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ABSTRACT 

Obesity and insulin resistance (IR) control is a requisite for reducing the risk of several non-

communicable disease states. Although monounsaturated fatty acids (MUFA) advantageously 

affect obesity and IR risk, inter-individual variations in the responses of obesity and IR to dietary 

MUFA have been identified. Single-nucleotide polymorphisms (SNPs) profoundly influence 

such responsiveness; however, the effects of the interactions between dietary MUFA and genetic 

factors on obesity and IR have been scarcely tested in intervention studies. The objective of the 

present research was to investigate the impact of genetic variability on responsiveness of body 

fat mass and IR measure to a high level of dietary MUFA. In a randomized, crossover, 

controlled-feeding trial, 124 adults with abdominal obesity consumed one of three oils (20% of 

total energy) each for six weeks, separated by a four-12 week washout. Oils included two-high-

MUFA oils, conventional canola and high-oleic canola, and a low-MUFA high-saturated fatty 

acid (CONTROL) oil blend. In this study, no significant differences were observed in changes in 

body weight, fat mass, or measures of glycemic control and IR following the consumption of any 

of the three treatments. However, results reveal that SNPs within obesity-related genes 

contributed to shaping the degree of body fat response to dietary MUFA. The consumption of 

high-MUFA diets induced significant reductions in various regions of fat mass in the LPL 

rs13702-CC, PPARα rs6008259-AA, and ADIPOQ rs266729-GG carriers compared to the 

opposing genotypes. Further, the CONTROL diet promoted fat mass reductions in participants 

possessing the FTO rs9939609-A, APOE4, ADRB2 rs1042714-GG, and LIPC rs6083-GG 

variants, but not in individuals carrying the other genotypes. SNPs within IR-associated genes 

were found to modify the response of IR measure to dietary fatty acid modification; 

improvement in insulin sensitivity measures was observed upon consumption of the CONTROL 
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diet compared to the high-MUFA diets in the homozygotes of either the FABP1 rs2241883-CC 

or the IRS1 rs7578326-GG genotype compared to corresponding genotypes. These findings 

advance knowledge of the inherited basis by which alleviation of obesity and IR may be 

achieved in response to dietary fatty acid modification, hence launching an important step 

towards an era of personalized nutrition.  

  



iv 
 

ACKNOWLEDGMENT 

One of the joys of having completed this thesis is expressing my tremendous appreciation 

to everyone who has been there to support me during the PhD study or contributed to the 

completion of this thesis. First, special and genuine gratitude must be expressed to my supervisor 

Dr. Peter Jones who has supported me throughout the years of my PhD journey with his great 

knowledge and expertise whilst allowing me the room to work in my own way. Dr. Jones has 

provided invaluable inspiration that helped me grow professionally as a researcher. It was 

staggeringly an honor to have you as my supervisor, thank you for the unflagging support, 

encouragement, and advice of one sort and another.  

I would like to express my genuine appreciation to my advisory committee members, Dr. 

James Friel and Dr. Grant Hatch, for their kindness, expertise, and useful suggestions. One 

simply could not wish for a better or friendly committee. Deep gratitude is extended to Dr. Peter 

Eck for sharing a part of his inconceivable knowledge in genetics and providing guidance 

whenever needed. I am truly thankful to Dr. David Mutch from Human Health & Nutritional 

Sciences Department at the University of Guelph, my external examiner, for his constructive 

comments that helped improving this thesis. 

Sincere appreciation goes to all the investigators who designed and supervised the trial, 

without your expertise and leadership, this study would never have matured. The recognition 

extended to their research teams who contributed to the successful completion of the trial. I 

would like to express my special thanks to everyone who was involved in the clinical trial at the 

Richardson centre for functional food and nutraceuticals, your effort made this work achievable.  



v 
 

And because the student life is not always honey and milk, I would like to thank my 

sponsor, The University of Jordan, for providing the Scholarship for Graduate Studies for three 

years. Appreciation is also extended to the staff in the Office of International Relations at The 

University of Jordan for their remarkable care, and to the friendly and supportive professors at 

The University of Jordan and The Hashemite University for their continuous caring and 

encouragement during my college life. I would like to acknowledge the sources of financial 

support provided for my study including Canola Council of Canada, Agriculture and Agri-Food 

Canada, and Dow AgroSciences. 

