 25 trials. The stimulus always ap-
peared at the location of the fixation cross in the center of the screen.
No distractor or non-target stimuli were used. The target stimulus ap-
peared at random intervals of between two and five seconds following
the previous stimulus. The outcome variable of interest was response
time (RT), measured as the difference in time between the appearance
of the red circle on the screen and the pressing of the response key,
which is a measure of psychomotor speed.

In the 3-Back task (Braver et al., 1997), white, lower-case letters
were presented sequentially, one at a time in the center of the screen.
Each letter was visible for one second with a 250ms inter-stimulus-
interval. Participants were instructed to press a key on the response box
whenever the current letter on the screen matched the letter presented
three before it. Participants saw 120 stimuli, of which 20 were target
stimuli. Outcome variables of interest were RT (average time taken to
press the response key following the appearance of target stimuli),
commission errors (number of responses to non-target stimuli), and
omission errors (number of non-responses to target stimuli). N-back
tasks can be used as a measure for working memory (Jaeggi et al.,
2010), which has been shown to be impaired in MDD patients
(Lee et al., 2012).

In the Stroop task (Stroop, 1935), participants were shown the name
of a color on the screen, e.g. ‘GREEN’, and instructed to name the color
of the font used to display the word. Words could be either congruent
(i.e. the font color matched the name) or incongruent (i.e. the font color
did not match the name). Words were presented one at a time, but split
into groups of two such that each pair of words contained both a con-
gruent and incongruent stimulus. After each pair of words, the parti-
cipant was asked to identify whether the first or second word was in-
congruent by speaking their response into the microphone. E-Prime
software recorded the onset time of their vocal response as the RT for
that trial. All trials were vetted by a research assistant to ensure accu-
racy of the automated timing system. Data from trials with erroneous
readings were discarded. Participants responded to 30 pairs of stimuli.
Outcome variables of interest were RT on congruent trials, RT on in-
congruent trials, and Stroop Effect (difference in RT between incon-
gruent and congruent trials). Response times on incorrect-response
trials were excluded from these analyses. The Stroop task allows for a
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measure of cognitive inhibition, as participants are required to suppress
the reading response to instead focus on the font color of the word in
incongruent stimuli (MacLeod, 1991). Cognitive inhibition has been
demonstrated to be affected in patients with MDD
(Mitterschiffthaler et al., 2008).

The Task-Switching task presented participants with a letter and a
number (e.g. ‘G5’) inside a colored square. Participants were instructed
to name the letter if the square was blue or name the number if the
square was yellow. Trials were structured such that the color of the
square would switch after every two stimuli. Participants completed
128 trails with a break at the half-way point. E-Prime software recorded
the onset time of participants’ vocal responses into the microphone as
the RT for that trial. All trials were vetted by a research assistant to
ensure accuracy of the automated timing system. Data from trials with
erroneous readings were discarded. Outcome variables of interest were
RT on switch trials, RT on no-switch trials, and Switch-Cost (difference
in reaction time between switch and no-switch trials). Response times
on incorrect-response trials were excluded from these analyses. This
task is designed to test executive function and cognitive flexibility,
processes which several studies have shown to be impaired in patients
with MDD (Biringer et al., 2005; Yu et al., 2019).

2.2. Statistical analysis

Statistical analysis was carried out using SPSS version 21. A
Shapiro-Wilk test was performed in order to test of the normality of
data for each test at each time point. For tests with normal data, in-
dependent t-tests or chi-squared tests were performed for baseline
comparisons. For tests with data points deviating from normality, non-
parametric tests were performed, namely Friedman ANOVA for re-
peated measures and Wilcoxon Signed Rank Test for post-hoc analysis
with Bonferroni adjustment for multiple comparisons. The Bonferroni
adjusted alpha level was 0.0167 to account for the number of com-
parisons..

3. Results

Following rTMS treatment, 13 participants were defined as re-
mitters (having post-rTMS Ham-D scores of ≤7), while 12 were non-
remitters. Five participants who were discontinued from treatment after
session 20 due to non-response did not complete the final, post-treat-
ment session of cognitive testing.

The Shapiro-Wilk test for normality showed that all baseline data
was normally distributed (p > 0.05), allowing for the use of parametric
tests for baseline comparisons. With regards to trends over time, some
data were not normally distributed (p < 0.05), so the non-parametric
Friedman ANOVA and Wilcoxon-Signed Rank post-hoc were run.

3.1. Demographics

Demographic characters are listed in Table 1. No significant dif-
ferences were identified between the groups in terms of age, years of
education, or sex (p > 0.05).

3.2. Baseline testing

Ham-D scores at baseline were significantly different between
treatment-outcome groups, with remitters (16.23 ± 3.56) showing
lower Ham-D scores than non-remitters (21.08 ± 4.12; t23 = 3.156,
p < 0.01).

At baseline, remitters were faster than non-remitters in both Switch
RT (901.6 ms ± 195.7ms versus 1141.3 ms ± 474.8 ms) and No-
Switch RT (895.4 ms ± 203.9 ms versus 1134.1 ms ± 451.2 ms) for
the Task Switching task (p < 0.0167; Fig. 1). The two groups were not
statistically different in their scores on the Simple RT, 3-back, or Stroop
tasks, nor in their Switch Cost on the Task Switching task (p > 0.0167).

3.3. Changes over time

Friedman ANOVA highlighted significant improvements for re-
mitters, but not non-remitters, over time on several cognitive tasks
which were revealed using a Wilcoxon Signed-Rank post-hoc analysis
with Bonferroni correction. Significant changes can be seen in Fig. 2.

3.3.1. Simple RT
No significant changes over time were noted for remitters or non-

remitters with respect to simple reaction time (p > 0.05).

3.3.2. 3-back
Remitters demonstrated significant improvements in number of

omission errors and RT across sessions (p < 0.0167). Post-hoc analysis
revealed improvements between baseline and 30 sessions for omission
errors, and between baseline and sessions 12 and 30 for RT
(p < 0.0167; Fig. 2a-b). No significant changes were noted in com-
mission errors for remitters (p > 0.0167). There were no significant
changes across the sessions for non-remitters (p > 0.0167)

3.3.3. Stroop
RT for congruent trials improved significantly across testing sessions

in both remitters and non-remitters (p< 0.0167; Fig. 2c). For remitters,
post-hoc analysis showed improvements between baseline and sessions
12 and 30, while non-remitters showed an improvements between
baseline and session 12 (p < 0.0167).

RT for incongruent trials also improved significantly across testing
sessions in both remitters and non-remitters (p < 0.0167; Fig. 2d). For
remitters, there was a difference in RT between baseline and session 12
(p < 0.0167). Non-Remitters showed a difference in RT between
baseline and 12 sessions (p < 0.0167)

There was no significant change in Stroop Effect across testing
sessions for remitters or non-remitters (p > 0.0167)

3.3.4. Task switching
Remitters showed a significant improvement in Switch RT across

testing sessions (p < 0.0005), with post-hoc analysis indicating a dif-
ference between all sessions (p < 0.0167), with the exception of be-
tween sessions 12 and 30 (p> 0.0167). Non-remitters did not show any
significant change in Switch RT over time (p > 0.0167; Fig. 2e).

Remitters also showed a significant improvement in No-Switch RT
across testing sessions (p < 0.0167), with post-hoc analysis showing a
difference between baseline and all subsequent measurements
(p < 0.0167). No improvements were noted in No-Switch RT across
sessions for non-remitters (p > 0.0167; Fig. 2f).

There was no significant change in Switch-Cost across sessions for
either remitters or non-remitters (p > 0.0167). Error bars represent
standard error.

3.4. Correlations

Baseline Ham-D scores showed a significant moderate positive
correlation with both Switch RT (r=0.406; p=0.044), and No Switch
RT (r=0.459; p=0.021). Final Ham-D scores after session 30 showed
a significant strong positive correlation with both Switch RT (r=0.64;
p=0.002) and No-Switch RT (r=0.638; p=0.002) in the Task
Switching task.

4. Discussion

In this study, we sought to determine the differences in cognitive
profiles between remitters and non-remitters to high frequency (10 Hz)
rTMS over the left DLPFC for MDD at baseline and over the course of
their treatment.

The results of our study show that despite similar psychomotor
speeds (as measured using the Simple RT task) between the two groups,
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remitters were faster when performing a cognitively demanding task
such as Task Switching at baseline. This finding suggests that patients
presenting with better cognitive control, specifically between two or
more competing tasks, show a more positive response to rTMS treat-
ment. Similar findings have previously been described in studies using
Trail Making Tests (Kampf-Sherf et al., 2004; Kaur et al., 2019). Com-
paring the simple reaction time of both groups at baseline helps de-
monstrate that the differences in reaction times in the cognitive tasks
between remitters and non-remitters can be attributed mainly to cog-
nitive processing time and not merely motor speed, similar to what has
been shown in previous studies looking at simple RT, the Stroop task,
and the Controlled Word Association Test (COWAT) (Harvey et al.,
2004; Kampf-Sherf et al., 2004; Taylor et al., 2006).

It has been proposed that aberrant Default Mode Network (DMN)
response in MDD is responsible for negative and passive self-relational
ruminations. It is postulated that rTMS exerts its antidepressant me-
chanism by regulating the functional connectivity between the DMN
and the Task Positive Network (TPN) – a network that recruits execu-
tive control and working memory resources (Fox et al., 2005; Richieri
et al., 2017). In addition, HF rTMS applied to the left DLPFC has been
shown to improve cognitive performance over 10–15 sessions
(Guse et al., 2010). Our results corroborate these findings in some do-
mains for remitters, namely in 3-Back omission scores and RT, Stroop
Congruent and Incongruent RTs, and Task Switching Switch and No-
Switch RTs. These tasks tested for working memory, cognitive flex-
ibility, and retrieval, which have been reported to improve with rTMS
treatment (Fabre et al., 2004; Hausmann et al., 2004; Martis et al.,

Table 1
Comorbid diagnoses and concomitant medications for each participant, all of whom had major depressive disorder as their primary diagnosis. Averaged demographic
data (Standard Deviation) is presented for each response group separately (remitters and non-remitters).

Remission Comorbid
diagnosis

Antidepressants Mood Stabilizers/
Anticonvulsants

Antipsychotics Benzodiazepines Other Medications

1 No Nil Imipramine Nil Nil Clonazepam Nil
2 No Nil Venlafaxine Nil Nil Clonazepam Nil
3 No Nil Fluoxetine Lamotrigine Nil Lorazepam Zopiclone, Trazodone
4 No Nil Nil Nil Quetiapine Clonazepam Nil
5 No Nil Nil Nil Quetiapine Diazepam Zopiclone
6 No Nil Citalopram,

Mirtazapine
Nil Nil Nil Nil

7 No Nil Mirtazapine Nil Nil Nil Nil
8 No Nil Nil Nil Nil Lorazepam Nil
9 No Nil Nil Nil Nil Nil Nil
10 No Nil Mirtazapine, Sertraline Nil Quetiapine,

Aripiprazole
Lorazepam Nil

11 No GAD Citalopram Nil Nil Diazepam Nil
12 No Nil Venlafaxine,

Mirtazapine
Sodium Valproate Risperidone Diazepam Nil

Non-remitters Sex (female/
male)

4/8 Age (years) 52.17 (16.93) Years of Education 14.5 (2.97)

13 Yes Nil Nil Nil Nil Nil Nil
14 Yes Nil Duloxetine Nil Nil Nil Nil
15 Yes Nil Nil Nil Nil Nil Dextroamphetamine,

Trazodone
16 Yes Nil Sertraline Nil Nil Nil Nil
17 Yes Nil Sertraline Nil Quetiapine Nil Nil
18 Yes Nil Escitalopram Nil Nil Clonazepam Trazodone
19 Yes Nil Imipramine Nil Nil Clonazepam Nil
20 Yes Nil Nil Nil Nil Lorazepam,

Clonazepam
Zopiclone, Zolpidem

21 Yes Nil Sertraline, Bupropion Nil Nil Clonazepam Nil
22 Yes Nil Nil Nil Nil Nil Nil
23 Yes Nil Venlafaxine Nil Aripiprazole Nil Nil
24 Yes Nil Sertraline, Trazodone Nil Nil Nil Nil
25 Yes Nil Sertraline Nil Nil Clonazepam Zopiclone

Remitters Sex (female/
male)

7 / 6 Age (years) 42.85 (14.7) Years of Education 15.04 (2.77)

PTSD=Post-Traumatic Stress Disorder; GAD=Generalized Anxiety Disorder; OCD=Obsessive Compulsive Disorder.

Fig. 1. Switch and No-Switch RTs on the Task Switching task at baseline. Error
bars represent standard error.
*significance at p < 0.0167.
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2003). The observed improved cognitive control in remitters in our
study could be the result of the direct modulatory effect of HF rTMS
over the DLPFC as part of the TPN and executive control network.

In the present study, remitters, on average, had lower baseline Ham-
D scores (16.23) than non-remitters (21.08). This is in line with pre-
vious studies showing that patients with mild to moderate depression
tend to respond better to rTMS treatment (Grammer et al., 2015). There
were positive correlations between depression severity and reaction
times in the Task Switching test both at baseline and at the end of
treatment suggesting that, at least partially, the observed cognitive
dysfunction in our study could be explained by the severity of

depressive symptoms. Studies have shown that recurrent episodes of
depression are associated with hippocampal atrophy (Schmaal et al.,
2016; Sheline et al., 1996), potentially accounting for some of the ob-
served cognitive dysfunctions in patients with MDD. In addition, an-
hedonia and lack of motivation are common symptoms in MDD that can
affect task performance especially on tasks with more reliance on
cognitive effort.

It is also possible that improvement of affective symptoms and
cognitive impairment in MDD are not directly linked and may be in-
dependently mediated. In support of this assertion, a recent analysis of
pooled cognitive results from different clinical trials found no link

Fig. 2. Significant changes over time in (a) 3-Back omission scores, (b) 3-Back reaction time, (c) Stroop congruent condition reaction time, (d) Stroop incongruent
condition reaction time, (e) Task Switching switch condition reaction time, (f) Task Switching no-switch condition reaction time. Numbers in parentheses refer to
sessions with significantly different scores with Wilcoxon Signed Rank Test post-hoc and Bonferroni correction (p < 0.0167).
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between cognitive changes and mood improvements (Martin et al.,
2017). While some previous studies have shown that successful treat-
ment of depression by medications is associated with improvement in
cognitive function (Constant et al., 2005), several others have demon-
strated that MDD patients receiving pharmacological treatments tar-
geted at improving their mood still show cognitive deficits even after
going into remission (Conradi et al., 2011; Jaeger et al., 2006; Xu et al.,
2012). Therefore, the degree of cognitive improvement during MDD
treatment may depend on the treatment modality. In the present study,
the strength of the correlation between Ham-D score and Task
Switching RTs went from moderate at baseline to strong post-treatment,
suggesting a potential decoupling of the improvement of depression and
cognitive symptoms. rTMS may represent a treatment modality that can
improve both depressive and cognitive symptoms in MDD, directly
mediating cognitive improvement through stimulation of the left
DLPFC while achieving its antidepressant effects through regulation of
functional connectivity between the DMN and TPN. Future studies
should address the possibility of decoupling of affective and cognitive
symptoms in MDD and the mechanisms by which treatment modalities
differentially affect their improvement.

The observed cognitive improvement across rTMS sessions could be
due to a learning effect or increased task familiarity over time. Indeed, a
practice effect in completing the Stroop task more rapidly has been well
documented by several studies (Lemay et al., 2004; Salinsky et al.,
2001), which may explain our observed improvement in Stroop RT for
both remitters and non-remitters. However, observed improvements on
other cognitive assessments are unlikely to be solely related to task
familiarity given that non-remitters did not show similar improvements
to those observed in remitters.

5. Limitations and future directions

Limitations of this study include the small sample size which pre-
vents us from further analysis including the possible correlation be-
tween different sub-scores of the Ham-D scale and the cognitive task
results. The baseline difference in Ham-D scores between remitters and
non-remitters has additionally played a confounding role; With our
current study design, it is difficult to ascertain decoupling between the
potential role of rTMS vs. depression severity in improvement of cog-
nitive function. Due to the small sample size we are limited in pre-
dicting treatment response to rTMS using cognitive measures, which is
something that is highly sought-after due to the minimal cost and non-
invasive nature of such tasks (Taylor et al., 2006). Future studies could
look into employing tasks testing similar cognitive domains with a
larger sample size and longitudinally tracking remitters after treatment
in case of relapse.

6. Conclusion

In summary, our study shows a very distinct difference in baseline
cognitive functions of eventual remitters to rTMS treatment. Patients
with MDD who entered remission following rTMS treatment scored
better on measures of cognitive control and shifting attention prior to
treatment compared to non-remitters, and these observations were not
attributable to differences in simple motor reaction time. Additionally,
following successful treatment, remitters benefited from improvement
in some aspects of their cognitive function in addition to an alleviation
of their depressive symptoms. Future cohort studies with larger sample
size will be helpful to identify the cognitive predicting factors of
treatment outcome, which could potentially help with identifying good
rTMS candidates before starting the time-consuming and labor in-
tensive rTMS treatment.
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Attitudes of Psychiatry Residents
in Canadian Universities toward
Neuroscience and Its Implication
in Psychiatric Practice

Attitudes des résidents en psychiatrie des universités
canadiennes à l’égard de la neuroscience et de ses implications
pour la pratique psychiatrique
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Benjamin P. Meek, BSc, MA1, and
Mandana Modirrousta, MD, PhD, FRCPC1

Abstract
Objective: Despite recent advances in neuroscience highlighting its potential applications in the assessment and treatment of
psychiatric disorders, the training of psychiatrists in neuroscience is lacking. However, it is not clear to what extent Canadian
trainees are interested in further learning and using neuroscience in their daily clinical practice. This study explored the
attitudes of Canadian psychiatry trainees with regard to neuroscience education and training by asking them to assess their
own understanding of neuroscience and the perceived relevance of neuroscience knowledge to effective psychiatric practice.

Methods: An online questionnaire was sent to psychiatry residents at Canadian universities. This questionnaire consisted of
self-assessments of neuroscience knowledge, attitudes toward neuroscience education, preferences in learning modalities, and
interest in specific neuroscience topics.

Results: One hundred and eleven psychiatry residents from psychiatry residency programs at Canadian universities
responded to this survey. Participants represented trainees from all 5 years of residency. Almost half of all trainees (49.0%)
reported their knowledge of neuroscience to be either “inadequate” or “less than adequate,” and only 14.7% of trainees
reported that they feel “comfortable” or “very comfortable” discussing neuroscience findings with their patients. 63.7% of
Canadian trainees rated the quantity of neuroscience education in their residency program as either less than adequate or
inadequate, and 46.1% rated the quality of their neuroscience education as “poor” or “very poor.” The vast majority of
participants (>70%) felt that additional neuroscience education would be moderately-to-hugely helpful in finding personalized
treatments, discovering future treatments, destigmatizing patients with psychiatric illness, and understanding mental illness.

Conclusions: Canadian trainees generally feel that their neuroscience knowledge and the neuroscience education they
receive during their psychiatry residencies is inadequate. However, as the first step for any change, the majority of future
Canadian psychiatrists are very motivated and have a positive attitude toward neuroscience learning.

Abrégé
Objectif : Malgré les progrès récents en neuroscience qui en révèlent les applications potentielles dans l’évaluation et le
traitement des troubles psychiatriques, la formation des psychiatres en neuroscience est déficiente. Toutefois, la mesure dans
laquelle les stagiaires canadiens sont intéressés à apprendre et utiliser davantage la neuroscience dans leur pratique clinique
quotidienne n’est pas définie. Cette étude a exploré les attitudes des résidents en psychiatrie canadiens à l’égard de l’éducation
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et de la formation en neuroscience en leur demandant d’évaluer leur propre compréhension de la neuroscience et la per-
tinence perçue des connaissances en neuroscience pour une pratique psychiatrique efficace.

Méthodes : Un questionnaire en ligne a été envoyé aux résidents en psychiatrie des universités canadiennes. Ce ques-
tionnaire consistait en des auto-évaluations des connaissances en neuroscience, des attitudes relativement à l’éducation en
neuroscience, des préférences de modes d’apprentissage, et de l’intérêt pour des sujets spécifiques de neuroscience.

Résultats : Cent onze résidents inscrits dans des programmes de psychiatrie d’universités canadiennes ont répondu à ce
sondage. Les participants représentaient des stagiaires des 5 années de résidence. Presque la moitié de tous les stagiaires (49,0
%) ont déclaré que leurs connaissances en neuroscience étaient soit « inadéquates » soit « moins qu’adéquates », et seulement
14,7 % d’entre eux ont déclaré se sentir « à l’aise » ou « très à l’aise » de discuter des résultats de la neuroscience avec leurs
patients. Une proportion de 63,7 % des stagiaires canadiens ont coté la quantité d’éducation en neuroscience de leur pro-
gramme de résidence comme étant « moins qu’adéquate » ou « inadéquate », et 46,1 % ont coté la qualité de leur éducation en
neuroscience comme étant « médiocre » ou « très médiocre ». La vaste majorité des participants (>70%) croyaient qu’une
éducation additionnelle en neuroscience serait de modérément à immensément utile pour trouver des traitements per-
sonnalisés, découvrir de futurs traitements, éliminer la stigmatisation des patients souffrant de maladies psychiatriques, et
comprendre la maladie mentale.

Conclusions : Les résidents canadiens croient en général que leurs connaissances et leur éducation en neuroscience
qu’ils reçoivent dans le cadre de leur résidence en psychiatrie sont inadéquates. Cependant, comme première étape de
tout changement, la majorité des futurs psychiatres canadiens sont très motivés et ont une attitude favorable à l’idée
d’apprendre.

Keywords
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Introduction

Neuroscience represents the broad discipline that is the study

of the nervous system. Investigations in this field cover a

wide scope and involve a variety of techniques and special-

ties, from genetics to in vitro cellular recording to animal

models to functional brain mapping.1 Over the past few

decades, revolutionary new methods and approaches in neu-

roscience have improved our ability to understand the bio-

logical basis of many psychiatric disorders and spurred the

development and implementation of novel therapeutic stra-

tegies. For example, immunohistochemical and electrophy-

siological techniques have helped elucidate the mechanisms

underlying anti-NMDA receptor encephalitis, an autoim-

mune disorder with prominent psychiatric symptoms2; func-

tional imaging and network connectivity analyses continue

to enhance our understanding of the dysfunctional neural

circuitry underlying major depressive disorder, guiding

the growing use of noninvasive brain stimulation inter-

ventions3,4; and epigenetic studies have increased our

understanding of the complex interaction of genetic, envi-

ronmental, and experiential factors that influence the

development of addictive behavior.5,6

Advances in neuroscience offer a new framework of

explanation for psychiatric illnesses and allow for a chang-

ing dialogue between clinicians and patients regarding the

etiology and treatment of psychiatric disorders. However,

the rising integration of neuroscience into psychiatry has not

come without its warnings. For example, there is an ongoing

debate as to the extent to which framing psychiatric disor-

ders and associated maladaptive behaviors in the context of

brain disease is helpful for patients.7-9 Additionally, despite

the tremendous advances in neuroscience research in recent

decades, arguments abound as to whether these neurobio-

logical discoveries are sufficiently characterized as to have

a practical impact on patient care.10-12 These cautions not-

withstanding, the fact remains that neuroscience research is

in ascendency, and the field of psychiatry will only become

further inundated with neuroscience knowledge as time

goes on. If psychiatrists are to have the ability to critically

evaluate and synthesize neuroscience findings as they arise

and determine whether new information can be incorpo-

rated into their practice, they require the tools to effectively

navigate this neuro-psychiatric landscape.13,14

Despite rapid growth in neuroscience research and an

ever-increasing overlap between neurology, neuroscience,

and psychiatry, there remains a large gap between neu-

roscience knowledge and psychiatrists’ day-to-day prac-

tice.10,15,16 This gap may be due to a number of factors: a

lack of exposure to neuroscience education during residency

training, low motivation or a negative attitude toward learn-

ing neuroscience, or the aforementioned perception that

there is little clinical relevance toward neuroscience knowl-

edge in patient care. In 2014, a survey study by Fung and

colleagues showed that 94% of psychiatry trainees in the

United States endorsed the need for more neuroscience train-

ing, and 70% felt that advances in neuroscience would lead

to the discovery of new treatments or personalized medicine

in the next 5 to 10 years.17

In this study, we conducted a similar study to Fung and

colleagues focused on the attitudes and perceptions of

Canadian psychiatry trainees with regard to neuroscience
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knowledge and education. More specifically, we wanted to

know how psychiatry trainees assess their own understand-

ing of neuroscience and how much they believe in the rele-

vance of neuroscience knowledge to effective psychiatric

practice. There are a number of differences between Amer-

ican and Canadian psychiatry training programs that warrant

a separate investigation into the attitudes of Canadian

trainees. Specifically, Canadian trainees undergo a longer

program with more extensive training in psychotherapy

compared to their American counterparts.18,19 Furthermore,

American training places a greater emphasis on competency

in physical and neurological examinations relative to mental

status examination.20,21 These factors may play a role in

alienating Canadian trainees from their background training

in medicine and neurobiology.

The training of psychiatrists in neuroscience lags behind

advances in neuroscience research, and finding the best ways

to incorporate neuroscience teaching into the psychiatry

field remains a challenge for mental health-care providers.14

Understanding trainees’ attitudes and willingness to learn

neuroscience is an important step in the successful adapta-

tion of Canadian residency programs to train future compe-

tent and up-to-date psychiatrists.

Methods

This study was approved by the University of Manitoba’s

Research Ethics Board. All participants were shown a

Consent Disclosure Statement prior to filling out the sur-

vey. Participants’ subsequent willingness to complete the

survey was considered receipt of their informed consent.

No self-identifying information could be entered by parti-

cipants, and the survey system did not record participants’

e-mail or IP addresses.

Survey

A 43-question survey was constructed using the Kirkpatrick

evaluation model.22 The full questionnaire is provided as

Supplemental File 1. Aside from some minor wording

changes, this study replicated all of the questions asked of

American trainees in a 2014 paper by Fung and colleagues17

with the exception of one question evaluating interest in

taking a 3-day course in the neuroscience of psychiatry. In

addition to collecting basic demographic information, Fung

and colleagues designed the survey using categorical

response items to capture three main themes:

1. Attitudes of psychiatry residents toward neuroscience edu-

cation during residency training. These questions examined

residents’ perceived usefulness of neuroscience education

in understanding mental illness, decreasing stigma, and aid-

ing the discovery of future or personalized treatments.

Questions also explored the perceived difficulty of learning

neuroscience versus psychotherapy and residents’ interest

in learning specific domains of neuroscience.

2. Assessment of degree of knowledge of psychiatry and neu-

roscience. This was assessed through a self-evaluation of

extent of knowledge of both psychotherapy and neu-

roscience and their clinical applications, perceived quality

of education, and residents’ and their attendings’ comfort

levels discussing neuroscience findings with their patients.

3. Methods to improve neuroscience education in psychiatry

residency training as viewed by residents. This was

explored by assessing the perceived usefulness of different

methods of learning neuroscience as well as the perceived

importance of teaching different domains of neuroscience.

An online survey was created and hosted using the Survey

Monkey website. An invitation e-mail with a link to the web-

based survey was sent to all psychiatry residents via the

program administrator for the psychiatry department of each

of 14 English-language Canadian universities. The survey

remained active for 90 days. To improve response rates, two

e-mail reminders were sent to potential participants at

30-day intervals following the initial invitation. The number

of residents at each university was between 1 and 60, with an

estimated total of 500 psychiatry residents. Based on previ-

ous similar survey studies, we anticipated a 20% response

rate for a total of roughly 100 responders.

Statistical Analysis

Data analysis was performed using Systat 13.0 software

(Systat Software Inc., San Jose, CA). Two-sample t tests

were used to compare basic demographic information.

Descriptive statistics (percentages) were used to illustrate

respondents’ self-assessed knowledge, appraisal of their

education, attitudes toward neuroscience, and preferences

for various learning modalities and neuroscience domains.

Survey responses were given numerical values on a

continuous scale based on the level of agreement/interest/

perceived value for the given statement/learning modality/

so on selected by the respondent. For example, for the

question asking respondents to indicate the usefulness of

“journal clubs” in learning neuroscience, responses were

coded as 0, 1, 2, 3, and 4 for the selections “least helpful,”

“somewhat helpful,” “moderately helpful,” “very helpful,”

and “most helpful,” respectively. Gender and seniority

were included as factors in our analysis, with seniority

categorized as either junior (postgraduate year [PGY] 1–

2) or senior (PGY 3–5). A multivariate analysis of variance

(MANOVA) was performed comparing each survey item

across gender (male vs. female) and seniority (junior vs.

senior). Individual items within each model were then com-

pared using an analysis of variance (ANOVA) if either the

Pillai’s trace or Wilks’ lambda was significant for the

respective MANOVA. The significance level for the MAN-

OVAs was set a P < 0.05 for seniority and at a less stringent

P < 0.10 for gender. Individual-item ANOVAs were con-

sidered significant at P < 0.05.
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Results

Characteristics of Respondents

One hundred and eleven trainees from psychiatry resi-

dency programs at Canadian universities responded to

the survey from December 2016 to February 2017 giv-

ing an estimated response rate of roughly 22% of all

Canadian psychiatry residents. Table 1 outlines the

demographic information of the survey respondents.

Seventy-seven respondents represented eight separate

Canadian universities, while the remaining 34 respon-

dents chose not to identify their host institution. Partici-

pants represented trainees from all 5 years of residency:

28 participants in PGY1, 26 participants in PGY2, 20

participants in PGY3, 28 participants in PGY4, and 8

participants in PGY5 (1 participant did not respond to

this question and was excluded from seniority analyses).

Junior and senior residents did not differ significantly in

proportion of females, anticipated scope of practice, or

expectation of future teaching involvement (P > 0.05 for

all comparisons).

Half of the respondents (50.0%) anticipated that their

scope of practice would encompass mostly psychophar-

macology (i.e., 75% to 100% psychopharmacology) while

only 9.3% predicted that their practice would be mainly

psychotherapy (i.e., 75% to 100% psychotherapy). Most

respondents (94.6%) planned to be involved in teaching

residents and/or medical students at some point in the

future.

Self-Assessed Knowledge

Almost half of all trainees (49.0%) reported their knowl-

edge of neuroscience to be either “inadequate” or “less than

adequate,” and there was no difference in self-rated neu-

roscience knowledge between junior and senior trainees (F

¼ 2.595, P¼ 0.111; Table 2). In comparison, only 18.6% of

trainees reported their knowledge of psychotherapy to be

inadequate or less than adequate, with senior trainees rating

their psychotherapy knowledge more highly than junior

trainees (F ¼ 20.205, P < 0.001). There was no difference

in reported neuroscience (F ¼ 0.420, P ¼ 0.519) or psy-

chotherapy (F ¼ 0.528, P ¼ 0.469) knowledge between

males and females.

Only 14.7% of trainees reported that they feel comforta-

ble or very comfortable discussing neuroscience findings

(e.g., information regarding disorders, treatment options,

new research and findings) with their patients, and only

28.4% rated their attending supervisors as being comfortable

or very comfortable discussing neuroscience findings with

their patients. There was no difference by seniority in either

trainees’ self-rated comfort (F ¼ 0.599, P ¼ 0.441) or their

perceived attendings’ comfort (F¼ 1.469, P¼ 0.229). How-

ever, males expressed a higher level of comfort in discussing

neuroscience than females (F ¼ 7.236, P ¼ 0.008).

Assessment of Neuroscience Education

A total of 63.7% of trainees rated the quantity of neu-

roscience education in their residency program as either less

Table 1. Characteristics of Psychiatry Resident Survey Respondents.

Junior Trainees (PGY 1–2; n ¼ 54) Senior Trainees (PGY 3–5; n ¼ 56) Junior vs. Senior

Characteristic % # % # t P

Age
20 to 29 52.8 28 27.8 15 �2.913 0.004*
30 to 39 41.5 22 57.4 31
40 to 49 5.7 3 11.1 6
50 to 59 0.0 0 3.7 2

Gender
Male 49.1 26 36.4 20 �1.317 0.192
Female 49.9 27 63.6 35

What advanced degrees do you have?
MD 100.0 52 98.2 55 N/A N/A
Masters 17.3 9 16.4 9
PhD 0.0 0 5.5 3

Scope of clinical practice: psychopharmacology (%) to psychotherapy (%)
0% to 100% 0.0 0 0.0 0 0.442 0.660
25% to 75% 7.7 4 10.9 6
50% to 50% 44.2 23 38.2 21
75% to 25% 40.4 21 49.1 27
100% to 0% 7.7 4 1.8 1

Do you plan to be involved in teaching residents and/or medical students?
Yes 96.3 52 92.9 52 0.793 0.429
No 3.7 2 7.1 4

*Significant result at P < 0.05.
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than adequate or inadequate (Table 3). With regard to the

quality of the neuroscience education they did receive,

almost half of trainees (46.1%) rated their residency programs

as either “poor” or “very poor,” with only 6.9% of trainees

rating the quality of their neuroscience education as “above

average” or “excellent.” There was no difference by seniority

(quantity: F ¼ 0.767, P ¼ 0.384; quality: F ¼ 1.278, P ¼
0.261) or gender (quantity: F ¼ 0.170, P ¼ 0.681; quality:

F ¼ 0.219, P ¼ 0.641) on either of these measures.

Respondents felt that neuroscience and psychotherapy

were similarly challenging subjects to learn, with 43.1% of

trainees rating neuroscience as either moderately or very

difficult to learn and 44.1% rating psychotherapy as moder-

ately or very difficult to learn. Seniors rated psychotherapy

as more difficult to learn than juniors (F ¼ 4.130,

P¼ 0.045), but there was no difference by seniority in rating

the perceived difficulty to learn neuroscience (F ¼ 0.402,

P ¼ 0.527). Males and females reported no difference in

their perceived difficulty to learn neuroscience (F ¼ 0.031,

P ¼ 0.861) or psychotherapy (F ¼ 0.452, P ¼ 0.503).

Attitudes toward Neuroscience Education in Psychiatry

Regarding the perceived usefulness of neuroscience educa-

tion, 90.9% of participants felt that additional neuroscience

education would be either moderately (35.4%) or largely to

hugely (55.6%) helpful in finding personalized treatments;

96.9% of participants felt that additional neuroscience edu-

cation would be moderately (25.3%) or largely to hugely

(71.7%) helpful in the discovery of future treatments;

83.8% of participants felt that additional neuroscience edu-

cation would be moderately (36.4%) or largely to hugely

(47.5%) helpful in destigmatizing patients with psychiatric

illness; and 94.9% of participants felt that additional neu-

roscience education would be moderately (44.4%) or largely

to hugely (50.5%) helpful in understanding mental illness

(Table 4). There was no difference in the perceived useful-

ness of neuroscience education by gender or trainee seniority

(P > 0.05 for all comparisons).

Preference for Neuroscience Learning Modalities

Overall, trainees rated “expert-led small group discussions”

as the most useful means of learning neuroscience followed

by “case conferences, ward, or clinic-based teaching”

(Table 5). Journal clubs were rated as the least useful method

of neuroscience education, followed by “internet modules.”

Junior trainees rated journal clubs as more useful than

seniors (F ¼ 6.627, P ¼ 0.012), and females rated the use-

fulness of journal clubs (F ¼ 3.991, P ¼ 0.049) more highly

Table 2. Self-Assessed Knowledge.

Junior Trainees
(PGY 1–2; n ¼ 46)

Senior Trainees
(PGY 3–5; n ¼ 55)

Junior vs.
Senior

Male Trainees
(n ¼ 41)

Female Trainees
(n ¼ 60)

Male vs.
Female

Question % # % # F P % # % # F P

Please rate your knowledge of neuroscience
Inadequate 6.5 3 7.3 4 2.595 0.111 4.9 2 8.3 5 0.420 0.519
Less than adequate 39.1 18 45.5 25 39 16 43.3 26
Adequate 40.0 17 41.8 23 48.8 20 35.0 21
More than adequate 10.9 5 3.6 2 2.4 1 10.0 6
Excellent 6.5 3 1.8 1 4.9 2 3.3 2

Please rate your knowledge of psychotherapy
Inadequate 4.3 2 0.0 0 20.205 0.000* 2.4 1 1.7 1 0.528 0.469
Less than adequate 28.3 13 7.3 4 17.1 7 16.7 10
Adequate 52.2 24 49.1 27 41.5 17 58.3 35
More than adequate 15.2 7 36.4 20 36.6 15 18.3 11
Excellent 0.0 0 7.3 4 2.4 1 5.0 3

Are you comfortable discussing neuroscience findings with your patients (e.g., information regarding disorders, treatment options, new
research and findings)?

Very uncomfortable 4.3 2 1.8 1 0.599 0.441 0.0 0 5.0 3 7.236 0.008*
Uncomfortable 28.3 13 27.3 15 19.5 8 31.7 19
Somewhat comfortable 45.7 21 43.6 34 56.1 23 55.0 33
Comfortable 15.2 7 9.1 5 19.5 8 6.7 4
Very comfortable 6.5 3 0.0 0 4.9 2 1.7 1

Are your attending and clinical teachers comfortable discussing neuroscience findings with their patients (e.g., information regarding
disorders, treatment options, new research and findings)?

Very uncomfortable 2.2 1 3.6 2 1.469 0.229 0.0 0 5.0 3 3.368 0.070
Uncomfortable 15.2 7 20.0 11 14.6 6 20.0 12
Somewhat comfortable 50.0 23 50.9 28 46.3 19 53.3 32
Comfortable 28.3 13 25.5 14 36.6 15 20.0 12
Very comfortable 4.3 2 0.0 0 2.4 1 1.7 1

*Significant result at P < 0.05.
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Table 3. Assessment of Education.

Junior Trainees (PGY
1–2; n ¼ 46)

Senior Trainees (PGY
3–5; n ¼ 55)

Junior vs.
Senior

Male Trainees
(n ¼ 41)

Female Trainees
(n ¼ 60)

Male vs.
Female

Question % # % # F P % # % # F P

Please rate the quality of neuroscience education in your residency program
Inadequate 6.5 3 7.3 4 1.278 0.261 7.3 3 6.7 4 0.219 0.641
Less than adequate 34.9 16 41.8 23 43.9 18 33.3 20
Adequate 47.8 22 47.3 26 39.0 16 55.0 33
More than adequate 8.7 4 3.6 2 7.3 3 5.0 3
Excellent 2.2 1 0.0 0 2.4 1 0.0 0

Please rate the quantity of neuroscience education in your residency program
Inadequate 8.7 4 5.5 3 0.767 0.384 4.9 2 8.3 5 0.170 0.681
Less than adequate 47.8 22 61.8 34 58.5 24 51.7 31
Adequate 40.0 17 29.1 16 29.3 12 36.7 22
More than adequate 4.3 2 3.6 2 4.9 2 3.3 2
Excellent 2.2 1 0.0 0 2.4 1 0.0 0

In your opinion, how difficult is it to learn about neuroscience?
Very difficult 2.2 1 7.3 4 0.402 0.527 0.0 0 8.3 5 0.031 0.861
Moderately difficult 45.7 21 32.7 18 48.8 20 31.7 19
Average 45.7 21 49.1 27 43.9 18 50.0 30
Moderately easy 6.5 3 10.9 6 7.3 3 10.0 6
Very easy 0.0 0 0.0 0 0.0 0 0.0 0

In your opinion, how difficult is it to learn about psychotherapy?
Very difficult 6.5 3 1.8 1 4.130 0.045* 7.3 3 1.7 1 0.452 0.503
Moderately difficult 41.3 19 40.0 22 41.5 17 40.0 24
Average 45.7 21 34.5 19 34.1 14 45.0 27
Moderately easy 6.5 3 21.8 12 17.1 7 11.7 7
Very easy 0.0 0 1.8 1 0.0 0 1.7 1

*Significant result at P < 0.05.

Table 4. Attitudes toward Neuroscience Education in Psychiatry.

Question

Junior Trainees (PGY
1–2; n ¼ 45)

Senior Trainees (PGY
3–5; n ¼ 54)

Junior vs.
Senior

Male Trainees
(n ¼ 41)

Female Trainees
(n ¼ 57)

Male vs.
Female

% # % # F P % # % # F P

To what extent would additional neuroscience education help to find personalized treatments?
Not at all 2.2 1 0.0 0 0.001 0.978 0.0 0 1.8 1 0.615 0.435
A minor amount 8.8 4 7.4 4 7.3 3 8.8 5
A moderate amount 33.3 15 37.0 20 46.3 19 28.1 16
A large amount 35.6 16 40.7 22 31.7 13 42.1 24
Hugely 20.0 9 14.8 8 14.6 6 19.3 11

To what extent would additional neuroscience education help in the discovery of future treatments?
Not at all 0.0 0 0.0 0 0.529 0.469 0.0 0 0.0 0 0.005 0.945
A minor amount 2.2 1 3.7 2 4.9 2 1.8 1
A moderate amount 28.9 13 22.2 12 26.8 11 24.6 14
A large amount 33.3 15 53.7 29 36.6 15 49.1 28
Hugely 35.6 16 20.4 11 31.7 13 24.6 14

To what extent would additional neuroscience education help to de-stigmatize patients with mental health illness?
Not at all 2.2 1 1.9 1 0.023 0.879 2.4 1 1.8 1 0.899 0.346
A minor amount 13.3 6 14.8 8 22.0 9 8.8 5
A moderate amount 40.0 18 33.3 18 31.7 13 40.4 23
A large amount 28.9 13 40.7 22 31.7 13 36.8 21
Hugely 15.6 7 9.3 5 12.2 5 12.3 7

To what extent would additional neuroscience education help to understand mental illness?
Not at all 0.0 0 0.0 0 0.684 0.410 0.0 0 0.0 0 1.252 0.266
A minor amount 6.7 3 3.7 2 4.9 2 5.3 3
A moderate amount 42.2 19 46.3 25 48.9 20 40.4 23
A large amount 26.7 12 40.7 22 36.6 15 33.3 19
Hugely 24.4 11 9.3 5 9.8 4 21.1 12
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than males. There were no other differences by seniority or

gender on the rated usefulness of other neuroscience learning

modalities (P > 0.05 for all comparisons).

Domains of Neuroscience and Specific Neuroscience
Topics

Trainees reported “basic pharmacology” to be the most

important domain of neuroscience to be taught, with “animal

models” being the least important (Table 5). Junior trainees

rated “cellular and molecular biology” as being more impor-

tant than seniors (F ¼ 4.808, P ¼ 0.031). There was no

difference in opinion between male and female respondents

(P > 0.05 for all comparisons).

With regard to specific neuroscience topics, trainees

showed the most interest in learning about “attention/

cognition,” “emotion regulation,” and “neuroplasticity and

psychotherapy.” The least amount of interest was shown

toward “epigenetics,” “basic research-driven drug devel-

opment,” and “developmental neurobiology.” Females

demonstrated a higher interest in learning about the follow-

ing topics compared to males: attention/cognition

(F ¼ 4.556, P ¼ 0.035), “neurobiology of attachment”

(F ¼ 4.625, P ¼ 0.034), developmental neurobiology (F ¼
5.946, P ¼ 0.017), and epigenetics (F ¼ 4.953, P ¼ 0.028).

Junior trainees expressed a higher interest in developmental

neurobiology compared to seniors (F ¼ 4.193, P ¼ 0.043).

Discussion

This study reveals that a significant percentage of Canadian

psychiatry residents rate the quality (46.1%) and quantity

(63.7%) of neuroscience training in their residency pro-

grams poorly, and very few Canadian residents (14.7%)

feel comfortable discussing neuroscience findings with

their patients. Junior and senior residents report no differ-

ence in their comfort discussing neuroscience findings, and

senior residents do not report a higher neuroscience knowl-

edge than juniors, implying that psychiatry residency pro-

grams are failing to improve residents’ neuroscience

competency as they progress through their training. Despite

this, the majority of residents hold a very positive view

toward neuroscience and the potential benefits of neu-

roscience education in psychiatry, endorsing the view that

additional neuroscience education would help delineate

personalized treatments, discover future treatments, destig-

matize patients with psychiatric illness, and understand

mental illness. Thus, Canadian trainees recognize a gap in

their neuroscience training and consider neuroscience edu-

cation useful in patient care, an opinion shared by psychia-

try trainees and program directors in other countries.17,23

A number of authors have proposed methods of improv-

ing neuroscience education in psychiatry residency train-

ing,14-16,24,25 and various programs are already being

developed to improve neuroscience education for psychiatry

trainees and psychiatrists, including the National

Neuroscience Curriculum Initiative in the United States and

the Royal College of Psychiatrists in the United Kingdom.

Although most residency directors appreciate the importance

of integrating neuroscience into psychiatry training,23 most

programs still do not teach neuroscience in a systematic and

comprehensive manner. Benjamin and colleagues discuss

potential reasons for this mismatch, such as neuroscience

training not being mandatory by accreditation agencies, a

lack of expert neuroscience teachers, and the complexity

of neuroscience research making it more intimidating and

distant from concrete clinical skills.23 In our survey, formal

didactic training was highly rated by respondents, suggesting

a desire among residents for well-programmed learning.