I have been blessed with a friendly group of fellow students, we have grumbled and 

laughed together throughout years of hard work. Gratitude to my friends in Canada and back 

home, many names to be mentioned explicitly, but you know who you are, the friendships we 

have will last a lifetime. Thank you for love and support that will be always remembered.  

My deepest and sincere gratitude goes to my beloved Dad and Mom for their moral and 

emotional support throughout my entire life. Your love and encouragement are what I relayed on 

to keep myself slightly sane whilst figuring things out over the past years. I am immensely 

indebted to my brothers and lovely sister for their abiding love, motivational talks, and care. I 

made it this far! Get ready, we have so much to catch up with. To my wonderful nieces, your 

smile has made this bearable. Huge appreciation is also expressed to my gorgeous sister in law 

and the rest of my family back home, your faith in my potential is one of the greatest gifts that 

one can ever have. No spoken language in this world and no act of gratitude can truly express my 

heartfelt appreciation and love, however, I will devote the rest of my life trying to give you a 

fraction of all you have given me. Above all, my greatest gratitude is to “Allah” for answering 

my prayers, for giving me the strength to continue on despite all the sense of awe and agony that 



vi 
 

underpins the doctoral lifespan, and for making the impossible possible. My faith in “Allah” 

taught me not only to stay strong through the difficult time but also to grow flowers that bloom 

beautifully from it.  



vii 
 

DEDICATION 

 

 

To my precious beloved parents for being the most wonderful 

parents one can ever imagine, for being in the best of my times as 

also in the worst, for being my reason to look forward, simply for 

being you…..you are my heaven. To my brothers and sister for your 

unconditional love……I love you more than love itself. 

To all the people who are loving and kind to me. It is not what I 

have in my life, it is who I have, and that’s why this is for you…  



viii 
 

TABLE OF CONTENTS 

TABLE OF CONTENTS 

ABSTRACT ................................................................................................................................... ii 

ACKNOWLEDGMENT ............................................................................................................. iv 

DEDICATION............................................................................................................................. vii 

TABLE OF CONTENTS .......................................................................................................... viii 

LIST OF TABLES ...................................................................................................................... xv 

LIST OF FIGURES .................................................................................................................. xvii 

ABBREVIATIONS .................................................................................................................... xix 

CHAPTER I .................................................................................................................................. 1 

GENERAL INTRODUCTION .................................................................................................... 1 

1.1 Introduction ........................................................................................................................... 1 

1.1.1 Pathogenic obesity .......................................................................................................... 1 

1.1.2 Insulin resistance ............................................................................................................ 2 

1.1.3 Dietary monounsaturated fatty acid and obesity ............................................................ 3 

1.1.4 Dietary monounsaturated fatty acid and insulin resistance ........................................... 5 

1.1.5 Interplay of MUFA and genetic factors on obesity and IR............................................. 6 

1.1.6 Conclusion ...................................................................................................................... 7 

1.2 Rationale................................................................................................................................ 8 

1.3 Objectives .............................................................................................................................. 9 

1.4 Hypotheses .......................................................................................................................... 10 



ix 
 

1.5 Outline of the thesis............................................................................................................. 10 

1.6 References ........................................................................................................................... 12 

BRIDGE TO CHAPTER II ....................................................................................................... 19 

CHAPTER II ............................................................................................................................... 20 

MANUSCRIPT 1: LITERATURE REVIEW .......................................................................... 20 

The quality of dietary fat modulates obesity and interacts with obesity-related genes ....... 20 

2.1 Abstract ............................................................................................................................... 21 

2.2 Introduction ......................................................................................................................... 22 

2.3 Overview of the Effect of Dietary Fat on Development of Obesity ................................... 24 

2.3.1 Fat quality and body composition ................................................................................ 24 

2.3.2 Fat quality and energy expenditure .............................................................................. 29 

2.3.3 Fat quality and energy consumption ............................................................................ 31 

2.4 The Effect of Dietary Fat on Adipogenesis-Related Genes ................................................ 33 

2.4.1 Obesity-related transcriptional factors ........................................................................ 33 

2.4.2 The role of saturated fatty acid on the expression of obesity-related genes ................ 37 

2.4.3 The role of unsaturated fatty acid on the expression of obesity-related genes ............ 38 

2.4.4 Fat quality and epigenetic modifications of obesity-related genes .............................. 40 

2.4.5 The interaction between fat quality and single nucleotide polymorphisms of obesity-

related genes .......................................................................................................................... 41 

2.5 Abdominal Fat Depots Vary in their Adipogenic Effect..................................................... 48 



x 
 

2.6 Conclusion ........................................................................................................................... 51 

2.7 References ........................................................................................................................... 52 

BRIDGE TO CHAPTER III ...................................................................................................... 69 

CHAPTER III ............................................................................................................................. 70 

MANUSCRIPT 2 ........................................................................................................................ 70 

Common variants in lipid metabolism–related genes associate with fat mass changes in 

response to dietary monounsaturated fatty acids .................................................................... 70 

3.1 Abstract ............................................................................................................................... 72 

3.2 Introduction ......................................................................................................................... 74 

3.3 Subjects and Methods.......................................................................................................... 75 

3.3.1 Study design and population ......................................................................................... 75 

3.3.2 Study diets ..................................................................................................................... 76 

3.3.3 Measurement of fat mass .............................................................................................. 78 

3.3.4 Genotyping.................................................................................................................... 80 

3.3.5 Statistical analyses ....................................................................................................... 82 

3.4 Results ................................................................................................................................. 83 

3.5 Discussion ......................................................................................................................... 107 

3.6 References ......................................................................................................................... 114 

BRIDGE TO CHAPTER IV .................................................................................................... 122 

CHAPTER IV............................................................................................................................ 123 



xi 
 

MANUSCRIPT 3 ...................................................................................................................... 123 

Dietary monounsaturated fatty acids modulate CPT1B expression level in peripheral whole 

blood cells of subjects with abdominal obesity: A randomized controlled trial ................. 123 

4.1 Abstract ............................................................................................................................. 125 

4.2 Introduction ....................................................................................................................... 127 

4.3 Subjects and Methods........................................................................................................ 128 

4.3.1 Study design and population ....................................................................................... 128 

4.3.2 Ethics .......................................................................................................................... 129 

4.3.3 Study diet .................................................................................................................... 129 

4.3.4 Compliance ................................................................................................................. 131 

4.3.5 Measurement of fat mass ............................................................................................ 131 

4.3.6 Gene expression .......................................................................................................... 132 

4.3.7 Statistical analyses ..................................................................................................... 133 

4.4 Results ............................................................................................................................... 133 

4.5 Discussion ......................................................................................................................... 140 

4.6 References ......................................................................................................................... 145 

BRIDGE TO CHAPTER V...................................................................................................... 149 

CHAPTER V ............................................................................................................................. 150 

MANSUCRIPT 4 ...................................................................................................................... 150 



xii 
 

Polymorphisms in IRS1 and FABP1 modify insulin resistance in response to fatty acid 

composition in non-diabetic subjects with abdominal obesity .............................................. 150 

5.1 Abstract ............................................................................................................................. 152 

5.2 Introduction ....................................................................................................................... 154 

5.3 Methods ............................................................................................................................. 155 

5.3.1 Study design and population ....................................................................................... 155 

5.3.2 Statement of ethics ...................................................................................................... 156 

5.3.3 Dietary intervention .................................................................................................... 156 

5.3.4 Biochemical measurements ........................................................................................ 157 

5.3.5 Genotyping.................................................................................................................. 158 

5.3.6 Statistical analyses ..................................................................................................... 161 

5.4 Results ............................................................................................................................... 161 