Introducing mandatory neuroscience didactics could be a

necessary first step in expanding neuroscience education in

psychiatry programs, although care must be taken not to

overburden trainees who are already working through a sub-

stantial curriculum.26

Improving the quality of neuroscience education is as

important as increasing its quantity. This was illustrated

by Roffman and colleagues in 2006 through a survey of

North American residents and fellows, which found that

despite increases in the amount of neuroscience teaching

over the previous 5 years, results were disappointing

regarding competency in interpreting scientific findings.27

The challenge of keeping up with the rapidly developing

and complex field of neuroscience has been speculated to

be a resistance factor in embracing additional neuroscience

education.10 Residents in our survey rated expert-led small

group discussion as their overall preferred method for

learning neuroscience, demonstrating the value that they

place on tutoring by highly knowledgeable instructors.

Recruiting more qualified tutors with a background in both

neuroscience and clinical psychiatry could improve the

delivery of more tangible and applicable neuroscience

materials. Indeed, previous authors have highlighted the

importance of skilled educators with the ability to incorpo-

rate neuroscience data into patient formulations and the

ability to communicate effectively with a lay audience.23

Thus, the limited availability of competent teachers is a

potential challenge to the successful implementation of

quality neuroscience education.13,23 In that frame, colla-

boration and partnership between scientific communities,

educators, and clinicians is fundamental for successful and

clinically meaningful delivery of neuroscience to trainees.

It is widely accepted that attitude is a critical first step in

the quest for change, although it is important to remember

that there is not a perfect correlation between attitude and

behavior.28 As such, positive feelings toward additional neu-

roscience education do not necessarily guarantee that

enforced changes to residency curricula will be well received

by future trainees. Nonetheless, “a negative attitude toward

neuroscience” has been previously presented as an obstacle

that may impede the integration of neuroscience education in

psychiatry training,14 and the present results work to at least

assuage that concern.
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Previous publications have discussed the positive social

impacts that can result from neuroscience advance-

ments,29,30 and it is anticipated that increasing neuroscience

research and education will largely result in an improvement

in the understanding of mental disorders.31-33 However, it is

important to point out that well-reasoned arguments have

also been presented regarding the potential downfalls of

framing mental illness purely in the context of brain dis-

ease.7,9 For example, there is a growing body of evidence

demonstrating that framing mental illness in a biological

context doesn’t necessarily reduce stigma and can in fact

have a negative impact on the public perception of psychia-

tric illness.9,34-36 However, providing psychiatry residents

with an improved neuroscience education does not preclude

other teachings, nor does it necessarily minimize the proven

strengths of psychological and social therapeutic interven-

tions nor the relevance of social and environmental factors in

the development of mental disorders. Rather, improved neu-

roscience teaching could give psychiatrists the tools to inter-

pret novel neurobiological findings that may shed light on

the etiology of certain disorders and to better evaluate and

select from the available therapies for their individual

patients. Enhanced neuroscience education would help psy-

chiatrists not only to embrace but also to be critical of neu-

roscience research, enabling them to appropriately evaluate

the significance and applicability of novel findings. As Traicu

and Joober recently argued, it is important for clinicians to

maintain a healthy skepticism regarding the integration of

neuroscience and psychiatry by maintaining an awareness of

the limitations of our current models.12 Arming trainees with a

solid understanding of basic neuroscience principles as well as

a critical eye for methodology and statistics could prevent

psychiatrists from being overly seduced by new discoveries

and more realistic about the practical implications of novel

neuroscience findings in the clinic.

One limitation of this study is the low rate of response;

less than a quarter of Canadian psychiatry residents com-

pleted our survey. This response rate is, however, similar

to other published surveys of psychiatry residents.17

Whether residents who chose not to respond to this survey

have a different level of neuroscience knowledge and atti-

tude remains unclear. Another limitation is a lack of ade-

quate power to reliably assess differences between various

Canadian psychiatry programs, as almost one-third (30.6%)

of our respondents chose not to identify their training insti-

tution. This renders us unable to answer questions as to

whether specific training programs in Canada are doing a

better job than others of providing their trainees with an

adequate neuroscience education.

Conclusions

This study demonstrates that a significant percentage of

Canadian psychiatry residents feel that the neuroscience

education currently provided by their residency programs

is less than adequate, they recognize a gap in their

neuroscience knowledge and competency, and they have a

very high interest in receiving more neuroscience education.

The goal of psychiatry residencies should be to train future

psychiatrists who demonstrate both an interest in and the

competency to incorporate relevant neuroscientific findings

into their practice. Neuroscience does not compete with, but

rather compliments psychotherapy, clinical knowledge, and

treatment. Medical neuroscience is no longer only for neu-

rologists and neurosurgeons, but also is a vital part of the

armamentarium for psychiatry practitioners.
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Insulin-like growth factor-1 activates AMPK to
augment mitochondrial function and correct
neuronal metabolism in sensory neurons in type
1 diabetes
Mohamad-Reza Aghanoori 1,2, Darrell R. Smith 1, Shiva Shariati-Ievari 5, Andrew Ajisebutu 1, Annee Nguyen 3,
Fiona Desmond 3, Carlos H.A. Jesus 3, Xiajun Zhou 3, Nigel A. Calcutt 3, Michel Aliani 4,5,6,
Paul Fernyhough 1,2,*
ABSTRACT

Objective: Diabetic sensorimotor polyneuropathy (DSPN) affects approximately half of diabetic patients leading to significant morbidity. There is
impaired neurotrophic growth factor signaling, AMP-activated protein kinase (AMPK) activity and mitochondrial function in dorsal root ganglia
(DRG) of animal models of type 1 and type 2 diabetes. We hypothesized that sub-optimal insulin-like growth factor 1 (IGF-1) signaling in diabetes
drives loss of AMPK activity and mitochondrial function, both contributing to development of DSPN.
Methods: Age-matched control Sprague-Dawley rats and streptozotocin (STZ)-induced type 1 diabetic rats with/without IGF-1 therapy were
used for in vivo studies. For in vitro studies, DRG neurons from control and STZ-diabetic rats were cultured and treated with/without IGF-1 in the
presence or absence of inhibitors or siRNAs.
Results: Dysregulation of mRNAs for IGF-1, AMPKa2, ATP5a1 (subunit of ATPase), and PGC-1b occurred in DRG of diabetic vs. control rats.
IGF-1 up-regulated mRNA levels of these genes in cultured DRGs from control or diabetic rats. IGF-1 treatment of DRG cultures significantly
(P < 0.05) increased phosphorylation of Akt, P70S6K, AMPK and acetyl-CoA carboxylase (ACC). Mitochondrial gene expression and oxygen
consumption rate (spare respiratory capacity), ATP production, mtDNA/nDNA ratio and neurite outgrowth were augmented (P < 0.05).
AMPK inhibitor, Compound C, or AMPKa1-specific siRNA suppressed IGF-1 elevation of mitochondrial function, mtDNA and neurite
outgrowth. Diabetic rats treated with IGF-1 exhibited reversal of thermal hypoalgesia and, in a separate study, reversed the deficit in corneal
nerve profiles. In diabetic rats, IGF-1 elevated the levels of AMPK and P70S6K phosphorylation, raised Complex IV-MTCO1 and Complex
V-ATP5a protein expression, and restored the enzyme activities of Complex IV and I in the DRG. IGF-1 prevented TCA metabolite build-up
in nerve.
Conclusions: In DRG neuron cultures IGF-1 signals via AMPK to elevate mitochondrial function and drive axonal outgrowth. We propose that this
signaling axis mediates IGF-1-dependent protection from distal dying-back of fibers in diabetic neuropathy.

� 2018 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords IGF-1; AMPK; Axon regeneration; Diabetic neuropathy; Oxygen consumption rate
1. INTRODUCTION

Diabetic sensorimotor polyneuropathy (DSPN) frequently presents with
a stocking and glove distribution that is proposed to reflect the dying
back of the longest peripheral nerve fibers. Incidence can range from
10% to 90% in diabetic patients, depending on the criteria and
methods used to define neuropathy [1]. In humans and animal models
of type 1 and type 2 diabetes, the level of available insulin-like growth
factor-1 (IGF-1) in serum is substantially decreased, primarily a
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consequence of suppressed expression in the liver [2e5]. Thus,
impaired neurotrophic support by insulin signaling and insulin-like
growth factors (IGF-1 and IGF-2) have been proposed to contribute
to neurodegeneration in diabetes [6e8]. In addition to a critical role for
IGF-1 during nervous system development and early postnatal growth
[9], IGF-1 promotes neurite outgrowth in sensory [10,11], motor [12]
and sympathetic [9,11] neurons. Further, Schwann cells also require
IGF-1 and IGF type 1 receptor signaling for survival, motility, cell
proliferation and phenotypic remodeling and myelination [13e16].
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Following peripheral nerve injury, the local or systemic delivery of IGF-
1 improves the rate of sciatic nerve regeneration in age matched
control or streptozotocin (STZ)-induced type 1 diabetic rats [5,17,18].
Hyperalgesia was also prevented/reversed in STZ-induced diabetic
rats treated with IGF-1 [19]. Lumbar intrathecal injection of IGF-1
reversed indices of neuropathy including the deficit in intra-
epidermal nerve fiber (IENF) density, sural nerve axonal degenera-
tion, and reduced sensory and motor nerve conduction velocities in
STZ-induced type 1 diabetic rats [20,21]. Adenovirus-mediated IGF-1
expression via an intrathecal route or through the liver improved nerve
regeneration, myelination, and motor and sensory nerve conduction
velocities in mouse models of diabetic neuropathy [22,23]. Finally, IGF
binding protein 5, an endogenous inhibitor of IGF-1 action, is up-
regulated in sural nerve biopsies from persons with diabetic neurop-
athy, and its over-expression in transgenic mice induced motor and
sensory neuropathy [24]. Thus, there is extensive evidence of the
therapeutic potential of IGF-1 in animal models of diabetes. However,
less is known about the cellular mechanisms by which IGF promotes
neuroprotection in diabetes.
IGF type 1 receptor mobilizes two widely known pathways, the Akt/
phosphoinositide-3 kinase (PI-3K) and the mitogen-activated protein
(MAP) kinase pathways, mediated by insulin receptor substrate (IRS) 1
and IRS 2 phosphorylation following ligand binding [25,26]. The Akt/PI-
3K pathway activates the mammalian target of rapamycin (mTOR)
pathway, which directs protein synthesis and cell growth via down-
stream effectors, P70S6K and 4E-binding protein 1 (4E-BP1) [26]. The
MAPK pathway incorporates activation of extracellular signal-regulated
kinase (ERK)-1/2 and target transcription factors such as Elk-1 to
regulate cell survival [25]. IGF-1 also activates AMP-activated protein
kinase (AMPK) during osteoblast differentiation [27]. The AMPK-a
subunit is phosphorylated and activated by IGF-1 in an ataxia telan-
giectasia mutated (ATM)-dependent manner in a human pancreatic
cancer cell line [28]. Alternatively, IGF-1 suppresses AMPK activity in
vascular smooth muscle cells mediated through Akt1 which phos-
phorylates an inhibitory site on AMPK at S485 [29]. Any or all of these
pathways could be pertinent to the neuroprotective actions of IGF-1
against diabetic neuropathy.
It may be particularly pertinent that IGF-1 activates AMPK as the AMPK/
peroxisome proliferator-activated receptor g co-activator 1-a (AMPK/
PGC-1a) energy sensing pathway augments mitochondrial function in
a range of cell types [30]. A well-characterized upstream activator of
AMPK is Ca2þ/calmodulin-dependent protein kinase kinase b
(CaMKKb) [31]. A small range of studies have demonstrated that IGF-1
can regulate cellular metabolism and bioenergetics in neurons and
astrocytes and protect against Huntington’s disease [32e35]. In hu-
man tissues derived from persons with diabetes there is down-
regulation of the AMPK/PGC-1a pathway [36,37]. In animal models
of DSPN, the levels of expression and activity of AMPK and PGC-1a are
also significantly depressed in the dorsal root ganglia (DRG). Under
hyperglycemic conditions it has been proposed that nutrient stress
triggers this down-regulation of AMPK [38]. However, the mechanistic
interactions between IGF-1, AMPK and mitochondrial function are
poorly defined and the contribution of impaired IGF-1 signaling and
associated pathways to the pathogenesis of DSPN remain to be
characterized. We therefore investigated whether exogenous IGF-1
could optimize AMPK activity and mitochondrial function to promote
axonal repair in sensory neurons derived from the DRG of rodents with
type 1 diabetes and combined this with assessment of the impact of
IGF-1 on indices of small sensory fiber neuropathy in two rodent
models of type 1 diabetes.
150 MOLECULAR METABOLISM 20 (2019) 149e165 � 2018 The Authors. Published by Elsevier GmbH. T
2. MATERIALS AND METHODS

2.1. Induction of type 1 diabetes
Male Sprague-Dawley rats were obtained from a breeding colony at
the University of Manitoba at a weight of 201e225 g and maintained 2
per cage on Sani-Chips bedding (P.J. Murphey, Montville, NJ, USA) in a
Canadian Council of Animal Care (CCAC)-accredited vivarium under a
12 hr light:dark cycle with free access to diet (5001, LabDiet with fat
content of not less than 4.5%, MO, USA) and municipal water. A
randomly selected cohort of rats (275e325 g) were made diabetic
(non-fasting blood glucose > 19 mmol/l) by a single 90 mg/kg i.p.
injection of STZ (Sigma, St. Louis, MO, USA) as previously described
[39]. A randomly selected cohort (N ¼ 12) of 3-month STZ-induced
diabetic rats received thrice-weekly subcutaneous injections of
20 mg IGF-1 (recombinant human, Preprotech Inc., Rocky Hill, NJ, USA)
per rat between 9 AM and 11 AM as previously described [40] for 11
weeks. Fasting blood glucose concentration was monitored half way
through the injection period and at study end using an AlphaTRAK
glucometer (Abbott Laboratories, Illinois, USA) to ensure that IGF-1
injection did not affect hyperglycemia. At the end of 24 weeks,
blood glucose, glycated hemoglobin (HbA1c Multi-test system,
HealthCheck Systems, Brooklyn, NY, USA) and body weight were
recorded before tissue collection (Supplemental Table 1). No rats died
during the study period, no rats required insulin supplementation to
offset extreme weight loss, and, at study end, all STZ-injected rats
remained hyperglycemic (non-fasting blood glucose > 19 mmol/l).
Animal procedures were approved by the University of Manitoba Ani-
mal Care Committee and followed CCAC rules.

2.2. Hind paw thermal sensitivity test in adult rats
Hind paw thermal response latencies were measured using a Har-
greaves apparatus (UARD, La Jolla, CA, USA) as previously described
[41]. Briefly, between 9 AM and 3 PM, rats were placed in plexiglass
cubicles on top of the thermal testing system. The heat source was
placed below the middle of one of the hind paws and latencies of the
paw withdrawal to the heat source were automatically measured.
Response latency of each paw was measured three times at 5 min
intervals and the mean values were determined.

2.3. Intra-epidermal nerve fiber density in hind paw footpads
The plantar dermis and epidermis of the hind paw were removed and
placed in 4% paraformaldehyde. Tissue was coded, processed to
paraffin blocks, cut as 6 mm sections, immunostained using an
antibody to PGP 9.5 (1:1000, Biogenesis Ltd. Poole, UK) and the
number of immunoreactive IENF and sub-epidermal nerve profiles
(SNP) per unit length quantified under light microscopy [41].

2.4. Corneal nerve density
Adult (20e30 g) female Swiss Webster mice (Envigo, CA, USA) were
maintained 3e4 per cage on TEK-Fresh bedding (7099, Envigo) in an
AALAC-accredited vivarium under a 12hr light:dark cycle with free
access to diet (5001, LabDiet, MO, USA) and municipal water. A
randomly selected cohort of mice was made diabetic (non-fasting
blood glucose >15 mmol/l) by injection of STZ (75 mg/kg i.p. on 2
consecutive days) following overnight fast. This cohort was maintained
untreated for 8 weeks, along with the remaining age- and sex-
matched control mice. After 8 weeks of diabetes, the cohort was
divided into 2 groups of mice, one of which (N ¼ 10) received daily
delivery of IGF-1 to one eye by eye-drop (50 ml of 25 ng/ml solution in
0.9% saline) while the other diabetic group (N ¼ 9) and the control
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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group (N ¼ 9) received saline vehicle alone. Treatment was given
between 8 and 10 am each day to manually restrained unanesthetized
animals in their home cage and continued for 4 weeks. No mice died
during the study period, and, at study end, all STZ-injected mice
remained hyperglycemic (non-fasting blood glucose >15 mmol/l).
Corneal nerves of the sub-basal nerve plexus were imaged in
isofluorane-anesthetized mice at 3 time points: before onset of dia-
betes, at week 8 of diabetes, and after 4 weeks of treatment using a
Heidelberg Retina Tomograph 3 with Rostock Cornea Module (Hei-
delberg Engineering, Heidelberg, Germany). Images were collected
from randomly selected animals by an investigator unaware of the
treatment groups and the image stack from each animal was coded.
Nerve occupancy of 5 consecutive images (2 mm intervals) of the cornea
between the superficial corneal epithelium and the stroma was
calculated using an 8 � 8 grid superimposed on randomized and
coded images [42], as described in detail elsewhere [41]. These studies
were carried out using protocols approved by the Institutional Animal
Care and Use Committee of the University of California, San Diego.

2.5. Adult DRG sensory neuron culture
DRGs were isolated from adult male Sprague-Dawley (300e350 g)
rats and dissociated using previously described methods [43]. Neurons
were cultured in no-glucose Hams F12 media supplemented with
Bottenstein’s N2 without insulin (0.1 mg/ml transferrin, 20 nM pro-
gesterone, 100 mM putrescine, 30 nM sodium selenite 0.1 mg/ml BSA;
all additives were from Sigma, St Louis, MO, USA; culture medium was
from Caisson labs, USA). DRG neurons from control rats were cultured
in the presence of 5 mM D-glucose and DRG neurons derived from
STZ-induced diabetic rats with 25 mM D-glucose. No neurotrophins or
insulin was added to any DRG cultures. The following pharmacological
inhibitors were used: Compound C, a selective and reversible AMPK
inhibitor (Abcam, Cambridge, MA, USA), MK-2206, a highly selective
pan-Akt inhibitor (Santa Cruz Biotechnology, Texas, USA), U0126, a
selective non-competitive inhibitor of MAP kinase kinase (Abcam,
Cambridge, MA, USA), and STO-609, a selective CaMKKb inhibitor
(Santa Cruz Biotechnology, Texas, USA).

2.6. AMPK isoform-specific knockdown
DRG neurons were dissociated and subjected to AMPK isoform-
specific knockdown according to the instruction manual of the
Amaxa� Rat Neuron Nucleofector Kit (Lonza Inc., Basel, Switzerland).
Briefly, the neuron pellet was resuspended at room temperature in
100 ml of Nucleofector� solution with 200 nM siRNA specific to
AMPKa1, 50-CGAGUUGACUGGACAUAAATT-3’ (siRNA ID:194424,
Thermo Scientific, Pittsburgh, PA, USA), or AMPKa2, 50-GGUUGA-
CAAUCGGAGCUAUTT-3’ (siRNA ID:s134962, Thermo Scientific, Pitts-
burgh, PA, USA), or a scrambled siRNA (Cat #:4390843, Thermo
Scientific, Pittsburgh, PA, USA) as a negative control. The suspension
was transferred into a certified cuvette and Nucleofector� program O-
003 on Amaxa Nucleofector machine (Lonza Inc., Basel, Switzerland)
was used to electroporate/transfect the cells with the corresponding
siRNA. Neurons were then plated for further experimentation.

2.7. Luciferase-based ATP assay in DRG culture
To measure ATP production by DRG neurons, Luminescent ATP
detection assay kit (ab113849: Abcam, Cambridge, MA, USA) was
used. In brief, cultured DRG neurons and an ATP standard dilution
series were treated with detergent supplied in the kit and shaken for
5 min. A solution containing D-Luciferin and firefly luciferase were
added to the reaction mix and shaken on a plate stirrer for 5 min. After
10 min adaptation to the dark, luminescence from luciferase activity
MOLECULAR METABOLISM 20 (2019) 149e165 � 2018 The Authors. Published by Elsevier GmbH. This is an open
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was measured and recorded using the Glomax-multi detection system
(Promega, Wisconsin, USA). A standard curve was plotted and lumi-
nescent units from each sample were interpolated in order to calculate
the absolute ATP concentration per mg of total protein lysate.

2.8. Quantitative Western blotting
Rat DRG neurons were harvested from culture or isolated intact from
adult rats and then homogenized in ice-cold RIPA buffer containing:
25 mM Tris pH ¼ 8, 150 mM NaCl, 0.1% SDS, 0.5% sodium deox-
ycholate, 1% Triton X-100 and protease phosphatase inhibitors. Pro-
teins (2e20 mg total protein/lane) were resolved and separated via
10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE). The proteins were subsequently transferred to a nitro-
cellulose membrane (Bio-Rad, CA, USA) using Trans-Blot Turbo
Transfer System (Bio-Rad, CA, USA) and immunoblotted with specific
antibodies against pP70S6K T389 (1:1000, Cell Signaling Technology,
Massachussetts, USA), pAkt S473 (1:1000, Santa Cruz Biotechnology,
Texas, USA), total Akt (1:1000, Abcam, Cambridge, MA, USA), pAMPK
T172 (1:1000, Cell Signaling Technology, Massachussetts, USA), total
AMPK (1:800, Santa Cruz Biotechnology, Texas, USA), total OXPHOS
(1:2000, MitoSciences, Abcam, Cambridge, MA, USA), PGC-1a
(1:1000, Abcam), pACC S79 (1:1000, Cell Signaling Technology,
Massachussetts, USA) and total ERK (1:1000, Santa Cruz Biotech-
nology, Texas, USA). Of note, total protein bands were captured by
chemiluminescent imaging of the blot after gel activation (TGX Stain-
Free� FastCast Acrylamide Solutions, Bio-Rad, CA, USA) in addition to
the use of T-ERK levels for target protein normalization (to adjust for
loading). The secondary antibodies were HRP-conjugated goat anti-
rabbit IgG (H þ L) or goat anti-mouse IgG (H þ L) from Jackson
ImmunoResearch Laboratories, PA, USA. The blots were incubated in
ECL Advance (GE Healthcare) and imaged using a Bio-Rad ChemiDoc
image analyzer (Bio-Rad, CA, USA).

2.9. Real-time PCR array
RNA was extracted from cultured neurons or previously frozen tissue
samples using TRIzol� Reagent (Invitrogen, California, USA). Com-
plementary DNA (cDNA) was synthesized from RNA samples by using
the iScript� gDNA Clear cDNA Synthesis Kit (Bio-Rad, CA, USA) ac-
cording to the manufacturer’s instructions. Quantitative real-time PCR
(QRT-PCR) was performed using iQ� SYBR� Green Supermix (Bio-
Rad, CA, USA) or Bright Green Master mix (Abmgood Co., Richmond,
Canada) compatible with the iQ5 Cycler machine (Bio-Rad, CA, USA).
The DDCt method was used to quantify gene expression. The mRNA
level of GAPDH and B2m were used for normalization.

2.10. Mitochondrial DNA/Nuclear DNA (mtDNA/nDNA) ratio
Total DNA was extracted from DRGs by using a modified salting-out
DNA extraction method and subjected to QRT-PCR using iQ�
SYBR� Green Supermix (Bio-Rad, CA, USA). To calculate mtDNA/nDNA
ratio, we designed primers specific to D-loop regions on rat mito-
chondrial DNA, and to ApoB and B2m genes on the rat nuclear DNA.
PCR product size and specificity were validated using melt curve and
4% agarose gel (Supplementary Figure 1A and B).

2.11. Mitochondrial respiration in cultured neurons
An XF24 analyzer (Seahorse Biosciences, Billerica, MA, USA) was used
to measure the basal level of mitochondrial oxygen consumption rate
(OCR), the maximal respiration, the spare respiratory capacity and the
coupling efficiency. In short, DRG culture medium was changed 1 h
before the assay to unbuffered DMEM (Dulbecco’s modified Eagle’s
medium, pH 7.4) supplemented with 1 mM sodium pyruvate, and
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 151
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5 mM D-glucose. For diabetic rat DRG cultures, 25 mM D-glucose was
used. Four mitochondrial complex inhibitors including oligomycin
(1 mM), FCCP (1 mM) and rotenone (1 mM) þ antimycin A (1 mM) were
injected sequentially through ports in the Seahorse Flux Pak cartridges.
Oligomycin acts as an irreversible ATP synthase inhibitor, FCCP as an
uncoupler, rotenone as Complex I inhibitor, and antimycin A as an
inhibitor of Complex III of the mitochondrial electron transport system.
After OCR measurement, cells were subjected to protein assay (DC
protein assay, BioRad, USA) for normalization purpose and, in some
cases, Western blotting. OCR measures from each well were
normalized to total protein levels and are presented as pmoles/min/mg
protein.

2.12. Neurite outgrowth in DRG cultures
DRG neurons were cultured on glass coverslips. Then, they were fixed
with 4% paraformaldehyde in PBS (pH 7.4) for 15 min at room tem-
perature then permeabilized with 0.3% Triton X-100 in PBS for 5 min.
Neurons were incubated with 5% BSA in PBS for 1 h and with neuron-
specific b-tubulin III antibody (1:1000; from Sigma, St Louis, MO, USA)
overnight. Following three washes with PBS, cells were incubated with
Cy3-conjugated secondary antibody (1:1000, Jackson ImmunoR-
esearch Laboratories Inc., PA, USA) for 1 h at room temperature.
Coverslips were mounted on slides using VECTASHIELD antifade
mounting medium with DAPI (Vectorlabs, Inc., CA, USA) and imaged
using a Carl Zeiss Axioscope-2 upright fluorescence microscope
equipped with AxioVision3 software. The fluorescent signal was
collected as total pixel area for neurites and was measured by the high
throughput NeurphologyJ plugin in ImageJ software after image
enhancement. Total pixel area was normalized to number of cell bodies
to calculate total neurite outgrowth per neuron.

2.13. Mitochondrial isolation and enzymatic activity of respiratory
complexes I and IV in DRG
DRG tissues were homogenized in mitochondrial isolation buffer (MIB)
consisting of 70 mM sucrose, 210 mM mannitol, 5.0 mM HEPES PH
7.2, 1.0 mM EGTA, and 0.5% (w/v) fatty acid free BSA using a Dounce
homogenizer. Supernatant from a double centrifugation of the tissue at
800 g for 15 min was centrifuged twice at 8000 g for 10 min and the
pellet subjected to enzymatic activity assays. Enzymatic activity of
cytochrome c oxidase (a subunit of Complex IV of the mitochondrial
electron transport system) was measured by a temperature controlled
Ultrospec 2100 UVevisible spectrophotometer equipped with Bio-
chrom Swift II software (Biopharmacia Biotech). Briefly, 0.02% lauryl
maltoside was mixed with 10 mg purified mitochondria and incubated
for 1 min before addition of 40 mM reduced cytochrome c and 50 mM
KPi to the mixture. The resulting absorbance decrease of reduced
cytochrome c at 550 nm was monitored for 2 min [44]. Enzymatic
activity of mitochondrial Complex I was measured according to the
instruction manual of the kit (Cat #:K968-100, BioVision, California,
USA). Data was collected at 5 min by reading the absorbance of the
mixture (10 mg mitochondria, Complex I assay buffer, Decylubiquinone
and Complex I dye) at 600 nm using a Ultrospec 2100 UV-visible
spectrophotometer and the kinetic reduction of Complex I dye was
calculated as Complex I activity.

2.14. Metabolomic analysis of nerve
The tibial nerve tissue from rats was utilized for biochemical ana-
lyses. The nerve (10e30 mg) was homogenized with 500 ml ultra-
pure water (Milli-Q H2O, EMDMillipore, Billerica, USA) using a bead
homogenizer (Omni Bead Ruptor 24, OMNI, USA). The same volume
of methanol (500 ml) was added to the homogenized tissue, and the
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mixture was vortexed, sonicated and centrifuged at 10500 g for
5 min. The supernatant was dried under a gentle flow of nitrogen,
and reconstituted in 100 ml deionized water:methanol (1:1) con-
taining 150 ng of each of the following internal standards: L-Tryp-
tophan-d5, L-Valine-d8, L-Alanine-d4, L-Leucine-d10, Citric Acid-d4
and D-Fructose (all from Sigma, USA). Metabolomics analysis was
performed on a 1290 Infinity Agilent high performance liquid chro-
matography (HPLC) system coupled to a 6538 UHD Accurate Quad-
rupole time-of-flight liquid chromatography/mass spectrometry (Q-
TOF LC/MS) from Agilent Technologies (Santa Clara, CA, USA)
equipped with a dual electrospray ionization source as described
elsewhere [45]. A Zorbax SB-Aq 4.6 � 100 mm, 1.8 U, 600 bar
column (Agilent Technologies) was used to separate metabolites
while the column temperature was maintained at 55 �C. In brief, a
sample size of 2 ml was injected into the Zorbax column by main-
taining the HPLC flow rate at 0.6 ml/min. The mass detection was
operated using dual electrospray with reference ions of m/z
121.050873 and 922.009798 for positive mode, and m/z 119.03632
and 980.016375 for negative mode. Targeted MS/MS mode was
used to identify potential biomarkers using Agilent MassHunter
Qualitative (MHQ, B.07) and Mass Profiler Professional (MPP, 12.6.1).
The Molecular Feature Extraction (MFE) parameters were set to allow
the extraction of detected features satisfying absolute abundances of
more than 4000 counts. The data were normalized using a percentile
shift algorithm set to 75 and were adjusted to the baseline values of
the median of all samples.

2.15. Statistical analysis
Data were analyzed using two-tailed Student’s t-tests or one-way
ANOVA followed by Tukey’s or Dunnett’s post hoc tests, as appro-
priate and indicated (GraphPad Prism 7, GraphPad Software). A P
value < 0.05 was considered to be significant. The HeatMap was
made using GraphPad (GraphPad Prism 7, GraphPad Software). The
metabolomics data were analyzed using One Way ANOVA (P < 0.05)
followed by Benjamini-Hochberg multiple testing corrections (Mass
Professional Profiler 12.6.1 and XLSTAT).

3. RESULTS

3.1. IGF-1 enhances mitochondrial respiration and ATP production
in cultured DRG neurons from control and diabetic rats
DRG neurons derived from control rats were cultured and treated with
IGF-1 (10 nM) for 2e24 h. This concentration of IGF-1 does not cross-
occupy the insulin receptor in neurons [46]. Mitochondrial oxygen
consumption rate (OCR) was enhanced at 24 h but not at 2 h or 6 h
(Figure 1A). Bioenergetic parameters of maximal respiration and spare
respiratory capacity were significantly (P < 0.05 and P < 0.01,
respectively) increased 24 h after IGF-1 treatment (Figure 1B).
Nevertheless, IGF-1 did not affect the corrected oligomycin-insensitive
mitochondrial respiration rate (proton leak) (Supplementary Figure 2).
IGF-1 treatment of DRG neurons derived from age-matched diabetic
rats showed up-regulation of mitochondrial maximal respiration at 2 h
and 24 h treatment. Spare respiratory capacity was elevated at least 3-
fold, although not reaching statistical significance, and respiratory
control ratio was significantly increased at 2 h and 24 h of IGF-1
treatment (Figure 1C). To confirm that the mitochondrial OCR was
reflected by similar alterations in cellular ATP production, DRG neurons
from control rats were treated with various doses of IGF-1 for 24 h and
ATP production was measured in live cells. At doses of 1, 10, and
100 nM, but not 0.1 nM, IGF-1 augmented ATP production (P < 0.05)
(Figure 1D).
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Figure 1: Mitochondrial function-related genes are dysregulated in DRG neurons from diabetic rats, and exogenous IGF-1 modulates selective transcripts and
upregulates mitochondrial respiration and ATP production in cultured adult sensory neurons. DRG neurons derived from (A, B, D) adult control or (C) diabetic rats were
treated with/without IGF-1 for 2e24 h. In (A, B, C) the culture plate was then inserted into the Seahorse XF24 Analyzer and oligomycin, FCCP and rotenone þ AA (antimycin A)
added sequentially. In (D) ATP concentration was calculated from proportional luminescent reads by a GloMax�-Multi Detection System. Data were normalized to protein con-
centration units per well prior to statistical analysis. Real-time PCR array derived mRNA levels for (F) DRG tissues or (E and G) cultured DRG neurons treated with IGF-1 for 6 h, from
control (ctrl) and diabetic (Db) rats. All mRNA levels were calculated relative to GAPDH or B2m mRNA levels using the DD Ct method. Data are mean � SEM of N¼ 3e5 replicates;
* ¼ p < 0.05 or ** ¼ p < 0.01 or *** ¼ p < 0.001 or **** ¼ p < 0.0001; analyzed by unpaired Student’s t-test or one-way ANOVA with Dunnett’s post-hoc test.
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3.2. Genes linked to mitochondrial function were dysregulated in
DRGs from control vs. diabetic rats and in vitro were up-regulated
after IGF-1 treatment
The mRNA levels of a number of genes downstream of IGF-1 signaling
that are linked to mitochondrial function, including Akt2, Akt3,
AMPKa2, UQCRC2, ATP5a1, MFN1, RHOT1, IGF-1, and Kif5B, were
down-regulated in DRG of diabetic rats when compared to control rats
(P < 0.05) (Figure 1F). Some mRNAs including those for Slc2a1
(Glut1), Ppargc1b (PGC-1b) and DNAi1 were up-regulated in DRGs of
diabetic rats (Figure 1F). IGF-1 (10 nM) treatment of cultured DRGs
from control rats for 6 h up-regulated Akt1, Akt2, Akt3, AMPKa1,
AMPKa2, IGF-1R, GSK3b, b-actin, RPS6Kb1 (P70S6K), CPT1a, Glut1,
PFKp, P53, Ppargc1a (PGC-1a), PGC-1b, Srebp1c, MFN1, Nrf1, and
VDAC1 mRNA levels when compared to untreated DRG neurons
Figure 2: IGF-1 treatment increases Akt and AMPK phosphorylation, and the express
were treated with/without 10 nM IGF-1 for (A, B) 15 min-6 h or (C, D) 2e24 h and lysate
quantified and expressed relative to total protein. Complexes I-NDUFB8 and III-UQCRC2 s
* ¼ p < 0.05 or ** ¼ p < 0.01 or *** ¼ p < 0.001 or **** ¼ p < 0.0001 vs ctrl by o
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(P < 0.05) (Figure 1E). DRGs derived from diabetic rats and treated
in vitro with IGF-1 showed a significant (P < 0.05) up-regulation in
mRNA levels of Akt1, Akt2, Akt3, AMPKa1, AMPKa2, GSK3 b, b-actin,
P70S6K, Glut1, PFKp, P53, PGC-1a, PGC-1b, UQCRC2, MTCO1,
ATP5a1, MFN1, Opa1, Drp1, Nrf1, and VDAC1 genes vs. untreated
cultured DRG neurons (Figure 1G).

3.3. IGF-1 augments AMPK, Akt, ACC phosphorylation, and
respiratory protein expression in cultured neurons from control rats
DRG neurons from age matched control rats treated with 10 nM IGF-1
exhibited elevated phosphorylation of Akt (at S473) within 15 min
(Figure 2A,B) and at 2 h this was associated with enhanced
phosphorylation of pP70S6K (a downstream substrate for P-Akt)
(Supplementary Figure 3D). IGF-1 elevated phosphorylation of AMPK at
ion of electron transport chain proteins. DRG neurons derived from adult control rats
s subjected to Western blotting. Specific proteins from each respiratory Complex were
ubunit proteins were not detectable. Data are mean � SEM of N ¼ 3e4 replicates;
ne-way ANOVA with Dunnett’s post-hoc test.
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T172 and also its phosphorylation target acetyl-Co-A carboxylase (P-
ACC) at 2 h and 6 h (Figure 2A,B). These effects were dose dependent;
with 10 nM IGF-1 giving the highest P-AMPK and P-ACC levels,
whereas 100 nM induced the highest activation of Akt (Supplementary
Figure 3A and B). Treatment for up to 24 h with 10 nM IGF-1 up-
regulated the total protein levels for AMPK and Akt (Supplementary
Figure 3C). The stimulatory effect of IGF-1 on total protein expres-
sion levels for AMPK and Akt at 6 h and 24 h was the reason we
normalized all data to total protein levels. Mitochondrial OXPHOS
proteins, components of the electron transport system (ETS), including
Complex components IV-MTCO1 and V-ATP5a were significantly
elevated after 6 he24 h of IGF-1 treatment (Figure 2C,D). IGF-1 also
elevated these same Complex proteins and Complex II-SDHB in DRG
neuron cultures derived from STZ-induced type 1 diabetic rats
(Supplementary Figure 4A and B). Overall, the impact of IGF-1 on the
level of expression of these respiratory chain proteins was greater in
the diabetic cultures compared with control age-matched cultures.
Figure 3: Compound C (AMPK inhibitor) suppresses the IGF-1 upregulation of mit
pretreated with inhibitors 2 h prior to IGF-1 treatment and maintained for 24 h. Mitochond
AMPK inhibitor, MK (MK-2206, 1 mM): Akt inhibitor and STO (STO-609, 1 mM): CaMKKb in
analysis. Data are mean � SEM of N ¼ 3e5 replicates; * ¼ p < 0.05 or ** ¼ p < 0.0
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3.4. AMPK inhibitor, AMPKa1 knockdown, and Akt inhibitor
suppress the IGF-1 induced up-regulation of mitochondrial function
in DRG neurons from control rats
The stimulatory effect of IGF-1 on AMPK activity and respiratory chain
protein expression provided a good rationale to study putative effects
on mitochondrial function. To identify the signaling pathway utilized by
IGF-1 to modulate mitochondrial function, DRG neurons from control
rats were cultured and pretreated with 1 mM compound C (AMPK in-
hibitor), MK-2206 (Akt inhibitor) or STO-609 (CaMKKb inhibitor) 2 h
prior to 10 nM IGF-1 treatment for 24 h. Seahorse XF24 assay for OCR
revealed that IGF-1 up-regulated mitochondrial function with respect
to augmented maximal respiration and spare respiratory capacity
(Figure 3A,B). This effect was completely suppressed by the AMPK
inhibitor and partially suppressed by the Akt inhibitor (Figure 3A,B). The
CaMKKb inhibitor STO-609 also prevented induction of mitochondrial
function by IGF-1 but this effect did not reach statistical significance
(Figure 3A,B). To specifically knockdown isoforms of AMPK, DRG
ochondrial respiration. (A, B) DRG neurons derived from control rats were cultured,
rial respiration was measured using Seahorse XF24 Analyzer. CC (compound C, 1 mM):
hibitor. Data were normalized to protein concentration units per well prior to statistical
1; analyzed by one-way ANOVA with Tukey’s post-hoc test.
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Figure 4: IGF-1 acts through AMPKa1 and a2 to augment mitochondrial function and mtDNA copy number. (A, B) DRG neurons derived from adult control rats were
transfected with AMPKa1-or a2-specific siRNAs, cultured for 24 h and treated with/without 10 nM IGF-1 for another 24 h. Mitochondrial respiration was measured using Seahorse
XF24 Analyzer. Data were normalized to protein concentration units per well prior to statistical analysis. (C) DRG neurons from control rats were cultured and treated with different
IGF-1 doses (10 nM and 100 nM) for 24e48 or transfected with AMPKa1-or a2-specific siRNAs, cultured for 24 h and treated with/without 10 nM IGF-1 for another 24 h mtDNA/
nDNA ratio was analyzed using Real-Time PCR and calculated using the DDCt method. Data are mean � SEM of N ¼ 3e5 replicates; * ¼ p < 0.05 or ** ¼ p < 0.01; analyzed by
one-way ANOVA with Tukey’s or Dunnett’s post-hoc test.
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neurons were also transfected with siRNAs specific to AMPKa1 or
AMPKa2 (and in combination) for 24 h prior to IGF-1 treatment for
another 24 h. AMPK knockdown efficiencies were 75e80% for the
specific isoform mRNAs and 73% for the total AMPK protein when both
siRNAs were combined (Supplementary Figure 5AeC). 2D gel elec-
trophoresis revealed that the isoforms of AMPKa1 (mw 63.97 kDa) and
AMPKa2 (mw 62.26 kDa) could be visualized (Supplementary
Figure 5D). Supplementary Figure 5D and E shows that siRNA
knockdown for each isoform was relatively specific. SiRNA to AMPKa1
caused a 77% knockdown and only reduced AMPKa2 by 16%
(Supplementary Figure 5F). For siRNA to AMPKa2, the values were
61% for its own isoform and 16% for the AMPKa1. SDS-PAGE revealed
effective knockdown of phosphorylated AMPK and its target P-ACC
with the combined siRNAs in the presence/absence of IGF-1 for 24 h
(Supplementary Figure 6A). Under the same experimental conditions
siRNA to AMPKa1 blocked phosphorylated AMPK. However, its target
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P-ACC was not significantly affected (Supplementary Figure 6B). With
the same experimental paradigm OCR measurements showed sup-
pression of IGF-1-driven up-regulation of maximal respiration and
spare respiratory capacity in neurons treated with AMPKa1 siRNA
(Figure 4A,B) and AMPKa1a2 siRNAs combined (data not shown), but
not with siRNA to AMPKa2 (Supplementary Figure 7AeD).

3.5. AMPK knockdown and Akt inhibitor impede IGF-1
enhancement of neurite outgrowth and mtDNA copy number in DRG
cultures from control rats
To investigate the inhibitory effect of AMPK on mitochondrial DNA copy
number and neurite outgrowth, DRG cultures derived from control rats
were transfected with siRNA to AMPKa1 or a2 and treated with IGF-1.
IGF-1 (10 nM or 100 nM) significantly (P < 0.05) increased mtDNA
copy number after 24 h and 48 h (Figure 4C). This effect of IGF-1 on
mtDNA was significantly suppressed following treatment with siRNA to
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AMPKa2 (Figure 4C). Knockdown of either AMPKa1 or AMPKa2 iso-
forms also prevented the IGF-1 enhancement of neurite outgrowth
(Figure 5A). In a complementary experiment, neurite outgrowth was
enhanced by IGF-1 treatment (P < 0.01) and pretreatment with Akt
inhibitor or AMPK inhibitor Compound C suppressed this neuritogenic
effect of IGF-1 (Figure 5B).

3.6. Topical IGF-1 to the eye of diabetic mice reversed the loss of
corneal nerve profiles
To address whether the relatively rapid effects of IGF-1 on regulation of
mitochondrial respiration and neurite outgrowth from adult sensory
neurons in vitro predict neurotrophic and neuroprotective properties
in vivo, we delivered IGF-1 topically to the eye of STZ-induced diabetic
mice daily for 4 weeks, following 8 weeks of diabetes. Nerve density of
the sub-basal nerve plexus was measured iteratively by corneal
confocal microscopy across the study period. Nerve density did not
change over the 12-week study period in control mice (Figure 5CeD).
Eight weeks of diabetes induced a mild reduction in nerve density that
progressed in the subsequent 4 weeks. Initiation of topical IGF-1
treatment prevented this progression such that by the end of the
study the vehicle-treated diabetic group had values that were signifi-
cantly (P < 0.05) lower than the IGF-1 treated group.

3.7. IGF-1 therapy reverses thermal hypoalgesia and corrects
impaired activities of mitochondrial Complexes I and IV in DRG of
diabetic rats
Age-matched control and STZ-induced diabetic rats were maintained
for 3 months; then, a cohort of diabetic rats received injections of
human recombinant IGF-1 (20 mg/rat per day s.c.) for the final 11
weeks (Figure 6A). Body weight, blood glucose, and glycated hemo-
globin values were not any different between untreated and IGF-1-
treated diabetic rats (Supplemental Table 1). Thermal testing on the
hind paw was performed at three time points and revealed develop-
ment of hypoalgesia in diabetic rats and significant improvement in the
IGF-1-treated diabetic rats at the end of study (Figure 6A). Analysis of
IENF density and SNP levels in the hind paw revealed no significant
loss of fibers at the end of this study and no effect of IGF-1 treatment
on IENF whereas a significant rise in SNP profiles was observed
compared to control rats (Figure 6B). Mitochondria isolated from DRGs
of diabetic rats exhibited depressed activity levels of mitochondrial
Complexes I and IV compared with age matched control and these
activities were significantly elevated by IGF-1 therapy (Figure 6C).