5.5 Discussion ......................................................................................................................... 169 

5.6 References ......................................................................................................................... 175 

BRIDGE TO CHAPTER VI .................................................................................................... 179 

CHAPTER VI............................................................................................................................ 180 

Monounsaturated fatty acids rich diet failed to modulate spontaneous physical activity 

behavior in subjects with abdominal obesity.......................................................................... 180 

6.1 Introduction ....................................................................................................................... 180 

6.2 Methods ............................................................................................................................. 181 



xiii 
 

6.2.1 Study design and population ....................................................................................... 181 

6.2.2 Dietary intervention .................................................................................................... 182 

6.2.3 Physical activity assessment ....................................................................................... 182 

6.2.4 Statistical analyses ..................................................................................................... 183 

6.3 Results and Discussion ...................................................................................................... 183 

6.4 References ......................................................................................................................... 188 

CHAPTER VII .......................................................................................................................... 190 

GENERAL DISCUSSION ....................................................................................................... 190 

7.1 Summary and implications ................................................................................................ 190 

7.2 Strengths, limitations and future directions ...................................................................... 193 

7.3 Final conclusion ................................................................................................................ 195 

7.4 References ......................................................................................................................... 197 

APPENDICES ........................................................................................................................... 200 

APPENDIX I ........................................................................................................................... 200 

Ethics Approval for Studies Corresponding to Chapters III, IV, V, VI .................................. 200 

APPENDIX II ......................................................................................................................... 204 

Forms Corresponding to Studies Described in Chapters III, IV, V, VI .................................. 204 

Study Advertisements – Poster ................................................................................................ 204 

Study Information Session Presentation ................................................................................. 206 

Subject Screening Consent Form ............................................................................................ 207 



xiv 
 

Medical Examination Form .................................................................................................... 208 

Subject Informed Consent Form ............................................................................................. 211 

Genetic Consent Form ............................................................................................................ 218 

Subject Information Sheet ....................................................................................................... 221 

Study Weight Monitoring Form............................................................................................... 224 

Study Phase Schedule .............................................................................................................. 225 

Shake Consumption Checklist ................................................................................................. 226 

Data Collection and Monitoring Forms.................................................................................. 227 

Participant Status Summary .................................................................................................... 244 

Instructions for blood sample processing used for samples handling corresponding to 

Chapters III, IV, V, VI ............................................................................................................. 245 

Appendix III ............................................................................................................................ 246 

Information relation to treatments and diet provided in Chapters III, IV, V, VI .................... 246 

Appendix III: Data sheet of high-oleic canola oil ................................................................... 246 

Appendix III: Data sheet of regular canola oil ....................................................................... 248 

Preparation instructions of the low-MUFA high-SFA oil blend (control) treatment ............. 251 

Fatty acid composition of the low-MUFA high-SFA oil blend (control) treatment ................ 252 

Diet sheet/sample menu provided for participants as the background diet ............................ 253 

 

  



xv 
 

LIST OF TABLES 

Table 2.1: The effect of dietary fatty acid-gene interaction on body composition ...................... 42 

Table 3.1: Characteristics of the selected single-nucleotide polymorphisms .............................. 81 

Table 3.2: Changes in body composition in response to dietary monounsaturated fatty acids ... 85 

Table 3.3: Characteristics of participants at the baseline of dietary intervention ........................ 87 

Table 3.4: Changes in trunk, leg, and total fat mass, and body weight following dietary 

treatments by the selected polymorphisms ................................................................................... 88 

Table 3.5: Changes in android, gynoid, visceral, and subcutaneous fat mass following dietary 

treatments by the selected polymorphisms ................................................................................... 94 

Table 4.1: Nutrient composition of the three treatment periods ................................................ 130 

Table 4.2: Characteristics of participants at the baseline of dietary intervention ...................... 134 

Table 4.3: Changes in body composition in response to dietary intervention ........................... 136 

Table 4.4: Mean fold change in expression levels of obesity-related genes and transcription 

factors compared with the Control oil ........................................................................................ 137 