3.8. IGF-1 therapy increases the expression of PGC-1a and
respiratory chain proteins and up-regulates AMPK, Akt, and P70S6K
phosphorylation in DRG of diabetic rats
Due to low tissue availability, each animal group was divided into
different sub-groups to perform Western blotting, enzymatic assay,
and mRNA measurements on DRGs. Levels of expression of mito-
chondrial Complex IV-MTCO1 and Complex V-ATP5a, and PGC-1a
proteins were suppressed in DRGs derived from diabetic rats by
approximately 40% and these deficits were prevented by IGF-1 therapy
(Figure 7A). IGF-I therapy also significantly increased the phosphory-
lation of critical effector proteins upstream of mitochondria including
AMPK and P70S6K compared to both control and untreated diabetic
rats, while a trend of elevated Akt activation was also observed
(P ¼ 0.08 vs. control: Figure 7B). It should be noted, that only a partial
depression of P-AMPK and P-P70S6K levels were observed in DRGs of
the diabetic group versus age-matched control in this study. Consistent
with Western blotting data, mRNA levels of AMPKa2 isoform, Complex
III-UQCRC2, and Nrf-1 were restored in diabetic rat DRGs after IGF-I
MOLECULAR METABOLISM 20 (2019) 149e165 � 2018 The Authors. Published by Elsevier GmbH. This is an open
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therapy (Supplementary Figure 8). AMPKa1, Akt2 and Akt3 mRNAs
were not significantly different between groups (Supplementary
Figure 8).

3.9. IGF-1 therapy reinstates components of the Krebs cycle,
amino acid metabolism, ketosis, and oxidant status but does not
correct aberrant glucose metabolism in tibial nerve of diabetic rats
A targeted metabolomics approach was used to monitor 35 selected
metabolites (Supplemental Table 2) related to energy generation by
mitochondrial function, carbohydrate metabolism and protein meta-
bolism, as recently reported [47]. A total of 13 metabolites were
significantly different and exhibited a similar trend between the 3
groups (Figure 8A). The metabolomics analysis of tibial nerve tissues
showed that Krebs cycle intermediates including fumaric acid, succinic
acid, malic acid and citric acid, and free amino acids or fragmented
peptides such as leucine, aspartic acid, and Ala-Cys-Asp, were
significantly (P < 0.05) up-regulated in nerves of diabetic rats and
were returned to the normal range with IGF-1 therapy (Figure 8A). IGF-
1 injections did not correct the levels of sorbitol, glucose and
myoinositol 4-phosphate, which all represent aberrant glucose meta-
bolism (Figure 8AeB), indicating that IGF-1 did not alter glucose up-
take or metabolism within the local environment of the nerve. However,
diabetes-induced elevation of oxidized glutathione and ketone bodies
including b-hydroxy butyric acid in nerve was reduced by IGF-1
treatment of diabetic animals (Figure 8A). Other metabolites such as
isocitrate (TCA metabolite), homoserine (amino acid precursor), and
acryloylglycine (fatty acid metabolism) did not differ or show any
consistent trends between groups (Supplemental Table 2). The Krebs
cycle metabolites, free amino acids, ketone bodies, and oxidized
glutathione levels showed similar trends, as illustrated for citric and
aspartic acid (Figure 8CeD).

4. DISCUSSION

We demonstrate for the first time that IGF-1 activates and up-regulates
AMPK to augment mitochondrial function, ATP production, mtDNA copy
number, and expression of ETS proteins in cultured rat DRG neurons.
IGF-1 utilizes this AMPK pathway and, possibly in parallel, the Akt
pathway to drive axonal outgrowth. Further, we show that IGF-1
therapy prevented diabetes-induced progressive loss of sensory
nerves in the cornea and ameliorated paw thermal hypoalgesia.
Correction of these clinically relevant endpoints was associated with
suppression of build-up of TCA intermediates in nerve and optimization
of mitochondrial phenotype in the DRG of type 1 diabetic rats. The
stimulatory effect of IGF-1 upon mitochondrial oxygen consumption
rate can be explained by signaling via the AMPKa1 isoform. The
elevation in mtDNA copy number revealed the involvement of AMPKa2
isoform downstream from IGF-1 signaling.
For more than two decades, a variety of studies have demonstrated
that IGF-1 promotes neurite outgrowth and protects from multiple
functional and structural indices of diabetic neuropathy in animal
models [2,9,10]. The emergence of corneal confocal microscopy as a
technique to visualize human sensory nerves in situ has provided a
non-invasive and sensitive biomarker of DSPN that offers the oppor-
tunity to track progression of neuropathy and efficacy of therapeutic
interventions [48]. Diabetic rodents also develop loss of corneal nerves
[42,49] and topical delivery of potential therapies to the eye provides a
useful translational model that bridges in vitro and traditional in vivo
therapeutic studies. Our demonstration that topical delivery of IGF-1
prevented progressive corneal nerve loss in diabetic mice provides
in vivo validation of our in vitro model using adult sensory neuron
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Figure 5: AMPK and Akt inhibition suppresses the axonal regeneration triggered by IGF-I in cultured DRGs from rats and topical IGF-1 prevents progressive loss of
corneal nerves in diabetic mice. DRG neurons derived from adult control rats were (A) transfected with AMPKa1-or a2-specific siRNAs, cultured for 24 h or (B) pretreated
with inhibitors for 2 h and treated with/without 10 nM IGF-1 for another 24 h. b-tubulin III immunostaining was used to stain sensory neurons and NeurphologyJ was used for
automated neurite tracing. CC (compound C, 1 mM): AMPK inhibitor and MK (MK-2206, 1 mM): Akt inhibitor. Total neurite outgrowth data is presented relative to neuron number.
Data are mean � SEM of N ¼ 4 replicates; * ¼ p < 0.05 or ** ¼ p < 0.01 or **** ¼ p < 0.0001; analyzed by one-way ANOVA with Tukey’s post-hoc test. (C) Reveals the
time line for the topical delivery of IGF-1 to the eye of STZ-induced diabetic mice. (D) Line chart showing nerve density (as % occupancy) in the sub-basal nerve plexus of
control (blue line), diabetic (STZ: red line) and IGF-1 treated diabetic (STZ þ IGF-1; green line) mice at 0, 8 and 12 weeks of diabetes. IGF-1 treatment was initiated at 8 weeks.
Data are group mean � SEM of N ¼ 9e10/group. At week 12 * ¼ p < 0.05 for Db vs Db þ IGF-1 group and **p¼<0.01 for Db vs age matched control group by two-way
ANOVA with Tukey’s post-hoc test.
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Figure 6: IGF-1 therapy restored the activity of Complexes I and IV and prevented thermal hypoalgesia in diabetic rats. Control (ctrl), diabetic (Db) and IGF-1-treated
diabetic (Db þ IGF-1) rats were tested for their thermal response latency according to the timeline in (A). (B) IENF and SNP were analyzed in hind paw footskin in the three
groups of animals. (C) DRG tissues from control, diabetic and IGF-1-treated diabetic rats were isolated and subjected to Complex I and Complex IV enzymatic activity assays. Data
are in mU/mg tissue. In (A, B and C) data are mean � SEM of N ¼ 5e10; * ¼ p < 0.05 or ** ¼ p < 0.01 or *** ¼ p < 0.001 or **** ¼ p < 0.0001; analyzed by one-way ANOVA
or two-way ANOVA with Tukey’s post-hoc test.
cultures and adds a novel index of the therapeutic potential of IGF-1
against a structural manifestation of DSPN using an assay that
reflects the human condition.
The mechanisms through which IGF-1 operates to implement nerve
growth and repair are not completely understood. It has been proposed
that optimal mitochondrial function is a key factor for axonal outgrowth
and repair [50,51]. For instance, modulating mitochondrial dynamics
by overexpression of MFN-2 or inhibition of DRP-1 regulated the di-
rection and rate of neurite outgrowth in cultured retinal ganglion cells
from rat embryos [52]. Mitochondrial biogenesis triggered by the
AMPK-PGC-1a-Nrf1 pathway and energy supplementation was
required for axonal outgrowth in rat cortical neurons [53]. Resveratrol,
an activator of AMPK, drives axonal outgrowth and was protective
against diabetic neuropathy in STZ-induced diabetic rats [44,54].
Growth factors IL-1b, IL-17A, ciliary neurotrophic factor, and insulin
enhanced mitochondrial function and promoted neurite outgrowth,
which correlated with protection from development of DSPN in animal
models of type 1 diabetes [39,55e57]. Studies with modulators of
heat shock protein function revealed that improved mitochondrial
MOLECULAR METABOLISM 20 (2019) 149e165 � 2018 The Authors. Published by Elsevier GmbH. This is an open
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function was associated with prevention and reversal of diabetic
neuropathy in type 1 and type 2 models of diabetes [58,59]. In the
present work in cultured DRG neurons, we demonstrate the novel
finding that a physiologically relevant concentration of IGF-1, which
does not stimulate the insulin receptor [46], up-regulated mitochon-
drial respiration together with a dose-dependent stimulation of ATP
production.
Recent studies also report IGF-1-mediated optimization of mitochon-
drial phenotype in other cell types and diseases. IGF-1 therapy cor-
rected mitochondrial ATPase activity and inhibited caspase 3 and 9
activation in liver cells from aging rats [60]. Glutamine knock-in in
striatal cells from the mutant Huntingtin (mHtt) mouse displayed a
reduction in ROS production and caspase 3 activity and an elevation in
Tfam and mitochondrial-encoded cytochrome c oxidase II proteins
when treated with IGF-1 [35]. In cancer cell lines, exogenous IGF-1
sustains cell viability by stimulating mitochondrial biogenesis and
BNIP3-induced mitophagy [61]. In the current study, in cultured DRG
neurons derived from control or diabetic rats, IGF-1 exerted a novel
up-regulatory effect on mitochondrial respiration, with a significant
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Figure 7: IGF-1 therapy restored the expression of PGC-1a and ETS proteins and up-regulated AMPK, P70S6K, and Akt phosphorylation in diabetic rats. DRG tissues
from control (Ctrl), diabetic (Db) and IGF-1-treated diabetic (Db þ IGF-1) rats were isolated and subjected to (A, B) Western blotting. Western blot band intensity of target proteins
was normalized to total ERK bands of the same blot. Data are mean � SEM of N ¼ 5e7 animals; * ¼ p < 0.05 or ** ¼ p < 0.01; analyzed by one-way ANOVA with Tukey’s post-
hoc test.

Original Article
stimulatory effect on spare, or reserve, respiratory capacity. This effect
occurred over 24 h in control cultures and in diabetic cultures was
triggered within 2 h. This may suggest that IGF-1 enhances the
electrochemical gradient, as observed previously with insulin in DRG
cultures [62], and aerobic glucose metabolism to elevate mitochondrial
oxygen consumption rate [63e65]. In contrast to mitochondrial basal
respiration, spare respiratory capacity is normally utilized when cells
have excessive ATP demands or are stressed, as under chronic hy-
perglycemia. It is most likely that defects in expression or activity of
respiratory chain complexes (or supercomplex formation) in diabetic
conditions, essentially nutrient stress, drives suppression of spare
respiratory capacity thus inducing an energy deficit [38,66,67]. IGF-1
may raise spare respiratory capacity through high ATP demand due to
accelerated neurite outgrowth (thus optimizing the electrochemical
gradient), and/or by normalizing aerobic glucose metabolism and/or
via AMPK-dependent modulation of gene expression of ETS
components.
Comparative mRNA quantitation of selective genes revealed that IGF-1,
AMPK, and Akt isoforms, ATP5a1, MFN-1, and RHOT-1 were sup-
pressed in DRG in diabetic rats. IGF-1 treatment of cultured DRGs from
both control and diabetic rats improved the expression of these dys-
regulated genes with a higher impact in DRG neurons derived from
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diabetic rats. The most prominent finding of our gene expression
analysis was that IGF-1 up-regulated AMPK (a1 and a2) and Akt (Akt1,
Akt2, and Akt3) functional isoforms in cultured DRGs derived from
diabetic rats. The transcriptional upregulation of these genes by IGF-1
in 6 h could be the main driving factor for enhanced mitochondrial
respiration after 24 h IGF-1 treatment in cultured DRGs from both
control and diabetic rats. Nevertheless, this does not seem to be the
case for enhanced mitochondrial respiration after 2 h IGF-1 treatment,
which is observed in diabetic cultures implying the involvement of
post-translational modifications of metabolism-regulating proteins
including AMPK and Akt.
AMPK and Akt pathways are modulated by IGF-1 in other cell types. In
vascular smooth muscle cells, IGF-1 activates Akt to suppress AMPK
activity by stimulating AMPK S485 phosphorylation, thus instigating
AMPK T172 dephosphorylation [29]. There are two common upstream
kinases, LKB-1 and CaMKKb, known to phosphorylate AMPK on its
activation site, T172, and activate this enzyme [68,69]. Our preliminary
data (not shown) reveal that LKB-1 was not activated by IGF-1, and
CaMKKb inhibition by STO-609 did not significantly affect AMPK
phosphorylation/activity (data not shown) or mitochondrial function in
the presence of IGF-1 (Fig. 4B). In addition, we have preliminary data
showing that IGF-1 did not induce a rise in intracellular Ca2þ in
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com
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Figure 8: IGF-1 therapy reinstates the Krebs cycle, amino acid metabolism, ketosis and oxidant status in tibial nerve of diabetic rats. Tibial nerve tissues from control
(Ctrl), diabetic (Db) and IGF-1-treated diabetic (Db þ IGF-1) rats were dissected and weighed. Total metabolites were extracted using a methanol-water mixture, dried and
subjected to metabolomic analysis using an HPLC system coupled to time-of-flight liquid chromatography/mass spectrometry. Normalized intensity value of each compound was
estimated by using internal standards (L-Tryptophan-d5, L-Valine-d8, L-Alanine-d4, L-Leucine-d10, Citric Acid-d4, and D-Fructose). The final value for each metabolite was
normalized to its corresponding tibial nerve weight and illustrated in (A) HeatMap. The trends for (B) sorbitol, (C) citric acid and (D) aspartic acid are shown as examples. Data are
mean � SEM of N ¼ 9e12 animals; * ¼ p < 0.05; analyzed by one-way ANOVA, followed by Benjamini-Hochberg multiple testing corrections.
cultured DRG neurons (where a rise in Ca2þ could be surmised to
trigger activation of CaMKKb). AMPK is also reported to be phos-
phorylated on T172 and activated in an ATM-dependent manner by
IGF-1 in HeLa, PANC-1 and TIG103 cell lines [28] and so future studies
will focus on this pathway.
Among different pharmacological inhibitors used to block IGF-1
downstream effectors, the AMPK inhibitor Compound C completely
abolished the IGF-1-mediated up-regulation of mitochondrial maximal
respiration and spare respiratory capacity. Neurite outgrowth was also
blocked (Fig. 6). SiRNA-based inhibition of the AMPKa1 isoform, but
not AMPKa2 isoform, exhibited a similar suppression of the IGF-1
enhancement of mitochondrial respiration and neurite outgrowth.
The IGF-1 stimulation of mitochondrial DNA copy number was blocked
by either AMPKa2 or AMPKa1 knockdown, which implicates both
isoforms in mtDNA replication. A variety of functions have been re-
ported for these two AMPK isoforms in other tissues. In striatal cells in
mice with Huntington’s disease (HD), accumulated Huntingtin resulted
in AMPKa1 over-activation and nuclear translocation causing cell
death through down-regulation of Bcl-2 [70]. AMPKa1 promotes
contractile function of cardiomyocytes by phosphorylating troponin I
[71], and myogenesis through myogenin gene expression [72].
AMPKa2 knock-out mice show deficient Complex I activity and lower
MOLECULAR METABOLISM 20 (2019) 149e165 � 2018 The Authors. Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
cardiolipin content correlating with decreased cardiolipin synthetic
enzymes in cardiomyocytes [73]. In endothelial cells, AMPKa2 acti-
vates anti-inflammatory pathways by phosphorylating PARP-1 and
induction of Bcl-6 [74].
Acute (30 min) intrathecal application of IGF-1 activated Akt in DRG and
this effect was diminished in ob/ob type 2 diabetic mice [75]. In our
in vitro studies the Akt inhibitor, MK-2206, suppressed the IGF-1
dependent augmentation of mitochondrial function and neurite
outgrowth (Figure 4B and 6). Previous work in smooth muscle cells and
cancer cell lines revealed an inhibitory effect of Akt on AMPK via
phosphorylation on S485/S487 and subsequent suppression of
phosphorylation on T172 [29,76]. Moreover, we also found that
inhibiting Akt results in higher AMPK T172 phosphorylation in cultured
DRGs (data not shown). However, we have observed that the Akt in-
hibitor suppressed the IGF-1 up-regulation of mtDNA copy number
(data not shown). In the present study, IGF-1 enhanced phosphoryla-
tion of P70S6K (Supplementary Figure 3D) and Akt directly elevates
P70S6K activity and eukaryotic translation initiation factor 4E (eIF4E)-
binding protein 1 (4E-BP1) function to augment ETS gene expression
[77]. Thus, these studies utilizing pharmacological blockade of Akt
reveal (i) in DRG neurons treated with IGF-1 Akt is acting upstream
from AMPK to suppress AMPK activity, and (ii) upon IGF-1 treatment,
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 161
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Akt is mediating parallel or alternative pathways from AMPK that
regulate mitochondrial function and neurite outgrowth.
Previous studies reveal a role of impaired IGF-1 signaling in the eti-
ology of diabetic neuropathy, or as a protective factor [6,7,24]. Mice
with overexpression of neuron-specific IGF binding protein 5 (IGFBP5:
an inhibitory IGF binding protein) or with depleted IGF1R expression
displayed a progressive neurodegeneration similar to that seen in
diabetic neuropathy. These deficits included motor axonopathy and
sensory disorders such as thermal hypoalgesia and intra-epidermal
nerve fiber loss [24]. Osmotic minipump implants releasing 4.2e
4.8 mg/day IGF-1 or IGF-2 for two weeks prevented hyperalgesia and
promoted nerve regeneration in STZ-diabetic rats that had a sciatic
nerve crush injury [17,19]. In a similar study, STZ-induced diabetic rats
exhibited loss of IENF after three months of diabetes, which was
prevented by one-month intrathecal delivery of IGF-1 [20]. Five
micromolar (5 mM) intrathecal infusion of IGF-1 for one month also
improved sensory and motor nerve conduction velocities in diabetic
rats [21].
We previously reported a significant loss of nerves of paw skin and
concurrent hypoalgesia in 5 month diabetic rats and that insulin im-
plants for the last four months prevented IENF loss and thermal
hypoalgesia without correcting hyperglycemia [39]. In the present
study, maintaining diabetic rats for 5 months did not cause significant
nerve fiber loss in the foot skin compared to age-matched control rats,
despite concurrent thermal hypoalgesia. There is precedence for this
disassociation as thermal hypoalgesia precedes detectable IENF loss in
STZ-diabetic mice [78]. It is notable that while our STZ-injected rats
were clearly hyperglycemic, they were not in a state of extreme
catabolic dominance as they gained weight over the study period and
appear to model a slowly progressing neuropathy reflective of the
human condition. The amelioration of thermal hypoalgesia by IGF-1 in
diabetic rats could be due to enhanced sensitivity of afferents via such
known properties as stimulation of T-type channels [79] or sensiti-
zation and translocation of the vanilloid receptor [80]. Alternately, as
IGF-1 enhances substance P and CGRP expression in DRG cultures
[81], it may protect against the diabetes-induced depletion of
sensory neuron neuropeptide expression [82] and stimulus-evoked
spinal release [83] that is associated with early stages of thermal
hypoalgesia [78].
Nutrient flux analysis in db/db type 2 diabetic mice at 24 weeks of age
showed an increase in flux of TCA intermediates in kidney but a
decrease in sciatic nerve [84]. Metabolomic analysis of tibial nerves in
the current study exhibited an increase in TCA intermediates in diabetic
rats. Thus, if reduced flux of metabolites is occurring [84], this build-up
of TCA intermediates suggests that a deficiency in ETS electron flow
and/or enzyme activities is causing impaired utilization of the excessive
available energy sources provided by the Krebs cycle under diabetic
conditions. The diabetes-induced suppression of spare respiratory
capacity combined with reduced ETS protein expression and activity of
Complexes I and IV support the last statement. Despite no effect on up-
regulated intracellular sorbitol and glucose in nerve in diabetes, IGF-1
therapy reinstated ketosis, lowered TCA intermediate build-up, and
normalized oxidant status. Moreover, increased free amino acids or
fragmented peptides in tibial nerves of diabetic rats demonstrate
disturbed protein synthesis and metabolism, which were restored by
IGF-1 therapy, correlating with higher phosphorylation of P70S6K in
DRGs.
Given the established role of IGF-1 in neurite outgrowth, differentiation,
and development, a plethora of nervous system-related diseases
including Parkinson’s disease, Alzheimer’s disease, multiple sclerosis,
amyotrophic lateral sclerosis, Fragile X syndrome, and Rett syndrome
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have become candidates for IGF-1 therapy [85]. A double-blind clinical
trial of IGF-1 therapy in ALS patients receiving IGF-1 (0.5e3 mg/kg
every two weeks for 40 weeks) resulted in beneficial effects with no
adverse events [86]. A phase 1 clinical trial of IGF-1 therapy (40e
120 mg/kg twice daily for 4 weeks) in 12 girls with Rett syndrome
improved measures of anxiety, mood, and apnea with no serious
adverse effects [87]. IGF-1 therapy remains a potential therapeutic
option in diabetic neuropathy but has been hindered by other potential
systemic actions of the peptide. Our studies reveal a novel aspect of
IGF-1 signaling to augment the AMPK pathway to drive nerve repair.
Specific targeting of the IGF-1 signaling axis in neurons could offer an
alternative or complementary approach to treating neurological
disease.
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While peripheral neuropathy is the most common compli-
cation of long-term diabetes, cognitive deficits associated
with encephalopathy andmyelopathy also occur. Diabetes
is a risk factor for Alzheimer disease (AD) and increases
the risk of progression from mild cognitive impairment to
AD. The only current recommendation for preventing or
slowing the progression of peripheral neuropathy is to
maintain close glycemic control, while there is no recom-
mendation for central nervous system disorders. NSI-189
is a new chemical entity that when orally adminis-
tered promotes neurogenesis in the adult hippocampus,
increases hippocampal volume, enhances synaptic plas-
ticity, and reduces cognitive dysfunction. To establish the
potential for impact on peripheral neuropathy, we first
showed that NSI-189 enhances neurite outgrowth and
mitochondrial functions in cultured adult rat primary sen-
sory neurons. Oral delivery of NSI-189 tomurine models of
type 1 (female) and type 2 (male) diabetes prevented
multiple functional and structural indices of small and large
fiber peripheral neuropathy, increased hippocampal neu-
rogenesis, synaptic markers and volume, and protected
long-term memory. NSI-189 also halted progression of
established peripheral and central neuropathy. NSI-189,
which is currently in clinical trials for treatment of major
depressive disorder, offers the opportunity for the devel-
opment of a single therapeutic agent against multiple in-
dices of central and peripheral neuropathy.

Small fiber neuropathy, as detected by quantitative sen-
sory testing, skin biopsy specimen, or corneal confocal

microscopy, is an early feature of diabetic peripheral
neuropathy, while large myelinated fiber dysfunction is
detected as slowing of conduction velocity (1,2). It is
increasingly recognized that diabetes also affects the cen-
tral nervous system (CNS) (3,4), with cognitive dysfunc-
tion reported in patients with type 1 (5) and type 2 (6,7)
diabetes supporting a growing consensus that diabetes is
a risk factor for cognitive impairment and Alzheimer
disease (3,8,9).

Preclinical studies have identified multiple mechanisms
that may contribute to diabetic peripheral neuropathy
(10). However, clinical recommendations remain re-
stricted to maintaining glycemic control (2). Moreover,
although reduced cognitive function, synaptic plasticity,
and brain volume also occur in rodent models of diabe-
tes (11,12), there have been few preclinical or clinical
attempts to prevent or reverse CNS dysfunction. Insulin
and C-peptide, acting in their neuroprotective capacities,
both ameliorate multiple indices of peripheral neuropathy
and encephalopathy (12–14), and ideal therapeutics would
similarly target both peripheral nervous system (PNS) and
CNS damage. The potential for neuroprotection to extend
throughout the nervous system led us to hypothesize that
drugs that are neuroprotective in CNS neurodegenerative
diseases might be effective against diabetes-induced dam-
age to both the CNS and PNS.

NSI-189 is an orally active benzylpiperizine-aminopyridine
that stimulates neurogenesis, synaptogenesis, and in-
creased hippocampal volume in mice (15), demonstrates
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long-term neurogenic capacity in a rat model of ischemic
stroke (16), ameliorates cognitive impairment in rats with
irradiation-induced brain injury (17), and enhances syn-
aptic plasticity and cognitive function in a mouse model of
Angelman syndrome (18). A double-blind phase Ib safety
study in patients with major depressive disorder demon-
strated that oral NSI-189 was safe and had significant
long-acting antidepressant and procognitive effects (19),
with efficacy recently confirmed in a phase II double-blind
placebo-controlled study (20). The known safety profile
and emerging efficacy profile of NSI-189 prompted us to
evaluate its ability to stimulate peripheral neurons and
impact central and peripheral neuropathy in rodent mod-
els of diabetes.

RESEARCH DESIGN AND METHODS

Sensory Neuron Cultures
Dorsal root ganglia (DRG) from normal and 3- to 4-month
streptozotocin (STZ)-induced diabetic adult male Sprague-
Dawley rats were dissociated as previously described (21),
and sensory neurons were cultured in insulin-free defined
Hams F12 media containing 10 mmol/L or 25 mmol/L
(cells from control or diabetic rats, respectively) D-glucose.
Total neurite outgrowth has been directly related to an
arborizing form of axonal plasticity homologous to in vivo
collateral sprouting (22).

Mitochondrial Respiration
An XF24 Analyzer (Seahorse Biosciences, Billerica, MA)
was used tomeasure basal mitochondrial oxygen consump-
tion, maximal respiration, spare respiratory capacity, and
nonmitochondrial oxygen consumption of sensory neu-
rons in culture (21).

Estimation of Pharmacokinetic Properties and
Bioavailability in Mouse
Male C57Bl/6J mice were administered NSI-189 by oral
gavage or intravenous injection. Plasma and snap-frozen
brains were collected at eight time points for analysis of
NSI-189 levels by liquid chromatography–tandem mass
spectrometry assay (19).

Animals
Experiments were performed in adult female Swiss Web-
ster mice (Harlan, Indianapolis, IN), adult male C57/BLKS/
J and C57BLKSjBKS.Cg-Dock7m1/1 Leprdb/J (also called
db/db) mice (stock nos. 000662 and 000642; The Jackson
Laboratory, Bar Harbor, ME), and adult male Sprague-
Dawley rats (University of Manitoba). Rats were housed in
pairs and mice four to five per cage with free access to
water and food (RMH300 for rats [LabDiet, St. Louis, MO]
and 5001 PMI diet for mice [Harlan]). Studies followed
protocols approved by the Institutional Animal Care and
Use Committee of the University of California, San Diego,
and by the University of Manitoba Animal Care Committee
following Canadian Council of Animal Care rules.

Type 1 diabetes was induced by injection of STZ
(90 mg/kg) (Sigma-Aldrich, St. Louis, MO) that was freshly

dissolved in 0.9% sterile saline and administered after an
overnight fast as a single injection to rats or on two
consecutive days to mice. Hyperglycemia was measured
using a test strip and meter for rats (AlphaTrak 2; Zoetis,
Parsippany, NJ) and OneTouch Ultra for mice (Lifescan,
Milpitas, CA) in a blood sample obtained 4 days after STZ
injection. Rodents with blood glucose .270 mg/dL were
accepted as diabetic. This regimen does not produce di-
rect STZ-induced neurotoxicity in mice (23) or rats (24).
One group of STZ-diabetic mice received subcutaneous
implants of slow-release insulin pellets (three pellets/
mouse, release rate 0.1 units/24 h) (LinBits; LinShin
Canada, Toronto, Ontario, Canada) at the onset of di-
abetes, with additional pellets implanted as needed.

Type 2 diabetes was modeled using db/db mice, which
develop impaired leptin receptor function leading to
polyphagia, obesity, insulin resistance, hyperinsuline-
mia, and mild-moderate hyperglycemia by 6–8 weeks
of age.

Drugs
NSI-189 phosphate, (4-benzylpiperazin-1-yl)-[2-(3-
methylbutylamino)pyridin-3-yl] methanone, was provided
by Neuralstem, Inc., and first dissolved in 0.2 N HCl and
then diluted 1:10 with distilled water (pH 4–5). NSI-189 or
vehicle (0.02 N HCl, pH 4–5) was administered daily by
oral gavage. Unless noted, assays were performed 24 h
after the most recent treatment to preclude detection of
transient effects. For cell culture, NSI-189 phosphate was
dissolved in 100% DMSO.

Behavioral Assays

Memory Tests
The object recognition test was performed to assess short-
term (1-h) memory without the requirement of an acqui-
sition phase. After exposure to two similar objects, the
amount of time taken to explore the new object provides
an index of recognition memory. Long-term memory was
assessed using the Barnes maze (11). Mice were placed on
the Barnes maze and allowed to locate the escape box on
five consecutive days to facilitate learning (acquisition
phase). The test was repeated 4 weeks later to assess
long-term memory of the learned behavior (retention
phase).

Tactile Responses
Paw responsiveness to light touch was measured using von
Frey filaments (25). Both hind paws were tested, and the
mean was used to represent the 50% paw withdrawal
threshold (PWT).

Thermal Responses
Paw withdrawal from heat was measured using a thermal
testing apparatus (UARD, San Diego, CA). Both hind paws
were tested three times at 5-min intervals. The median
response time for each paw was calculated and the mean of
the two medians used to represent each mouse (25).
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Electrophysiology
Motor nerve conduction velocity (MNCV) was mea-
sured in the sciatic nerve–interosseus muscle system
of isoflurane-anesthetized animals (25). Three measure-
ments were made per mouse, and MNCV was calculated
using the median value and distance between the stimu-
lation points.

Epidermal Nerve Visualization and Quantification
Animals were killed, and the hind paw plantar skin was
removed into 4% paraformaldehyde for 24 h. Samples
were embedded in paraffin and cut as 6-mm sections before
incubation with antibodies against the panneuronal
marker PGP 9.5 (1:1,000; Biogenesis Ltd., Poole, U.K.).
Slides were coded and epidermal PGP9.5 immunoreactive
profiles quantified by light microscopy (25).

Corneal Nerve Visualization and Quantification
Mice were anesthetized with isoflurane and placed
in a custom-designed imaging platform connected to
a Heidelberg Retina Tomograph 3 with the Rostock Corneal
Module (Heidelberg Engineering, Heidelberg, Germany).
The image collecting procedure has previously been de-
scribed (25). Nerve occupancy or the total nerve length,
traced using ImageJ software, was calculated for five
sequential images (2-mm spacing) of the subbasal plexus.

Neurogenesis and Hippocampal Volume
Mice received an intraperitoneal injection of BrdU (Sigma-
Aldrich) in PBS (pH 7.2) every 8 h over 72 h prior to study
termination. Animals were sacrificed 3 h after the last
BrdU injection and perfused with 4% paraformaldehyde.
BrdU-positive cells represent neurogenesis as BrdU incor-
porates into the newly synthesized DNA of replicating cells
(26). Hippocampal sections (40 mm) were viewed using
a Nikon AZ100 light microscope, BrdU-positive cells were
counted, and hippocampal volume was measured by trac-
ing (17).

Western Blotting
Hippocampi were homogenized in buffer (50 mmol/L Tris-
HCl [pH 7.4], 150 mmol/L NaCl, 0.5% Triton X, 1 mmol/L
EDTA, protease inhibitor cocktail), processed, and sepa-
rated on 4–12% SDS-PAGE Bis-Tris gels (Novex; Invitro-
gen, Carlsbad, CA) as described previously (11). Blots were
incubated with antibodies against NeuN (1:1,000; Milli-
pore), synaptophysin (1:10,000; Millipore), PSD95 (1:500;
Chemicon), BDNF (1:1,000; Abcam), or actin (1:5,000;
Sigma-Aldrich), followed by the corresponding secondary
antibodies tagged with infrared dyes (IRDye, 1:15,000;
LI-COR Biosciences, Lincoln, NE).

Data Analysis
All animals and tissues were coded during assay to prevent
observer bias. Data are presented as group mean 6 SD.
Statistical comparisons were made by one-way or repeat
ANOVA with between-group differences identified using
the Dunnett post hoc test.

Data and Resource Availability
The data sets generated during and/or analyzed during
the current study are available from the corresponding
author upon reasonable request. The compound NSI-
189 that supports the findings of this study is available
from Neuralstem, Inc./Dr. Karl Johe. NSI-189 may be
available from the authors and/or Neuralstem, Inc., upon
reasonable request and with permission of Neuralstem,
Inc.

RESULTS

Adult Sensory Neurons In Vitro
NSI-189 (1.0–3.0 mmol/L) significantly increased 24 h
total neurite outgrowth in neurons from normal or
diabetic rats (Fig. 1A–C). Mitochondrial function was
assessed in sensory neurons from control (Supplemen-
tary Fig. 1) and STZ-diabetic rats using the Seahorse
XF24 analyzer and sequential addition of uncouplers
and inhibitors (Fig. 1D). Basal respiration in neurons
from control or diabetic rats was unchanged by NSI-189
(Fig. 1E and Supplementary Fig. 1). Maximal respiration
and spare respiratory capacity were significantly (P ,
0.05) increased after 24-h exposure to NSI-189 in neu-
rons from diabetic rats (Fig. 1F and G) and trended
upward in neurons from control rats (Supplementary
Fig. 1).

Drug Distribution in Normal Mice
The brain-to-plasma ratio of the NSI-189 distribution
area under the curve (AUC0-t) was well above the min-
imal penetration limit of 0.04 at all doses and routes,
indicating good brain penetration. NSI-189 penetrated
the brain rapidly, with maximal concentrations (Tmax)
observed at initial sampling, 8 min after intravenous
(i.v.) administration (Table 1). Tmax occurred 18–
30 min after oral (per os [po]) dosing, and the abso-
lute oral bioavailability (Fabs) of NSI-189 phosphate
in the brain at 10 mg/kg was 20% (Fabs 5 100 3
[AUCpo/AUCi.v.]).

Type 1 Diabetes: Prevention Study
Promising in vitro data (Fig. 1) prompted us to investi-
gate efficacy of NSI-189 against indices of neuropathy
in both the CNS and PNS of the STZ-induced diabetic
mouse model of type 1 diabetes, as this model develops
encephalopathy, impaired cognitive functions, and mul-
tiple indices of peripheral neuropathy (11,25). Female
STZ-diabetic mice were treated with vehicle or NSI-189
(10 mg/kg/day) from onset of diabetes for 16 weeks, with
a group of mice treated with insulin (0.1 units/24 h)
included as a positive control. Vehicle-treated diabetic
mice had elevated blood glucose and HbA1c levels at study
end that were lowered by insulin therapy but not NSI-189
(Table 2).

The acquisition phase of the Barnes maze test was
performed during week 11, and retention was tested
4 weeks later to assess long-term memory. All groups of
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mice exhibited similar performance on the last day of the
acquisition phase (Fig. 2A). Vehicle-treated diabetic mice
had impaired short-term (Fig. 2C) and long-term (Fig. 2B)
memory retention, accompanied by significant (P , 0.05)
reductions in hippocampal cornu ammonis (CA)1, CA3,
and dentate gyrus (DG) volume compared with control
mice (Fig. 2D–F). Treatment with insulin or NSI-189
significantly protected long-term memory (P , 0.01 and
P , 0.05 vs. vehicle-treated diabetic mice, respectively)
and attenuated reductions in the volume of the CA1 and
DG regions so that values were not different from control
or untreated diabetic mice. In contrast, neither treatment

significantly improved short-term memory or the reduced
volume of the CA3 region (Fig. 2C and E).

At study end, STZ-diabetic mice showed multiple func-
tional and structural indices of peripheral neuropathy,
including MNCV slowing, paw tactile allodynia, paw
heat hypoalgesia, reduced paw intraepidermal nerve fiber
(IENF) density, and reduced corneal nerve density in the
subbasal nerve plexus (all P, 0.001 vs. control mice) (Fig.
2G–K). Insulin or NSI-189 significantly prevented or
attenuated all deficits, although in the case of MNCV
slowing, the effect of NSI-189 did not reach statistical
significance.

Figure 1—NSI-189 augments neurite outgrowth and mitochondrial function in adult rat DRG sensory neurons. A and B: Effect of NSI-189 on
neurite outgrowth from normal neurons (n5 5–7 replicate cultures). C: Effect of NSI-189 on DRG neurons derived from a 3- to 4-month STZ-
induced diabetic rat (n5 6–10 replicate cultures). D: Seahorse XF24 trace showing oxygen consumption rate (OCR) of neurons from diabetic
rats treated for 24 h with 1.0 or 3.0 mmol/L NSI-189. The following drugs were added: oligomycin (oligo), carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP), and rotenone 1 antimycin A (Rot1AA) . Basal respiration (E), maximal respiration (F), and
spare respiratory capacity (G) derived from D (n 5 6–7 replicate cultures). Data are mean 6 SD. *P , 0.05, **P , 0.01 by one-way ANOVA,
followed by the Dunnett post hoc test.
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Type 1 Diabetes: Intervention Study
Female mice were treated with vehicle or NSI-189 (10 mg/
kg/day) for the last 8 weeks of a 16-week period of
diabetes, with indices of peripheral nerve function mea-
sured throughout to assess reversal of established neu-
ropathy. NSI-189 treatment did not alter the lower body
weight or hyperglycemia of STZ-diabetic mice (Table 2).

The acquisition phase of the Barnes maze test was
performed during week 11 and retention tested 5 weeks
later. All groups of mice showed similar performance on
the last day of the acquisition phase (Fig. 3A). Five weeks
later, vehicle-treated diabetic mice showed significantly
(P , 0.01) impaired long-term memory retention (Fig.
3B) compared with control mice. This was accompanied
by significant (P , 0.01) reductions in hippocampal CA1
and DG volume compared with control mice (Fig. 3D–F).

Treatment with NSI-189 protected long-term memory but
had minimal effect on the reductions in CA1 and DG
volume and no effect on short-term memory or CA3
volume (Fig. 3C and E).

STZ-diabetic mice developed progressive MNCV slow-
ing, early and consistent tactile allodynia, and progressive
thermal hypoalgesia, all of which were established after
8 weeks of diabetes (Fig. 3G–K). Intervention with NSI-189
for a further 8 weeks halted progression of these indices of
peripheral neuropathy, such that by study end, values were
significantly different from vehicle-treated diabetic mice,
while also being significantly different from controls.
Vehicle-treated STZ-diabetic mice also showed signifi-
cantly reduced paw skin IENF density (Fig. 3J) and occu-
pancy (Fig. 3K) in the corneal subbasal nerve plexus that
was attenuated by NSI-189 treatment.

Type 2 Diabetes: Prevention Study
We extended studies to the db/db mouse model of type
2 diabetes to model the most common form of diabetes.
Homozygotes develop multiple indices of peripheral neu-
ropathy and encephalopathy but are not viable in memory
assays due to obesity (Table 2) that limits ambulation.
Male control and db/db mice were treated with NSI-189
(30 mg/kg/day) or vehicle from onset of diabetes (7–
8 weeks of age) for 26 weeks. NSI-189 had no impact
on body weight, nonfasting blood glucose levels, or glucose
clearance following oral glucose delivery of control mice.
NSI-189 was also without effect on elevated body weight
(Table 2) and impaired blood glucose clearance of db/db
mice in early stages (8 weeks) of diabetes (Fig. 4A).
However, a decline in nonfasted blood glucose of db/db
mice in the terminal stages of the study was accelerated by

Table 1—Pharmacokinetics parameters after intravenous or
oral delivery of NSI-189 to normal mouse

Dose
(mg/kg)

Tmax

(h)
Cmax

(ng/mL)
AUC0–t

(ng∗h/mL)

Intravenous
delivery

Plasma 1 0.083 215 172
3 0.083 858 625
10 0.083 3,014 2,135

Brain 1 0.13 298 165
3 0.13 654 522
10 0.13 2,280 1,278

Oral delivery
Plasma 10 0.5 116 105

30 0.25 270 420
Brain 10 0.5 78 258

30 0.3 170 425

Table 2—Impact of diabetes and NSI-189 on terminal systemic parameters in mice

N
Body weight Blood glucose Blood HbA1c Blood HbA1c Deaths

during study(g) (mg/dL) (%) (mmol/mol)

Type 1: Prevention
Control 1 vehicle 10 32.4 6 4.7* 153 6 26*** 3.1 6 0.2*** 10.1 6 2.7*** 0
STZ 1 vehicle 9 28.4 6 3.0 562 6 17 6.1 6 0.2 43.6 6 2.3 1
STZ 1 insulin 8 29.2 6 2.2 215 6 132*** 4.0 6 0.8*** 19.9 6 8.4*** 2
STZ 1 NSI-189 9 29.9 6 2.2 567 6 43 6.3 6 0.7 45.9 6 7.1 1

Type 1: Intervention
Control 1 vehicle 10 31.6 6 2.2*** 118 6 12*** ND ND 0
STZ 1 vehicle 10 25.9 6 2.1 559 6 47 ND ND 0
STZ 1 NSI-189 9 27.5 6 1.7 589 6 16 ND ND 1

Type 2: Prevention
WT 1 vehicle 10 29.6 6 1.7*** 143 6 24** 4.1 6 0.2*** 21.3 6 1.9*** 0
WT 1 NSI-189 10 29.6 6 1.5*** 161 6 20** 4.2 6 0.2*** 21.6 6 1.8*** 0
db/db 1 vehicle 10 62.6 6 7.2 307 6 180 5.7 6 1.4 38.9 6 15.7 0
db/db 1 NSI-189 8 66.2 6 2.9 189 6 19* 5.1 6 0.9 31.8 6 10.0 2

Type 2: Intervention
WT 1 vehicle 10 30.2 6 1.2*** 167 6 9*** ND ND 0
db/db 1 vehicle 10 54.8 6 8.0 439 6 61 ND ND 0
db/db 1 NSI-189 10 55.6 6 5.3 483 6 71 ND ND 0

Data are mean 6 SD. Statistical comparison by one-way ANOVA with the Dunnett post hoc test. ND, not determined. *P , 0.05, **P ,
0.01, ***P , 0.001 vs. vehicle-treated diabetic mice.
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NSI-189 (Fig. 4C), while impaired glucose clearance was
significantly improved by NSI-189 after 25 weeks of di-
abetes (Fig. 4B).

Histological examination of the hippocampus showed
that vehicle-treated db/db mice had significantly (P, 0.01)
reduced CA1 volume (Fig. 4D) and a trend to reduced CA3
volume (Fig. 4E) accompanied by a significantly (P , 0.01)
reduced number of BrdU-positive cells (Fig. 4F). NSI-189
treatment of db/db mice prevented loss of CA1 volume and
increased BrdU-positive cell number, while having no effect
on CA3 volume or any measured parameter of control mice.

At study end, vehicle-treated db/db mice showed mul-
tiple indices of peripheral neuropathy (Fig. 5A–D), all of

which were prevented by NSI-189. While db/db mice
showed no loss of corneal nerve density in the subbasal
nerve plexus compared with control mice, NSI-189 pro-
moted a significant increase in corneal nerve density in the
diabetic mice (P , 0.001 vs. vehicle-treated db/db mice)
(Fig. 5E).

Type 2 Diabetes: Intervention Study
At 16 weeks of age (8 weeks of untreated diabetes), male
db/db mice had developed peripheral neuropathy, as in-
dicated by MNCV slowing (controls 45.1 6 0.9 vs. db/db
34.36 1.2 m/s; P, 0.001 by unpaired t test). Control and
db/db mice were then treated with vehicle or NSI-189

Figure 2—NSI-189 prevents PNS and CNS neuropathy in type 1 diabetic mice. A: Acquisition phase in the Barnes maze (day 5 of training,
week 11 of diabetes and treatment). B: Memory retention (week 15 of diabetes and treatment). C: Short-term memory using the object
recognition test after 16 weeks of diabetes. CA1 volume (D), CA3 volume (E), DG volume (F ), MNCV (G), paw tactile 50% PWT (H), paw
thermal response latency (I), paw IENF density (J), and nerve density in the corneal subbasal plexus (K) after 16 weeks of diabetes and
treatment. C, control mice treated daily with vehicle; S, STZ mice treated daily with vehicle; SI, STZ mice with insulin pellet; SNSI, STZ mice
treated daily with oral NSI-189. Data are mean6 SD. *P, 0.05, **P, 0.01, ***P, 0.001 by one-way ANOVA, followed by the Dunnett post
hoc test (n 5 8–10/group).
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(30 mg/kg/day) for a further 16 weeks. At study end there
was no effect of NSI-189 on elevated body weight and
blood glucose levels of db/dbmice (Table 2). NeuN, PSD95,
and synaptophysin protein levels were significantly de-
creased in the hippocampus of vehicle-treated but not
NSI-189–treated db/db mice (Fig. 6A–C). In contrast,
significantly reduced hippocampal BDNF levels were not
altered by NSI-189 (Fig. 6D). Peripheral neuropathy in
db/db mice, as indicated by MNCV slowing and tactile allo-
dynia, was attenuated by NSI-189 treatment (Fig. 6E–G).
Diabetic mice again showed no reduction in corneal nerve

density, while NSI-189 treatment significantly increased
this parameter (Fig. 6G).

DISCUSSION

Cognitive impairment is associated with reduced hippo-
campal volume in patients and rodents with diabetes
(27–32). In the current study, female type 1 and male
type 2 diabetic mice both showed decreased hippocampal
volume, while measures of neurodegeneration (NeuN pro-
tein), synaptic integrity (PSD95 and synaptophysin pro-
tein), and neurogenesis (BrdU incorporation) were also

Figure 3—NSI-189 ameliorates CNS and PNS neuropathy in type 1 diabetic mice. A: Acquisition phase in the Barnesmaze (day 5 of training,
week 10 of diabetes, week 2 of treatment).B: Memory retention in the Barnesmaze (week 16 of diabetes, week 8 of treatment).C: Short-term
memory using the object recognition test after 16 weeks of diabetes. CA1 (D), CA3 (E), andDG (F ) volume after 16 weeks of diabetes, 8 weeks
of treatment. MNCV (G), paw tactile 50% PWT (H), paw thermal response latency (I), paw IENF density (J), and nerve density of the corneal
subbasal plexus (K) after 16 weeks of diabetes, 8 weeks of treatment. C, control mice treated daily with vehicle; S, STZmice treated daily with
vehicle; SNSI, STZ mice treated daily with oral NSI-189. Data are mean 6 SD. *P , 0.05, **P , 0.01, ***P , 0.001 by one-way ANOVA,
followed by the Dunnett post hoc test, for panels A–F, J, and K. *P , 0.05, **P , 0.01, ***P , 0.001 vs. STZ 1 vehicle mice by repeated-
measures ANOVA, followed by the Dunnett post hoc test, for panels G–I (n 5 9–10/group).
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reduced in the hippocampus of type 2 diabetic mice. Di-
abetic encephalopathy has been attributed to acceleration
of age-related neuronal death, reduced replacement from
the pool of neural progenitor cells (neurogenesis), or
a combination of these processes (33). The reduced num-
ber of BrdU-positive cells in the brain of type 2 diabetic
mice is consistent with prior reports of impaired neuro-
genesis in type 1 and type 2 diabetic mice (34). Protecting
or accelerating neurogenesis and the appropriate insertion
of new cells into neural networks offers a novel approach
to halting or reversing diabetic encephalopathy.

NSI-189 prevents impaired neurogenesis in rodent mod-
els of ischemic stroke and irradiation (16,17). The present
studies demonstrate that reduced neurogenesis was pre-
vented when NSI-189 was given to type 2 diabetic mice
from the onset of diabetes at a dose of 30 mg/kg/day. NSI-
189 also selectively protected hippocampal structure when
given either throughout the period of diabetes (both mod-
els) or following a period of untreated diabetes (30 mg/kg/
day in the type 2 model). The minimal efficacy of the inter-
vention paradigm using 10 mg/kg/day in type 1 diabetic
mice may suggest that higher doses and/or longer durations
of treatment are necessary. Although type 2 diabetic mice
could not be used in behavioral assays of cognitive function
due to obesity that severely limits ambulation, impaired
long-termmemory in type 1 diabetic mice was prevented by
concurrent treatment with NSI-189. Ambulation is not
impaired in type 1 diabetic mice, and they performed similar

to controls during memory acquisition. Protection of long-
term memory by NSI-189 occurred in both prevention and
intervention paradigms, although whether intervention re-
versed established loss of long-term memory or halted
progression remains to be established. Efficacy against
long-term memory was accompanied by protection of
CA1 and DG volume. It is notable that NSI-189 was in-
effective against loss of short-term memory or reduced
hippocampal CA3 volume. This is consistent with distinct
roles of the CA1 and CA3 regions in different aspects of
memory. Both CA1 and CA3 regions contribute to acquisi-
tion of memory, but only the CA1 is required for memory
retrieval (35) and for memory over long intervals (36). The
impact of NSI-189 on memory in diabetic mice may also
result from protection of synaptic organization, as indicated
by protection of pre- and postsynaptic protein levels (syn-
aptophysin and PSD-95, respectively) in the hippocampus
of db/dbmice. This is consistent with reports that long-term
potentiation is impaired in diabetic rodents and that NSI-
189 enhances long-term potentiation in mouse hippocam-
pal slice preparations (18). Bioactivity of NSI-189 requires
protein synthesis (18), and it increases expression of the
neurotrophic factor BDNF by hippocampal cells in culture
(16). Interestingly, BDNF is reduced in the hippocampus
of db/db mice. However, reduced hippocampal BDNF pro-
tein levels in db/db mice were not corrected by NSI-189,
excluding this potential mechanism of action. Nevertheless,
our data show that NSI-189 promotes neurogenesis and

Figure 4—Oral glucose tolerance test in db/dbmice after 8 weeks of diabetes (A) and after 25 weeks of diabetes and treatment (B). C: Blood
glucose levels for db/db mice with NSI-189 treatment starting at onset of diabetes. CA1 (D) and CA3 (E) volume and BrdU-positive cells (F)
counted in the hippocampus after 26 weeks of diabetes and treatment. C, control mice treated daily with vehicle; CNSI, control mice treated
daily with NSI-189; D, db/dbmice treated daily with vehicle; DNSI, db/dbmice treated daily with oral NSI-189. Data aremean6SD. *P, 0.05,
**P, 0.01, ***P, 0.001 against db/db1 vehicle by repeated-measures ANOVA, followed by the Dunnett post hoc test, for panels A–C (n5
8–10/group). *P, 0.05, **P, 0.01, ***P, 0.001 by one-way ANOVA, followed by the Dunnett post hoc test, for panelsD–F (n5 5–10/group).
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ameliorates structural and behavioral indices of diabetic
encephalopathy.

The neurogenic properties of NSI-189 were discovered
using a stable line of human fetal hippocampal neural stem
cells, and exploration of the properties of NSI-189 has been
restricted to CNS-derived cells and brain disorders (16–20).
Our finding that NSI-189 enhanced neurite outgrowth in
adult sensory neuron cultures extends the known cellular
actions of this molecule to promoting regenerative growth
of PNS axons. Stimulation of neurite growth is consistent
with a prior report that NSI-189 increased hippocampal
MAP2 expression (16), asMAP2 stabilizes microtubules and
assists neurite elongation. Moreover, enhanced neurite
extension by adult sensory diabetic neuron cultures was
accompanied by stimulation of mitochondrial maximal re-
spiratory capacity. A recent report that NSI-189 promotes
Akt pathway signaling (18) is consistent with enhancement
of mitochondrial respiration of adult sensory neurons, as
signaling through Akt is involved in increasedmitochondrial
function and neurite outgrowth when these cells are ex-
posed to NT-3, insulin, or IGF-1 (37,38). Stimulation of
mitochondrial respiration by NSI-189 therefore has the
potential to serve as the mechanism driving neurite growth
in peripheral sensory neurons.

We previously used adult sensory neuron cultures to
identify biological actions of molecules in peripheral neu-
rons (21,39–41). Enhancement of mitochondrial energetics
and neurite outgrowth in this system predicted the neuro-
protective efficacy of guaifenesin, resveratrol, and musca-
rinic antagonists in multiple animal models of peripheral
neuropathy (21,39,41). The similar in vitro profile of NSI-189

prompted us to assess efficacy of NSI-189 against indices of
peripheral neuropathy in mouse models of type 1 and type
2 diabetes. Use of 10 mg/kg/day NSI-189 from the onset of
diabetes gave partial protection against indices of large fiber
motor (MNCV) and sensory (tactile allodynia) neuropathy
and also attenuated functional (thermal hypoalgesia) and
structural (reduced IENF and corneal nerve density) mea-
sures of small sensory fiber neuropathy. Efficacy was similar
to that of insulin, which, in addition to glucose regulation, is
a direct neurotrophic factor for sensory neurons (40). The
ability of NSI-189 to protect sensory fiber density in the
skin and cornea is particularly striking and consistent with
its capacity to enhance neurite outgrowth in vitro. Efficacy
across multiple manifestations of peripheral neuropathy
suggests a fundamental neuroprotective mechanism dis-
tinct from the actions of individual neurotrophic factors,
which tend to be fiber-type specific (42). Enhancement of
mitochondrial function, as detected in diabetic sensory
neurons in vitro, may offer this fundamental mechanism,
although we do not yet have confirmation that NSI-189
impacted mitochondria in vivo. Importantly, efficacy was
also noted whenNSI-189was delivered only after functional
indices of neuropathy were established. This may have
clinical implications, as a therapy that halts and/or reverses
neuropathy is more desirable than one that requires pro-
phylactic use.

Following guidance from pharmacokinetics data, we
increased the dose of NSI-189 to 30 mg/kg/day when
extending studies into a model of type 2 diabetes. Efficacy
was again detected against multiple indices of peripheral
neuropathy in both prevention and intervention treatment

Figure 5—NSI-189 prevents peripheral neuropathy in db/dbmice. MNCV (A), paw tactile 50%PWT (B), paw thermal response latency (C), paw
IENF density (D), and corneal subbasal nerve plexus density (E) after 26 weeks of diabetes and treatment. C, control mice treated daily with
vehicle; CNSI, controlmice treated daily with NSI-189; D,db/dbmice treated daily with vehicle; DNSI: db/dbmice treated daily with oral NSI-189.
Data are mean 6 SD. *P , 0.05, **P , 0.01, ***P , 0.001 by one-way ANOVA, followed by the Dunnett post hoc test (n 5 8–10/group).
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Figure 6—NSI-189 ameliorates CNS and PNS neuropathy in db/dbmice. Hippocampal NeuN (A), PSD95 (B), synaptophysin (C), and BDNF
(D) protein levels, and MNCV (E ), paw tactile 50% PWT (F ), and corneal subbasal plexus nerve length (G) after 24 weeks of diabetes, with
NSI treatment for the last 16 weeks. C, control mice treated daily with vehicle; D, db/db mice treated daily with vehicle; DNSI, db/db mice
treated daily with oral NSI-189. Data are mean6 SD. *P, 0.05, **P, 0.01, ***P, 0.001 by one-way ANOVA, followed by the Dunnett post
hoc test (n 5 8–10/group).
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paradigms and was generally more effective than 10
mg/kg/day in the type 1 diabetes model. Dose-efficacy studies
are warranted to establish whether this is a dose- or model-
related phenomenon. Corneal nerve density was lower in
control C57BLKS mice than in control Swiss Webster mice,
reflecting known between-strain differences (43,44). It is
notable that db/db mice did not show loss of sensory
nerves in the corneal subbasal nerve plexus. This finding
was apparent in two separate studies using two different
methods of corneal nerve quantification. There are mul-
tiple reports of corneal nerve depletion in rodent models of
type 1 diabetes (13,45,46) and also in a model of type
2 diabetes produced by a high-fat diet to promote insulin
resistance combined with low-dose STZ to reduce insulin
levels (47). As corneal nerve loss is prevented by topical
insulin in type 1 diabetic mice (45), it is plausible that the
extreme hyperinsulinemia of db/db mice is sufficient to
protect corneal nerves or promote sprouting from surviv-
ing fibers. The low inherent corneal nerve density of
C57BLKS mice could also contribute to failure to detect
loss, although there is diabetes-induced loss in C57Bl/6J
mice (46). Interestingly, NSI-189 treatment increased
corneal nerve density in diabetic but not control mice,
suggesting efficacy in the presence of other growth-
promoting agents such as glucose and/or insulin.

The unanticipated acceleration of the late-stage disease
phenotype of db/db mice, with progressive attenuation of
hyperglycemia, could complicate interpretation of the ther-
apeutic effects of NSI-189, as it may be argued that they are
secondary to glucose regulation. However, attenuation of
hyperglycemia was not observed in the intervention study
using similarly aged db/db mice, while positive effects of
NSI-189 were also detected in type 1 diabetic mice without
impacting hyperglycemia. While we cannot yet explain why
NSI-189 may have accelerated the late-stage disease phe-
notype in one study of db/dbmice, the effects of NSI-189 on
PNS and CNS disorders across all studies are not consis-
tently associated with restoration of normoglycemia.

The pathogenesis of diabetic neuropathy and enceph-
alopathy likely involves multiple pathways downstream of
both hyperglycemia and loss of insulin/neurotrophic sup-
port (10,48,49). This complexity presents a challenge for
developing therapies to augment the current standard of
care (50), and polypharmaceutical approaches have been
suggested as being necessary to intervene against this
plethora of pathogenic pathways. NSI-189 offers the op-
portunity for development of a single therapeutic agent
against multiple indices of central and peripheral neurop-
athy that is effective in both sexes and both forms of
diabetes. These are desired properties in a molecule that,
because of its advanced stage of development against other
diseases (19,20), has the potential for rapid translation to
clinical testing in patients with diabetes.
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H I G H L I G H T S

• Genotoxic PARP1 activation reduced neuronal respiration and mitochondrial mass.

• PARP1 activity caused NAD+ depletion and sirtuin deacetylase inhibition.

• PARP1-induced inhibition of SIRT1 reduced PGC-1α-mediated mitochondrial biogenesis.

A R T I C L E I N F O
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A B S T R A C T

Poly(ADP-ribose) polymerase-1 (PARP1) is a ubiquitous nuclear enzyme that regulates DNA repair and genomic
stability. In oxidative genotoxic conditions, PARP1 activity is enhanced significantly, leading to excessive de-
pletion of nicotinamide adenine dinucleotide (NAD+) and mitochondrial dysfunction. We hypothesized that
PARP1-induced NAD+ depletion inhibits NAD+-dependent sirtuin deacetylase activity, thereby interfering with
the mitochondrial regulator, peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α). The DNA
alkylator, N′-Nitro-N-nitroso-N-methylguanidine (MNNG), induced NAD+ depletion, inhibited sirtuin deacety-
lase activity and enhanced acetylation of PGC-1α. This was associated with reduced interaction between PGC-1α
and nuclear respiratory factor 1 (NRF-1), which is a nuclear transcription factor that drives mitochondrial re-
plication by regulating mitochondrial transcription factor A (TFAM). MNNG also reduced binding of NRF-1 to
the tfam upstream promoter region and reduced TFAM mRNA, mitochondrial DNA copy number and respiratory
function. MNNG effects were mitigated by PARP1 inhibition and genetic loss of function, by enhancing in-
tracellular NAD+ levels, and with sirtuin (SIRT1) gain of function, supporting a mechanism dependent on PARP1
activity, NAD+-depletion and SIRT1 inhibition. This and other work from our group supports a destructive
sequelae of events related to PARP1-induced sirtuin inhibition and sirtuin-mediated regulation of transcription.

1. Introduction

Inhibition or deletion of the nuclear enzyme, poly(ADP-ribose)
polymerase (PARP)-1, produces striking neuroprotection across several
models of neurological disease and injury (Eliasson et al., 1997; LaPlaca
et al., 2001; Martire et al., 2015; Yu et al., 2002; Zhang et al., 1994).
Thus, PARP1 is an attractive target for mechanistic and therapeutic
investigation in neurodegeneration. PARP1 catalyzes the transfer of
ADP-ribose units from NAD+ to form ADP-ribose polymers (PAR) on
target proteins in response to DNA damage, post-translational mod-
ification, and various signal transduction pathways (Bai, 2015). PARP1

activity influences chromatin structure and epigenetic control of tran-
scription, and is important for DNA repair, with PARylated genomic
proteins serving as signalling platforms for DNA repair factors (De Vos
et al., 2012). These processes are normally important contributors to
homeostasis; however, in the context of pathological oxidative stress
accompanying disease or injury, extensive DNA damage leads to ex-
cessive PARP1 activity, significant depletion of cytosolic/nuclear NAD+

stores and accumulation of free PAR. There is a constellation of
downstream consequences related to PARP1-induced NAD+-depletion
and PAR accumulation that is independent of NAD+. In tissue affected
by severe injury, PARP1-induced cell necrosis can occur due to NAD+-
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consumption and fatal purine nucleotide depletion (Bai et al., 2015;
Cohen and Barankiewicz, 1987; Virag and Szabo, 2002). In injured
tissue with residual function, PARP1 can impair mitochondrial bioe-
nergetics and initiate programmed cell death attributable to mi-
tochondrial dysfunction (Andrabi et al., 2006; Lu et al., 2014; Wang
et al., 2016; Yu et al., 2002). Nuclear PAR contributes to ATP depletion
(Bai, 2015; Fouquerel et al., 2014) and causes mitochondrial release of
apoptosis-inducing factor (AIF) that occurs independently of the of
NAD+ from the cytosol (Andrabi et al., 2006; Wang et al., 2016; Yu
et al., 2002). In parallel, PARP1-induced NAD+-depletion inhibits the
sirtuin deacetylase, SIRT1, which governs a wide range of mitochon-
drial functions (Cantó et al., 2013), including release of AIF (Alano
et al., 2010; Lu et al., 2014).

Sirtuins (SIRTs) 1–7 are class III histone deacetylases (HDACs) that
require NAD+ for catalytic activity and influence cell survival and
longevity (Anderson et al., 2003; Howitz et al., 2003). SIRT1 regulates
transcription factors and co-activators that affect mitochondrial struc-
ture and function, including forkhead box O (FoxO) family members,
hypoxia-inducible factor 1, and peroxisome proliferator-activated re-
ceptor γ coactivator-1α (PGC-1α). Reduced NAD+ availability resulting
from PARP1 activity inhibits SIRT1 (Bai et al., 2011; Lu et al., 2014),
and loss of SIRT1 activity is associated with reduced mitochondrial
membrane potential, ATP depletion, initiation of pro-apoptotic path-
ways and neuronal death (Conrad et al., 2016; Lu et al., 2014; Price
et al., 2012). PGC-1α is a transcriptional co-activator that serves as a
master regulator of mitochondrial function by controlling expression of
nuclear-encoded mitochondrial proteins involved in mitochondrial
biogenesis, structure and function (Mutikainen et al., 2016). PGC-1α
regulates expression of nuclear respiratory factor (NRF)-1, for example
(Mootha et al., 2004), which in turn governs expression of mitochon-
drial proteins involved in replication and transcription of mitochondrial
DNA, including cytochrome-c and mitochondrial transcription factor A
(TFAM) (Wu et al., 1999). PGC-1α is subject to post-translational
modification, including reversible lysine acetylation (Dominy et al.,
2010), and its transcriptional activity is closely associated with its
acetylation state, which is tightly regulated by SIRT1 (Rodgers et al.,
2005).

Previously, we found that pathophysiological PARP1 activation led
to NAD+ depletion sufficient to inhibit SIRT1, increase FoxO3a tran-
scriptional activity and increase neuron death dependent on the pro-
death BH3-only Bcl-2 family protein, Bcl-2/adenovirus E1B 19 kDa-in-
teracting protein (Bnip3) (Lu et al., 2014). Since SIRT1 is a central
regulator of multiple pathways and gene targets that converge on mi-
tochondrial function, the goal of the current study was to determine
whether there is interplay between SIRT1 and PGC-1α in pathological
PARP1 activation, resulting in transcriptional regulation of mitochon-
drial respiration. We hypothesized that PARP1-mediated NAD+ de-
pletion inhibits SIRT1, thereby causing PGC-1α hyperacetylation and
altered transcription of genes that influence mitochondrial function and
cell death.

2. Materials and methods

2.1. Reagents and experimental animals

N-(6-oxo-5,6-dihydrophenanthridin-2-yl)-N, N-dimethylacetamide
HCl (PJ34) was purchased from Calbiochem. Protein inhibitor cocktail
tablets and bicinchoninic acid (BCA) protein assay kits were from Roche
Diagnostics and Thermo Scientific, respectively. N′-Nitro-N-nitroso-N-
methylguanidine (MNNG) was purchased from Toronto Research
Chemicals Inc. All the other reagents were purchased from Sigma-
Aldrich Canada, unless otherwise indicated. Parp1−/− mice (129S-
Parp1tm1Zqw/J) were purchased from Jackson Laboratories and a
homozygous colony was maintained in-house. CD-1 mouse embryos
were used for the majority of experiments examining wild-type mice,
but trends were verified in selected experiments using background the

background 129S mice used to generate the Jackson parp1−/− strain.
Dams were housed singly with a 12-h light/dark cycle at 22 ± 1 °C
with ad libitum access to water, standard chow and environmental
enrichment.

2.2. Mouse primary neuronal cultures and experimental treatments

Primary neuron cultures were prepared from embryonic day 15–16
mouse cortices from either sex, as described previously (Hunt et al.,
2010; Lu et al., 2014). Dams were anesthetized with inhaled CO2 and
sacrificed by cervical dislocation in accordance with the guidelines of
the Canadian Council on Animal Care. The University of Manitoba
Protocol Management and Review Committee has attested to this
compliance by approving our animal use protocol (14–033). Cells (3–6
biological replicates) were plated on poly-D-lysine-coated plates in
Neurobasal medium (NB) with B27 supplement (Invitrogen), 1.2 mM
glutamine, and 5% fetal bovine serum (FBS; Hyclone). FBS was re-
moved the following day. Cytosine arabinofuranoside (2 μM) was added
on day 2 to prevent glial proliferation and replaced on day 3 with NB/
B27/glutamine. Cultures were maintained at 37 °C/5% CO2 and given a
partial media change on day 6. They were used on day 8–9 for all ex-
periments. To activate PARP1, cortical neurons were exposed to a DNA
alkylating agent, MNNG (50 μM, 30min) and then rescued in NB
medium for 4–24 h. Media was changed after MNNG exposure. NAD+

(3mM) was added immediately after medium exchange, while PJ34
(10 μM) was added 30min before the addition of MNNG. PJ34 was also
added again after the medium exchange. Cell viability was assessed
using the Cell Counting Kit-8 (Wako Pure Chemicals), which is based on
colorimetric reduction of soluble 2-(2-methoxy-4-nitrophenyl)-3-(4-ni-
trophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-8) by dehy-
drogenase activity. Cells were incubated with 10 μl WST-8 solution in a
96-well plate for 2 h at 37 °C. Absorbance of the yellow formazan dye
product was assessed at 450 nm using a plate-reading spectro-
photometer.

2.3. NAD+ determinations

Intracellular NAD+ levels were assessed as previously described (Lu
et al., 2014). Briefly, neuronal extractions were performed using per-
chloric acid, and NAD+ was measured using high performance liquid
chromatography through a Supelcosil™ LC18-T HPLC column
(4.6× 250mm column, 5 μm particle size, 100 Å pore size) at a flow
rate of 0.5ml/min through a photodiode array detector. NAD+ levels
were normalized to protein content of the samples as determined by the
BCA method.

2.4. SIRT activity assay

SIRT activity was determined in live neurons in situ, using the SIRT1
Direct Fluorescent Screening Assay Kit (Cayman Chemical Company).
Neurons were plated on 96-well plates at 6× 104 cells/well and equi-
librated with 25 μl of assay buffer (50mM Tris-HCl, 137mM NaCl,
2.7 mM KCl, and 1mM MgCl2, pH8.0). Substrate solution (15 μl), con-
taining the p53 deacetylation target sequence Arg-His-Lys-Lys(ϵ-
acetyl)-aminomethylcoumarin and the HDAC I/II inhibitor trichostatin
A, was added on a shaker for 45min. Relative sample fluorescence was
determined using a 96-well format fluorometer with an excitation wa-
velength of 355 nm and an emission wavelength of 460 nm.

2.5. Mitochondrial (mt)DNA analysis

Genomic DNA was extracted with phenol and chloroform, pre-
cipitated using ethanol, and resuspended in sterile water. The mtDNA
gene encoding cytochrome c oxidase subunit I (CO1), and the nuclear
NDUFV1 gene (nDNA) were amplified using iTaq™ Universal SYBR®
Green Supermix (Bio-Rad) in a quantitative PCR protocol (ABI 7300
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Fast Real-Time PCR System). The CO1 primers were 5′-TGC TAG CCG
CAG GCATTA C-3’ (forward primer) and 5′-GGG TGC CCA AAG AAT
CAG AAC-3’ (reverse primer). The NDUFV1 primers were 5′-CTTCCC
CACTGGCCTCAA G-3’ (forward primer) and 5′-CCA AAA CCC AGT GAT
CCA GC-3’ (reverse primer) (Amthor et al., 2007). Genomic DNA (2 μl,
40 ng/ml) was used for PCR amplification. PCR was performed as fol-
lows: 95 °C for 15min, 40 cycles (95 °C for 15 s; 60 °C for 30 s). Am-
plification curves were analyzed using SDS 1.9.1 software (Applied
Biosystems), and these curves were used to determine relative
mtDNA:nDNA ratios. Specificity was verified by melt curve analysis.

2.6. Mitochondrial mass measurement

For mitochondrial mass measurements, cultured primary neurons
were loaded with mitotracker-red (Invitrogen) at a final concentration
of 500 nM and incubated for 20min at 37 °C. Cells were lysed in lysis
buffer (25mM Tris-HCl, 150mM NaCl, and 1% Triton X-100, 2mM
Na3VO4, 1mM PMSF, with protease inhibitor cocktail, pH 8.0). Equal
amounts from each sample lysate were analyzed in a microplate reader
(excitation and emission 570 and 590 nm, respectively, Biotek) to
quantify fluorescence intensity. Mitotracker-red fluorescence intensity
values were normalized to total the protein content of each well. The
data is presented as percent change relative to control levels.

2.7. Lentiviral shRNA treatment of neuron cultures

A short hairpin RNA (shRNA) construct for CD38
(TRCN0000068230) was obtained from Open Biosystems (now GE
Healthcare) in the pLKO.1 plasmid backbone. A scrambled control
construct was purchased from Addgene (plasmid #1864). High-titer
lentiviral preparations expressing shRNA and control sequences were
prepared by the Lentiviral Core Platform of the University of Manitoba.
Neurons were infected at 1 d in vitro (DIV) with a multiplicity of in-
fection (MOI) of 1 in the presence of 1 μg/ml polybrene for 6 h. Medium
was replaced with fresh neurobasal medium. CD38 silencing was con-
firmed by real-time PCR and Western blotting at 7 DIV.

2.8. Real-time PCR

Total RNA was extracted using the RNeasy Kit (Qiagen). Real-time
RT-PCR was performed using an iScript One-Step RTPCR Kit with SYBR
Green (Bio-Rad) and a Bio-Rad iCycler. Primers for mouse TFAM and β-
actin are as follows: TFAM forward: 5′- GTAGAACTGCACTTCAGCAA
TGG-3’; TFAM reverse: 5′-GGGCTGTCACAGTGAGAACTC-3’; β-actin
forward: 5′-GGGCTATGCTCTCCCTCACG-3’; and β-actin reverse:
5′-GTCACGCACGATTTCCCTCTC-3’. PCR parameters were as follows:
50 °C for 10min, 95 °C for 5min, followed by 40 cycles of 95 °C for 15 s
and 60 °C for 60 s. Standard curves were generated, and the relative
amount of target gene mRNA was normalized to β-actin. Specificity was
verified by melt curve analysis.

2.9. Immunoprecipitation

Cells (5× 106) were homogenized using lysis buffer (20mM Tris-
HCl, 137mM NaCl, 1% NP-40, 2mM EDTA, 2mM Na3VO4, 1mM
PMSF, pH 8.0) with protease inhibitor cocktail (Roche Diagnostic).
Detergent-extracted total protein (1mg) was incubated with 3 μg
polyclonal anti-PGC-1 antibody (Santa Cruz) overnight at 4 °C on a
rotator. Next, the immuno-complex was incubated with protein A/G
ultralink resin (20 μl, Thermo Scientific) for 4 h at 4 °C with rotation. As
negative controls, the coated beads were incubated with rabbit IgG
(Jackson Immuno Research). The beads, with antibody attached, were
washed (twice, 200 μl) with phosphate-buffered saline (PBS). Following
incubation, the supernatant was frozen and later used for im-
munoblotting. Bead complexes were washed with 4 times with PTA
(145mM NaCl, 10mM NaH2PO4, 10mM sodium azide, and 0.5%

Tween 20, pH 7.0). Immunoprecipitated proteins were then extracted
with 50 μl of 2× Laemmli buffer (4% SDS, 10% 2-mercaptoethanol,
20% glycerol, 0.004% bromophenol blue, 0.125M Tris-HCl; pH 6.8)
and boiled for 5min for Western blot applications.

2.10. Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were performed as
described using a kit and the manufacturer's protocol (Cell Signaling
Technology) with a few modifications (Mammucari et al., 2007).
Briefly, cells (5× 106) were cross-linked with 1% formaldehyde at
room temperature for 10min, rinsed twice with PBS, and harvested in
1ml of hypotonic buffer (15mM Tris-HCl, 60mM KCl, 15mM NaCl,
5 mM MgCl2, 1 mM CaCl2, 2 mM Na3VO4, 0.25M sucrose, 1 mM PMSF,
and 1mM DTT, pH 7.5) with protease inhibitor mixture (Roche Applied
Science). After 5min on ice, an equal volume of hypotonic buffer with
0.6% NP-40 was added for an additional 5min period, and the mixture
was centrifuged at 2,500×g for 2min (4 °C). Pelleted nuclei were di-
gested by micrococcal nuclease (New England Biolabs) into fragments
ranging in size from 150 to 900 bp, suspended in lysis buffer (150mM
NaCl, 20mM Tris-HCl, 0.1% SDS, and 0.5% Triton X-100, pH 8.1) and
sonicated with three 10 s pulses. Following preclearance with protein
A/G ultralink resin (Thermo Scientific), samples were incubated with
3 μg of anti-NRF-1 antibody (Abcam) overnight with rotation at 4 °C.
Next, 20 μl of a 50% slurry of blocked protein A/G ultralink resin was
added and incubated for 4 h with rotation at 4 °C. Beads were washed
with low-salt buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM
Tris-HCl, pH 8.1, and 150mM NaCl), high-salt buffer (0.1% SDS, 1%
Triton X-100, 2mM EDTA, 20mM Tris-HCl, pH 8.1, and 500mM NaCl),
LiCl buffer (0.25M LiCl, 1% IGEPALCA630, 1% deoxycholic acid, 1 mM
EDTA, and 10mM Tris, pH 8.1), and TE buffer (10mM Tris-HCl, pH
8.0, and 1mM EDTA), in sequence. Complexes were eluted (1% SDS,
0.1 M NaHCO3) at 37 °C for 2 h. NaCl (0.33 M) was added, and cross-
linking was reversed by incubation overnight at 65 °C. Im-
munoprecipitated and input DNA were purified with RNase A/protei-
nase K, recovered by phenol/chloroform extraction, precipitated with
ethanol, and resuspended in sterile water. Real-time qPCR was per-
formed with primers designed to amplify a 240 bp region (−159 to
+81) of the mouse TFAM upstream promoter region. Primers were:
forward 3′- TAGCCTTGTGGGCTTTCCTG-5′ and reverse 5′-TGGTCTAA
GGTGGGTGTTGC-3’.

2.11. Western blot analysis

Cells were mechanically removed from tissue culture plates, col-
lected in ice-cold PBS, and centrifuged at 300×g for 5min. Pellets were
re-suspended in lysis buffer (25mM Tris-HCl, 150mM NaCl, and 1%
Triton X-100, 2mM Na3VO4, 1mM PMSF, with protease inhibitor
cocktail, pH 8.0) and protein concentrations were determined using a
BCA kit. Homogenates (10–20 μg) were separated on 7.5% poly-
acrylamide gels and transferred to PVDF membranes according to
standard procedures. A blocking buffer of 5% nonfat powdered milk in
TBS with 0.1% Tween 20 was used for all incubations. Membranes were
washed, and the ECL Plus Chemiluminescence Kit (GE Healthcare) was
used to visualize immunoreactive bands with a Chemi-Doc Imager (Bio-
Rad). Primary antibodies were anti-NRF-1 (1:500; Abcam), anti-acetyl-
lysine (1:1000; Cell Signaling Technology), anti-CD38 (1:300; Santa
Cruz) anti-PGC-1 (1:300; Santa Cruz), anti-β-actin (1:4000; Sigma-
Aldrich), and anti-SIRT1 (1:400; Millipore). All antibodies are routinely
used in the laboratory and have been extensively validated for use in
western blotting. Densitometry analysis was performed using ImageJ
(National Institutes of Health). Values for each lane were normalized to
protein loading markers.
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2.12. Mitochondrial respiration

Mitochondrial respiration in cortical neurons was assessed using an
XF24 Analyzer (Seahorse Biosciences), as described previously (Roy
Chowdhury et al., 2012). The XF24 creates a transient 7 μl chamber in
specialized 24-well microplates that allows for oxygen consumption
rate (OCR) to be monitored in real time (Hill et al., 2009). Neuron
density in the range of 50,000–100,000 cells per well gave a linear
oxygen consumption rate. Cells were exposed sequentially to oligo-
mycin (1 μM), FCCP (carbonyl cyanide 4-(trifluoromethoxy)phenylhy-
drazone, 1.0–8.0 μM) and rotenone with antimycin A (both 1 μM).
Oligomycin inhibits ATP synthase leading to a build-up of the proton
gradient that inhibits electron flux and reveals the state of coupling
efficiency. Uncoupling of the respiratory chain by FCCP injection in-
creases OCR to its maximal possible rate and reveals the maximal ca-
pacity to reduce oxygen. Finally, rotenone/antimycin A reduces OCR to
a baseline by inhibiting the flux of electrons through complexes I and
III, and thus no oxygen is further consumed at cytochrome c oxidase.
Thus, the remaining oxygen consumption rate after this intervention is
primarily non-mitochondrial. Proton leak was determined as the dif-
ference between this baseline (non-mitochondrial O2 consumption) and
the nadir caused by oligomycin treatment to eliminate coupled re-
spiration. These principles were used to derive spare respiratory capa-
city (maximum respiration rate-basal respiration), respiratory control
ratio (maximum respiration rate/proton leak), and coupling efficiency
(oxidative phosphorylation (OxPhos capacity)/baseline OCR), which is
indicative of the relative proportion of basal mitochondrial oxygen
consumption that is used for ATP synthesis (Hill et al., 2009; Roy
Chowdhury et al., 2012). Following experiments, cells were im-
mediately fixed and stained for β-tubulin III. Plates were then inserted
into a Cellomics ArrayScan-VTI HCS Reader (Thermo Scientific) to
determine total neuronal number in each well. Data are expressed as
oxygen consumption rate in picomoles per minute per 1000 cells.

2.13. Statistical analysis

All data except qPCR fold-change results were expressed as
mean ± SEM. qPCR fold-change results are expressed as the mean ±
95% confidence interval. Statistical analysis was performed throughout
using GraphPad Prism version 5.0. One-way ANOVA with Tukey's post
hoc test was used to compare multiple normally distributed groups with
a single experimental variable. Differences were considered significant
at p < 0.05. qPCR fold-change data were log-transformed to fit a
normal distribution prior to ANOVA analysis. The number of biological
replicates for all experiments are given in the figure legends. No sample
size calculation was performed at the beginning of the study. No ran-
domization or blinding was performed in this study.

3. Results

3.1. Genotoxic PARP1 activity compromises mitochondrial respiration

During cellular OCR measurements for a continuous 80min period,
cultures were treated sequentially with oligomycin, followed by FCCP
and then rotenone with antimycin A. As depicted in the schematic
(Fig. 1A), this paradigm allows assessment and derivation of several
respiratory function parameters, including basal oxygen consumption,
spare respiratory capacity, maximal respiratory capacity, coupling ef-
ficiency, respiratory control ratio and proton leak.

Cortical neuron cultures were treated with the DNA alkylating
agent, MNNG, to cause DNA strand breaks and large-scale activation of
PARP1 (Schreiber et al., 1995; Tang et al., 2010). Cells were exposed to
MNNG (50 μM) for 30min and OCR assessed 1, 2 and 4 h later (Fig. 1B).
Basal mitochondrial respiration in control neurons was
87.0 ± 4.0 pmol O2/min/1000 cells. While there was no significant
change 1 h following MNNG replacement, MNNG reduced basal

respiration to 55.1 ± 4.5 pmol O2/min/1000 cells by 2 h (Fig. 1C,
F3,24= 5.65, p= 0.031). The first significant reduction of control
maximum respiratory capacity (141.7 ± 8.5 pmol O2/min/1000 cells)
was also observed 2 h after MNNG replacement (Figs. 2D and
79.6 ± 4.3 pmol O2/min/1000 cells, F3,24= 23.5, p= 0.019). By 4 h,
maximum capacity declined to 9.4 ± 2.8 pmol O2/min/1000 cells
(p < 0.020 compared to 2 h). Similarly, MNN treatment dramatically
reduced spare respiratory capacity, causing a decline from 165.0 ± 8.9
to 15.6 ± 4.0% basal rate by 4 h (Fig. 1E, F3,24= 23.2, p < 0.0001).
MNNG had no significant effect on coupling efficiency (Fig. 1F,
F3,24= 2.80, F-test p= 0.06 at 4 h) or proton leak (Fig. 1G,
F3,24= 1.78, F-test p= 0.18).

We next tested whether the effects of MNNG on neuronal respiration
were mediated by PARP1, using the 4 h time point. MNNG caused 2.8-
fold increase in accumulation of ADP-ribose polymers (PAR), detected
by Western blot (Fig. 2A and B, t4= 4.57, p=0.010), indicating pro-
duction of the PARP1 catalytic product (Supplementary Fig. 1). MNNG
effects on basal respiration, maximal respiration, spare capacity and
respiratory control ratio were mitigated by genetic deletion of PARP1
(Fig. 2C–F, parp1−/− neurons). The effect of PARP inhibitor, PJ34
(10 μM), was slightly less robust, resulting in significant reversal of the
MNNG effects only on maximal and spare respiratory capacities
(Fig. 2D and E). MNNG-induced respiratory dysfunction correlated with
reduced neuronal survival, assessed 24 h after MNNG removal from the
culture medium (Fig. 2G; 54 ± 13% survival, F3,28= 11.5,
p < 0.0001). MNNG-induced neuron death was attenuated by PJ34
(78 ± 7% survival, p= 0.04 relative to MNNG) and PARP1 deletion
(85 ± 8% survival, p= 0.002 relative to MNNG).

3.2. Genotoxic PARP1 activity causes NAD+ depletion, sirtuin deacetylase
inhibition and enhanced PGC-1α acetylation

MNNG (50 μM) significantly reduced total cell NAD+ levels. From a
baseline of 1.5 ± 0.1 nmol/mg protein, MNNG reduced NAD+ levels
in a time-dependent fashion (Fig. 3A). Peak depletion was observed by
2 h after MNNG replacement (0.55 ± 0.13 nmol/mg protein,
F6,21= 5.28, p=0.011). NAD+ levels 4 h after MNNG treatment were
not significantly different from control (F2,16= 22.3, p= 0.23) when
neurons were co-treated with PJ34, indicating that NAD+ loss is PARP-
dependent (Fig. 3B). The sirtuin class of histone deacetylases is de-
pendent on NAD+ for catalytic activity. We thus examined whether
MNNG-induced NAD+ depletion is sufficient to interfere with sirtuins.
Concomitant with NAD+ depletion, sirtuin deacetylase activity de-
clined to 57 ± 6% of control values (F3,12= 19.5, p < 0.0001), 4 h
following MNNG removal (Fig. 3C). This decline was attenuated by
both PJ34 (89 ± 7%, p=0.001 compared to MNNG) and PARP1 de-
letion (96 ± 14%, p=0.0002 compared to MNNG), indicating sirtuin
deacetylase activity is reduced by MNNG in a PARP1-dependent
manner.

We hypothesized that MNNG/PARP1-dependent reductions in
SIRT1 activity lead to enhanced PGC-1α acetylation and reduced
transcription of PGC-1α target genes. SIRT1 is a sirtuin deacetylase
reported to suppress activity of the transcription factor PGC-1α by di-
rect interaction (Rodgers et al., 2005). Using a co-immunoprecipitation
approach, SIRT1 was found to be associated with PGC-1α in cortical
neuron cultures (Fig. 4A, Supplementary Fig. 2). Neither MNNG nor
using parp1−/− neurons quantitatively affected binding between SIRT1
and PGC-1α (4 h), suggesting this relationship is independent of PARP1
activity (Fig. 4B). In contrast, immunoprecipitation with anti-PGC-1α,
followed by immunoblotting for acetyl-lysine residues, revealed sig-
nificant enhancement of PGC-1α acetylation by MNNG (4 h;
182 ± 16% control, F3,8= 17.6, p= 0.0007) in a manner sensitive to
attenuation by PJ34 (135 ± 5% control, p= 0.021) and PARP1 dele-
tion (112 ± 4% control, p= 0.002) (Fig. 4C, Supplementary Fig. 3).
MNNG had no significant effect on total PGC-1α expression levels at the
same time point (Fig. 4D, F3,8= 0.371, p= 0.777, Supplementary
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Fig. 4).

3.3. Mitochondrial gene transcription is limited by PARP1-induced
inhibition of PGC-1α

PGC-1α stimulates induction of the nuclear transcription factors,
NRF-1 and NRF-2, and serves as a bound co-activator of NRF-1 on the
upstream promoter region of TFAM, which is a direct regulator of mi-
tochondrial DNA replication/transcription (Wu et al., 1999). Im-
munoprecipitation of cell homogenates with anti-PGC-1α, followed by
immunoblotting with anti-NRF-1, confirmed an interaction between
PGC-1α and NRF-1 in cortical neuron cultures (Fig. 5A, Supplementary
Fig. 5) that was significantly suppressed to 57 ± 4% of the control
response by MNNG exposure (Fig. 5B, F3,8 = 11.4, p = 0.004). The
interaction was restored to levels indistinguishable from control by
both PJ34 (90 ± 11%, p = 065) and PARP1 deletion (98 ± 13%,
p = 0.99). To determine whether suppression of the PGC-1α/NRF-1
association by MNNG coincides with changes in NRF-1-induced TFAM
expression, we isolated nuclear chromatin fragments that bind to NRF-1
using chromatin immunoprecipitation (ChIP), and then used quantita-
tive PCR to amplify a TFAM upstream promoter site (−159 to +81)
containing a putative NRF-1 binding sequence. Four hours after MNNG
exposure, binding of NRF-1 to the TFAM upstream promoter region was
reduced to 32 ± 7% of control (Fig. 5C, F2,9= 34.11, p < 0.0001).
This effect was not observed in the presence of the PARP inhibitor, PJ34
(90 ± 26% control). Quantitative reverse transcriptase PCR showed
that TFAM mRNA levels were significantly reduced by MNNG

(55 ± 6% control, (F3,11= 6.98, p=0.009) in a manner sensitive to
both PJ34 (95 ± 29% control) and PARP1 deletion (93 ± 7% control)
(Fig. 5D). Consistent with these findings, the mitochondrial DNA
(mtDNA) copy number was reduced to 34 ± 8% of control levels
(Fig. 5E, (F3,11= 22.9, p < 0.0001), and mitochondrial mass was lost
(76 ± 6% control; Fig. 5F, (F3,12= 15.3, p= 0.0002) in response to
MNNG. These effects were also dependent on PARP1, as mtDNA and
mitochondrial mass changes were not evident in cultures with PJ34 or
deletion of PARP1.

3.4. Enhancing intracelluar NAD+ rescues PARP1-induced declines in
mitochondrial gene transcription and respiratory function

PARP1-induced failure of oxidative phosphorylation can be reversed
by supplying exogenous Kreb's Cycle substrates or NAD+ (Alano et al.,
2010; Ying et al., 2002). These compounds appear to drive the TCA
cycle to overcome PARP1-dependent glycolytic inhibition. We hy-
pothesized that respiration is also influenced directly by NAD+-de-
pendent transcription of key mitochondrial components. The baseline
control NAD+ level was 1.4 ± 0.2 nmol/mg protein. Supplying 3mM
extracellular NAD+ mitigated NAD+-depletion 4 h following MNNG
treatment (F2,9= 22.3, p= 0.024), raising NAD+ over baseline to
2.4 ± 0.2 nmol/mg protein (Fig. 6A). Exogenous NAD+ restored
MNNG-induced inhibition of basal respiratory rate from 59.1 ± 9.2%
control to 92.3 ± 8.5% control (Fig. 6B, F2,11= 7.41, p= 0.029
compared to MNNG). Maximal respiratory rate was restored from
32 ± 14% to 103 ± 7% control (Fig. 6C, F2,9= 10.3, p= 0.008

Fig. 1. MNNG inhibits mitochondrial re-
spiration in cortical neuron cultures. A,
Oxygen consumption rate (OCR) was as-
sessed in neuron cultures using a Seahorse
Biosciences XF24 analyzer. Cultures were
treated sequentially with oligomycin
(1 μM), followed by FCCP (0.1–1 μM) and
rotenone/antimycin A (each 1 μM).
Oligomycin reveals ATP-linked oxidative
phosphorylation capacity (OxPhos capa-
city), FCCP reveals maximal OCR.
Subsequent addition of rotenone/antimycin
A takes OCR to a baseline revealing the
maximum respiration rate and proton leak.
Reserve, or spare respiratory capacity, is
(maximum respiratory rate-basal OCR); re-
spiratory control ratio is maximum re-
spiratory rate/proton leak; and coupling
efficiency is (oxidative phosphorylation ca-
pacity/basal OCR). B, OCR traces for un-
treated (control) neurons and cells treated
with methylnitronitrosoguanidine (MNNG;
50 μM, 30min). Traces were recorded 1, 2
or 4 h after MNNG replacement. C-E, Basal
respiratory rate, maximal respiratory rate
and spare respiratory capacity were reduced
by MNNG, with maximal effects at 4 h. F
and G, Neither coupling efficiency nor
proton leak were significantly affected by
MNNG. Data are means ± SEM (n=4–6).
OCR is expressed as pmol O2/min per
1000 cells. *p < 0.05, **p < 0.01 com-
pared to control using one-way ANOVA and
Tukey's multiple comparison test.
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compared to MNNG group), and spare respiratory capacity was restored
from 20 ± 12% to 105 ± 7% control (Fig. 6D, F2,7= 11.9,
p= 0.007). In addition, NAD+ rescued MNNG-induced impairment of
sirtuin deacetylase activity, from 57 ± 3% to 103 ± 2% of control
activity (Fig. 6E, F2,9= 84.7, p < 0.0001), and restored TFAM mes-
sage (Fig. 6F, F2,8= 81.0, p < 0.0001), mtDNA copy number (Fig. 6G,
F2,9= 49.1, p= 0.0003) and mitochondrial mass (Fig. 6H, F2,9= 16.8,
p= 0.009).