Table 4.5: Correlations between total and regional fat mass and relative expression of selected 

obesity-related genes and transcription factors ........................................................................... 138 

Table 5.1: Characteristics of the selected polymorphisms ......................................................... 160 

Table 5.2: Characteristics of participants at baseline of the dietary intervention ...................... 163 



xvi 
 

Table 5.3: Fasting insulin, fasting glucose, fasting fructosamine, and homeostatic model 

assessment of insulin sensitivity and β-cell function according to dietary intervention............. 164 

Table 5.4: Fasting insulin, fasting glucose, and homeostatic model assessment of insulin 

sensitivity and β-cell function according to dietary intervention and selected polymorphisms . 166 

Table 6.1: Characteristics of participants at baseline of the dietary intervention ...................... 184 

Table 6.2: Physical activity measures according to dietary intervention ................................... 185 

 

 

  



xvii 
 

LIST OF FIGURES 

Figure 2.1: The effect of peroxisome proliferator-activated receptor alpha, gamma, and delta and 

sterol regulatory element-binding proteins-1c on adipogenesis and lipogenesis processes in 

adipose tissue and liver ................................................................................................................. 36 

Figure 3.1: The android and gynoid regions of interest determined by dual energy X-ray 

absorptiometry .............................................................................................................................. 79 

Figure 3.2: Flow chart of participating adults throughout the study ........................................... 84 

Figure 3.3: LPL rs13702 genotypes determine the effect of high versus low MUFA consumption 

on changes in VAT mass (A), trunk fat mass (B), android fat (C), total fat mass (D), and body 

weight (E).................................................................................................................................... 100 

Figure 3.4: PPARα rs6008259 genotypes determine the effect of high versus low MUFA 

consumption on changes in leg fat mass. .................................................................................... 101 

Figure 3.5: FTO rs9939609 genotypes determine the effect of high versus low MUFA 

consumption on changes in body weight. ................................................................................... 102 

Figure 3.6: ADIPOQ rs266729 genotypes determine the effect of high versus low MUFA 

consumption on changes in SCAT (A) and android fat mass (B)............................................... 104 

Figure 3.7: APOE genotypes determine the effect of high versus low MUFA consumption on 

changes in trunk fat mass (A) and total fat mass (B) .................................................................. 105 

Figure 3.8: Changes in total fat mass in response to high versus low MUFA consumption are 

determined by LIPC rs6083 (A) and ADRB2 rs1042714 (B) genotypes .................................... 106 



xviii 
 

Figure 5.1: End-point responses of insulin (A), HOMA-β (B), and HOMA-IR (C) to dietary 

MUFA by IRS1 rs2943641 + rs7578326 combination ............................................................... 168 

  