To further test whether manipulating intracellular NAD+ levels
mitigates MNNG-induced respiratory failure, we silenced the cell

surface NAD+ hydrolase, CD38 (Howard et al., 1993). CD38 shRNA
reduced CD38 transcript to 17 ± 3% control (Fig. 7A, t4= 31.9,
p < 0.0001) and protein to 20 ± 12% control (Fig. 7B, t4= 3.53,
p=0.024, Supplementary Fig. 6). While MNNG caused NAD+ deple-
tion (4 h), CD38 loss of function returned intracellular NAD+ to levels
significantly greater than the MNNG group (Fig. 7C, F2,6= 29.0,
p= 0.004) and indistinguishable from the control (p= 0.25). This
corresponded with a similar effect on NAD+-dependent sirtuin deace-
tylase activity (Fig. 7D). MNNG reduced activity to 54 ± 6% control
(F2,15= 22.0, p < 0.0001) while CD38 loss of function returned it to

Fig. 2. MNNG-induced impairment of mitochondrial function is PARP1-dependent. Cortical neuron cultures were exposed to methylnitronitrosoguanidine
(MNNG; 50 μM, 30 min), to cause pathological PARP1 activation. A and B, MNNG caused intracellular accumulation of ADP-ribose polymers (PAR) indicative of
PARP activity. Basal respiration (C), maximal respiratory rate (D), spare respiratory capacity (E) and respiratory control ratio (F) were all significantly reduced 4 h
after MNNG. PARP inhibition (PJ34, 10 μM) and PARP1 deletion mitigated the effects of MNNG on respiration. MNNG reduced cell survival (24 h) in a manner
attenuated by PJ34 and PARP1 deletion (F). Data are means ± SEM (n = 4–6). **p < 0.01, ***p < 0.001 compared to untreated controls using ANOVA and the
Tukey multiple comparison test. †p < 0.05, ††p < 0.01, †††p < 0.001 compared to MNNG groups.

Fig. 3. PARP1 causes NAD+ depletion and inhibition of sirtuin deacetylase activity. Exposure of cortical neuron cultures to methylnitronitrosoguanidine
(MNNG; 50 μM, 30min) caused progressive loss of NAD+ (A). At 4 h after MNNG removal, NAD+ loss was rescued by PJ34 (10 μM), and PARP1 deletion (parp1−/−)
(B). C, SIRT1 activity was reduced by MNNG in a manner reversed by PJ34 and PARP1. *p < 0.05, **p < 0.01 compared to wildtype untreated controls;
††p < 0.01, †††p < 0001 compared to the wildtype MNNG group. Data are means ± SEM (n = 4–6) and were analyzed using ANOVA with the Tukey test for
multiple comparisons.
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93 ± 5% control (p= 0.0003, MNNG group; p=0.63, control).
Treatment of cultures with CD38 shRNA also reduced MNNG-induced
respiratory dysfunction (Fig. 7E), significantly attenuating declines in
basal respiratory rate (Fig. 7F, F2,8= 8.36, p= 0.08), maximum re-
spiratory capacity (Fig. 7G, F2,9= 27.1, p= 0.001) and spare re-
spiratory capacity (Fig. 7H, F2,10= 55.4, p < 0.0001).

3.5. SIRT1 gain of function restores mitochondrial respiration inhibited by
MNNG

We postulated that pharmacologically driving SIRT1 activity in the
presence MNNG could reduce respiratory decline mediated by the
SIRT1/PGC-1α signaling axis. Cultures were treated with the SIRT1
activator, SRT1720 (10 μM), after MNNG exposure. An experimental
time point was chosen to yield near-half NAD+ depletion by MNNG
while preserving sufficient residual NAD+ to support enhanced SIRT1
activity (1 h, Fig. 3A). MNNG reduced NAD+ levels from 1.5 ± 0.1 to
0.97 ± 0.03 nmol/mg protein after 1 h (Fig. 8A, F2,9= 93.0,
p < 0.0001). SRT1720 further enhanced this depletion to
0.49 ± 0.05 nmol/mg protein (p=0.0003 compared to MNNG), in-
dicating this compound produced NAD+-dependent catalytic activity
likely attributable to SIRT1. In support, SRT1720 rescued MNNG-in-
duced inhibition of sirtuin deacetylase activity (Fig. 8B, F2,15= 39.9,
p < 0.0001 compared to MNNG). SRT1720 also significantly restored
maximum respiratory capacity inhibited by MNNG (Fig. 8C,

F2,9= 13.6, p= 0.043 compared to MNNG), consistent with reversal of
respiratory dysfunction induced by SIRT1/PGC-1α signaling.

4. Discussion

Our results demonstrate that PARP1 activity reduces NRF-1 activity,
TFAM transcription and mitochondrial DNA, with corresponding
functional impairment of baseline, maximal and spare respiratory ca-
pacities in cortical neuron cultures. PARP1 reduced cellular NAD+ le-
vels, inhibited sirtuin deacetylase activity, enhanced acetylation of
PGC-1α and mitigated the regulatory interaction between PGC-1α and
NRF-1 in a manner restored by exogenous NAD+. These data support
the idea that genotoxic PARP1 activation in neuronal injury leads to
NAD+ depletion sufficient to inhibit SIRT1 and impair mitochondrial
biogenesis by regulating PGC-1α.

Our observation that mitochondrial respiration is impaired by
PARP1 activity is underpinned by experiments demonstrating that
PARP1 inhibition and deletion mitigates the effects of MNNG. This is
consistent with previous studies showing that PARP1 activity inhibits
respiration (Alano et al., 2007; Bai et al., 2015; Cañuelo et al., 2012).
PARP1 activity has been shown to cause a progressive decline in the
activities of mitochondrial respiratory chain complexes II and IV
(Cañuelo et al., 2012), and reduce basal mitochondrial respiration (Bai
et al., 2011). Our data support inhibition of respiration directly by
PARP1-induced NAD+-depletion. NAD+ is consumed during ADP-

Fig. 4. PARP1 enhances acetylation of PGC-1α. Cortical neuron cultures were exposed to MNNG (50 μM) for 30min and analyzed 4 h later. A/B, SIRT1 im-
munoreactivity was pulled down with an anti-PGC-1α antibody. Binding did not change quantitatively with MNNG treatment (B). C, Cell homogenates were
immunoprecipitated with an anti-PGC-1α antibody and subjected to immunoblotting with anti-acetyl-lysine. MNNG enhanced acetylated PGC-1α in a fashion
sensitive to inhibition by PJ34 (10 μM) and PARP1 deletion (parp1−/−). D, Total PGC-1α did not change with MNNG. **p < 0.01 compared to wildtype untreated
controls; †p < 0.05, ††p < 0.01 compared to the wildtype MNNG group. Data are means ± SEM (n = 4–6) and were analyzed using ANOVA with the Tukey test
for multiple comparisons.
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ribosylation to an extent sufficient to inhibit glycolysis (Ying et al.,
2003) and limit NADH available for electron transport (Alano et al.,
2010; Ying et al., 2002). NAD+ depletion also contributes to electron
transport chain uncoupling and the production of reactive oxygen
species by inhibiting individual mitochondrial complexes (Klaidman
et al., 2003; Zhou et al., 2006). In our hands, PARP1 activity depleted
total cellular NAD+ to about 50% of baseline values by 2 h after ex-
posure. This likely underestimates the effect on nuclear/cytosolic
NAD+ pools and the consequences to respiration since our assessment
detected both nuclear and mitochondrial NAD+. Importantly, we also
found that two separate strategies for NAD+ replacement/protection
rescued mitochondrial function, supporting an important role of NAD+

depletion in inhibition of respiration. Our data do not exclude the
possibility that PARP1 can also inhibit respiration by mechanisms in-
dependent of NAD+ depletion. Free PAR, for example, can directly
disrupt mitochondrial function by inhibiting hexokinase (HK) (Andrabi
et al., 2014; Fouquerel et al., 2014) and limiting glycolysis. HK also
regulates the exchange of ADP/ATP between the cytosol and mi-
tochondria, through a physical association with the outer mitochondrial
membrane (Fouquerel et al., 2014), and therefore couples glycolytic
flux with oxidative phosphorylation. Electron transport complexes are
also subject to PARylation (Brunyanszki et al., 2016; Cañuelo et al.,
2012; Zharova and Vinogradov, 1997), which may cause further elec-
tron transport uncoupling. In addition, PARs can be degraded to ADP-
ribose (ADPR) monomers by poly(ADP-ribose) glycohydrolase (Fisher
et al., 2007). Nucleoside diphosphate linked to X pyrophosphatases

further hydrolyzes ADPR to AMP, leading to elevated AMP:ATP levels,
impaired mitochondrial adenine handling and reduced ATP production
(Formentini et al., 2009). While we did not assess NAD+ independent
effects of PARP1- dependent regulation of mitochondrial function, we
did observe deficits in cellular OCR that occurred prior to NAD+ de-
pletion suggesting that NAD+ independent effects may also be in-
volved. Thus our data is in agreement with previous studies and sug-
gests that the role of NAD+ in PARP1-dependent regulation of
mitochondrial function is time sensitive.

A major focus of the current work was to understand how PARP1-
induced NAD+ depletion affects gene regulation associated with mi-
tochondrial function. Our data support an important role for NAD+-
dependent PGC-1α regulation in PARP1-mediated control of mi-
tochondrial function. PGC-1α directs expression of nuclear-encoded
mitochondrial proteins and is therefore an important regulator of mi-
tochondrial biogenesis, structure and function (Mutikainen et al.,
2016). Nuclear transcription factors, such as NRF-1, are downstream
targets of PGC-1α that control the expression of key mitochondrial
genes required for the replication and transcription of mtDNA (Wu
et al., 1999). Our observation of reduced mitochondrial gene tran-
scription and mass after DNA alkylation sensitive to inhibition by
PARP1 loss function led us to postulate that PARP1 influences mi-
tochondrial biosynthesis by regulation PGC-1α. DNA alkylation re-
duced the physical association between PGC-1α and NRF-1 association,
NRF-1 binding to tfam promoter, and TFAM transcription. All of these
MNNG-induced effects were mitigated by PARP1 inhibition and

Fig. 5. PARP1 inhibits PGC-1α-mediated transcription of mitochondrial genes. Cortical neuron cultures were exposed to MNNG (50 μM) for 30 min and
analyzed 4 h later. A, NRF-1 immunoreactivity was pulled with an anti-PGC-1α antibody. B, NRF-1/PGC-1α association was quantitatively diminished by MNNG, and
this effect was reversed by PJ34 (10 μM) and PARP1 deletion. C, Chromatin immunoprecipitation with anti-NRF-1 antibody, followed by real-time PCR using primers
flanking a putative NRF-1 binding element, revealed that MNNG significantly increased NRF-1 binding to the TFAM upstream promoter region. This effect was
reversed with PJ34 (10 μM). D, TFAM mRNA transcript levels were measured by quantitative reverse transcriptase PCR and were found to decrease significantly
following MNNG treatment. Decreases in transcript levels were mitigated by PJ34 and PARP1 deletion. The same trends were observed for mitochondrial DNA
(mtDNA) copy number (E) and mitochondrial mass, assessed by MitoTracker Red fluorescence (F). For B and F: data are means ± SEM (n = 3–4); **p < 0.01
compared to wildtype untreated controls and †p < 0.05, ††p < 0.01 compared to the wildtype MNNG group. Data were analyzed using ANOVA with the Tukey test
for multiple comparisons. For C–E: fold-change data are means ± 95% confidence intervals (n = 3–4); **p < 0.01 compared to wildtype untreated controls and
†p < 0.05, ††p < 0.01 compared to the wildtype MNNG group. Fold-change data were log-transformed before being analyzed using ANOVA with the Tukey test for
multiple comparisons.
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deletion. Thus, our results support a PGC-1α-mediated action of PARP1
in cortical neuron cultures.

PGC-1α is extensively regulated by post-translational modification,
including acetylation (Dominy et al., 2010). The NAD+-dependent
deacetylase SIRT1 is known to modify PGC-1α and maintain its activity
as a transcriptional activator (Mäkelä et al., 2014; Rodgers et al., 2005).
Furthermore, we and others have shown that uncontrolled PARP1 ac-
tivity depletes NAD+ to levels sufficient to inhibit SIRT1 activity (Bai
et al., 2011; Lu et al., 2014). Here, we tested whether the PARP1-
NAD+-SIRT1 axis is capable of influencing PGC-1α activity and
downstream targets of mitochondrial function in neuronal genotoxicity.
DNA alkylation caused PARP1-dependent NAD+ depletion and reduced
sirtuin deacetylase activity with commensurate increases in PGC-1α
acetylation and reduced PGC-1α/NRF-1 interaction. Exogenous NAD+

supplementation and CD38 loss of function increased intracellular
NAD+ content and rescued sirtuin deacetylase activity and PGC-1α/
NRF-1 associations, as well as deficits in mitochondrial respiration and
biogenesis. In addition, SIRT1 gain of function with SRT1720 was able
to partially reverse the effects of MNNG on neuronal respiration, sug-
gesting the mitochondrial effects of PARP1 are dependent on SIRT1.
Collectively, this is strong evidence that NAD+ depletion is an im-
portant effector of the SIRT1-PGC-1α signaling axis, activated by

pathological PARP1 activity. Our data are consistent with other reports
in skeletal and heart muscle linking PARP1 or PARP2 activity with
sirtuin and PGC-1α activities (Mohamed et al., 2014; Waldman et al.,
2018), but represent a novel demonstration in neurons.

Our findings support a growing body of evidence that NAD+ de-
pletion by PARP1 activity leads to a deleterious sequelae of events.
Genotoxic PARP1 activity leads to NAD+ depletion that inhibits oxi-
dative phosphorylation and causes excessive ATP consumption, as ni-
cotinamide mononucleotide adenylyltransferase activity attempts to
replenish NAD+. There is also evidence that PARP1-dependent NAD+

depletion is sufficient to cause mitochondrial permeability transition
and cell death dependent on nuclear AIF translocation (Alano et al.,
2004). In addition, we have now demonstrated that neuronal bioener-
getics are influenced by PARP1-mediated NAD+ depletion in a manner
that depends on transcriptional activity. Since SIRT1 affects transcrip-
tion by modulating many targets, there are other pathways that could
contribute to cell damage. Our data show that SIRT1 inhibition leads to
hyperacetylation of PGC-1α and reduced mitochondrial respiratory
capacity. These findings are consistent with our previous observations
that enhanced FoxO3a activity and expression of the pro-death BH3-
only Bcl-2 family member, Bnip3, result from NAD+ depletion and
SIRT1 inhibition. Since SIRT1 is a master regulator of many genes that

Fig. 6. NAD+ supplementation rescues
PARP1-induced mitochondrial deficits.
Cortical neuron cultures were exposed to MNNG
(50 μM) for 30min and analyzed 4 h later. A,
Supplementation of MNNG rescue medium with
3mM NAD+ enhanced intracellular NAD+ le-
vels. Mitochondrial respiration was impaired by
MNNG. Basal oxygen consumption rate (B),
maximal oxygen consumption rate (OCR) (C)
and spare respiratory capacity (D) were all sig-
nificantly reduced by MNNG and restored by
NAD+. E, Sirtuin deacetylase activity was in-
hibited by MNNG in a manner sensitive reversal
by NAD+, as was TFAM mRNA level (F), total
mitochondrial DNA (mtDNA) (G) and
MitoTracker staining for total mitochondrial
mass (H). For C-E and H, data are
means ± SEM (n = 3–4); *p < 0.05,
**p < 0.01 compared to wildtype untreated
controls and †p < 0.05, ††p < 0.01 compared
to the wildtype MNNG group. Data were ana-
lyzed using ANOVA with the Tukey test for
multiple comparisons. For F and G, fold-change
data are means ± 95% confidence intervals
(n = 4); **p < 0.01 compared to wildtype
untreated controls and ††p < 0.01 compared to
the wildtype MNNG group. Fold-change data
were log-transformed before being analyzed
using ANOVA with the Tukey test for multiple
comparisons.
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are critical for mitochondrial function, preservation of NAD+ levels is
likely to have pleiotropic beneficial effects on cell survival. Our work
reinforces the idea that maintaining cellular NAD+ levels is a promising
therapeutic strategy to manage a host of mitochondrial and age-related
pathologies (Martens et al., 2018; Srivastava, 2016).
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Fig. 7. CD38 loss of function rescues PARP1-
induced mitochondrial deficits. A and B,
Cortical neuron cultures were treated with
scrambled (control) or CD38-selective shRNA
sequences packaged in lentiviral vectors. shRNA
treatment reduced CD38 mRNA and protein
significantly. C–H, Neurons were exposed to
MNNG (50 μM) for 30min and analyzed 4 h
later. CD38 loss of function rescued MNNG-in-
duced depletion of NAD+ (C) and sirtuin dea-
cetylase activity (D). CD38 shRNA also miti-
gated MNNG-induced inhibition of basal (E,F),
maximal (E,G) and spare (E,H) respiratory ca-
pacities. Data are means ± SEM (n = 3–4);
**p < 0.01 compared to untreated controls,
and †p < 0.05, ††p < 0.01 compared to the
wildtype MNNG group. Data were analyzed
using ANOVA with the Tukey test for multiple
comparisons.

Fig. 8. SIRT1 gain of function mitigates
MNNG-induced respiratory inhibition.
Cortical neuron cultures were exposed to
MNNG (50 μM) for 30min and analyzed 1 h
later in the presence and absence of SIRT1
activator SRT1720 (10 μM). MNNG-induced
NAD+ depletion was significantly enhanced
by SRT1720 (A). This correlated with res-
cued sirtuin deacetylase activity (B) and
maximum respiratory capacity (C) by
SRT1720. Data are means ± SEM
(n = 3–4); **p < 0.01, ***p < 0.001
compared to untreated controls, and
†p < 0.05, †††p < 0.001 compared to the
MNNG group. Data were analyzed using
ANOVA with the Tukey test for multiple
comparisons.
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ARTICLE

DHA supplementation during prenatal ethanol exposure alters
the expression of fetal rat liver genes involved in oxidative
stress regulation
Bradley A. Feltham, Xavier L. Louis, Fatemeh Ramezani Kapourchali, Michael N.A. Eskin, and Miyoung Suh

Abstract: Prenatal ethanol (EtOH) exposure is known to induce adverse effects on fetal brain development. Docosahexaenoic
acid (DHA) has been shown to alleviate these effects by up-regulating antioxidant mechanisms in the brain. The liver is the first
organ to receive enriched blood after placental transport. Therefore, it could be negatively affected by EtOH, but no studies have
assessed the effects of DHA on fetal liver. This study examined the effects of maternal DHA intake on DHA status and gene
expression of key enzymes of the glutathione antioxidant system in the fetal liver after prenatal EtOH exposure. Pregnant
Sprague–Dawley dams were intubated with EtOH for the first 10 days of pregnancy, while being fed a control or DHA-
supplemented diet. Fetal livers were collected at gestational day 20, and free fatty acids and phospholipid profile, as well as
glutathione reductase (GR) and glutathione peroxidase-1 (GPx1) gene expressions, were assessed. Prenatal EtOH exposure in-
creased fetal liver weight, whereas maternal DHA supplementation decreased fetal liver weight. DHA supplementation in-
creased fetal liver free fatty acid and phospholipid DHA independently of EtOH. GR and GPx1 messenger RNA (mRNA) expressions
were significantly increased and decreased, respectively, in the EtOH-exposed group compared with all other groups. Providing
DHA normalized GR and GPx1 mRNA expression to control levels. This study shows that maternal DHA supplementation alters
the expression of fetal liver genes involved in the glutathione antioxidative system during prenatal EtOH exposure. The fetal
liver may play an important role in mitigating the signs and symptoms of fetal alcohol spectrum disorders in affected offspring.

Key words: ethanol, docosahexaenoic acid, fetal liver, oxidative stress, glutathione, antioxidant enzymes.

Résumé : L’exposition prénatale à l’éthanol (« EtOH ») induit, documentation à l’appui, des effets indésirables sur le développe-
ment du cerveau du fœtus. Selon des études, l’acide docosahexaénoïque (« DHA ») atténue ces effets en régulant à la hausse les
mécanismes antioxydants dans le cerveau. Le foie est le premier organe à recevoir du sang enrichi après le passage transplacen-
taire; par conséquent, il pourrait être affecté négativement par l’EtOH, mais il n’y a aucune étude traitant des effets de DHA sur
le foie du fœtus. Cette étude examine les effets de la consommation de DHA par la mère sur le statut de DHA et l’expression
génique d’enzymes clés du système antioxydant du glutathion dans le foie du fœtus après une exposition prénatale à l’EtOH. On
intube des femelles gestantes Sprague-Dawley pour recevoir de l’EtOH durant les 10 premiers jours de la gestation, tout en
recevant un régime alimentaire de contrôle ou un régime avec supplément de DHA. On prélève les foies des fœtus au 20e jour de
gestation et on détermine le profil des acides gras libres et des phospholipides ainsi que l’expression du gène de la glutathion
réductase (« GR ») et de la glutathion peroxydase-1 (« GPx1 »). L’exposition prénatale à l’EtOH engendre une augmentation de la
masse du foie du fœtus alors que la supplémentation en DHA chez la mère cause une diminution de la masse du foie du fœtus.
La supplémentation en DHA suscite une augmentation des acides gras libres dans le foie du fœtus et du DHA dans les phos-
pholipides, et ce, indépendamment de l’EtOH. L’expression de l’ARN messager (ARNm) de GR et de GPx1 est significativement
augmentée et diminuée respectivement dans le groupe exposé à EtOH comparativement à tous les autres groupes.
L’approvisionnement en DHA normalise l’expression de l’ARNm de GR et de GPx1 par rapport aux niveaux de contrôle. Cette
étude montre que la supplémentation en DHA chez la mère modifie au cours d’une exposition prénatale à l’EtOH l’expression
des gènes hépatiques du fœtus impliqués dans le système antioxydant du glutathion. Le foie du fœtus peut jouer un rôle
important dans l’atténuation chez la progéniture touchée des signes et symptômes des troubles du spectre de l’alcoolisation
fœtale. [Traduit par la Rédaction]

Mots-clés : éthanol, acide docosahexaénoïque, foie du fœtus, stress oxydatif, glutathion, enzymes antioxydantes.

Introduction

Optimal nutrition status is vital for the development of healthy
offspring. When the maternal nutritional status is compromised
with ethanol (EtOH), essential nutrients are displaced or not ob-
tained, resulting in a suboptimal health outcome in the develop-

ing fetus. This can be caused by a lack of nutrient intake or by
EtOH-induced malnutrition and/or digestion (Lieber 2003; Young
et al. 2014). The severity of EtOH exposure, resulting in fetal alco-
hol spectrum disorders (FASD), is related closely to maternal nu-
trition intake. However, the matter of nutrition as a strategy to
mitigate its effects has not been significantly pursued. Although
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the true prevalence of FASD is not known because of under-
reporting and inconsistent definitions worldwide (Roozen et al.
2016), recent studies have reported that the prevalence is about 4%
in Canada (Flannigan et al. 2018) and 2%–5% in the United States
(May et al. 2018). It is predicted that these numbers will continue
to rise with improved detection methods and tools.

The omega (n)-3 polyunsaturated fatty acid docosahexaenoic
acid (DHA; C22:6n-3) is known to be a conditionally essential fatty
acid that is required for neural tissue development and cellular
signaling cascades in developing neuronal tissues (Stillwell et al.
2005; Balogun and Cheema 2014). During the last trimester of
pregnancy and the first few months of an infant’s life, the brain
undergoes a growth spurt, rapidly increasing in mass and in its
content of DHA (Martínez and Mougan 1998). The deficiency of
this fatty acid during early developmental stages leads to im-
paired learning and memory, abnormal brain growth, and altera-
tions in the metabolism of key neurotransmitters (Chalon et al.
2001; Carrie et al. 2000). DHA is also a precursor of a potent neu-
rotrophic factor (neuroprotection D1) that protects the brain
against injury-induced oxidative stress and enhances cell survival
in these tissues (Bazan et al. 2006). Chronic EtOH consumption
decreases the level of DHA (Haggarty et al. 2002; Akbar et al. 2005);
thus, provision of DHA may alleviate the adverse effects of EtOH
consumption on the developing fetus.

It has been suggested that the teratogenic mechanism of prena-
tal EtOH is caused, in part, by the increased production of reactive
oxygen species (ROS), which may lead to the clinical presentation
seen in FASD (Henderson et al. 1995; Addolorato et al. 1997). One of
the main cellular protective systems that play an important role
during embryo development is the glutathione (GSH) antioxidant
family (Ufer and Wang 2011). The increase in EtOH-induced ROS
has been shown to increase the activity of the intracellular anti-
oxidant enzymes, glutathione reductase (GR) and glutathione
peroxidase (GPx1), and to decrease levels of the intracellular
antioxidant GSH (Perez et al. 2006; Ojeda et al. 2009). This prenatal
EtOH-induced oxidative stress may lead to intrauterine growth
restriction (IUGR), congenital malformations, and adverse mor-
phological changes to various tissues in the offspring (Wentzel
et al. 2006; Devi et al. 1996). Although studies assessing the effects
of prenatal EtOH focus primarily on the brain because FASD is
classified as a neuropsychiatric illness (Gil-Hernandez et al. 2017;
Gil-Mohapel et al. 2011), the fetal liver is the first site to receive
maternal blood from the placenta and is a principal site for anti-
oxidative action, providing a major barrier of protection to the
fetus.

Information on the effects of prenatal EtOH on fetal liver devel-
opment and function is limited. Only a few rodent studies have
reported that hepatic levels of GSH decreased in EtOH-exposed
fetuses or cultured rat fetal hepatocytes (Devi et al. 1996; Perez
et al. 2006). When nutrients are limiting, such as selenium, the
fetal rat liver’s ability to sequester ROS during prenatal EtOH
exposure is reduced (Nogales et al. 2017). Thus, when an optimal
diet is consumed, the effects of ROS may be reduced via fetal
hepatic antioxidative capacity. Moreover, in rats, DHA has been
shown to increase antioxidative capacity in the liver via GPx1 and
GR up-regulation (Arab et al. 2006; Nogales et al. 2017).

In a different experimental design, dietary DHA has been asso-
ciated with decreased ROS production and an increase in GSH in
the brain of offspring of rats provided postnatal DHA (Patten et al.
2013), but whether the same effects occur in the developing fetal
liver is not known. Therefore, the goal of this study was to deter-
mine whether maternal DHA supplementation during prenatal
EtOH exposure alters the antioxidant enzyme gene expression in
the fetal liver. We also measured DHA levels in the fetal liver in
relation to EtOH exposure.

Materials and methods

Experimental design
Female Sprague–Dawley rats (9–10 weeks old; n = 16) were pur-

chased from Charles Rivers Laboratories (Wilmington, Mass., USA)
and were housed, 2 rats per cage, under controlled temperature
and humidity conditions with a 12-h light/12-h dark cycle. Female
rats (n = 8) were randomly selected and pre-adapted to 50% EtOH
by increasing the dose of EtOH from 1/3 to 3/3 to reach the final
dose during the first 3 days (3 g/kg twice/day; total, 6 g/kg) prior to
mating (Chappell et al. 2007). Within a cage, 2 females were mated
with 1 male. Positive vaginal plug and/or sperm detection via vag-
inal swab was designated gestation day (GD) 1. During the adapta-
tion and mating period, the animals were fed a control diet as
described later in the text. All experimental procedures were per-
formed in accordance with the principles and guidelines of the
Canadian Council on Animal Care (CCAC 1993) and were approved
by the University of Manitoba Animal Care Committee.

Diet
One-half of the EtOH-treated pregnant rats were randomly as-

signed to either control or DHA-supplemented diets (1.4%, w/w,
total fatty acids) at the beginning of pregnancy (GD1). Non-EtOH-
treated animals received 80% dextrose (w/w), which is isocaloric to
EtOH. This rendered a total of 4 groups: (i) control without EtOH
(Cont, n = 4), (ii) control with DHA (Cont+DHA, n = 4), (iii) EtOH
without DHA (EtOH, n = 3), and (iv) EtOH with DHA (EtOH+DHA,
n = 4). One dam in the EtOH group died as a result of oral intuba-
tion complications; thus, to keep the number of dams per group
consistent, we used 3 dams from each group. Both Cont and EtOH
groups were intubated twice daily (8 h apart) with dextrose or
EtOH (3 g/kg body weight), respectively, representing a moderate
dose of EtOH exposure (Chappell et al. 2007; Schambra et al. 2015;
Chefer et al. 2011), which continued for the first 10 days of gesta-
tion until GD10, mimicking the first trimester of human preg-
nancy (Patten et al. 2014). This is equivalent to the moderate
amount reached by women who have 1–2 drinks within an hour
(Schambra et al. 2015). Experimental diets were formulated isoca-
lorically, from a nutritionally complete semi-synthetic-based diet
with and without DHA in the diet (Table 1), which was composed
of carbohydrates (50%), protein (17.5%), and fat (32.5%), reflecting
the macronutrient intakes of pregnant women in Canada (Hui
et al. 2014; Friesen and Innis 2010). It is recommended that preg-

Table 1. Nutrient and fatty acid composition of the
experimental diets.

Ingredients Control DHA

Basal diet (g/kg)
Casein 187.5 187.5
Corn starch 336.0 336.0
Dextrose 200.0 200.0
Fat 155.5 155.5
Non-nutritive cellulose 50.0 50.0
Mineral mix (AIN 93M) 50.0 50.0
Vitamin mix (AIN93VX) 10.0 10.0
Inositol 6.2 6.2
L-Methionine 2.5 2.5
Tert-butylhydroquinone 0.01 0.01

Fatty acids (%, w/w fatty acids)
C14:0 2.1 2.5
C16:0 20.0 19.8
C18:0 10.6 10.3
C18:2n-6 17.5 17.0
C18:3n-3 1.0 1.0
C20:4n-6 0.1 0.1
C22:6n-3 — 1.4

Note: All basal diet ingredients and beef tallow were pur-
chased from Dyets Inc. DHA, docosahexaenoic acid.
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nant and lactating women consume between 200 and 300 mg/day
of DHA (Koletzko et al. 2007). Sources of fatty acids were canola
oil, corn oil, flaxseed oil, and beef tallow obtained from Loblaw’s
(Brampton, Ont., Canada), ACH Food Companies Inc. (Oakbrook,
Ill., USA), Omega Nutrition (Vancouver, B.C., Canada), and Dyets
Inc. (Bethlehem, Pa., USA), respectively. The source of DHA
(DHASCO) was kindly donated from DSM (Cupertino, Calif., USA).
These oils were blended to achieve the fatty acid profile shown in
Table 1. Animals had access to water and food ad libitum. Diet
intake and body weights were recorded. Dams were sacrificed via
isoflurane and cardiac puncture at GD20. The ovarian horn was
removed; fetuses were obtained; and fetal livers were dissected
out, snap frozen in liquid nitrogen, and stored at –80 °C for addi-
tional analysis. A random selection of fetuses was made from each
3 dams (n = 2 fetuses/dam) in a group, for assessment of fetal liver
fatty acid composition and gene expression.

Fatty acid analysis
Total lipids were extracted from fetal liver (n = 6 per group)

using the method of Folch and colleagues (1957). Phospholipids
(PL) and free fatty acids (FFA) were separated on silica gel G plates
by developing in a solvent system using petroleum ether:diethyl
ether:acetic acid (80:20:1, by vol). Plates were visualized with 0.01%
aniline-naphthalene-sulfonic acid in water (w/v) under ultraviolet
light. Fatty acid methyl esters of PL and FFA were prepared using
14% BF3 in methanol (Suh et al. 2009). Separation of PL and FFA
methyl esters was carried out using the microcapillary column
(15 m × 0.1 mm inner diameter; BPX70; SGE analytical science,
Carrboro, N.C., USA) and a chromatograph system (Vista 6010 GLC
and Vista 402 data system, Varian Instruments, Mississauga, Ont.,
Canada) as per our previous study (Kuny et al. 2014). Hydrogen was
used as a carrier gas under a flow rate of 0.5 mL/min. The initial
oven temperature was 130 °C; it was increased to 175 °C at 20 °C/min
held for 1 min, increased again to 200 °C at 6 °C/min with no hold,
and finally increased to 280 °C at 30 °C/min. Peaks were identified by
using standard FAME 461 (Nucheck Prep Inc., Waterville, Minn.,
USA).

Determination of gene expression
Total RNA was extracted from the fetal liver using the Trizol

method (Chomczynski and Sacchi 1987); contaminating genomic
DNA was removed by treating with RNase-free DNase 1 enzyme
(Promega, Madison, Wis., USA). RNA concentration and purity
were assessed using the Nano-drop spectrophotometer 2000
(Thermo Scientific, Waltham, Mass., USA). Complementary DNA
(cDNA) synthesis was performed using the High-Capacity cDNA
Reverse Transcription kit as described by the manufacturer (Ap-
plied Biosystems, Foster City, Calif., USA). Real-time quantitative
polymerase chain reaction (RT-qPCR) was performed using the Sso
Advanced Universal SYBR Green Supermix (Biorad, Hercules,
Calif., USA) as described by the manufacturer. The primers used
were designed using National Center for Biotechnology Informa-
tion primer blast (www.ncbi.nlm.nih.gov/tools/primer-blast/) and
were obtained from IDT Technologies (Skokie, Iowa, USA): primer

sequences are given in Table 2. The reactions were run at a total
volume of 10 �L with 10 ng cDNA per reaction. Samples were run
for 40 cycles (95 °C for 15 s for denaturation, 58 °C for 30 s for
annealing/extension) using the Applied Biosystems StepOnePlus
Real-Time PCR System. Data output was managed using StepOne
software V 2.3. Relative gene expression was normalized to glyc-
eraldehyde 3-phosphate dehydrogenase, then calculated and re-
corded using the comparative ��Ct method (Livak and Schmittgen
2001).

Statistical analysis
All data were analyzed by 2-way ANOVA to determine the main

effects of DHA and EtOH. Multiple comparisons were made using
Tukey’s post hoc test when an interaction between DHA and EtOH
treatments was observed. All data are expressed as means ± SD.
Differences were considered statistically significant if the associ-
ated p value was <0.05.

Results

Basic dam and fetal data
The effects of prenatal EtOH with and without DHA on dam and

fetal parameters were measured (Table 3). EtOH and DHA con-
sumption during pregnancy did not significantly affect the final
weights of dams or weight gain (%) during pregnancy. Although
not significant, dams in the Cont group were observed to have a
greater weight gain (by 1.1 times) than all other groups. The num-
ber of fetuses was significantly higher in the DHA groups but
lower in the EtOH groups (p < 0.05; Table 3). Regarding the feed
intake (grams), the Cont+DHA group had a greater intake of feed
than all other groups at week 1 (p < 0.05; Cont, 15.1 ± 1.4;
Cont+DHA, 16.5 ± 1.6; EtOH, 14.3 ± 1.9; EtOH+DHA, 13.8 ± 2.7). This
difference was not observed at weeks 2 and 3 of pregnancy; the
average intake increased each week, from approximately 14.9 g at
week 1, approximately 15.2 g at week 2, and finally approximately
18.6 g at week 3.

Fetuses exposed to EtOH alone had greater body and liver
weights compared with all other groups (p < 0.0001; Table 3). This
group also had the highest relative liver weight (% of body
weights), indicating that EtOH-induced liver enlargement oc-
curred when EtOH exposure alone occurred for only the first
10 days of pregnancy. This effect was nullified when a maternal
diet enriched with DHA was consumed during prenatal EtOH ex-
posure; the lowest fetal body and liver weights were observed in
the EtOH+DHA group (p < 0.0001; Table 3). Fetuses from the
EtOH+DHA group also had the smallest relative fetal liver weight
(p < 0.05; Table 3). The placenta weights were significantly smaller
in both DHA-fed groups compared with the non-DHA groups
(p < 0.005; Table 3).

Fetal liver PL and FFA composition
Because DHA is a major membrane component, the effects of

prenatal EtOH exposure and DHA consumption on fetal liver fatty
acid compositions were measured in total PL together with FFA

Table 2. Sequences of primers used for qPCR.

Gene Primers (5=-3=)
Reference
sequence

Amplicon
size (bp)

GR TGTATCACGCTGTGACCACG (S) NM_053906.2 114
GCATCTCATCGCAGCCAATC (AS)

GPx1 GGACATCAGGAGAATGGCAAGA (S) NM_030826.4 103
CGCACTTCTCAAACAATGTAAAGTTG (AS)

GAPDH CAAGTTCAACGGCACAGTCAAGG (S)
ACATACTCAGCACCAGCATCACC (AS) XM_017593963.1 123

Note: All primers were designed using National Center for Biotechnology Information
primer blast and ordered from IDT Technologies. AS, antisense primer; GAPDH, glyceralde-
hyde 3-phosphate dehydrogenase; GPx1, glutathione peroxidase-1; GR, glutathione reduc-
tase; qPCR, quantitative polymerase chain reaction; S, sense primer.
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for its lipolytic metabolites. The full fatty acid profiles of these
2 lipid fractions and their associated p values are presented in
Tables 4 and 5. There was no significant independent effect of
maternal DHA or prenatal EtOH on total saturated, monounsatu-
rated, and n-6 fatty acids in either the PL or the FFA fraction.
Compared with maternal diets without DHA supplementation,
both diets with maternal DHA significantly increased PL C18:2n-6,
C20:3n-6, and C22:1n-9, whereas they decreased C18:3n-6, C22:4n-6,
and docosapentaenoic acid (DPA; C22:5n-6). In addition, maternal
DHA increased FFA C22:1n-9 and decreased major monounsaturated
fatty acids (C16:1n-9, C18:1n-9, and C18:1n-7) and C18:3n-6, C20:
2n-6, and DPA compared with non-DHA groups. Significant in-
creases in DHA were observed when maternal DHA was provided
(1.7 and 1.5 times more in PL, and 3.7 and 2.4 times more in FFA) in
comparison with the Cont and EtOH groups, respectively. There
was no effect of maternal DHA on PL or FFA C20:4n-6; however,
there was a concomitant decrease in DPA of approximately 1/3–1/2
in the PL and FFA fractions. Maternal EtOH exposure alone, com-
pared with the non-EtOH groups, minimally affected the follow-
ing fetal liver fatty acid compositions: it significantly increased
C16:1n-9 and C20:2n-6 in PL, whereas it decreased C18:2n-6 and
C22:5n-3 in FFA.

Fetal liver GR and GPx1 gene expression
The effects of DHA supplementation during prenatal EtOH ex-

posure on fetal liver messenger RNA (mRNA) expressions of GR
and GPx1 were assessed using RT-qPCR. There was no significant
effect of DHA alone on GR and GPx1 mRNA expression (Figs. 1 and
2). Prenatal EtOH exposure alone increased GR mRNA expression
and decreased GPx1 expression in the fetal liver (Figs. 1 and 2,
respectively; p < 0.0001) compared with all other groups. Interest-
ingly, with DHA supplementation during prenatal EtOH expo-
sure, both GR and GPx1 mRNA expression reverted back to control
levels in the fetal liver (Figs. 1 and 2, respectively; p < 0.0001).

Discussion
The current study sought to examine the effects of DHA supple-

mentation during prenatal EtOH exposure on fetal liver genes in-
volved in oxidative systems. We found that EtOH exposure during
the first 10 days of pregnancy enlarged the fetal liver accompanied by
altering gene expression of GR and GPx1, both of which were normal-
ized when DHA was provided in the maternal diet. This is related to
greater incorporation of DHA in PL and FFA in the fetal liver. These
findings indicate that DHA could be a dietary strategy to reduce
EtOH-induced oxidative stress during pregnancy.

Studies report that both acute and chronic EtOH exposure re-
sulted in various birth defects and growth retardations (Wentzel
et al. 2006; Henderson et al. 1995; Perez et al. 2006). Although the
current study observed that EtOH increased fetal liver and body

weight, there was no evidence of IUGR or fetal malformation. This
discrepancy could be a result of the differences in diet composi-
tions, because most rodent studies observing developmental de-
fects caused by prenatal EtOH used a standard rodent chow diet
(Wentzel et al. 2006; Henderson et al. 1995). To elaborate, a chow
diet provides 3.36 kcal/g (Lab Diet 5001, St. Louis, Mo., USA), in
comparison with the nutritionally complete semipurified nutrient-
dense diet (4.29 kcal/g) used in this study. Standard chow is differ-
ent in its sources, composition, and batch-to-batch production,
but this helps highlight the importance of the quality and quan-
tity of diet provided during pregnancy. To confirm this, our labo-
ratory is currently carrying out a diet comparison study between
standard rodent chow and our formulated diet on fetal develop-
ment during prenatal EtOH exposure. This will help decipher why
the vast number of studies, in which the dosage and delivery of
EtOH were similar to those at our laboratory (Henderson et al.
1995; Addolorato et al. 1997; Wentzel et al. 2006) and only the diet
differed, resulted in multiple phenotypic differences compared
with our study.

In addition, the current study chose EtOH exposure of the first
10 days, mimicking the embryonic period within the first trimes-
ter for humans, when women usually determine their pregnancy.
Studies assessing prenatal EtOH differ extensively in EtOH dos-
ages, duration, and consumption patterns, which, in itself, may
lead to noncoherent results at the same endpoint (Young et al.
2014; Henderson et al. 1995; Addolorato et al. 1997; Wentzel et al.
2006; Patten et al. 2013). Regardless, it is known that developmen-
tal issues of the fetus are strongly correlated with increasing EtOH
concentration (Zajac and Abel 1992). On the basis of our findings
in the enlarged liver, it is important to note the long-lasting neg-
ative effects of EtOH on the fetus even after discontinuing EtOH
consumption at the early stage of pregnancy.

Although we did not observe any gross signs of IUGR, with the
exception of liver enlargement, via prenatal EtOH exposure, we
did find dietary DHA and EtOH during pregnancy to alter the fetal
liver PL and FFA composition. It is known that PL and FFA are
involved in multiple signaling pathways, including GR and GPx1
(Berger et al. 2006). As expected, fetal liver DHA increased when
maternal DHA was provided. Interestingly, DHA had no effect on
fetal liver C20:4n-6, the major n-6 fatty acids of PLs, but had a
profound effect on DPA, presenting a concomitant decrease to
approximately 1/3 to 1/2 in both PL and FFA fractions. This indi-
cates that the fetal liver may be capable of replacing the DPA with
DHA via deacylation-reacylation systems (Lands 1960). This is vi-
tally important because it can lead to an increased propensity for
liberation of PL DHA, which then can act as a signaling molecule
for various gene regulatory mechanisms, which can have pro-
found effects on tissue antioxidative capacity (Lu et al. 2010; Song
et al. 2017; Zhu et al. 2018). In addition, membrane DHA is impor-

Table 3. Gestational data for all experimental groups.

Cont Cont+DHA EtOH EtOH+DHA

Significant effects (p)

DHA EtOH DHA*EtOH

Dam
Initial body wt (g) 252.0±10.9 269.3±15.4 251.6±2.4 246.2±20.1 NS NS NS
Final body wt (g) 382.4±14.7 383.4±28.2 363.0±22.6 354.2±44.4 NS NS NS
Wt gain (%) 151.9±7.3 141.7±6.0 145.2±12.9 143.6±9.4 NS NS NS
No. of fetuses/dam 13.6±0.6 15.3±1.0 13.0±1.4 13.6±1.1 <0.05 <0.05 NS

Fetus
Body wt (g) 3.47±0.42b 3.49±0.24b 3.59±0.33a 3.19±0.41b <0.0001 NS <0.0001
Liver wt (g) 0.23±0.04b 0.24±0.04b 0.26±0.04a 0.21±0.03c <0.0001 NS <0.0001
Relative liver wt (%) 6.76±0.92b 6.75±0.88b 7.33±1.02a 6.72±0.99c <0.05 <0.05 <0.05
Placental wt (g) 0.46±0.08 0.43±0.05 0.45±0.06 0.42±0.08 <0.005 NS NS

Note: Data are presented as means ± SD (n = 3–4 per group for dams; n = 52–68 per group for fetuses). Significant effects of DHA and
EtOH were determined by 2-way ANOVA with multiple comparisons using Tukey’s post hoc test. Different letters within a row
represent a significant interaction observed (DHA*EtOH; p < 0.05). Relative liver weight was calculated by taking the ratio of liver and
body weight × 100. Cont, control; DHA, docosahexaenoic acid; EtOH, ethanol; NS, nonsignificant; wt, weight.
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tant in rat liver cell development and function, in particular for
the hepatic expression of peroxidases such as GPx1 and the EtOH
metabolizing enzyme cytochrome P-450 (Berger et al. 2006).

Most studies assessing the effect of EtOH on fetal tissue devel-
opment focus on the brain (Patten et al. 2013; Guerri et al. 2009).
The majority of these studies show that DHA is reduced in fetal
brain PL after exposure to EtOH, but the same reduction was not
seen in the fetal liver in the current study. This could be because
of a tissue-specific effect of EtOH on the PL fatty acid composition
in developing fetuses. For instance, compared with the rat fetal

liver (�6.25%), the fetal brain has a greater amount of PL DHA
(�8.55%) (Green and Yavin 1995). It also has less antioxidant en-
zyme activity compared with the liver, and thus, any EtOH that
circulates to the fetal brain may produce an excessive amount of
ROS (Henderson et al. 1995). It is postulated that the higher
amount of ROS will oxidize DHA and thus reduce the proportion
of DHA within the fetal brain membrane compared with the fetal
liver. This should be assessed in future studies.

Because DHA is known to possess an antioxidant property in
the brain after prenatal EtOH exposure (Patten et al. 2013) and the

Table 4. Effects of prenatal EtOH and DHA on the phospholipid FA composition of fetal liver.

FA (%, w/w) Cont Cont+DHA EtOH EtOH+DHA

Significance (p)

DHA EtOH DHA*EtOH

C14:0 0.9±0.0 0.8±0.1 0.9±0.2 0.9±0.2 NS NS NS
C16:0 25.7±3.0 27.0±1.6 25.5±1.6 22.1±9.8 NS NS NS
C16:1n-7 3.2±0.3 2.8±0.4 3.2±0.3 3.1±1.0 NS NS NS
C18:0 16.8±1.9 16.5±0.8 16.1±0.7 17.6±3.1 NS NS NS
C18:1n-9 14.9±1.5 14.1±1.9 15.4±1.9 15.3±4.1 NS NS NS
C18:1n-7 3.2±0.3 2.8±0.6 3.36±0.1 3.3±0.7 NS NS NS
C18:2n-6 8.7±0.9 9.8±1.0 8.6±0.6 8.9±1.0 <0.05 NS NS
C18:3n-6 0.3±0.1 0.3±0.0 0.4±0.0 0.3±0.1 <0.05 NS NS
C18:3n-3 0.1±0.0b 0.1±0.0a 0.1±0.0b 0.1±0.0b <0.005 NS <0.05
C20:2n-6 0.6±0.1 0.5±0.0 0.7±0.1 0.6±0.1 NS <0.05 NS
C20:3n-6 0.7±0.1 0.7±0.1 0.6±0.1 0.8±0.1 <0.05 NS NS
C20:4n-6 12.1±3.1 10.6±2.3 12.6±2.5 12.5±1.7 NS NS NS
C22:4n-6 0.5±0.1 0.4±0.1 0.5±0.1 0.5±0.1 <0.05 NS NS
C22:5n-6 2.3±1.2 0.7±0.2 2.1±0.7 1.0±0.7 <0.0001 NS NS
C22:5n-3 0.1±0.0 0.1±0.0 0.1±0.0 0.1±0.0 NS NS NS
C22:6n-3 4.6±1.4 7.6±2.3 4.9±1.1 7.6±1.9 <0.0001 NS NS
SAT 45.4±5.2 46.2±2.6 44.3±2.3 42.6±6.2 NS NS NS
MUFA 23.5±2.3 21.7±2.4 24.1±2.4 24.0±6.2 NS NS NS
n-6 FA 25.3±5.2 23.1±2.7 25.5±3.2 25.6±1.4 NS NS NS
n-3 FA 4.8±1.5 8.2±2.3 5.2±1.1 7.8±1.9 0.0001 NS NS
n-6/n-3 FA 5.6±1.2 3.0±0.5 5.0±0.8 3.3±1.1 0.0001 NS NS

Note: Data are presented as means ± SD (n = 6 per group). Significant effects of DHA and EtOH were determined by 2-way ANOVA with
multiple comparisons using Tukey’s post hoc test. Different letters within a row indicate a significant interaction observed (DHA*EtOH;
p < 0.05). Cont, control; DHA, docosahexaenoic acid; EtOH, ethanol; FA, fatty acids; MUFA, total monounsaturated fatty acids; NS,
nonsignificant; SAT, total saturated fatty acids.

Table 5. Effects of prenatal EtOH and DHA on the free FA composition of fetal liver.

FA (%, w/w) Cont Cont+DHA EtOH EtOH+DHA

Significance (p)

DHA EtOH DHA*EtOH

C14:0 1.3±0.3 1.5±0.6 1.8±0.6 1.2±0.3 NS NS <0.05
C16:0 25.0±0.5 25.7±2.1 25.4±2.5 25.7±2.8 NS NS NS
C16:1n-7 4.3±0.7 3.7±1.4 4.6±0.4 4.1±0.9 NS NS NS
C18:0 9.5±3.0 8.2±1.1 8.7±1.4 10.0±2.6 NS NS NS
C18:1n-9 29.4±1.7 27.4±4.1 30.5±4.0 26.6±4.6 <0.05 NS NS
C18:1n-7 3.8±0.4 3.0±0.5 3.6±0.4 3.2±0.5 <0.005 NS NS
C18:2n-6 9.3±1.4 10.4±1.8 8.4±1.0 9.0±1.3 NS <0.05 NS
C18:3n-6 0.6±0.1 0.4±0.0 0.6±0.1 0.5±0.1 <0.005 NS NS
C18:3n-3 0.3±0.1b 0.5±0.1a 0.3±0.1b 0.3±0.1b <0.005 <0.05 <0.05
C20:2n-6 0.7±0.3 0.5±0.1 0.7±0.1 0.6±0.1 <0.05 NS NS
C20:3n-6 0.4±0.1 0.4±0.1 0.4±0.1 0.4±0.1 NS NS NS
C20:4n-6 5.1±0.5a 3.6±1.2b 4.1±1.2a 4.7±1.3a NS NS <0.05
C22:4n-6 0.8±0.3 0.7±0.2 0.8±0.2 0.8±0.3 NS NS NS
C22:5n-6 2.1±0.6 1.1±0.5 2.2±1.0 1.3±0.8 <0.005 NS NS
C22:5n-3 0.3±0.3 0.4±0.2 0.2±0.1 0.2±0.2 NS <0.05 NS
C22:6n-3 2.8±0.4 8.1±2.9 2.6±1.7 6.3±3.1 <0.0001 NS NS
SAT 37.6±3.8 37.0±3.1 37.5±4.6 38.7±5.4 NS NS NS
MUFA 39.8±3.0a 36.2±4.5b 41.1±4.4a 36.2±6.2b NS NS <0.05
n-6 FA 18.9±2.1 17.2±3.0 17.3±3.1 17.3±2.3 NS NS NS
n-3 FA 2.9±0.4 9.1±3.0 3.2±1.7 7.30±3.2 <0.0001 NS NS
n-6/n-3 FA 6.6±0.8 2.0±0.5 6.3±2.2 3.1±1.9 <0.0001 NS NS

Note: Data are presented as means ± SD (n = 6 per group). Significant effects of DHA and EtOH were determined by 2-way ANOVA with
multiple comparisons using Tukey’s post hoc test. Different letters within a row indicate a significant interaction observed (DHA*EtOH;
p < 0.05). Cont, control; DHA, docosahexaenoic acid; EtOH, ethanol; FA, fatty acids; MUFA, total monounsaturated fatty acids; NS,
nonsignificant; SAT, total saturated fatty acids.
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current study observed an increase in fetal liver PL and FFA DHA,
the effect of DHA on GR and GPx1 mRNA expression was assessed
in the fetal liver. The rodent liver begins development at approx-
imately GD 8.25–9 (Bort et al. 2006; Duncan 2003); thus, we were
interested in whether EtOH for the first 10 days of pregnancy had
any developmental consequences on the GR/GPx1 gene expression.
We found that prenatal EtOH exposure increased GR mRNA ex-
pression and decreased GPx1 expression in the fetal liver. Even
though EtOH was provided during the first 10 days of pregnancy,
reflecting the first trimester in humans (Patten et al. 2013) and the
beginning of liver development (Bort et al. 2006; Duncan 2003),
these findings demonstrate the long-lasting impacts of EtOH-
induced oxidative stress on fetuses. Studies have postulated that
EtOH-induced ROS is a major contributor to observed liver mor-
phological, structural, and function features, which lead to the
characteristic deformities observed in alcoholic liver diseases in
adults (Bosco and Diaz 2012).

These results indicate that DHA acts as an antioxidant when
only oxidative stress takes place, such as when prenatal EtOH
exposure occurs. Although a study assessing fetal rat liver GR and
GPx1 activity found similar results after prenatal EtOH exposure
(Ojeda et al. 2009), to our knowledge, the current study is the first
to show the effects of DHA on GR after prenatal EtOH exposure. In
the same study, Ojeda and colleagues (2009) also found that nu-
tritional intervention with selenium and folic acid brought the

GPx1 and GR activity back to control levels. Overall, our findings
indicate that the quality of the maternal diet is critical for pre-
venting negative effects on the fetus when exposed to EtOH.
Although the exact mechanisms by which increased membrane-
bound and free DHA directly affect these antioxidative systems in
the fetal liver, this study highlights the potential protective
effects of DHA towards EtOH-induced ROS production via the up-
regulation of liver GR/GPx1 gene expression. This becomes impor-
tant, because many suggest that the effects may be a result of the
large amount of ROS (Guerri et al. 2009). However, these findings
require further elucidation.

The strengths of our study include the diet design, which mim-
ics typical pregnant human consumptions. In addition, the study
outcome was caused only by DHA, because it was the only fatty
acid that differed. Our rigorous calculations and analytics allowed
us to make a stronger conclusion about the importance of DHA in
the diet. In addition, our EtOH delivery method strictly controlled
the dosage and timing; however, this is also a limitation. Using the
oral gavage as our EtOH delivery reduced translational implica-
tions. Using this mode of delivery is not as strong as that of models
providing EtOH in water for ad libitum consumption, because
human consumption varies by drinking varied types of beverages.
Therefore, future studies will be using the drinking model for the
mode of EtOH delivery to account for this limitation.

In conclusion, our study demonstrates that DHA supplementa-
tion during pregnancy may aid in the normalization of the oxida-
tive stress response induced by prenatal EtOH exposure, through
possible association with fetal liver GR/GPx1 gene regulations.
Thus, the fetal liver may play a larger role during prenatal EtOH
exposure than previously known. When providing only DHA in
the diet, acylation of DHA to membrane PL may occur, which may
reduce the required desaturation of �-linolenic acid; this is inhib-
ited by EtOH. In addition, the DHA membrane acylation leads to a
concomitant reduction in the longer n-6 DPA, while not affecting
the major n-6 fatty acids, which may alter membrane dynamics
and function. Therefore, nutritional intervention, particularly
with DHA, may mitigate and perhaps protect the fetus against the
adverse effects of prenatal EtOH exposure. This thereby promotes
the beneficial effects on FASD outcomes of consuming a DHA-
enriched diet.
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of DHA and EtOH were determined by 2-way ANOVA with multiple
comparisons using Tukey’s post hoc test. Different letters represent
significant interactions (DHA*EtOH) observed (p < 0.05). Cont, control
without EtOH.

Fig. 2. Effects of a maternal diet supplemented with docosahexaenoic
acid (DHA) on fetal liver glutathione peroxidase-1 (GPx1) messenger
RNA (mRNA) expression during prenatal ethanol (EtOH) exposure.
Data are presented as means ± SD (n = 6 per group) and represent
male fetal liver GPx1 mRNA expression at gestational day 20,
normalized to glyceraldehyde 3-phosphate dehydrogenase as the
housekeeping gene. Significant effects of DHA and EtOH were
determined by 2-way ANOVA with multiple comparisons using
Tukey’s post hoc test. Different letters represent significant
interactions (DHA*EtOH) observed (p < 0.05).
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Glossary
Oligospermia a condition of low sperm concentrations defined as less than 15 � 106 sperm per mL.
Asthenozoospermia a condition defined as low sperm motility with less than 32% progressive motility in a semen sample.
Teratozoospermia a condition of abnormal sperm morphology defined as less than 4% spermatozoa with normal
morphology.
Normozoospermic a condition defined having equal to or above lower reference limit set by World Health Organization in
total number of spermatozoa, and percentage of progressively motile and morphologically normal spermatozoa
Oligoasthenozoospermia a condition defined having low sperm concentrations, combined with low sperm motility moving
progressively in a semen sample

Nomenclature
AA Arachidonic acid (20:4n-6)
AI Adequate Intake
ALA a-linolenic acid (18:3n-3)
AMDR Acceptable Macronutrient Distributions Range
DHA Docosahexaenoic acid (22:6n-3)
DRI Dietary Reference Intake
EPA Eicosapentaenoic acid (20:5n-3)
LA Linoleic acid (18:2n-6)
PUFA Polyunsaturated fatty acids
WHO World Health Organization

Introduction

The testis is a central organ responsible for male fertility. Abnormal testis function results in decreased human semen quality, low
sperm count, or both, which are associated with more than 90% of male infertility cases. Among the several potential risks of male
infertility, such as genetic, chemical, and physical environmental toxins, the quality of food we consume is getting recognized as
a major contributing factor. The human testis and sperm are structurally and biochemically enriched with omega-3 (n-3) polyun-
saturated fatty acids (PUFA), thus maintenance of optimal concentration of n-3 PUFAmay be critical for normal physiological func-
tions of testis and sperm.

Overview of Testis and Sperm

Testis

The testis has two major functions: steroidogenesis and spermatogenesis. In adult men, the testis weighs about 20 g with
a testicular volume of 15–20 cm3. The testicular volume is known to be associated with testicular function. The testicular
volume is decided by the thread-like seminiferous tubules occupying about 80% of testis. Cells responsible for steroidogenesis
(Leydig cells) and spermatogenesis (germ and Sertoli cells) are located in the interstitial connective tissue, and seminiferous
tubules, respectively. Spermatogenesis requires 65–75 days in humans to proceed from the germ cell to spermatozoa.
Since the rate of cellular proliferation and differentiation are high during these periods, any external and internal insults could
result in negative impacts on testis function. This is why testis is considered to be one of the most vulnerable tissues in our
body.
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Sperm

Sperm quality is commonly accessed in the semen analysis, which is a key analysis for the evaluation of testicular function. Accord-
ing to the World Health Organization (WHO), four common terms are used to describe sperm quality in semen analysis (Table 1):
i) oligozoospermia, a total number of sperm to be less than the lower reference limits of 15 million sperm/mL ejaculate; ii) azoo-
spermia, defined as the absence of spermatozoa in the ejaculate; iii) asthenozoospermia, a semen sample testing motility, where less
than 32% of sperm exhibit forward progression; iv) teratozoospermia, a semen condition of abnormal sperm morphology to have
less than 4% morphologically normal sperm (Cooper et al., 2010). In morphology, many different abnormalities can occur,
including abnormalities in the head neck or mid-piece, or tail. All of the above sperm characteristics including concentration,
motility, and morphology, are reproductive challenges that need to be overcome for fertilization to occur. Sperm is the only cell
designed to leave the male body and join with the female ovum for fertility, thus any challenges leading to poor semen quality
and abnormal morphology could impact fertility success.

Lipid Composition in Testis and Sperm

Testis

The importance of lipids in testis structure and function has been recognized in the early 1930s in a rodent model (Burr and Burr,
1930). However, the lipids data from the human testis are still scarce. It has been reported that the total lipid in adult male testis
are in the range of 25.6–39.0 (mg g�1 wet tissue) and total phospholipids are 15.6–15.9 (mg g�1 wet tissues) representing approx-
imately 40%–60% of the total lipids (Coniglio et al., 1975), which indicates the testis to be a phospholipid enriched tissue. In
terms of the fatty acid compositions, the total lipids of adult human testis is composed of 38%–45% saturated fatty acids,
19%–24%, monounsaturated fatty acids, 22%–32% of n-6 fatty acids, and 7%–10% n-3 fatty acids (Coniglio et al., 1974,
1975; Hoffmann et al., 2005; Bieri and Prival, 1965). Among PUFAs, arachidonic acid (AA, 20:4n-6, 11%–13%, w/w total lipids)
and DHA (8%, w/w total lipids) are the predominate fatty acids of n-6 and n-3 PUFA, respectively (Figure 1; Table 2) (Coniglio
et al., 1974, 1975; Hoffmann et al., 2005; Bieri and Prival, 1965). Interestingly, only DHA, not AA, has been found to decrease in
testis during degeneration (Coniglio et al., 1974), indicating DHA is a significant factor for the development of germinal cells in
the human testis.

Table 1 WHO semen analysis reference with lower limits

Sperm characteristics Reference value (lower ref limits) Infertility conditions

Semen volume (mL) 1.5–5.0 (1.4–1.7)
Sperm conc (mL) >15 � 106 (12–16) <12 � 106 oligozoospermia

Sperm conc (ejaculate) >39 � 106(33–46) absence azoospermia
Total motile sperm (%) >40 (38–42)

Progressive sperm (%) >32 (31–34) <31 asthenozoospermia
Vitality (live spermatozoa, %) 58(55–63)
Normal morphology (%) >4 (3.0–4.0) <3 teratospermia

Numbers in the bracket represents fifth centile and their 95% confidence intervals. Conc., concentration.
Cooper et al. (2010)

18:2n-6 (LA)

HO

O

HO

O 22:6n-3 (DHA)

20:4n-6 (AA)

Figure 1 The major n-3 and n-6 polyunsaturated fatty acids found in human testis and sperm. LA, linoleic acid; DPA, docosapentaenoic acid; DHA,
docosahexaenoic acid; AA.
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Sperm

Like testis, sperm lipids are composed of a heterogeneous mixture of glycolipids, sterols, phospholipids, saturated and PUFA, which
are believed to play an important role in the viability, maturation, motility and fertilizing ability of the sperm. Human sperm lipid
profiles are generally determined on ejaculated sperm which have undergone epididymal maturation, thus the lipid profile may
differ from testicular spermatozoa which have yet to mature. Among the lipids, the fatty acid composition of sperm has received
significant attention due to its direct relationship with fertility. Several studies have carried out detailed fatty acid profiling of human
spermatozoa (Table 2). The major saturated andmonounsaturated fatty acids are palmitic acid (16:0, 30.2%) and stearic acid (18:0,
15.3%), and oleic acid (18:1, 9.9%). The PUFAs are mainly linoleic acid (18:2n-6, 5.8%), arachidonic acid (20:4n-6, 4.4%) and
then remarkably high amounts of DHA (21.3%), ranging from 14%–32% of total fatty acid in phospholipids (Zalata et al.,
1998; Martínez-Soto et al., 2013; Tavilani et al., 2006). Most studies agree with the distinctively high content of DHA in sperma-
tozoa, which is thus considered as a marker for infertility. Interestingly, DHA is not evenly distributed in sperm. Learning from
monkeys, DHA is significantly enriched in the tail of sperm (19.6%, w/w total fatty acids) in comparison to the head (1.1%,
w/w total fatty acids) (Connor et al., 1998), suggesting that DHA is involved in sperm movement (Figure 2).

Unlike normozoospermic males who have above the lower reference limits in sperm characteristics described in Table 1, men
with oligospermia, asthenozoospermia, and oligoasthenozoospermia had significantly lower concentration of DHA in their sper-
matozoa (Tavilani et al., 2006; Connor et al., 1998; Safarinejad et al., 2010) (Table 2). Men with these conditions were found to
have increased levels of saturated andmonounsaturated fatty acids, and lower PUFA levels (Coniglio et al., 1975; Zalata et al., 1998;
Aksoy et al., 2006), compared with the normozoospermic men. This indicates that decreased sperm fertility potential is closely asso-
ciated with alteration of sperm lipid content and composition.

n-3 Fatty Acid Containing Foods or Supplementation in Healthy and Infertile Population

Emerging evidence to date has shown a possible relationship between diet and semen parameters. It is well known that membrane
fatty acids are affected by dietary fat types, which are directly related to the maintenance of cell membrane for its optimal functions.
Dietary fat intake thus, can affect the male reproductive function by modulating the fatty acid composition of testis and
spermatozoa.

Observational Studies

n-3 Fatty Acid Food
Based on a few observational studies, higher intake of saturated fats is associated with lower sperm counts and concentration,
whereas higher intake of n-3 PUFA is related to higher normal sperm morphology with lowering the sperm head defect (Attaman
et al., 2012) (Table 3). Even in healthy young men, higher intake of fish as a part of a heart healthy diet was positively associated
with spermmotility (Gaskins et al., 2012). In sub-fertile and asthenozoospermic men, higher intake of n-3 PUFA, fish and sea foods

Table 2 The overall fatty acid composition in testis and spermatozoa from normal and infertile males

Fatty acid Testis a

Spermatozoa b

Normozoospermic Infertile men c

Palmitic acid (16:0) 28.4 � 2.6 30.2 � 1.1 33.4 � 5.1
Stearic acid (18:0) 11.2 � 0.6 9.9 � 5.0 15.3 � 1.2
Oleic acid (18:1n-9) 18.0 � 2.1 9.9 � 0.5 11.8 � 0.6
Linoleic acid (18:2n-6) 6.0 � 1.1 5.8 � 3.1 4.0 � 0.5
Arachidonic acid(20:4n-6) 13.3 � 2.8 4.4 � 3.8 3.3 � 1.7
Docosahexaenoic acid (22:6n-3) 7.4 � 0.9 21.3 � 7.3 13.4 � 3.0

Total SAT 40.5 � 2.8 48.9 � 4.4 51.0 � 4.2
Total Mono 21.3 � 1.6 17.2 � 2.6 19.1 � 2.7
Total n-6 FA 25.3 � 3.8 14.4 � 6.7 13.9 � 3.7
Total n-3 FA 8.5 � 1.3 17.4 � 2.4 15.8 � 2.9
Ratio of n-6/n-3 FA 3.1 � 0.9 0.7 � 0.4 1.0 � 0.3

Values are mean � SD.
aAn average of 4 studies (%, w/w testis total lipids) (Coniglio et al., 1975; Hoffmann et al., 2005; Coniglio et al., 1974; Bieri and Prival,
1965).
bAn average of 3 studies (mole% of spermatozoa) (Zalata et al., 1998; Martínez-Soto et al., 2013; and Tavilani et al., 2006). Zalata and
Talivani used phospholipids.
cInfertile men includes Fatty acids were combined for men with oligospermia, asthenozoospermia and oligoasthenozoospermia.

332 Food for Male Reproductive Tract Health: Omega-3 Fatty Acids

Encyclopedia of Food Chemistry, 2019, 330–336

Author's personal copy



was positively associated with spermmotility, counts, and spermmorphology (Attaman et al., 2012; Vujkovic et al., 2009; Eslamian
et al., 2012; Afeiche et al., 2014). It is also inversely and dose-dependently associated with the risk of asthenozoospermia (Eslamian
et al., 2015). Dietary n-3 PUFA also increased testicular volume (Minguez-Alarcón et al., 2017), which contributes to normal testis
function.

n-6 Fatty Acid Food
In contrast, an inverse correlation has been reported between n-6 PUFA intake and testicular functions. A recent study involving 209
Spanish healthy men presented that there is an inverse association between high consumption of n-6 PUFA and testicular volume
(Minguez-Alarcón et al., 2017). Considering testicular volume is decided by the seminiferous tubules, which contain spermatogenic
cells, it raises the possibility for adverse effect of n-6 PUFA on testicular function, specifically sperm production. This can be further
supported by the findings from assessing a higher ratio of n-6 to n-3 PUFA in membrane lipid composition of spermatozoa in sub-
fertile or infertile men (approximately n-6 to n-3 PUFA ratio of 1.0 versus 0.7 in normozoospermic men) as mentioned above
(Table 2). If this finding is indeed true, this could be worsened by our common dietary patterns in Western countries, where intake
of n-6 fatty acids is much higher (Blasbalg et al., 2011), which contributes to an n-6 to n-3 fatty acid ratio of 10–20:1 versus 1:1 in
our ancestral diets (Molendi-Coste et al., 2011). Dietary consumption of canola and soybean oils has been significantly increased
over the past few decades due to higher production outputs. Moreover, high consumption of n-6 linoleic acid reduces endogenous
synthesis of n-3 PUFA including DHA, leading to the high production of n-6 PUFA, as explained in Figure 3. Due to the same
enzymes involved in desaturation of the ALA and LA, the n-6 to n-3 fatty acid ratio in diets is pivotal as high levels of n-6 or n-
3 fatty acid in one can inhibit the desaturation of the other. Although Health Canada’s recommendation for the ratio of n-6 to
n-3 PUFAs in the diet is 1–4:1 (Simopoulous, 2002), more investigations are required to find the optimum dietary ratio required
for proper maintenance of male fertility functions.

Head Middle Tail

HO

O 22:6n-3 (DHA)

1.1% 19.6 %

Figure 2 Docosahexaenoic acid distribution in the spermatozoa.

Table 3 Observational studies showing the association between dietary n-3 polyunsaturated fatty acids and semen quality

Population Participant # Semen quality

Healthy mena n ¼ 188 Higher intake of fish: positively associated with sperm motility
Sub-fertile menb n ¼ 161 Intake of fish and other seafood: associated with higher sperm motility
Sub-fertile menc n ¼ 99 Higher intake of n-3 PUFA: associated with improved sperm morphology
Asthenozoospermic mend vs. controls n ¼ 72 vs n ¼ 169 Higher intake of sea food: associated with lower risks of asthenozoospermia
Sub-fertile mene n ¼ 155 Intake of fish: positively associated with sperm count and spermmorphology
Asthenozoospermic menf vs. controls n ¼ 107 vs n ¼ 235 Intake of n-3 PUFA and DHA: inversely and dose-dependently associated with

the risks of asthenozoospermia

DHA, docosahexaenoic acid; n-3 PUFA, omega-3 polyunsaturated fatty acids.
aGaskins et al. (2012).
bVujkovic et al. (2009).
cAttaman et al. (2012).
dEslamian et al. (2012).
eAfeiche et al. (2014).
fEslamian et al. (2015).
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Intervention Studies

A limited number of studies assessing diets high in n-3 fatty acids for semen quality in both healthy men and men with infertility
conditions exist (Table 4). For healthy men, 75 g of walnut a day (a source of ALA) for 12 weeks improved sperm morphology,
motility and vitality (Robbins et al., 2012). However, healthy men receiving 50 mL menhaden fish oil for 4 weeks did not find
a significant difference in sperm quality (Knapp, 1990).

Limited evidence is available to determine if dietary supplementation with n-3 PUFA, as fish oil or DHA, improves sperm param-
eters in males with fertility issues (Table 4). Evidence from a relatively large study of infertile males (n ¼ 238) with idiopathic oli-
goasthenoteratospermia, a condition including oligospermia, asthenozoospermia and teratozoospermia, showed that 1.84 g
supplementation of fish oil (1.84 g: 0.72 g of eicosapentaenoic acid (EPA, 20:5n-3), 0.48 g of DHA) per day for 32 weeks improved
sperm concentration, motility and morphology, which suggests fish oil as a cheap and non-aggressive treatment strategy for these
patients (Safarinejad, 2011). Another study performed with 27 infertile men receiving 1 g DHA in addition to 0.35 g n-6 fatty acids
and vitamins for 24 weeks, showed that the sperm concentrations were increased with a concomitant increase in pregnancy in their
female partner (Comhaire et al., 2000). However, not all studied agreed with these positive effects of n-3 PUFA consumption. Asthe-
nozoospermic men supplemented with 0.4 or 0.8 g DHA per day for 12 weeks did not show any changes in their sperm parameters

18:3n-6

20:3n-6

18:2n-6(LA)

20:4n-6(AA)

18:4n-3

20:4n-3

18:3n-3(ALA)

20:5n-3(EPA)

22:5n-3

Elongase

Elongase
22:4n-6

24:4n-6 24:5n-6

22:5n-6(DPA)

24:5n-3 24:6n-3

22:6n-3(DHA)
**

Δ 6 Desaturase

Δ 6 Desaturase Δ 6 Desaturase

Δ 5 Desaturase

Figure 3 The n-3 and n-6 polyunsaturated fatty acid synthesis from the dietary essential fatty acids. Linoleic acid (LA) and a-linolenic acid (ALA)
from the diet are enzymatically desaturated and elongated to longer-chain, more unsaturated fatty acids via the same desaturases and elongases. Due
to the same enzymes involved in desaturation of the ALA and LA, the high n-6 to n-3 fatty acid ratio in the Western diet inhibits the desaturation of
ALA, leading to the reduction of DHA synthesis. EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA, docosahexaenoic acid. * Presents
one-step b-oxidation.

Table 4 Intervention studies showing the effect of n-3 PUFA supplementation on healthy and infertile population

Population Participant # n-3 PUFA treatment

Study

length Semen quality

Healthy mena Walnut
vs. control

n ¼ 59 vs n ¼
58

75 g d�1 Walnut vs usual diet
without tree nuts (control)

12 wks Increased sperm motility, normal morphology and
vitality in those receiving walnut than the control
group consuming their normal diet

Healthy menb n ¼ 10 menhaden oil (50 mL/d) 4 wks There was no significant effect with or without
menhaden fish oil consumption on sperm motility
and count

Asthenozoospermic menc

in three groups
n ¼ 28 DHA (0.4 g d�1 and 0.8 g d�1) vs

no DHA (control)
12 wks No significant effect on sperm parameters between 2

DHA interventions and control
Infertile mend n ¼ 27 1 g DHA, 0.25 g LNA and 0.10 g

AA
24 wks Increased sperm concentrations, with improved sperm

membrane fluidity and acrosome reaction
Oligoasthenoteratospermiae

Fish oil vs. controls
n ¼ 119 vs
n ¼ 119

Fish oil (1.12 g d�1 EPA þ
0.72 g d�1 DHA) vs. corn oil
(control)

32 wks Increased sperm concentration, motility and
morphology in fish oil treatment group than controls

DHA, docosahexaenoic acid; LNA, linolenic acid; AA, arachidonic acid; EPA, eicosapentaenoic acid.
aRobbins et al. (2012).
bKnapp (1990).
cConquer et al. (2000).
dComhaire et al. (2000).
eSafarinejad (2011).
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(Conquer et al., 2000). Although the level of DHA in serum and seminal plasma increased dose-dependently, dietary DHA was
unable to incorporate into spermatozoa phospholipid in asthenozoospermic men. It raises a question of whether the quality of
sperm can be improved if the intervention period is longer as other studies in the above.

n-3 Fatty Acids Dietary Sources and Recommendations

In order to have adequate dietary n-3 fatty acids, especially DHA, knowledge regarding their dietary sources is required. Dietary n-3
fatty acids can be found in three main forms in the diet: ALA, EPA and DHA. In addition to the plant-source of DHA precursor, food-
based approach for achieving EPA and DHA is recommended. Seafoods, particularly marine fish and shellfish, are the main sources
of DHA. The American Dietetic Association/Dietitians of Canada recommended two servings of 8 oz of fatty fish (herring, salmon,
sardine; accounting > 0.5 g DHA/100 mg) per week for health promotion and reduced risk of various chronic diseases (Kris-
Etherton and Innis, 2007). DHA also can be found in the liver of some special lean fish (cod). Halibut and Pollock are known
as moderate sources of DHA corresponding to 0.3–0.5 g of DHA/100 mg.

Nutritional supplements or fortified food with fish oil or DHA, such as eggs containing 0.15 g and algae supplements, are also
needed to meet current recommendations for some individuals with limited or lack of fish intake in their diet. Although vegetable
oils are not a good source of EPA and DHA, some are rich sources of ALA, such as flax oil.

The general male population has been encouraged to consume n-3 fatty acids-rich foods to benefit their reproductive tract
health. Institute of Medicine of the National Academies issued a Dietary References Intake (DRI) for ALA to be 1.6 g d�1 providing
0.6%–1.2% of energy, for men 19 to >70 years (Otten et al., 2006). DHA is then synthesized endogenously from ALA in the body,
but its dietary intake is also recommended due to the low efficiency in DHA production. There are no DRI for DHA or EPA, but some
recommendations have been issued for different population groups based on evidence demonstrating the various health benefits of
these n-3 PUFA. The American Dietetic Association/Dietitians of Canada recommended 500 mg day�1 of EPA þ DHA (Kris-
Etherton and Innis, 2007). Although this amount is required for normal growth and neural development, as well as preventing
nutrient deficiencies, it is questionable if it is enough for males with reproductive health issues. Regardless, to achieve the recom-
mendation for DHA intake, it is required to increase the dietary intake of DHA in a preformed state in addition to its plant-derived
precursors.

Conclusions

DHA is a significant structural and functional component of testis and sperm. Only few studies have measured the effects of n-3
PUFAs and DHA supplementation onmale reproductive functions in both healthy and sub-fertile or infertile populations. Although
more interventional studies are required to fully elucidate the relationship between n-3 PUFA and male reproductive health, consis-
tent findings of reduced DHA in the sub-fertile or infertile populations provide potential to DHA for being used as an intervention
strategy for male reproductive function. To have robust data, future intervention plans should consider the effects of dose, duration,
and types of the n-3 PUFA supplementation, as well as the n-6/n-3 fatty acid ratio on these males. This will lead to developing an
effective daily dietary recommendation of DHA-rich food or supplementation for optimal male fertility. Based on the epidemio-
logical studies providing evidence of high dietary n-3 PUFA foods improving semen quality, habitual consumption of n-3 PUFA
may overall improve the male reproductive health.
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Differential effect of a carotenoid-rich diet on retina function in non-diabetic and
diabetic rats
Kathleen J. McClintona, Michel Aliani a,b, Sharee Kunyd, Yves Sauvéd,e and Miyoung Suha,b,c

aDepartment of Food and Human Nutritional Sciences, University of Manitoba, Winnipeg, Canada; bDivision of Neurodegenerative Disorders,
St. Boniface Albrechtsen Research Centre, Winnipeg, Canada; cCanadian Centre for Agri-Food Research in Health and Medicine, St. Boniface
Albrechtsen Research Centre, Winnipeg, Canada; dDepartment of Physiology, University of Alberta, Edmonton, Canada; eDepartment of
Ophthalmology and Visual Sciences, University of Alberta, Edmonton, Canada

ABSTRACT
Objective: This study was designed to examine the supplementation of a carotenoid-rich carrot
powder, on retina function and carotenoid metabolism in non-diabetic control and type 1
diabetic animals.
Methods:Male Wistar rats (n = 30) were randomly assigned to diets supplemented with (n = 15)
or without (n = 15) carrot powder enriched diets (150 g/kg diet). After 3 weeks of diet
adaptation, 8 rats in each group were treated with streptozotocin (iv) to induce type 1
diabetes and fed for a further 9 wk. Retinal function was assessed with the electroretinogram
(ERG). Hepatic and plasma retinoids and carotenoids were measured by ultra-performance
liquid chromatography.
Results: Non-diabetic control rats fed the carrot diet had significantly (p < 0.02) higher rod- and
cone- driven post-synaptic b-wave amplitudes, respectively, compared to those fed the control
diet. These functional changes correlated with higher (p < 0.05) liver levels of carotenoids (α-
and β- carotene) and retinoids. In diabetic rats, carrot diet exacerbated retina dysfunction; the
amplitudes for most of rod- and cone-driven ERG components were the lowest amplitudes
among all groups (p < 0.02). Diabetic rats fed the carrot diet had lower hepatic retinol and
retinyl palmitate, while having higher α- and β-carotene levels, indicating diminished hepatic
conversion of carotenoids into retinoids.
Discussion: Dietary supplementation of high dose dietary carotenoids plays a beneficial role on
healthy rat retina function, but exerts a detrimental effect in diabetes, which warrants
undertaking detailed mechanistic studies.

KEYWORDS
Carrot; retina; diabetes;
electroretinogram;
carotenoids; retinoids;
retinopathy

Introduction

Carrots, a well-known health food for the eyes, are one
of the richest sources of β-carotene and α-carotene.1,2

Carotenoids are essential for retina function, as precur-
sors of vitamin A, the very substrate of the only chro-
mophore of photoreceptors (rods and cones), 11-cis
retinal.3 The aldehyde form of vitamin A (11-cis reti-
nal), converted solely from the diet, covalently binds
to the photopigment opsin, and initiate phototransduc-
tion cascade when photoisomerized from cis to trans in
response to photon catch.4 While 11-cis retinal is
recycled by the retina, a continuous supply remains
essential for the first steps of vision. Vitamin A
deficiency can cause night blindness if sustained.5

Numerous studies have examined the role of sup-
plementation of purified vitamin A, and β-carotene
respectively on healthy vision and visual disorders;

however, the impact of a whole food containing several
carotenoids has been never tested.

Type 1 diabetic patients undergoing visual losses have
been found to have high serum levels of pro-Vitamin A
carotenoids and low retina levels of the protective visual
pigments6 likely due to either impaired or downregu-
lated bioconversion of carotenoids to retinol. Previous
studies reported abnormal metabolism of vitamin A in
Type 1 diabetes, with decreased availability in the retina
due to downregulated inter-photoreceptor retinoid bind-
ing protein (IRBP) and decreased hepatic mobilization of
retinol and hepatic retinol binding protein (RBP4).7–10

Whether or not carotenoid supplementation can over-
come decreased vitamin A levels observed in diabetes8

and/or prevent diabetic retinopathy has yet to be
explored. Experimental evidence has shown that
β-carotene alone or combined with other micronutrients
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(ascorbic acid, vitamin E, zinc, and copper) can prevent a
diabetes-induced increase in the number of retinal acel-
lular capillaries, increase levels of retinal glutathione per-
oxidase, which is down-regulated in diabetes, and also
inhibit DNA oxidation.11–13 However, evidence lacks
on whether such biochemical changes are indeed linked
with improvement of retinal function.

The purpose of this study was to examine the impact
of a carotenoid-rich whole food supplied as carrot pow-
der on retina function in non-diabetic control rats as well
as those with STZ induced type 1 diabetes. This study
also examined carotenoid metabolism in the liver. It
was hypothesized that both control and diabetic rats
consuming a carrot rich diet would have improved reti-
nal function, as a consequence of increased retina caro-
tenoid availability.

Materials and methods

Animals and diet

Three-week-old weanling male Wistar rats (n = 30)
(Strain Code: 003, Charles River Laboratories,
St. Constant, PQ) were housed in a temperature and
humidity controlled room with a 12-h light and dark
cycle. After four days acclimatization, the rats were
randomly assigned to either control (Cont, n = 15) or
carotenoid-enriched carrot powder diet (150 g/kg of
diet, n = 15) (Cont-C). This dose was chosen based on
a study14 that reported increased antioxidants and
improved lipid status in rats with the possibility of
cardio-protective effects. Three wk after dietary adap-
tation, rats in each diet group were randomly injected
with saline (n = 7, non-diabetic) or streptozotocin
(STZ; Tocris Biosciences, Ellisville, Missouri, USA) at
65 mg/kg (0.2 M acetate buffer, pH 4.5, I.V.) to induce
type 1 diabetes (n = 8, Diab). After 3 d, rats with fasted
blood glucose levels of 12 mmol/L or greater were
considered diabetic.

All rats were fed their respective diets ad libitum for 9
weeks (Table 1). The four final experimental groups were
as follows: i) non-diabetic with control diet (Cont, n = 7);
ii) non-diabetic with carrot enrichment (Cont-C, n = 7);
iii) diabetic with control diet (Diab, n = 8); and iv) dia-
betic with carrot enrichment (Diab-C, n = 8). Dietary
intake, body weight, and fed blood glucose values were
monitored weekly. In order to maintain elevated blood
glucose during the study period, insulin was not admi-
nistered to diabetic rats. On week 8 post-diabetes induc-
tion, rats from each group were housed individually in
metabolic cages for 3 days to measure. 24 h feed intake,
water consumption, urine volume and fecal weights. At
the end of week 9, the full-field electroretinogram

(ERG) was recorded to assess retinal function. After
euthanasia with intraperitoneal injection of lethal dose
pentobarbital (120 mg/kg) and cervical dislocation,
blood via cardiac puncture and tissue were collected.
All of the rats (n = 30) completed the trial, except 1 rat
in Diab group, which was euthanized because of dental
issues which was causing low diet intake during the
experimental period. At the end of the trial for the
ERG measurement followed by tissue collection, 1 rat
in Cont group was dead before ERG measurement
(injected with ketamine and Zylazine) and 3 more after
sudden death with pentobarbital injection. Therefore,
the data from Cont animals were all included except
ERG (n = 6), the final glucose (n = 3) and hepatic reti-
noids and carotenoids (n = 3).

Carrot powder was provided by the Food Product
Development Centre (Portage la Prairie, MB, Canada).
Nutrient contents (per 100 g) of the powder were
measured by SGS Canada Inc. (Vancouver, BC, Canada);
protein (8.2 g), carbohydrate (74.9 g including fiber), fat
(1.8 g), moisture (8.4 g) and ash (6.6 g). Mineral and
fiber contents were found to be approximately 3.3 and
30 g (67% insoluble; 33% soluble), respectively. These
values were within a similar range as previously pub-
lished data.15 Carotenoid content (β-carotene and α-car-
otene) was quantified in our laboratory by reverse-phase
ultra-performance liquid chromatography (UPLC) with
photodiode array (PDA) detection (Acquity, Waters
Corp., Milford, USA) (Table 1). The control diet was
modified based on the carrot powder nutrient content
and provided calories as fat (∼35%), carbohydrate
(42–44%), and protein (20%), meeting the current

Table 1. Composition of experimental diets (g/kg).
Control Carrot

Casein 218.0 216.0
Corn starch 423.0 403.5
Sucrose 37.5 –
Glucose 15.0 –
Fructose 15.0 –
Non-nutritive cellulose 50.0 0.0
Vitamin mix AIN-93VX 10.0 9.0
Mineral mix AIN-93M 50.0 45.0
Choline chloride 2.75 2.75
Inositol 6.25 6.25
L-methionine 2.5 2.5
Canola oil 170.0 170.0
Carrot powder* – 150.0
Carotenoids (mg)**
β-carotene – 61.9
α-carotene – 43.1

Diet ingredients were purchased from Dyets Inc. (Bethlehem, PA) except
canola oil and Inositol: Inositol (Bio-Serv, Frenchtown, NJ); Capri Canola
Oil (Bunge Ltd, MB, Canada) containing dimethylpolysiloxane, as an anti-
foaming agent.

*Contains approximately 10.5 g protein, 17.3 g starch, 37.5 g sucrose, 15 g
glucose, 15 g fructose, 0.05 g vitamins, 4.5 g minerals, 47.5 g fiber (∼67%
insoluble; ∼33% soluble)

**Carotenoids from the Carrot Powder (0.0105% diet)
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macronutrient distribution recommendations by the
Canadian Diabetes Association.16 The control and carrot
diets contained approximately 4.36 and 4.39 kcal/g,
respectively. With this approach, diet induced changes
on metabolism and function were considered to reflect
the differences in dietary intake of carotenoids
(0.0105%; β-carotene and α-carotene 61.9 and 43.1 mg/
kg diet, respectively. All rats received fresh feed 3 times
per wk to minimize ingredient decomposition and nutri-
ent loss. This study was approved by the institution’s
Office of Research Ethics and Compliance and Animal
Care Committee (Protocol# 11016). Animal care pro-
cedures were based on guidelines described in the Cana-
dian Council for Animal Care.

Serum glucose

Serum glucose was measured using a Genzyme Diagnos-
tics™ colourimetric assay kit (Charlottetown, PEI, Ref.
#220-32). The quinoneimine dye produced by the reac-
tion between hydrogen peroxide, hydroxybenzoate and
4-aminoantipyrine was measured spectrophotometri-
cally at its absorbance of 505 nm. This test had a coeffi-
cient of variation (CV) of 3.1%.

Electroretinography

The full-field electroretinogram (ERG) was recorded
using UTAS-4000 system (LKC Technologies Inc.,
Gaithersburg, MD). To ensure maximum rod sensitivity,
rats were dark-adapted overnight before recording. To
assess rod and cone function, mixed dark-adapted and
light-adapted response protocols were applied as pre-
viously published by our laboratory.17 Rats were anaes-
thetised with an intraperitoneal injection of a mixture
of xylazine and ketamine (12.5 and 62.5 mg/kg, respect-
ively). Body temp was maintained at 37–38°C with a
heating pad and pupils were dilated with one drop of
1% Tropicamide applied on the corneal surface, which
also allowed electrical contact with the gold loop record-
ing electrodes. A pair of 25G platinum needles, inserted
subcutaneously behind each eye, served as reference elec-
trodes, and a third platinum needle was placed behind
the neck to serve as a ground electrode. ERG data were
analyzed from a single eye per rat, chosen based on the
criteria of greatest maximal dark-adapted a-wave ampli-
tude. Detailed dark and light intensity response program
was described in our previous study.17

Retina immunohistofluorescence

Eyes were fixed in 4% paraformaldehyde for 30 min.
Corneas and lenses were then removed and eyecups

were fixed for an additional 30 min prior to processing
in sucrose (10%, 20% and 30% in PBS pH 7.4). The eye-
cups, embedded with OCT medium, were frozen in
liquid nitrogen and stored at −80°C. 20 μm cryosections
were cut along the naso-temporal axis and mounted onto
microscope slides (27 sections per retina). Briefly, slides
were washed in PBS (pH 7.4), placed in blocking solution
(10% goat serum and 0.3% Triton X-100 in PBS) and
reacted overnight with monoclonal mouse anti-fibrillary
acidic protein (GFAP, Covance Inc., Princeton, NJ)
diluted 1:1000 in a 1/10 dilution of above blocking sol-
ution, at room temp. Slides were then washed in PBS
and reacted with secondary antibody goat-anti-mouse-
Alexa594 (Molecular Probes Inc., Eugene, OR) in 1/10
blocking solution for 1 hr before extensive washing in
PBS. Three drops of ProLong® Gold antifade reagent
with DAPI (Molecular Probes Inc., Eugene, OR) were
applied to the slides and cover-slipped to seal overnight.
Sections were visualized and photographed using a Leica
DM6000B fluorescence microscope with AF6000 camera
and LAS AF software (Leica Microsystems Canada, Con-
cord, ON) using a HC PL FLUOTAR 20X0.5 dry objec-
tive. To better visualize the GFAP labeled Müller cell
processes, copies of the images were converted to grays-
cale, flattened, inverted, and brightness and contrast
were adjusted with Adobe Photoshop CS2 software ver-
sion 9.0.2 (Adobe, San Jose, CA).

Ultra-performance liquid chromatography

Tissue carotenoid and retinoid extraction
All sample, standards and stock solution were prepared
under dim red light. The retinoids and carotenoids
from liver homogenate (200 mg) and plasma (500 μL)
were extracted with 5 mL of chloroform:methanol (2:1,
v/v), based on Veda & Srinivasan18 with a slight modifi-
cation. Retinyl acetate was used as an internal standard
(Qiagen, Valencia, CA). The lower chloroform layer
was evaporated and dissolved in 100 μL acetone and
liver samples in 150 μL and analyzed in triplicate.

Chromatographic conditions
The separation of carotenoids or retinoids was per-
formed on a C30 Carotenoid (3 µm; 4.6 cm × 250 mm,
Waters Ltd, Lachine, QC) reverse-phase column using
Waters Acquity ultra performance liquid chromato-
graphy (UPLC) system coupled with photodiode array
detection (UPLC-DAD), equipped with Acquity console
software and MassLynx 4.1 (Waters Corp., Milford,
MA). The mobile phase was set at 0.4 mL/min. (caroten-
oids) or 0.3 mL/min. (retinoids) consisting of methanol,
methyl t-butyl ether and HPLC grade water for solvent A
(81: 15: 4, by vol. and solvent B (6: 90: 4, by vol.).
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The running conditions for carotenoids were
(Initially, 80% A held until 15 min/gradient to 60% A
from 15 to 23 min/isocratic hold 60% A 23–39 min/
re-equilibration to initial composition of 80% A from
39 to 46 min); for retinoids (Initially, 100% A held
until 11 min/gradient to 50% A from 11 to 18 min/ iso-
cratic hold of 50% A from 18 to 36 min/final re-equili-
bration to initial composition of 100% A from 36 to
44 min. with a hold at 100% A for 2 min. The remaining
was made-up with solvent B to reach 100%. Detection
wavelength was set at 420–460 nm for carotenoids,
320–385 nm for retinoids, 326 for retinal acetate. Detec-
tion limit was as follows: for α-carotene and β-carotene,
0.025 μg/injection with a signal to noise ratio (S/N) of
106 and 292, respectively; retinyl palmitate, 0.05 μg/
injection; all-trans-retinol and all-trans-retinal0.0033
μg/injection. Triplicates were run for the liver and had
intra-assay CVs of 6% and 7% for retinol and retinyl pal-
mitate, respectively; 13%, 18.5% and 11.5% for α-caro-
tene, β-carotene and lutein, respectively.

Quantification of carotenoids was based on calibration
curves with known amounts of the standards and with
duplicate injections. α-carotene was generously donated
by DSM Nutritional Products (Basel, Switzerland).

Statistical analysis

The effects of diet and disease were analyzed by two-way
analysis of variance (ANOVA) using SAS 9.2 (SAS Insti-
tute Inc., Toronto, ON). The significant effects of the
treatment were defined by Duncan’s multiple range
test. When there was no interaction effect of the diet
and disease identified, the ANOVA was re-tested for
the main factor, which enabled us to test against the cor-
rect degree of freedom of error. Liver carotenoids were
tested by Student’s t-test with p≤ 0.05 for statistical sig-
nificance. ERG components were analyzed using the
quadratic growth model with PROC MIXED provided
by SAS. For this test, 11 out of 15 light steps of dark-
adapted and 6 of 10 light intensity steps were tested
(intensities for which amplitudes exceeded 10 µV cri-
terion). ERG parameter values were expressed as mean
± standard error of the mean (SEM). All other data
were expressed as mean ± standard deviation (SD).

Results

Body and organ weights

Rats fed carrot diet had higher body weight (8% and 4%;
p < 0.04) and liver weight (33% and 28%; p < 0.002) com-
pared with those fed control diet, Cont and Diab,
respectively (Table 2). The carrot enrichment diet also

increased epididymal adipose tissue weight in non-dia-
betic rats. When expressed as percentage of body weight
(g/100 g), liver weights were not different in healthy ani-
mals, however, diabetic rats fed the carrot diet demon-
strated a 24% increase in liver weight. At termination,
diabetic rats weighed less (p < 0.0001) and had less epidi-
dymal adipose tissue in both absolute and relative weight
(p < 0.0001 and p < 0.005, respectively) than their
healthy counterparts. In contrast, diabetic rats had 57–
84% (w/w) larger relative liver weights than non-diabetic
healthy rats (p < 0.0001).

Metabolic parameters

Fasting blood glucose (FBG) was measured at week 12,
the endpoint of the experiment, to confirm the persist-
ence of diabetes (p < 0.0001, Table 3). All STZ treated
rats were hyperglycemic within a range of 24.7–
40.6 mmol/L. Metabolic cage data confirmed polydipsia,
polyuria, and polyphagia (p < 0.0001, p < 0.0001, and p <
0.0004, respectively; Table 3). In comparison to non-dia-
betic rats, water intake, food intake, urine output and
fecal output were ∼6.3, 1.3, 14.6 and 3.0 times higher,
respectively, in diabetic rats (p < 0.0001). Diabetic rats
fed the carrot vs those fed the control diet, showed a
15% decrease in FBG (p < 0.04) and a 33% reduction in
urinary output (p < 0.01).

Retina function as assessed with the full field ERG

ERG recordings were undertaken to examine the effect of
carrot supplementation on retina function in non-diabetic
control and diabetic rats. Representative dark-adapted
(rod cell response) ERG traces for non-diabetic animals
supplemented with carrot (Cont-C) or not (Cont) are
shown in Figure 1(A). Amplitudes of the rod driven a-
wave (presynaptic) and b-wave (postsynaptic) ERG com-
ponents as a function of flash strength are provided in
Figure 1(D and E), respectively. In non-diabetic control
rats, carrot supplementation was associated with higher
a- and b-wave amplitudes (Cont-C vs Cont).

Traces from diabetic animals (Diab-C versus Diab) are
shown in Figure 1(B). Induction of diabetes led to signifi-
cantly (P < 0.01) lower amplitudes in a- and b-wave
(Figure 1(D and E)). Moreover in diabetic animals, con-
trary to its effect in healthy control animals, carrot sup-
plementation was associated with further decrements in
dark-adapted a- and b-wave amplitudes. As such, in carrot
fed rats the amplitudes of all ERG components were up to
threefold higher in healthy (Cont-C) compared with dia-
betic animals (Diab-C). Reduced rod-driven oscillatory
potentials (OP) amplitudes (a feature of diabetic retinopa-
thy, a functional indicator of second synaptic order
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neurons, amacrine cells) occurred in diabetic rats com-
pared to non-diabetic rats (Figure 1(F); P < 0.005). While
carrot supplementation did not affect the amplitudes of
OP, their onset and frequency were faster (Figure 1(F)).

Implicit times (ms) for dark-adapted a- and b-wave,
an indicator of rod phototransduction activation kinetics
recorded at saturation levels (2.0 log cd s/m2),, were sig-
nificantly delayed in diabetic versus non-diabetic rats
(P < 0.008): dark-adapted a-wave (6.2 ± 0.5 vs 5.6 ± 0.6
control diet; 7.11 ± 6.3 vs 5.6 ± 0.4 carrot diet); and
b-wave (44.8 ± 7.4 vs 37.6 ± 3.2 control diet; 50.1 ± 10.5
vs 38.9 ± 2.3 carrot diet). Implicit times of rod-driven
OPs were also (Figure 1(C)) delayed in diabetic versus
non-diabetic rats (Figure 1(F)), which is another feature
of diabetic retinopathy.

Representative light-adapted (cone-cell response)
ERG traces for all experimental groups are shown in
Figure 2(A and B). Carrot supplementation was associ-
ated with increased cone-driven retina function in con-
trol rats (Figure 2(C), p < 0.01), but had the opposite
effect in diabetic rats. Cone driven OP amplitudes and
timing were not altered by diet and diabetes (Figure 2
(D)), neither were light-adapted b-wave implicit times
(ms) in diabetic versus healthy rats (46.9 ± 6.7 vs 60.6
± 1.39 control diet; 57.9 ± 19.2 vs 52.4 ± 9.6 carrot diet).

Retina anatomy as assessed by
immunofluorescence

To examine the effect of carrot supplementation on retina
structure in non-diabetic control and diabetic animals,
retina histology was compared between groups (Figure
3) using the nuclear marker DAPI (top panel in blue;
lower panel in grayscale, enlarged) and GFAP immunos-
taining as a marker of Müller cell reactivity and retinal
injury (middle panel in red; lower panel in grayscale,
enlarged). No differences in nuclei counts and thickness
were observed among any of the groups: the outer nuclear
layer (ONL), containing photoreceptors or in the inner
nuclear layer (INL), containing closely packed bipolar,
horizontal and amacrine cells. GFAP-stained Müller cell
processes and their endfeet appeared in the inner half of

the retina and no additional reactivity was observed as a
result of diabetes or carrot supplementation.

Retinoid and carotenoid profiles

Since liver is the primary storage site, and regulator of
vitamin A homeostasis, liver retinoid and carotenoid
concentrations (µg/g liver) were measured to determine
the effects of carrot supplementation in non-diabetic
control and diabetic rats (Figure 4). Rats fed the carrot
supplemented diet had significantly (p < 0.04) higher
retinol and retinyl palmitate concentrations in both con-
trol and diabetic groups. Carrot enrichment led to the
highest levels of liver retinol and retinyl palmitate
reserves in non-diabetic control rats, with 1.3 and 3.4
fold increases, respectively, compared with smaller
increases in diabetic rats, 1.1 and 1.6 folds, respectively.
Diabetic compared with non-diabetic rats, had lower
liver concentrations of retinol and retinyl palmitate (p
< 0.005). Retinol was decreased by 36% and 35%, and
retinyl palmitate was decreased by 23% and 48%, for
control and carrot fed group, respectively.

Alpha and β-carotene were only evident in chromato-
grams of rats that had received carrot enrichment
(Figure 4). The concentrations of α- and β-carotene
were significantly (p < 0.006) higher in the diabetic rats
when compared with their non-diabetic counterpart.

Fasted serum samples were also analyzed for retinol,
retinyl palmitate, β-carotene and α-carotene, however
only retinol was detected. Rats fed the carrot diet had
1.18 and 1.11 times higher retinol (µg/ml serum) than
their counterpart control (0.21 ± 0.05 (Cont); 0.23 ±
0.04 (Cont-C)) and diabetic rats (0.24 ± 0.05 (Diab),
0.26 ± 0.06 (Diab-C)), respectively, but values did not
reach significance (p = 0.09).

Discussion

Summary of main findings

The present study is the first to show a whole food sup-
plementation of carotenoids (carrot powder) on retinal

Table 2. Effect of carrot enrichment on body and tissue weights in non-diabetic and diabetic rats.

Cont Cont-C Diab Diab-C
Diet
(p<)

Disease
(p<)

D*D
(p<)

Body WT (g) 540 ± 18b 582 ± 47a 340 ± 33c 354 ± 35c 0.04 <0.0001 ns
Liver (g) 13.5 ± 6.1b 17.9 ± 1.9a 15.6 ± 2.4b 20.0 ± 3.5a 0.002 ns ns
Adipose (g) 3.8 ± 1.1b 5.5 ± 1.9a 2.1 ± 0.4c 1.9 ± 1.0c ns <0.0001 0.03
Tissue weight relative to body weight
Liver (%) 2.92 ± 0.21c 3.08 ± 0.24c 4.57 ± 0.54b 5.66 ± 0.95a 0.01 <0.0001 0.05
Adipose (%) 0.70 ± 0.21b 0.95 ± 0.28a 0.63 ± 0.13b 0.53 ± 0.21b ns 0.005 0.03

Values are mean ± SD, n = 7–8 rats/group. Significant effects of diet and disease were identified by two-way analysis of variance with Duncan’s multiple range
test. Values without a common superscript within a row are significantly different. Adipose represents epididymal fat. D*D diet and diabetes interaction, ns not
significant.
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function in non-diabetic control and diabetic rats. This
study used a full-field ERG as an objective quantitative
approach to assess the integrity of the whole retina.
The main findings of this study are: STZ-induced
type 1 diabetic animals had lower amplitudes of scoto-
pic (rod cell) and photopic (cone cell) a- and b-wave
and rod-driven OP than their healthy counterparts;
and while carrot powder provided in the diet increased
scotopic and photopic retina function in healthy ani-
mals, it had an opposite effect in diabetic animals as
indicated by reductions in all ERG responses tested;
Carrot powder supplementation (15%, w/w) used in
this study, significantly increased the retinoids and
carotenoids in liver in both non-diabetic and diabetic
condition: significant accumulation of β-carotene and
α-carotene with much lower retinoid in diabetes
(DC) compared to non-diabetic status, indicting
reduced conversion of β-carotene and α-carotene to
vitamin A in liver. Overall, feeding high amount of
carrot affects differently in retina function depending
on healthy or diabetic conditions.

Effect of diabetes on retinal function and
structure

Diabetic rats, after 9 weeks of STZ injection, showed both
outer and inner retina functional deterioration with
decreases in the amplitudes of rod-driven a-wave (photo-
receptors), b-wave (inner retina, ON-bipolar cells and per-
haps Müller cells), and rod-OPs (inner retina, amacrine
cells), as well as increases in the implicit times of both
a- and b-waves, and OPs. These functional changes in dia-
betes are in line with previous findings.19,20 Bui et al.21 also
reported that ganglion cell dysfunction was most obvious
in diabetes among other ERG components. Although our
dark-adapted dimmest stimulus strength is higher than
Bui’s (−2.4 log cd s/m2), only 25% of the diabetic rats,
regardless of diet treatment, responded to this intensity
in comparison to 100% of healthy control rats, confirming
the abnormal ganglion cell function in diabetes. Less
affected cone function may be due to less cone cell popu-
lations in rats; cones comprising only approximately
0.85% of total photoreceptors.22

Furthermore, the present study examined if these
functional changes were accompanied with pathological
structural changes in the retina. Based on DAPI and
GFAP staining, no alterations to the ONL and INL thick-
ness, and stress-induced changes in Müller cell reactivity,
respectively, were observed. Only functional changes,
without any structural alterations, suggest that the dia-
betic rats in the present study were at the earliest stages
of diabetic retinopathy. It has been reported that
decreased and delayed OP responses are the earliest mar-
kers of diabetes in human and animals,23–26 with no
gross histological changes in the retina in 12 week
post-treatment diabetic rats.21 Gong and Rubin27 indi-
cate that rodents present challenges for studying
human diabetic retinopathy since they present with
only the early stages of retinopathy.

Effect of carrot powder on retinal function

Carrots have been recognized as the top vegetable for eye
health, however little is known about their effect in dia-
betic retinopathy. Control rats receiving carrot enrich-
ment had significantly greater rod- and cone-driven
bipolar cell (b-wave) amplitudes than all other groups
suggesting improved inner retina visual function. This
study indicates that provision of pro-vitamin A caroten-
oids in the form of carrot powder can further improve
retina function, even though vitamin A is not deficient
in the diet as designed in this study.

In contrast to healthy animals, diabetic animals
receiving carrot powder had further reduced rod -driven
bipolar cell (b-wave) amplitudes than diabetic animals
fed the control diet. As evidenced by these results,
inner retina function was more affected in diabetes.
Longer implicit time latency of photoreceptors in the
type 1 diabetic condition, and subsequently rod and
cone driven signal pathways, were negatively impacted
by the carrot powder supplementation. This is an impor-
tant finding considering carrots are generally accepted as
an eye health food regardless of disease state. Presently,
the mechanism underlying impaired visual function
with high carrot powder consumption in uncontrolled
type 1 diabetes is unknown. Earlier studies reported

Table 3. Effect of carrot enrichment on diabetic parameters and endpoint blood glucose in non-diabetic and diabetic rats.

Cont Cont-C Diab Diab-C
Diet
(p<)

Diabetes
(p<)

D*D
(p<)

FBG (mM) 6.5 ± 1.1c 7.5 ± 1.2c 35.1 ± 2.7a 29.9 ± 5.2b ns <0.0001 0.04
Water (mL) 26.5 ± 5.3b 36.9 ± 8.3b 178.0 ± 29a 156.0 ± 45a ns <0.0001 ns
Food (g) 24.1 ± 5.6b 23.7 ± 3.0b 32.2 ± 6.3a 28.9 ± 5.6a ns 0.0004 ns
Urine (ml) 12.2 ± 4.4c 19.7 ± 6.5c 213.1 ± 58.9a 143.0 ± 55.7b 0.03 <0.0001 0.01
Feces (g) 3.6 ± 0.8b 4.3 ± 1.0b 9.4 ± 2.2a 12.0 ± 4.1a ns <0.0001 ns

Values are mean ± SD, n = 7–8 rats/group (exception n = 3 in Cont in fasted blood glucose (FBG)). Significant effects of diet and disease were identified by two-
way analysis of variance with Duncan’s multiple range test. Values without a common superscript within a row are significantly different. D*D diet and diabetes
interaction, ns not significant.
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abnormal metabolism of vitamin A in type 1 diabetes,
with decreased availability in the retina due to downre-
gulated IRBP and decreased hepatic mobilization of reti-
nol and hepatic RBP4.7–10 A very recent study28 also
echoed these findings in animals with longer duration
of type 1 diabetes (4 months), which showed a significant

decrease in IRBP and its binding protein, stimulated by
retinoic acid 6 (STRA6), and serum RBP4, resulting in
decreased rhodopsin regeneration. Thus, altered visual
transduction pathways, visual cycles, and retinoid trans-
portation of IRBP29 affected by carrot provision could be
further explored. Since daily insulin (2 IU/d) can reverse

Figure 1. The effects of carrot enrichment on ERG dark-adapted responses in non-diabetic and and diabetic rats. Data expressed as
mean ± SEM (n = 6–8 rats/group). Representative ERG traces: (A) Cont versus Cont-C; (B) Diab versus Diab-C. (C) Delayed implicit
times in rod-driven OPs in diabetic (Diab, Diab-C) vs healthy rats (Cont, Cont-C). Dark-adapted responses for all groups: (D) A-wave
amplitudes; (E) B-wave amplitudes; (F) Sum oscillatory potentials (OPs). Disease effects: a-wave (P < 0.0003), b-wave (p < 0.01), OPs
(p < 0.005). Diet effects: b-wave (P < 0.02). Interaction effects: b-wave (p < 0.05), OPs (p <0.04). Cont, non-diabetic control diet;
Cont-C, non-diabetic with carrot enrichment; Diab, diabetic control diet; Diab-C, diabetic with carrot enrichment. Scale bar for ERG
traces in panels A and B: vertical bar = 200 µV and horizontal bar = 50 ms; for panel C, vertical bar = 200 µV and horizontal bar = 25 ms.
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the G-protein deficiency within the visual cycle that is
induced by diabetes30, insulin injection could rule out
any independent effect of hyperglycemia and warrants
further study.

Effect of carrot powder on liver retinoids and
carotenoids

Since retinoids in the retina rely on liver synthesis and
reserves, retinoids and carotenoids in the liver were

measured to understand bioconversion of the pro-vita-
min A in carrot powder. Diabetic rats had significantly
larger livers compared to healthy rats, and carrot diet
further exacerbated this size increase, which was
accompanied by higher accumulation of α-carotene
and β-carotene. Larger liver size has been reported in
humans and rats with chronically poor glycemic con-
trol and insulin resistance in type 1 diabetes,9,31,32

and hypervitaminosis A induced inflammation and
fibrosis.33

Figure 2. The effects of carrot enrichment on ERG light-adapted responses in in non-diabetic and diabetic rats. Data expressed as mean
± SEM (n = 6–8 rats/group). Representative ERG traces: (A) Cont versus Cont-C; (B) Diab versus Diab-C. Light-adapted responses for all
groups: (C) B-wave amplitudes; (D) OPs. Diet effects: b-wave (p < 0.01). No significant disease effects. Interaction effects: b-wave (p <
0.008). Scale bar for ERG traces in panels A and B: vertical bar = 200 µV and horizontal bar = 50 ms. Cont non-diabetic control diet, Cont-
C non-diabetic with carrot enrichment, Diab diabetic control diet, Diab-C diabetic with carrot enrichment.

Figure 3. The effects of carrot enrichment on retina structure in non-diabetic and diabetic rats. DAPI nuclear visualization (in blue) and
GFAP expression to assess Müller cell reactivity (in red) were merged. Representative central retina images, 20X objective, 50 µm scale
bar. ONL, outer nuclear layer; INL inner nuclear layer; GCL ganglion cell layer. Cont non-diabetic control diet, Cont-C non-diabetic with
carrot enrichment, Diab diabetic control diet, Diab-C diabetic with carrot enrichment.
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Greater carotenoid liver storage combined with low-
ered retinoids suggests that there may be impairment
of α- and β-carotene conversion to retinol and retinyl
palmitate during diabetes. This may be related with the
carotenoid cleaving enzymes, β-carotene 15, 15’-mono-
oxygenase (BCMO) and -dioxygenase2 (BCDO2).
Decreased expression of BCMO has been reported in
the liver and intestine in type 1 diabetes.34 Also
BCDO2 (+/−, -/-) knockout animals supplemented
with non-provitamin A carotenoids (lutein and zeax-
anthin) accumulated triacylglycerides,35 indicating the
enlarged liver observed may have developed hepatic stea-
tosis, although it was not investigated in this study. It will
be worth measuring both enzyme activity and gene
expression of BCMO and BCDO2 after similar diet regi-
mens during diabetic conditions in future studies. It
should also be noted that diabetic rats ate 1.22 times
more while losing weight, leading to about 1.90 times
more carotenoids consumption per kg weight. There
may be differing organ thresholds in the disease state,
which may have contributed to the decreased ERG
amplitude in the diabetic group. Thus, a series of carrot
doses should be tested in parallel with β-carotene alone.
Regardless of the retinoid and carotenoid status of the
liver, the serum retinol was only slightly increased
(1.11–1.18 times) without reaching significance among

the groups in the present study. Perhaps it reached a sat-
uration point during the experimental period and stored
the overflow in the liver.

The experimental diet used in this study provides
100.5 mg carotene/1 kg diet in ∼4300 kcal/kg. Although
it is difficult to convert the rodent diet directly to human,
if humans consume ∼ 2000–3000 kcal/d, this could cor-
respond to a consumption of 48.8–73.3 mg of caroten-
oids/d. Since a large raw carrot (80 g) contains
∼9.4 mg carotenoids, it is equivalent to consuming
∼5.2–7.8 of large raw carrots a day. Only a handful of
studies used a very high dose of β-carotene (50 mg/d
for 6 weeks or 50 mg/every other day for ∼9 years) for
type 2 diabetic risks by showing conflicting benefits,36,37

but none of these studies reported any side effects. Also,
few animal studies have used a very high dose of β-car-
otene in a range of 125–2000 mg/kg diet on atherogenic
benefits.38,39 However, these studies also did not report
the negative effect of carotene toxicity, indicating the
possibility of different threshold for different tissues,
such as retina.

Conclusions

In conclusion, under normal healthy conditions, caro-
tenoid supplementation through carrot may be beneficial

Figure 4. The effects of carrot enrichment on liver retinoids and carotenoids in non-diabetic and diabetic rats. Expressed as µg/g of liver
tissue. Data expressed as mean ± SD (n = 7–8 rats/group, exception (Cont, n = 3). Diet effects: retinol (p < 0.04), retinyl palmitate (P <
0.0001); carotenoids (p < 0.006). Disease effects: retinol (p < 0.003), retinyl palmitate (P < 0.0005). Interaction effects: retinyl palmitate
(p < 0.006). Values without a common superscript within a row are significantly different. Cont non-diabetic control diet, Cont-C non-
diabetic with carrot enrichment, Diab diabetic control diet, Diab-C diabetic with carrot enrichment.
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to the retina. In type 1 diabetes, carrot diet decreased
serum glucose and urinary output. However, high caro-
tenoid supplementation exerts a negative effect in retinal
function in uncontrolled diabetes. Future studies are
necessary to elucidate the underlying mechanisms
involved with the current treatment regimen and the
visual transduction pathway and visual cycle, which
will further support the electrophysiological findings
presented in this study. Considering the different meta-
bolic process of carotenoids in diabetes (i.e. the lower hepa-
tic conversion of carotenoids to retinoids), supplementation
of carotenoids by carrot powder at the high concentrations
(15%, w/w) as previously recommended14 (∼2.8 times
higher than recommended amounts of vitamin A for rats
on control diet (1.2 mg/kg diet40), likely exacerbate retina
dysfunction. Therefore, the design of the present study
findings does not support very high consumption of caro-
tenoid containing supplementation with any existing dis-
ease states. Moreover, it should be discouraged until more
robust data is available.
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ABSTRACT
Purpose: The study objectives were to (i) describe employment outcomes
among Registered Dietitians (RDs) who graduated from the University of
Manitoba, (ii) test for differences in employment outcomes according to
graduation year, and (iii) compare preferred area of practice and geogra-
phy prior to employment with past and current employment.
Methods: Graduates of the Human Nutritional Sciences program
(2006–2015) were invited to participate in an online survey. Data on
respondent demographics, education, and employment outcomes were
collected.
Results: Overall, 133 (68%) respondents self-identified as RDs. RDs who
had graduated between 2006 and 2011 were significantly more likely to
secure employment within 6 months post-graduation compared with RDs
that graduated between 2012 and 2015. Geographically, although 56%
of RDs did not wish to gain experience in rural/remote communities upon
graduating, 44% of these respondents reported working part- or full-time
in a rural/remote location at some point during their career.
Conclusion: Findings indicate that a substantial number of RDs in
Manitoba are employed in a rural or remote location despite acknowledg-
ing that it is not a preferred location. Future research is needed to explore
the views and experiences of new and established RDs toward rural or
remote practice, including preparedness for practice.

(Can J Diet Pract Res. 2019;80:87–90)
(DOI: 10.3148/cjdpr-2018-035)
Published at dcjournal.ca on 15 November 2018

RÉSUMÉ
Objectif. Les objectifs de l’étude étaient (i) de décrire les résultats en
matière d'emploi de diététistes diplômés de l’Université du Manitoba,
(ii) d’évaluer les différences dans ces résultats selon l’année d’obtention
du diplôme et (iii) de vérifier si les emplois passés et actuels des
répondants correspondaient au domaine de pratique et à la localisation
géographique qu’ils privilégiaient avant de faire leur entrée dans la
pratique.
Méthodes. Les diplômés du programme de sciences de la nutrition
humaine (2006-2015) ont été invités à participer à un sondage en ligne.
Des données démographiques ainsi que des données sur la scolarité et
les résultats en matière d’emploi ont été recueillies.
Résultats. Globalement, 133 (68 %) répondants se sont identifiés
comme étant diététistes. Les diététistes qui avaient obtenu leur diplôme
entre 2006 et 2011 étaient significativement plus susceptibles de s’être
trouvé un emploi dans les six mois suivant l’obtention du diplôme, com-
parativement à ceux ayant obtenu leur diplôme entre 2012 et 2015.
D’un point de vue géographique, bien que 56 % des diététistes ne sou-
haitaient pas obtenir de l’expérience dans les collectivités rurales ou
éloignées après l’obtention de leur diplôme, 44 % de ces répondants
ont déclaré avoir travaillé à temps plein ou à temps partiel dans une
collectivité rurale ou éloignée à un certain moment de leur carrière.
Conclusions. Les résultats indiquent qu’un nombre important de
diététistes du Manitoba travaillent en milieu rural ou éloigné, malgré avoir
reconnu qu’il ne s’agissait pas d’un lieu privilégié. De futures recherches
sont nécessaires pour explorer les perspectives et expériences des
diététistes nouveaux et établis à l’égard de la pratique en milieu rural ou
éloigné, y compris en ce qui a trait à la préparation à la pratique.

(Rev can prat rech diétét. 2019;80:87–90)
(DOI: 10.3148/cjdpr-2018-035)
Publié au dcjournal.ca le 15 novembre 2018

INTRODUCTION
The dietetic profession promotes diverse areas of practice,
including clinical and community nutrition, food service man-
agement, and research [1]. Although previous studies on career
paths of Registered Dietitians (RD) have been examined, they
have, to our knowledge, never taken into account whether or
not recently graduated RDs find work in their initial preferred
geographic location or area of practice. Further, Dietitians
of Canada (DC) has reported that rural and remote commun-
ities are usually underserviced by RDs, highlighting the
importance of examining employment in these areas by recent

graduates [2]. The objectives of this study were to:
(i) describe employment outcomes (e.g., area of practice, con-
tract status, location, etc.) among RDs who graduated from
the University of Manitoba (UofM), (ii) test for differences in
employment outcomes according to graduation year, and
(iii) describe and compare preferred area of practice and geog-
raphy prior to employment with past and current employment.

METHODS
A retrospective, online survey was developed and dissemi-
nated, between February and March 2017, to all former
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Human Nutritional Sciences students of the UofM who had
graduated between 2006 and 2015 using SurveyMonkey. This
study received approvals from the Joint-Faculty Research
Ethics Board (HS20238), the Survey Review Committee, and
the Access and Privacy Office of the UofM. All survey
responses were kept confidential. Details on survey develop-
ment, content, and distribution are described elsewhere [3].
For the present paper, analysis was limited to participants
who responded as having completed a dietetic internship,
regardless of province of completion.

Year of graduation was collected and dichotomized into
2 groups, 2006–2011 (n = 65) and 2012–2015 (n = 67).
Employment information included length of time to secure
first position, current area of practice, employment status
(full- or part-time) of first and current position, geographic
location of current position, and preferred area of practice
and preferred geographic location at graduation as well as geo-
graphic locations of any employment post-graduation.
Multiple responses were allowed for preferred area of practice
and location, as well as for locations of previous employment.

Employment outcomes were described and compared
according to year of graduation by χ2tests using SPSS statisti-
cal software, version 23 (SPSS Inc., Chicago, Illinois). Areas
of practice and location for current position were described,
including the proportion who also selected it as a preferred
option. Geographic location and preference for any past
employment was also described.

RESULTS
In total, 133 respondents identified as RDs. Overall, most
RDs secured employment within 6 months of internship

completion. RDs who graduated before 2012 were more likely
to secure employment within 6 months of graduating,
compared with those who graduated between 2012 and 2015
(P < 0.01). However, respondents who graduated after 2012
were more likely to secure full-time employment in their first
position than those who completed their degree earlier
(Table 1). Most RDs (66%) were currently employed in the
area of clinical nutrition, followed by community nutrition
(45%) (Table 2). Overall, most RDs were working in an area
of practice that they had selected as a preferred area.

However, 44% of respondents who reported not wanting
to work in a rural or remote location had worked either part-
or full-time in a rural or remote location at some point during
their career. Further, approximately 30% of RDs who did not
want to gain experience in a rural/remote location upon
graduation were currently employed in such a location
(Table 2).

DISCUSSION
The majority of RDs were employed primarily within a clinical
setting or in community and public health. Promisingly, over
85% of RDs employed in these fields wanted to gain experience
in these areas upon graduating. Reported areas of practice
among the sample in the present study are similar to that of
the 2007 Manitoba Workforce Analysis Survey (MWAS) [4],
as well as national patterns [5], and were also similar regardless
of graduation year, indicating consistency over time. Notably,
recent graduates (2012–2015) were significantly more likely to
take more than 6 months to secure relevant employment,
though recent graduates were also more likely to secure a full-
time position as their first position.

Table 1. Employment outcomes.

Registered Dietitiansa who
graduated previous to

2012, n (%)

Registered Dietitiansa

who graduated
2012–2015, n (%) P value

Months to secure employmentb

≤6 mo 52 (82.5) 38 (71.7) 0.006
>6 mo 11 (17.5) 15 (28.3) —

Employment status of first positionb

Full-time 22 (33.8) 25 (44.6) 0.036
Part-time 25 (38.5) 13 (23.2) —

Casual 18 (27.7) 16 (28.6) —

Have not secured employment 0 2 (3.6) —

Current employment status
Full-time 41 (66.1) 32 (61.5) 0.150
Part-time 18 (29.0) 14 (26.9) —

Casual 0 2 (3.8) —

Contract 3 (4.8) 4 (7.7) —
aRespondents who identified they had completed practical training via a dietetic internship/practicum program to become a Registered Dietitian.
bIn their first food and nutrition field position post-graduation.
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The present study showed discrepancies between desired
geographic location and past or current employment.
However, it is possible that location preferences are fluid and
change over time and with work experience. Certainly, work-
ing in a rural/remote environment presents a number of chal-
lenges, and retention and recruitment issues have long been a
concern in these areas [6–9]. Relevantly, the Manitoba dietetic
internship program includes a required rural placement.
A recent survey of graduates from the Northern Ontario
Dietetic Internship Program found that “relocation when pre-
ferred practice area became available” was a cited reason for
seeking new employment, due to a mixture of professional
and personal reasons, along with “too much travel” and “not
enjoying life” away from family [7]. Although it remains
unclear why RDs who did not intend to pursue a career in a
rural or remote setting ended up working in one, one explan-
ation may be that job postings in these areas remain vacant
longer than urban centres. Rural locations tend to draw new
graduates eager to gain employment experience, although
retention of employees can be an issue [6, 7]. High turnover
rates in underserviced areas may impact continuity of care,
particularly among Indigenous people, who are more highly
represented in rural and remote settings in Manitoba.

Results from this Manitoba-focused survey may have lim-
ited external validity and should not be used to make state-
ments about RD employment nationally. Employment
trajectories and journeys are not linear and can be complicated
by life circumstances that cannot be fully captured using a sur-
vey design. Finally, the convenience sampling approach could
also have led to self-selection or non-response bias [10].

RELEVANCE TO PRACTICE
Post-graduate surveys represent a vital tool to inform dietetic
training programs because they continue to meet the needs
of RDs entering the workforce. This study addresses research
gaps that, to our knowledge, have not been examined in the
literature, such as examining employment outcomes and the
alignment of working environments with intended prefer-
ences. This may have implications for the future develop-
ment of the rural dietetics workforce. Additionally, these
findings provide prospective students with relevant career
information that can inform their education, training, and
transition to employment. Future qualitative research is
needed to explore the views and experiences of new and
established RDs toward rural or remote practice, including
rationale for working in that location and preparedness for
practice.
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Table 2. Preferred areas of practice and geographic location for current and past employment.

Current position Past employment

Current
position,
n (%)

Proportion in
preferred area
of practice or
location, n (%)

Ever employed
(part- or full-time),

n (%)

Proportion who
selected as
a preferred

location, n (%)
Area of practice
Clinical nutritiona 77 (66.4) 65 (84.4) N/A N/A
Community nutritionb 52 (44.8) 47 (90.4) N/A N/A
Research 4 (3.5) 3 (75.0) N/A N/A
Food service 5 (4.3) 3 (60.0) N/A N/A
Food product development 1 (0.9) 0 N/A N/A
Geographic location
Rural/remote community in Manitoba 23 (19.8) 16 (69.6) 44 (37.3) 26 (56.0)
Urban centre in Manitoba 71 (61.2) 66 (92.5) 76 (64.4) 71 (93.4)
Outside of Manitobac 20 (17.2) 9 (45.0) 21 (17.7) 9 (42.8)

Note: Multiple responses were allowed for preferred area of practice and geographic location.
aIncludes primary care.
bIncludes public health.
cThis included urban, rural, or remote locations outside of Manitoba.
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ABSTRACT
Purpose: The objectives of this study were (i) to describe ethnicity, tuition
funding sources, and living arrangements during degree among
Registered Dietitian (RD) and non-RD alumni of the University of
Manitoba’s undergraduate nutrition program and (ii) to describe barriers
to obtaining an internship among those who did not become an RD.
Methods: A 31-item, self-administered, online questionnaire was distrib-
uted to nutrition graduates. Binary logistic regression was used to test for
predictors of RD status (vs. non-RD).
Results: Of the 195 participants who completed the survey (37%
response rate), 68% identified as an RD and 31% did not. White students
had 3.8 times higher odds of being an RD (P < 0.001) compared with
students of an ethnic minority. Those who had received a student loan
(P = 0.033) or lived with their parents during their degree (P = 0.004) also
had significantly lower odds of being an RD. The most common barrier for
not completing the dietetic internship by non-RDs was that the applica-
tion process was too stressful.
Conclusions: Results from this study highlight the need for the dietetics
field to address systemic barriers for students of ethnic minorities and
low socioeconomic backgrounds, including barriers during the degree
program and in the internship selection process.

(Can J Diet Pract Res. 2019;80:44–46)
(DOI: 10.3148/cjdpr-2018-034)
Published at dcjournal.ca on 15 November 2018

RÉSUMÉ
Objectif. Les objectifs de cette étude étaient (i) de décrire l’origine ethni-
que, les sources de financement des droits de scolarité et les conditions
de logement durant les études chez d’anciens étudiants diététistes (RD)
et non-diététistes (non-RD) issus du programme de nutrition de premier
cycle de l’Université du Manitoba et (ii) de décrire les obstacles à l’obten-
tion d’un internat chez ceux qui ne sont pas devenus diététistes.
Méthodes. Un questionnaire en ligne auto-administré de 31 questions a
été distribué aux diplômés en nutrition. Une régression logistique binaire
a été utilisée afin de tester les variables explicatives du statut de RD (vs
non-RD).
Résultats. Parmi les 195 répondants au questionnaire (taux de réponse
de 37 %), 68 % se sont identifiés comme étant RD et 31 % comme
non-RD. Les étudiants de race blanche avaient 3,8 fois plus de chance
d’être RD (P < 0,001) comparativement à ceux issus d’une minorité ethni-
que. Ceux qui avaient reçu un prêt étudiant (P = 0,033) ou qui avaient
vécu avec leurs parents pendant leurs études (P = 0,004) avaient
également moins de chances d’être RD. L’obstacle le plus commun à la
réalisation d’un internat en diététique pour les non-RD était le stress
engendré par le processus de candidature.
Conclusions. Les résultats de cette étude illustrent que le domaine de la
diététique doit s’attaquer aux obstacles systémiques rencontrés par les
étudiants issus d’une minorité ethnique ou d’un milieu socio-
économique défavorisé, y compris les obstacles rencontrés pendant le
programme d’études et le processus de sélection pour l’internat.

(Rev can prat rech diétét. 2019;80:44–46)
(DOI: 10.3148/cjdpr-2018-034)
Publié au dcjournal.ca le 15 novembre 2018

INTRODUCTION
Registered Dietitians (RD) in Canada require completion of an
accredited degree program and dietetic internship. In
Manitoba, there are 22 post-degree internship positions allo-
cated annually. As such, most graduates of the Human
Nutritional Sciences (HNS) undergraduate program at the
University of Manitoba (UofM) do not become an RD. It is
unclear to what extent students may enter the program
intending to complete an internship but do not either because
they did not receive an internship [1] or chose not to apply,
and how these groups differ from RDs, particularly with
respect to diversity. Anecdotal evidence, based on experience
of the authors and informal conversations with graduates,

suggests that diversity and equity may be impacted by barriers
within the internship application and selection process.
Therefore, the objectives of this study were (i) to describe
ethnicity, tuition funding sources, and living arrangements
during degree among RD and non-RD alumni of the HNS
program at the UofM and (ii) to describe barriers to obtaining
an internship among those who did not become an RD.

METHODS
A 31-item self-administered questionnaire regarding educa-
tion and employment outcomes was developed by RDs and
non-RDs, a faculty member in HNS, and program graduates.
The survey was not formally piloted. The study was developed
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as part of an undergraduate dietetic research student project.
All HNS alumni graduating between 2006 and 2015 were
invited to participate. An invitation and survey link, using
SurveyMonkey, was distributed to members of Manitoba
Partnership Dietetic Education Program, Manitoba
Association of Home Economists, the HNS Alumni
Association, and shared on social media. The survey was open
between February and March 2017, and was approved by the
UofM’s Joint-Faculty Research Ethics Board (HS20238), the
Survey Review Committee, and the Access and Privacy
Office. The survey response rate was determined based on
the HNS alumni list including eligible respondents (n = 527).

Respondents’ age, ethnicity (White or ethnic minority), year
of graduation, and whether or not they completed a dietetic
internship (RD or non-RD) were collected. Participants were
asked, “What were your major source(s) of funding for your
undergraduate degree (i.e., contributing ≥50% towards your
tuition for each source)?” Up to 2 answers could be selected:
personal savings, parent contribution, student loan, part- or
full-time employment, scholarship/bursary, and other (with text
box provided). For living arrangement, responses included
alone, with roommate(s), with dependent(s), with dependent(s)
and partner/spouse, on-campus housing, with parent(s), and
other (for which a text box was provided).

Non-RDs were asked if they intended to pursue an intern-
ship when they entered the HNS program (yes/no), whether
they did or did NOT apply for any internship, and “Why did
they decide to no longer pursue a career as an RD?” Options
included: financial strain associated with 1 year of unpaid
training, decided no longer interested during degree program,
did not require RD designation for career choice, application
process was too stressful, previous unsuccessful application(s),
and other (with text box provided); respondents were asked
to check all responses that apply.

All variables were described according to whether the
participant was an RD or non-RD and χ2 test was used to test
for differences. Predictors of RD status were tested using a
backwards, stepwise, logistic regression analysis including
ethnicity, all funding sources, and living situation.

RESULTS
A total of 195 respondents completed the survey, including
68% who identified as an RD and 31% who did not. The
response rate was 37% and was representative of the alumni
population according to year of graduation, though non-RDs
were underrepresented.

No significant differences in tuition funding, employment,
or living situation between RDs and non-RDs were found
(Table 1). Because of the small sample size among non-RDs,
living situation was dichotomized as living with parents and
other living situation for the logistic regression analysis. In
logistic regression analysis, ethnicity, student loan, and living
with parents were significantly and independently associated
with RD status (Table 2).

Table 1. Demographic comparisons between Registered
Dietitiansa and non-Registered Dietitians.

Registered
Dietitians,

n (%)

Non-Registered
Dietitians,

n (%) P value
Year of graduation
2006–2007 17 (12.8) 12 (19.7) 0.719
2008–2009 24 (18.0) 10 (16.4) —

2010–2011 26 (19.5) 8 (13.1) —

2012–2013 33 (24.8) 16 (26.2) —

2014–2015 32 (24.1) 15 (24.6) —

Age
20–24 y 9 (6.8) 2 (3.3) 0.388
25–29 y 59 (44.4) 26 (42.6) —

30–34 y 42 (31.6) 27 (44.3) —

35–39 y 19 (14.3) 5 (8.2) —

≥40 y 3 (2.3) 1 (1.6) —

Ethnicity
White 114 (85.7) 39 (63.9) 0.001
Ethnic minority 19 (14.3) 22 (36.1) —

Tuition fundingb

Personal savings 36 (27.1) 10 (16.4) 0.116
Parent
contribution

58 (43.6) 26 (42.6) 0.898

Student loan 33 (24.8) 19 (31.1) 0.355
Employment 76 (57.1) 31 (50.8) 0.301
Living situation
Living alone 9 (6.8) 1 (1.6) 0.129
Living with
parents

66 (49.6) 40 (65.6) —

Living with
roommates/
partner/dorm

46 (34.6) 16 (26.2) —

Living with
dependent(s)
with/without
partner/spouse

11 (8.3) 3 (4.9) —

aRespondents who identified they had completed practical training via a dietetic
internship/practicum program to become a Registered Dietitian.
bUp to 2 responses could be selected, which contributed a minimum of 50% towards

tuition funding; each type of funding was then treated as its own variable as they
are not independent of each other.

Table 2. Predictors of Registered Dietitian status among
graduates of the Human Nutritional Sciences program at

the Univerity of Manitoba.

Variable OR (95% CI) P value
White 3.847 (1.817, 8.141) <0.001
Student loan as major
tuition funding

0.422 (0.191, 0.931) 0.033

Living with parents 0.344 (0.166, 0.714) 0.004
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The majority of non-RD respondents intended to pursue
an internship when beginning their degree (66%). Among
those who intended to pursue an internship, 32% applied
and were unsuccessful, 27% stated they did not apply due to
stress associated with applying, and 20% selected financial
strain. Other reasons given in an open-ended text box
included perceived poor job outlook, perceived low salary for
RDs, and discontent with the dietetic selection process.

DISCUSSION
Ethnicity, funding, and living situation were significantly and
independently associated with RD status. White students had
3.8 times higher odds of being an RD compared with students
of an ethnic minority. Stress associated with the dietetic
internship application process was reported as the most
common barrier among non-RDs. These findings have impor-
tant implications for diversity and equity in dietetics and also
within the broader nutrition field. Lack of diversity has 2 main
adverse impacts: (i) there are limited paradigms and ways of
knowing within dietetics, which impacts cultural safety [2, 3],
and (ii) it reflects inequity in career opportunities.

Having a student loan was associated with 58% lower odds
of being an RD. Students are eligible for a Manitoba/Canada
student loan if they meet the required eligibility criteria,
including an assessed financial need [4]. Approximately a
quarter of the sample in this study funded the majority of their
tuition with a student loan. This proportion is lower than the
50% of bachelor graduates who reported to finance their post-
secondary education with some form of loan in Canada [5],
indicating that perhaps HNS students are more financially in-
dependent as compared with students in other programs.
Relevantly, alleviating financial constraints during dietetic
internships was identified as a strategy to improve profes-
sional diversity in the U.S. [6].

The most common barrier reported in the present study in
dissuading non-RDs from pursuing an internship was the
stress associated with the application process. In Manitoba,
applicants are assessed based on their resume, application
letter, references, and volunteer hours. Brady et al. [7] have
previously reported that students not accepted to internship
programs in Ontario discussed a heightened sense of competi-
tion within their degree program, including competition
among volunteer positions. This may contribute to the stress
reported in the present survey, though further qualitative
study is required to explore this stress further and also how
students cope or do not cope with this stress.

This survey is subject to several limitations. First, owing to
the sample size all ethnic minorities, other than White, were
merged; we were also unable to determine if the sample was

representative of population in terms of ethnicity. Second,
non-RD respondents were under-represented. The stress asso-
ciated with the internship process is a vague response and
open to interpretation individual respondents.

RELEVANCE TO PRACTICE
Results of this study suggest that barriers to obtaining a
dietetic internship may exist for students funding their educa-
tion through student loans and who are of an ethnic minority.
Further exploratory research is required to identify these bar-
riers, with particular focus on the internship application proc-
ess. This study has important implications for undergraduate
nutrition education and dietetic training in Manitoba to
address the barriers identified here and to develop strategies
to improve professional diversity. Although this study is lim-
ited to Manitoba graduates, a national-level study may be war-
ranted to determine if similar patterns with respect to diversity
and equity exist nationally. This research may then inform
whether action is required by Dietitians of Canada to address
this as a professional body.
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A B S T R A C T

Background: Cocoa-containing food products are getting recognized as a blood pressure (BP) controlling food
choice. The beneficial effect of cocoa on BP is attributable to its high content of flavanols, which are composed of
epicatechin, catechin, and procyanidins. The main mechanism by which cocoa flavanols reduce BP is increasing
nitric oxide. With a high prevalence of hypertension in the North America, a health claim petition on cocoa
flavanols may be considered within the US framework, in order to allow people to make better food choices.
Scope and approach: The objective of this review is to evaluate whether there is sufficient evidence to support a
BP-lowering health claim for cocoa flavanols under the US Food and Drug Administration (FDA)‘s jurisdiction.
Seventeen human intervention studies examining the effect of cocoa flavanols on BP were identified, with nine
studies in normotensive participants, and eight studies in hypertensive participants. All studies were assessed for
methodological quality based on the outline provided by the FDA.
Key findings and conclusions: Nine out of the 17 studies reported a BP-lowering effect of cocoa flavanols. This
indicates the evidence of cocoa flavanols on BP reduction was conflicting. Only a few studies presented as high
quality. The optimal dose of cocoa flavanols and long-term effect of cocoa flavanols on BP remain to be clarified.
Therefore, within the US health claims system, an authorized health claim should not be passed, but a qualified
health claim that is supported by low evidence may be attributed to cocoa flavanols and BP reduction.

1. Introduction

High blood pressure (BP), also known as hypertension, is a “silent
killer” that causes damages to blood vessels and increases risk of stroke,
heart disease, and other cardiovascular related comorbidities (Whelton
et al., 2018; World Health Organization, 2013). High BP is defined as a
systolic BP (SBP) higher than 140mmHg and/or a diastolic BP (DBP)
higher than 90mmHg and affects 40% of adults worldwide aged 25 and
over (World Health Organization, 2013). The prevalence of high BP
among Canadian adults was 24% in 2012–2015 and was 32% in US
adults in 2011–2014 (Statistics Canada, 2016; Whelton et al., 2018).
Recently, a new BP guideline released by the American Heart Asso-
ciation and the American College of Cardiology, suggests that high BP
should be defined as 130/80mmHg (Whelton et al., 2018). Under this
new BP guideline, nearly half of adults in the US are considered as
having hypertension (Whelton et al., 2018). Taking medications may be
required to lower BP; however, dietary strategy could be a critical

factor for BP management, especially for people who are at a greater
risk of high BP.

Many epidemiological and clinical studies have found that con-
sumption of cocoa-containing products has been associated with im-
proved BP and cardiovascular health (Davison et al., 2010; Grassi,
Lippi, Necozione, Desideri, & Ferri, 2005a; Grassi et al., 2005b; Grassi
et al., 2008; Grassi et al., 2015; McCullough et al., 2006; Rostami et al.,
2015; Rull et al., 2015; Sansone et al., 2015; Taubert, Roesen, Lehmann,
Jung, & Schoming, 2007). The beneficial effects of cocoa-containing
products are attributable to their high content of flavanols, a natural
plant compound found in cocoa. The chocolate and cocoa industries
also aim to claim that their products have health benefits, in order to
build reputation and meet the demand of health-conscious consumers.
In fact, in 2012 the European Food Safety Authority (EFSA) has ap-
proved the claim that a daily 200mg of cocoa flavanols help maintain
endothelium dependent vasodilation which contributes to normal blood
flow (EFSA, 2012), but no health claim exists in the US. Therefore, the
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objective of this review is to evaluate whether sufficient evidence exists
to support a BP-lowering health claim for cocoa flavanols under the US
FDA's jurisdiction.

2. Cocoa and cocoa flavanols

Cocoa is the product derived from cacao beans or cocoa beans, the
seeds of the Theobroma cacao trees. Cocoa is one of the known richest
sources of flavanols (Manach, Scalbert, Morand, Remesy, & Jimenez,
2004), a major class of plant phytochemicals known as flavonoids. The
basic structure of flavonoids is two benzene rings connected by a 3-
carbon heterocyclic ring. Flavanols contain a hydroxyl group at position
3 in the heterocyclic ring (Fig. 1). Flavanols are composed of a group of
flavanol monomers, oligomers, and polymers. Monomeric (−)-epica-
techin, (+)-catechin, and (−)-catechin, as well as polymeric procya-
nidins are predominant flavanols found in cocoa (Manach et al., 2004).
The flavanol monomers and an example of procyandins are shown in
Fig. 1.

Fresh cocoa beans in Forastero contain 15–20% soluble polyphenols
in the dried fat-free mass (Wollgast & Anklam, 2000). 37% of the
polyphenols in cocoa beans is flavanol monomers, and 58% is flavanol
polymers (Wollgast & Anklam, 2000), demonstrating cocoa beans being
a rich source of flavanols. The conventional manufacturing process of
cocoa beans to cocoa powder or chocolate requires fermentation,
roasting, and alkalization, which reduce the total flavanol content. For
example, epicatechin content would loss approximately 10% during
fermentation (Wollgast & Anklam, 2000). However, by controlling the
production process, such as reduced heat and alkalization treatments,
the flavanol content of the finished products could be preserved (Jalil &
Ismail, 2008).

After oral intake, flavanols are released from the food, absorbed in
the small intestine, and then metabolized in the enterocyte and liver
(Neilson & Ferruzzi, 2011). Compared to flavanol monomers, polymeric
procyanidins are poorly absorbed. It has been suggested that procya-
nidins are neither degraded nor absorbed in the stomach or small in-
testine (Neilson & Ferruzzi, 2011; Rios et al., 2002). Unabsorbed pro-
cyandins and monomers can proceed to colon and are metabolized by
gut microbiome to produce smaller phenolic metabolites, which can be
reabsorbed before excretion (Neilson & Ferruzzi, 2011).

Cocoa and chocolate products have received increasing attention
due to the positive effect of cocoa flavanols on BP reduction. The first
epidemiological evidence on its BP-lowering effect was only reported
about a decade ago based on a study from the Kuna Indians of Panama
(McCullough et al., 2006). Kuna Indians, who live on islands of Pa-
nama, have a very low incidence of hypertension, even though their
sodium intake is similar to those in the US. However, the same popu-
lation who moved from islands to urban areas had much elevated BP
(McCullough et al., 2006). The potential factor that accounts for this
difference is the intake of flavanol-rich foods, since the Kuna Indians
who live on islands consume a higher amount of cocoa beverage

compared to those live in urban areas (McCullough et al., 2006). Since
then, many studies have reported the BP-lowering effect of cocoa fla-
vanols, without full understanding of the underlying mechanisms.
Based on a few studies, two main pathways have been suggested. First,
an increase in the production of nitric oxide (NO), which promotes
vasodilation thereby lowering BP, has been proposed (Fig. 2). Fisher,
Hughes, Gerhard-Herman, and Hollenberg (2003) found that con-
sumption of flavanol-rich cocoa reversed NG-nitro-L-arginine methyl
ester, an inhibitor of NO synthase, which increased the production of
NO. It is known that the balance between NO and oxidative stress can
affect NO availability. An increased oxidative stress can convert NO to
peroxynitrite, an oxidant, thereby reducing NO resulting in vasocon-
striction. Cocoa flavanols exert antioxidant properties, which reduce
peroxynitrite and increase the availability of NO (Arteel & Sies, 1999).
Evidence was shown that endothelial function was improved after
cocoa flavanol intake (Sanesone et al., 2015; Grassi et al., 2015).
Second, an inhibition of angiotensin-converting enzyme (ACE) activity,
a key enzyme in BP control, which inhibits renin-angiotensin-aldos-
terone system and lowers BP has been proposed (Fig. 2). Actis-Goretta,
Ottaviani, and Fraga (2006) found that various flavanol-rich foods in-
hibited in vitro ACE activity. Among polyphenols tested, polymeric
procyanidins most significantly inhibited this enzyme activity (Actis-
Goretta et al., 2006). Persson, Persson, Hagg, and Andersson (2011)
also demonstrated that intake of a single 75 g dark chocolate inhibited
in vivo ACE activity in healthy participants.

3. Health claims system in the United States

Three types of claims exist in the US: health claims, nutrient content
claims, and structure/function claims. Health claims, which are the
focus of this review, describe a relationship between a food substance
and a disease or a health-related condition (US FDA, 2018). Under the
Nutrition Labeling and Education Act of 1990, the FDA may authorize
health claims if there is significant scientific agreement (SSA) among

Fig. 1. Chemical structures of cocoa flavanols. (+)-catechin, (−)-epicatechin,
and (−)-catechin are flavanol monomers found in cocoa. B-type procyanidin
dimer is an exmaple of flavanol polymers in cocoa.

Fig. 2. Pathways for cocoa flavanols reducing blood pressure. Cocoa flavanols
reduce blood pressure by increasing the availability of nitric oxide or inhibiting
angiotensin-converting enzyme activity.
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qualified experts that a substance and disease relationship is valid.
Under the Food and Drug Administration Modernization Act of 1997, a
new health claim can be authorized if other scientific bodies of the US
Government conclude that the evidence meets the SSA standard. In
contrast to authorized health claims, qualified health claims are issued
if they are supported by credible evidence but do not meet SSA stan-
dard. Qualified health claims are also issued with a letter of enforce-
ment discretion, which specifies qualifying languages that reflect the
level of evidence supporting the claim, as well as conditions where the
qualified health claim can be used (US FDA, 2018).

All health claims require pre-approval by the FDA. After a petition is
submitted, the FDA uses an evidence-based review system to evaluate
the evidence for either health claims meeting SSA standard or qualified
health claims (US FDA, 2009). Based on the level of evidence, there are
4 scientific rankings for health claims: category A shows that the evi-
dence for health claims meets the SSA standard, and categories B, C,
and D are assigned to qualified health claims that do not meet the SSA
standard. Category B indicates that the evidence supporting the health
claim is moderate or good, and category C and D implies low and
limited evidence, respectively (US FDA, 2009; US FDA, 2018).

Currently, no health claim has been approved for cocoa flavanols in
the US. A cocoa extract supplement with a structure/function claim that
states “promotes a healthy heart by supporting healthy blood flow” is
sold in the US. Structure/function claims do not require pre-approval by
the FDA; the manufacturers only need to submit a notification to the
FDA and ensure the claims are truthful (US FDA, 2018). Therefore, it is
of interest to examine whether a health claim should be allowed for
cocoa flavanols in the US.

4. Critical assessment of cocoa flavanols

PubMed and Scopus were used to find studies examining the re-
lationship between cocoa flavanols and BP. Studies were included if
they were human intervention trials and published in the last two
decades. Studies were excluded if they did not conduct statistical ana-
lysis, had a study duration less than 1 week, included participants
taking BP-lowering drugs, included a study group that cannot represent
a general population (e.g., pregnant women), or used cocoa flavanols
with other compound. These factors limit the ability to evaluate the
solid effect of cocoa flavanols on BP. A total of 17 studies that meet the
inclusion criteria were identified, with 9 studies in normotensive par-
ticipants (Table 1), and 8 studies in hypertensive participants (Table 2).
Based on the scientific review approach outlined by the FDA (US FDA,
1999; US FDA, 2009), the quality of each study was then assessed based
on the weight of the evidence. The quality assessment was based on
several criteria, including study design, population studied, exposure
and outcomes, and statistical methods (US FDA, 1999). The FDA pro-
vides a total of 23 questions that are considered in assessing the quality
(US FDA, 1999). A high quality rating is given if the study addressed all
or most of the criteria, and a moderate or low quality rating is given
based on the extent of uncertainties in the criteria (US FDA, 2009).
However, the FDA does not specify how many uncertainties are con-
sidered as a high, moderate, or low quality rating. Therefore, this re-
view defines that a high quality rating is given if studies addressed 95%
of the questions, a moderate quality rating is given if studies addressed
75% of the questions, and a low quality rating is given if studies ad-
dressed less than 75% of the questions. In the following section, a
summary of quality assessment for each study is outlined.

4.1. Studies in normotensive participants

In a parallel arm study by Sansone et al. (2015), p. 100 healthy
middle-aged participants were provided with a 500mL of cocoa bev-
erage containing 450mg cocoa flavanols or a cocoa flavanol-free bev-
erage for 4 weeks. Compared to the control group, consumption of
cocoa flavanol-containing beverage twice per day significantly reduced

office SBP and DBP by 4.4 mmHg and 3.9mmHg, respectively (Sansone
et al., 2015). While presenting some interesting results, several quality
factors were not clearly identified: run-in period, assessment of adverse
events, and BP measurement. Run-in period is an adaptation periods
asking participants not to consume study foods prior the study. Theo-
bromine, another compound found in cocoa exerts anti-hypertensive
effects, while increasing consumption of theobromine has been asso-
ciated with some negative effects such as increased heart rate (Baggott
et al., 2013). Thus studies should detect any adverse effects of high
cocoa intake with theobromine. BP measured in the office or clinic
setting has shown to be higher than true level of BP in hypertensive
subjects (Pickering et al., 2005), thereby additional monitoring such as
24-h ambulatory BP monitor can help to confirm BP readings. None of
the above quality factors were included in this study. Overall, this study
was of moderate to high quality.

Grassi et al. (2015) provided a 1-week crossover trial to examine the
effect of different doses (0, 80, 200, 500, and 800mg/day) of cocoa
flavanols on BP in 20 normotensive participants. The study found that
each treatment reduced office SBP and DBP significantly (mean dif-
ference −4.8/-3.03mmHg) when compared with the control group. A
major strength of this study was the use of both office and 24-h am-
bulatory BP monitoring, representing a relatively accurate measure-
ment of BP. However, this study had a short study duration (1 week per
dose), a small sample size, an insufficient washout period (1 week), no
run-in period, and did not assess adverse events, which could affect the
study quality and the current results. Overall, this study was rated
moderate quality.

Another crossover study by West et al. (2014) reported that a 4-
week consumption of flavanol-rich dark chocolate and cocoa beverage
(814mg/day cocoa flavanols) had no effect on BP in 37 normotensive
overweight participants. Again, this study had no run-in period, only
measured clinic BP, and did not assess adverse events. Unlike the pre-
vious two studies, West et al. (2014) failed to match for theobromine
content between test products and placebo. It is unclear whether
theobromine increases or decreases the BP-lowering effect of cocoa
flavanols. Theobromine is a confounding factor and should be con-
trolled. Overall, this study was rated moderate quality.

Similarly, a parallel arm study by Crews, Harrison, and Wright
(2008) reported that consumption of high-flavanol dark chocolate and
cocoa beverage (754mg/day proanthocyanins) for 6 weeks had no ef-
fect on BP in 101 normotensive healthy older adults. This study as-
sessed adverse events of cocoa flavanol intake and was a relatively
longer study than the others. However, this study only measured office
BP, had no run-in period, and there was a lack of reporting of theo-
bromine content. Moreover, half of the subjects in each group could
correctly identify test products or placebo they had consumed in the
follow-up self-report questionnaire (Crews et al., 2008). There was
likely a blinding issue that could influence the study quality and the
current results. Overall, this study was of moderate quality.

Martinez-Lopez et al. (2014) provided a 400mL of milk with or
without 45.3mg/day cocoa flavanols to healthy and moderately hy-
percholesterolemic participants. After the 4-week trial, they found no
effect of cocoa flavanols on BP. This was a non-randomized crossover
study, had a small sample size (n= 20 in healthy group; n= 24 in
hypercholesterolemic group), had no washout period, only measured
clinic BP, did not report theobromine content, and did not assess ad-
verse events. Overall, this study was of low to moderate quality.

A crossover study by Tzounis et al. (2011) also did not find any BP-
lowering effect of high flavanol cocoa drink (494mg/day cocoa flava-
nols) for 4 weeks in 22 normotensive participants. This study had a
small sample size, only measured clinic BP, and did not assess adverse
events. Overall, this study was of moderate to high quality. In contrast,
a crossover study by Grassi et al. (2005a) observed that a 15-day con-
sumption of dark chocolate (500mg polyphenols/day) but not white
chocolate, significantly reduced SBP in 15 normotensive participants.
As per the previous crossover study, similar limitations existed in Grassi
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Table 1
Studies examining cocoa flavanols (CF) and blood pressure (BP) in normotensive individuals.

Reference Study Design Participants Treatment vs. Control Study
Duration

Difference in BP (Treatment-
Control)

Conclusion Quality of
Study

Sansone et al.
(2015)
Germany

Randomized,
controlled,
double-blind,
parallel

n=100
T: 45 ± 8 yrs;
C: 44 ± 9 yrs

Low-energy fruit-flavored beverage
mix in 500mL water, twice/day:
CF-containing beverage (T,
900mg); CF-free beverage (C,
0 mg)

4 wk Office SBP:
−4.4 mmHg (95% CI 0.9,
7.9 mmHg)
Office DBP:
−3.9 mmHg (95% CI 1.1,
6.7 mmHg)

Significantly
reduced office SBP
and DBP

Moderate
to high

Grassi et al.
(2015)
Italy

Randomized,
controlled,
double-blind,
crossover

n=20
53.8 ± 8.9 yrs

Cocoa powder in 150mL water: CF-
containing drink (T, 80, 200, 500
or 800mg); CF-free drink (C, 0 mg)

1 wk with a
1 wk
washout

Office SBP:
−4.8 ± 1.03 mmHg
Office DBP:
−3.03 ± 1.07 mmHg
24-h SBP:
−2.28 ± 1.22 mmHg

Significantly
reduced office SBP
and DBP and 24-h
ambulatory SBP in
CF intake greater
than 200mg; office
SBP decreased
dose-dependently

Moderate

West et al.
(2014)
US

Randomized,
controlled,
double-blind,
crossover

n=37
51.7 ± 1.2 yrs
Overweight, BMI
27.8 ± 0.6
7 withdrew

37 g dark chocolate and cocoa
beverage (T, 814mg); low-flavanol
chocolate and cocoa-free beverage
(C, 3 mg)

4 wk with a
minimum
2wk
washout

Fasting SBP:
112±2 mmHg (T)
111±2 mmHg (C)
Fasting DBP:
71± 1 mmHg (T)
69± 2 mmHg (C)
SBP (2 h after consumption):
118±2 mmHg (T)
114±2 mmHg (C)
DBP (2 h after consumption):
73± 2 mmHg (T)
71± 2 mmHg (C)

No significant
effect on fasting BP;
significantly
increased SBP 2 h
after dose
consumption

Moderate

Crews et al.
(2008)
US

Randomized,
controlled,
double-blind,
parallel

n=101
T: 68.76 ± 8.62 yrs
C: 68.73 ± 8.01 yrs
11 withdrew

37 g dark chocolate and 237mL
cocoa beverage (T, 754mg
proanthocyanins); low flavanol
dark chocolate and cocoa beverage
(C, 41mg proanthocyanins)

6 wk SBP:
−3.58 ± 10.1 mmHg (T)
−3.05 ± 10.19 mmHg (C)
DBP:
−0.50 ± 6.06 mmHg (T)
−0.57 ± 7.15 mmHg (C)

No significant
effect on BP

Moderate

Martinez-
Lopez
et al.
(2014)
Spain

Non-
randomized,
controlled,
double-blind,
crossover

n=50
Normo-
cholesterolemic:
25.9 ± 5.6 yrs;
moderately hyper-
cholesterolemic:
30.0 ± 10.3 yrs
6 withdrew

400mL semi-skimmed milk with
cocoa powder (T, 45.3 mg); 400mL
semi-skimmed milk (C, 0 mg);

4 wk with a
2 wk run-in

Normocholesterolemic-SBP:
116.29 ± 2.27 mmHg
(baseline)
117.02 ± 2.45 mmHg (T)
114.73 ± 2.37 mmHg (C)
Normocholesterolemic-DBP:
72.12 ± 1.79 mmHg
(baseline)
73.33 ± 1.87 mmHg (T)
72.00 ± 1.67 mmHg (C)
Hypercholesterolemic-SBP:
120.60 ± 2.49 mmHg
(baseline)
121.43 ± 2.68 mmHg (T)
120.21 ± 2.59 mmHg (C)
Hypercholesterolemic-DBP:
76.40 ± 1.96 mmHg
(baseline)
78.20 ± 2.05 mmHg (T)
77.00 ± 1.83 mmHg (C)

No significant
effect on BP

Low to
moderate

Tzounis et al.
(2011)
UK

Randomized,
controlled,
double-blind,
crossover

n=22
30.2 ± 11.8 yrs
2 withdrew

Dairy-based cocoa beverage mix in
150mL water: high-flavanol cocoa
drink (T, 494mg); low-flavanol
cocoa drink (C, 29mg)

4 wk with a
2 wk run-in
and a 4wk
washout

SBP:
110 ± 11.6 mmHg
(T-baseline)
105.7 ± 12.8 mmHg (T)
107.3 ± 7.81 mmHg
(C-baseline)
105.8 ± 11.32 mmHg (C)
DBP:
69.8 ± 6.9 mmHg
(T-baseline)
68.8 ± 7.2 mmHg (T)
71.4 ± 12.95 mmHg
(C-baseline)
72.0 ± 11.75(C)

No significant
effect on BP

Moderate
to high

Grassi et al.
(2005a)
Italy

Randomized,
controlled,
crossover

n=15
33.9 ± 7.6 yrs

100 g dark chocolate (T, 500mg
polyphenols); 90 g white chocolate
(C, 0 mg)

15 d with a
7 d run-in
and a 7 d
washout

SBP:
107.5 ± 8.6 mmHg (T)
113.9 ± 8.4 mmHg (C)

Significantly
reduced SBP

Moderate

Engler et al.
(2004)
US

Randomized,
controlled,

n=21
T: 31.8 ± 3.2 yrs
C: 32.5 ± 2.9 yrs

46 g high-flavonoid dark chocolate
bar (T, 213 mg procyanidin
+46 mg epicatechin); 46 g low-

2 wk SBP:
121.0 ± 5.4 mmHg
(T-baseline)

No significant
effect on BP

Moderate

(continued on next page)
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et al. (2005a) where they did not report theobromine content. There
could be a blinding issue since the color/taste of the dark and white
chocolate is different (Grassi et al., 2005a). This study was rated
moderate quality.

Lastly, two parallel-arm studies by Engler et al. (2004) and Murphy
et al. (2003) did not see any significant reductions in BP after the intake
of cocoa flavanols. Engler et al. (2004) was a 2-week study investigating
the BP-lowering effect of high-flavonoid chocolate bars (213mg pro-
cyanidins and 46mg epicatechin/day) in 21 healthy, normotensive
participants. The objective of Murphy et al. (2003) was to evaluate
whether 28-d of cocoa tablets (234mg flavanols and procyanidins/day)
would reduce BP in 32 healthy, normotensive participants. Engler et al.
(2004) was rated moderate quality due to a small sample size, a lack of
run-in period, adverse events assessment, report of theobromine con-
tent and additional BP monitoring. Murphy et al. (2003) was rated
moderate quality due to a lack of run-in period, adverse events as-
sessment, report of theobromine content and additional BP monitoring.

4.2. Studies in hypertensive participants

In a parallel arm study by Davison et al. (2010), the effects of dif-
ferent doses of cocoa flavanols (33, 372, 712, and 1052mg/day) on BP
were examined in 59 hypertensive participants. This study found that
only the highest dose of cocoa flavanols significantly reduced 24-h
ambulatory SBP and DBP by 5.3mmHg and 3mmHg, respectively. This
study addressed most of the criteria, while it had a very small sample
size (n=13–14/group), had no control group or run-in period. Overall,
this study was of moderate to high quality.

In another parallel arm study, Rostami et al. (2015) provided a dark
chocolate with 450mg/day flavonoids or white chocolate without fla-
vonoids to 60 hypertensive participants with diabetes. After the 8-week
trial, this study found that consumption of dark chocolate significantly
reduced SBP and DBP (−5.93/-6.4 mmHg) in hypertensive group
compared to the control group. Several quality factors were not clearly
identified: a small sample size (n= 34/group), no run-in period, no
information on reasons for withdrawals, no assessment of adverse
events, only measured clinic BP, and a lack of reporting of theobromine
content. All of them could affect the current results. Moreover, the
flavanol content was not given in this study. It was difficult to de-
termine the independent role of cocoa flavanols in reducing BP, because
other flavanoids present in chocolate may also have influence on BP.

This study was of low to moderate quality.
Grassi et al. (2008) provided either flavanol-rich dark chocolate or

flavanol-free white chocolate to 19 hypertensive participants with
glucose intolerance in a crossover design study. Compared with base-
line, consumption of flavanol-rich dark chocolate for 15 days sig-
nificantly reduced clinic and 24-h ambulatory SBP and DBP sig-
nificantly. However, this study was short, had a small sample size, had
no washout period, and did not assess adverse events. Overall, this
study was rated moderate quality.

Rull et al. (2015) provided a high-flavanol dark chocolate
(1064mg/day) or low-flavanol dark chocolate (88mg/day) to 32 hy-
pertensive participants in a crossover design study. After 6 weeks, a
trend for 24-h ambulatory SBP reduction (2mmHg) was observed.
Again, a small sample size (11 subjects withdrew), a lack of report on
reasons for withdrawals, no assessment of adverse events, no run-in
period, no washout period, and an inappropriate statistical significance
interpretation (showing a trend indicates the difference is not sig-
nificant), which could influence the study quality and the current re-
sults. This study was of low to moderate quality.

In another crossover study by Koli et al. (2015), p. 22 hypertensive
participants were either asked to reduce their snack intake or replaced
their snack with dark chocolate. After the 8-week trial, consumption of
dark chocolate containing 603mg cocoa flavanols did not reduce BP.
This study was longer than the others, had a sufficient run-in (4 weeks)
and washout period (4 weeks), and use both clinic and 24-h ambulatory
BP measurement. On the other hand, this was a non-blinded study, had
a small sample size, did not report theobromine content, and did not
assess adverse effects. Overall, this study was of moderate quality.

Muniyappa et al. (2008) provided a 150mL of cocoa drink with or
without 900mg/day cocoa flavanols for 2 weeks in a crossover design
study. They found no effect of cocoa flavanol intake on BP in 29 hy-
pertensive participants. Again, a small sample size (n= 20), short study
duration, and an insufficient washout period (1 week) could affect the
study quality. Overall, this study was rated moderate quality.

In a parallel-arm study, Taubert et al. (2007) observed that an 18-
week consumption of 6.3 g dark chocolate (30mg flavanols/day) but
not white chocolate reduced SBP by 2.9mmHg and DBP by 1.9mmHg
in 44 hypertensive participants. This study addressed most of the cri-
teria, and the only limitation was no blinding of participants since the
color/taste of dark and white chocolate is different. Theobromine
content also was not matched. This study was rated high quality study.

Table 1 (continued)

Reference Study Design Participants Treatment vs. Control Study
Duration

Difference in BP (Treatment-
Control)

Conclusion Quality of
Study

double-blind,
parallel

flavonoid dark chocolate bar (C,
trace procyanidin + epicatechin)

120.0 ± 4.0 mmHg(T)
112.8 ± 2.8 mmHg
(C-baseline)
110.0 ± 2.0 mmHg (C)
DBP:
68.1 ± 2.5 mmHg
(T-baseline)
69.0 ± 2.0 mmHg (T)
66.1 ± 1.7 mmHg
(C-baseline)
66.0 ± 2.0 mmHg (C)

Murphy et al.
(2003)
Australia

Randomized,
controlled,
double-blind,
parallel

n=32
T: 40 ± 9 yrs
C: 47 ± 4 yrs
4 withdrew

Cocoa tablets (T, 234 mg
flavanols + procyanidins); placebo
tablets (C, < 6 mg
flavanols + procyanidins)

28 d SBP:
118 ± 13 mmHg
(T-baseline)
120 ± 12 mmHg (T)
116±9 mmHg (C-baseline)
119±8 mmHg (C)
DBP:
78 ± 12 mmHg (T-baseline)
77 ± 10 mmHg (T)
76± 8 mmHg (C-baseline)
76± 7 mmHg (C)

No significant
effect on BP

Moderate

Abbreviations: CF, cocoa flavanol; BP, blood pressure; T, treatment; C, control; SBP, systolic blood pressure; DBP, diastolic blood pressure.
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Table 2
Studies examining cocoa flavanols (CF) and blood pressure (BP) in hypertensive individuals.

Reference Study Design Participants Treatment vs. Control Study
Duration

Difference in BP
(Treatment-Control)

Conclusion Quality of
Study

Davison et al.
(2010)
Australia

Randomized,
double-blind,
parallel

n=59
G1: 53.0 ± 6.7 yrs
G2: 56.2 ± 14.2 yrs
G3: 60.2 ± 13.7 yrs
G4: 56.8 ± 9.7 yrs
Hypertensive
BP=130–160/85-
100mmHg
7 withdrew

Cocoa powder in 300mL
water (G1: 33mg; G2:
372mg, G3: 712mg, G4:
1052mg)

6 wk 24-h SBP:
−5.3 ± 5.1 mmHg
24-h DBP:
−3±3.2 mmHg (1052
group)

Significantly reduced
24-h ambulatory SBP
and DBP in only the
highest dose of CF

Moderate to
high

Rostami et al.
(2015)
Iran

Randomized,
controlled double-
blind, parallel

n=60
T: 58.71 ± 9.07 yrs
C: 57.17 ± 7.86 yrs
Type 2 diabetes;
prehypertensive
BP=137/86 mmHg
8 withdrew

25 g dark chocolate
containing 83% cocoa
solids (T, 450mg
flavonoids); 25 g
isocaloric white
chocolate, same shape
and color (C, 0 mg)

8 wk SBP:
−5.93 ± 6.25 mmHg (T)
−1.07 ± 7.97 mmHg (C)
DBP:
−6.4 ± 6.25 mmHg (T)
0.17 ± 7.9 mmHg (C)

Significantly reduced
SBP and DBP

Low to
moderate

Grassi et al.
(2008)
Italy

Randomized,
controlled double-
blind, crossover

n=19
44.8 ± 8.0 yrs
Glucose intolerant;
hypertensive
BP=141/91 mmHg

100 g dark chocolate bars
(T, 147mg epicatechin &
catechin); 100 g flavanol-
free white chocolate bars
(C, 0mg)

15 d with a
1 wk run-in

SBP:
−3.82 ± 2.40 mmHg
DBP:
−3.92 ± 1.98 mmHg
24-h SBP:
−4.52 ± 3.94 mmHg
24-h DBP:
−4.17 ± 3.29 mmHg

Significantly reduced
clinic and 24-h
ambulatory SBP and
DBP

Moderate

Rull et al.
(2015)
UK

Randomized,
controlled,
double-blind,
crossover

n=32
55.4 ± 1.5 yrs
Prehypertensive
BP=135/85 mmHg
11 withdrew

50 g high-flavanol dark
chocolate (T, 1064mg);
50 g low-flavanol dark
chocolate (C, 88mg)

6 wk 24-h SBP:
135.2 ± 1.7 mmHg
(baseline)
133.1 ± 1.9 mmHg (T)
134.1 ± 1.9 mmHg (C)
24-h DBP:
85.1 ± 1.3 mmHg
(baseline)
84.0 ± 2.0 mmHg (T)
84.9 ± 1.4 mmHg (C)

No significant
difference but
showed a trend for
SBP reduction

Low to
moderate

Koli et al.
(2015)
Finland

Randomized,
controlled,
crossover

n=22
45.8 ± 8.3
Prehypertensive
BP=142/89 mmHg

49 g dark chocolate (T,
603mg); no dark
chocolate (C, 0mg)

8 wk with a
4 wk run-in
and a 4 wk
washout

Clinical SBP:
142 ± 11.5 mmHg
(T-baseline)
142 ± 14.2 mmHg (T)
142 ± 11.7 mmHg
(C-baseline)
141 ± 9.9 mmHg (C)
Clinical DBP:
89 ± 8.4 mmHg
(T-baseline)
88 ± 9.4 mmHg (T)
89 ± 9.0 mmHg
(C-baseline)
88 ± 10.1 mmHg (C)

No significant effect
on BP

Moderate

Muniyappa
et al.
(2008)
US

Randomized,
controlled double-
blind, crossover

n=29
51 ± 1.5 yrs
Hypertensive
BP=141/91 mmHg
9 withdrew

150mL cocoa drink (T,
900mg); 150mL placebo
drink (C, 28mg);
Twice per day

2 wk with a
1 wk run-in
and a 1 wk
washout

SBP:
-1 mmHg (CI 4, 3 mmHg)
DBP:
1mmHg (CI 2, 4 mmHg)

No significant effect
on BP

Moderate

Taubert et al.
(2007)
Germany

Randomized,
controlled,
double-blind,
parallel

n=44
T: 63.4 ± 4.7 yrs
C: 63.7 ± 4.8 yrs
Hypertensive
BP=146/86 mmHg

6.3 g dark chocolate (T,
30mg); 5.6 g white
chocolate (C, 0mg)

18 wk with a
7 d run-in

SBP:
−2.9 ± 1.6 mmHg (T)
−0.1 ± 0.1 mmHg (C)
DBP:
−1.9 ± 1.0 mmHg (T)
−0.0 ± 1.8 mmHg (C)

Significantly reduced
SBP and DBP

High

Grassi et al.
(2005b)
Italy

Randomized,
controlled,
crossover

n=20
43.65 ± 7.8 yrs
Hypertensive
BP=142/90 mmHg

100 g dark chocolate (T,
88mg); 90 g white
chocolate (C, 0mg)

15 d with a
7 d run-in
and a 7 d
washout

SBP:
−11.0 ± 6.3 mmHg (T)
−0.5 ± 1.6 mmHg (C)
DBP:
−6.2 ± 4.2 mmHg (T)
−0.3 ± 3.1 mmHg (C)
24-h SBP:
−11.9 ± 7.7 mmHg (T)
−0.9 ± 2.7 mmHg (C)
24-h DBP:
−8.5 ± 5.0 mmHg (T)
−0.1 ± 2.5 mmHg (C)

Significantly reduced
office and 24-h SBP
and DBP

High

Abbreviations: CF, cocoa flavanol; BP, blood pressure; G, group; T, treatment; C, control; SBP, systolic blood pressure; DBP, diastolic blood pressure.
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Lastly, Grassi et al. (2005b) found that a 15-day consumption of
100 g dark chocolate (88mg flavanols/day) but not white chocolate
reduced 24-h ambulatory SBP by 11.9 mmHg and DBP by 8.5 mmHg in
20 hypertensive participants. Again, this study addressed most of the
criteria, while it had a smaller sample size, no blinding of participants
and no adverse event assessment. This study was rated high quality
study.

4.3. Summary of the evidence

In the above human intervention studies, 13 of the 17 studies were
randomized, controlled, double-blind trials with either parallel or
crossover design. 1 study was a non-randomized, controlled, double-
blind, crossover design, 1 was a randomized, un-controlled, double-
blind, parallel design, and 2 were randomized, controlled, single-blind
trials. Cocoa flavanol intake ranged from 30 to 1064mg/day, and the
study duration ranged from 1 to 18 weeks. Of the 17 studies assessed, 9
studies demonstrated that the intake of cocoa flavanols was able to
reduce BP (Sansone et al., 2015; Grassi et al., 2015; Davison et al.,
2010; Rostami et al., 2015; Grassi et al., 2008; Rull et al., 2015; Taubert
et al., 2007; Grassi et al., 2005a; Grassi et al., 2005b), even though the
study by Rull et al. (2015) only found a trend for SBP reduction. Eight
out of the 17 studies reported no effect of cocoa flavanols on BP (West
et al., 2014; Crews et al., 2008; Martinez-Lopez et al., 2014; Tzounis
et al., 2011; Koli et al., 2015; Muniyappa et al., 2008; Engler et al.,
2004; Murphy et al., 2003). Thus, there was conflicting evidence on the
BP-lowering effect of cocoa flavanols. According to the quality assess-
ment outlined by the FDA, 9 studies in this review were rated moderate
quality, 3 were rated low to moderate quality, 3 were rated moderate to
high quality, and 2 were rated high quality. Furthermore, other factors
that were not mentioned by the FDA, such as funding bias, could affect
study quality. Studies that are funded by the food industry tend to re-
port favorable results about their food products. In this review, 7 stu-
dies were funded or supported by the chocolate industry, and 3 of them
had favorable conclusions (Davison et al., 2010; Rull et al., 2015;
Sansone et al., 2015), which should be interpreted with caution. Taken
together, there were a few high quality studies examining the re-
lationship between cocoa flavanol intake and BP reduction.

The inconsistency of the evidence can be explained by several fac-
tors: baseline BP level of participants, cocoa flavanol intake, food ma-
trix delivering cocoa flavanols, and bioavailability of flavanols. In this
review, the 63% of studies in hypertensive participants (5 out of 8)
reported BP-lowering effect of cocoa flavanols, but the studies in nor-
motensive participants did not. Therefore, the BP-lowering effect of
cocoa flavanols may be greater in hypertensive participants than
healthy normotensive participants. There was a wide variation in the
cocoa flavanol intake, which ranged from 30 to 1064mg/day in this
review. Although it is clear that the studies with the higher cocoa fla-
vanol intake were more likely to report positive results, the effective
dose of cocoa flavanols is unknown. A dose-dependent effect is also
unclear. For example, Grassi et al. (2015) reported that SBP was de-
creased dose-dependently after intake of greater than 200mg/day
cocoa flavanols, while Davison et al. (2010) found only the highest dose
of cocoa flavanols (1054mg/day) lowered SBP and DBP. Furthermore,
it has been suggested that the effective dose of cocoa flavanols is higher
when cocoa flavanols were administered in cocoa beverage compared
with chocolate (Davison et al., 2010). This is confirmed in this review,
as Taubert et al. (2007) observed the reduction in BP after the daily
intake of 6.3 g dark chocolate (30mg flavanols), while other studies
using cocoa beverage with the same level of flavanol dose could not
find any BP-lowering effects. It may be because cocoa beverage and
placebo beverage were more easily matched for nutrient composition
including theobromine than flavanol-rich chocolate and flavanol-poor
chocolate (Davison et al., 2010). Theobromine also exerts anti-hy-
pertensive effects, therefore, studies with flavanol-rich chocolate con-
taining a higher theobromine than flavanol-poor chocolate are more

likely to report the reduction in BP. Lastly, the inconsistent data may
due to the bioavailability of flavanols. As described above, polymeric
procyanidins are poorly absorbed compared to flavanol monomers.
Among flavanol monomers, epicatechin seems to be a major flavanol
responsible for reducing BP. After oral intake, epicatechin undergoes
phase I and II biotransformation in intestine and liver, resulting in
various metabolites including (−)-epicatechin-3′eO-glucuronide,
(−)-epicatechin-3′-sulfate, and 3′eO-methyl-(−)-epicatechin-5/7-sul-
fate. These derivatives are the major flavanol metabolites found in
human plasma after the intake of cocoa products (Actis-Goretta et al.,
2012; Ottaviani, Momma, Kuhnle, Keen, & Schroeter, 2012). Schroeter
et al. (2005) also observed that the oral intake of isolated, chemically
pure epicatechin improved vascular function in humans, suggesting its
key roles in reducing BP. However, the effect of epicatechin on BP was
hindered because not all studies in this review reported epicatechin
content. Flavanols are typically consumed in cocoa products, while
some components of cocoa products can influence the bioavailability of
flavanols. For instance, it has been suggested that milk protein may
bind epicatechin thereby reducing the level of flavanols in the plasma
(Serafini et al., 2003), thus the potential BP-lowering effects. Serafini
et al. (2003) reported that area under the curve of plasma epicatechin
was significantly lowered for milk chocolate compared to dark choco-
late. This may also explain why studies comparing dark and white
chocolate are more likely to observe positive results. Other studies,
however, found no effects of milk protein on cocoa flavanols (Keogh,
McInerney, & Clifton, 2007; Neilson et al., 2009). The effect of milk
protein on flavanol absorption is still debated. Because of these un-
certainties, it is difficult to make between-study comparisons and pass
the health claim for cocoa flavanols.

In addition, it is questionable whether the high intake of flavanol-
rich chocolates and cocoa beverages is palatable. The intake up to
2000mg/day cocoa flavanols for 12 weeks was well tolerated in
healthy middle-aged individuals, as described in a randomized, con-
trolled, double-blind study (Ottaviani et al., 2015). However, the test
product that used in this study was a cocoa extract capsule rather than
chocolate that is high in sugar, fat, and energy. Critical attention should
be paid to the high intake of chocolate with sugar, fat, and energy,
which may counteract the BP-lowering effect of cocoa flavanols. All
studies included in this review were short- or medium-term studies
ranged from 1 to 8 weeks, only 1 study was an 18-week intervention.
While the adverse metabolic effects caused by the high intake of energy
and sugar may only be observed in the long term. The COcoa Supple-
ment and Multivitamin Outcomes Study (COSMOS), an ongoing large-
scale, randomized, double-blind, controlled study, is testing the effects
of cocoa extract supplement (600mg/day) on cardiovascular health in
the US (COSMOS, n.d.; Cicero, Fogacci, & Colletti, 2017). This study
involves more than 12000 women and 6000 men with 4 years of
treatment and follow-up (COSMOS, n.d.), which may provide promising
data for the potential BP-lowering benefits.

5. Conclusions

Numerous studies reported a BP-lowering effect of flavanol-rich
cocoa products. It is of interest to examine whether there is sufficient
evidence to support the BP-lowering health claim for cocoa flavanols
under the US FDA's jurisdiction. After evaluating the current evidence,
there are inconsistent data regarding to cocoa flavanol intake and BP
reduction. Because of a lack of high quality studies and above un-
certainties concerned, there is no SSA among the current evidence
supporting the relationship between cocoa flavanol intake and BP re-
duction. No BP-lowering health claim should be allowed for cocoa
flavanols. Considering the health claim systems in the US, a qualified
health claim with the category “C” can be attributed to cocoa flavanol
intake and BP reduction, reflecting a low level of scientific evidence
supporting the claim. Meanwhile, further research is required to de-
termine the optimal does of cocoa flavanols including epicatechin, an

Y. Wang et al. Trends in Food Science & Technology 83 (2019) 203–210

209



interaction between cocoa flavanols and theobromine in reducing BP,
the effect of food matrix on bioavailability of cocoa flavanols, as well as
long term effects of cocoa products.
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