xix 
 

ABBREVIATIONS 

11β-HSD1 11β-hydroxysteroid dehydrogenase type-1 

ACOX1 Acyl-CoA oxidase-1 

ADRB2 Adrenoceptor Beta-2 

ADIPOQ Adiponectin 

APOE Apolipoprotein E 

BMI Body mass index 

CD36 Cluster of differentiation-36 

C/EBP-α CCAAT-enhancer binding protein-α 

COMIT Canola oil multi-center intervention trial 

CPT1A Carnitine palmityl transferase-1A 

CPT1B Carnitine palmityl transferase-1B 

Ct Cycle threshold 

DGAT1 Diacylglycerol O-acyltransferase 

DXA Dual energy X-ray absorptiometry 

FA Fatty acids 

FABP1 Liver fatty acid binding protein 

FABP4 Fatty acid binding protein-4 

FTO Fat mass and obesity-associated gene 



xx 
 

HOCO High-oleic canola oil 

HOMA-β Homeostasis model assessment of beta-cell function 

HOMA-IR Homeostasis model assessment of insulin resistance 

IR Insulin resistance 

IRS1 Insulin receptor substrate-1 

LEP Leptin 

LIPA Lipase A, lysosomal acid 

LIPC Hepatic lipase 

LIPE Hormone-sensitive lipase 

LIPF Gastric lipase 

LIPG Endothelial Lipase 

LPL Lipoprotein lipase 

MCFA Medium-chain fatty acid 

MCT Medium-chain triglyceride 

MET  Metabolic equivalents 

MUFA Monounsaturated fatty acid 

n-3 PUFA Omega-3 polyunsaturated fatty acid 

n-6 PUFA Omega-6 polyunsaturated fatty acid 

PLIN1 Perilipin-1 



xxi 
 

PPARα Peroxisome proliferator activated receptor-alpha 

PPARδ Peroxisome proliferator activated receptor-delta 

PPARγ Peroxisome proliferator activated receptor-gamma 

PPARGC1A  Peroxisome proliferator-activated receptor gamma, coactivator-1 alpha 

PPARGC1B Peroxisome proliferator-activated receptor gamma, coactivator-1 beta 

PRKAA2  Protein kinase, AMP activated, alpha catalytic subunit 

PUFA Polyunsaturated fatty acid 

RCFFN Richardson Centre for Functional Foods and Nutraceuticals 

RCO Regular canola oil 

RETN Resistin 

SCAT Subcutaneous adipose tissue 

SCD Stearoyl-CoA desaturase 

SCD1 Stearoyl-CoA desaturase-1 

SCD5 Stearoyl-CoA desaturase-5 

SFA Saturated fatty acid 

SNP Single nucleotide polymorphism 

SLC27A1 Solute carrier family 27, member-6 

SREBF1 Sterol regulatory element-binding transcription factor-1 

SREBP1 Sterol regulatory element binding protein-1 



xxii 
 

TCF7L2 Transcription factor 7-like-2 

UCP2 Uncoupling protein-2 

VAT Visceral adipose tissue 

WC Waist circumference 

WHR Waist-to-hip ratio 



1 
 

CHAPTER I 

GENERAL INTRODUCTION 

1.1 Introduction 

The global prevalence of obesity is growing rapidly. In 2016, World Health Organization 

(WHO) global estimates suggest 39% of adults aged 18 years and over were overweight, and 

13% were obese (1). A trend analysis showed that the prevalence of adult obesity in Canada, 

especially excessive obesity, continues to rise, whereas the prevalence of normal weight 

Canadian adult is steadily decreasing (2). The estimate indicates that half of the Canadian 

provinces will have more overweight or obese adults than normal weight adults by 2019 (2). 

Obesity can negatively affect the quality of life and is a major risk factor for cardiovascular 

disease, insulin resistance (IR), type 2 diabetes, and cancer (2, 3). The success rate of obesity 

control regimens is not always satisfactory, which can be attributed to the fact that obesity is a 

complex trait that is influenced by several determinants including diet, environment, and genetics 

(4). An effective obesity treatment and prevention strategy must contemplate the modifiable and 

heritable factors to achieve an optimal outcome.   

1.1.1 Pathogenic obesity 

Although obesity is a leading risk factor for various chronic diseases and metabolic 

abnormalities, the influence of obesity on health is greatly determined by the distribution pattern 

of body fat rather than only the level of fat accumulation (5, 6).  Body fat accumulates in two 

main regions; abdominal (android) and peripheral (gynoid) (7, 8). Abdominal obesity is 

associated with increased risks for chronic diseases, cardio-metabolic disturbances, and IR 

compared to peripheral obesity (7-10). For instance, a two percent increase in the risk of future 
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cardiovascular disease was associated with one centimeter increase in waist circumference (8). 

Wiklund et al. have reported that an increase of less than one kilogram of android fat 

corresponded to an elevation in cardiovascular disease risk factors from zero to at least three 

factors (10). However, not all adipocytes in the android region induce the same degree of 

pathogenesis.  

Two main types of fat depot have been recognized in the android region, namely 

subcutaneous adipose tissue (SCAT) and visceral adipose tissue (VAT) (11). SCAT is the 

adipocyte that lies just beneath the skin, while adipocytes that accumulate around the vital organ 

in the abdominal cavity is known as VAT. Studies have shown strong and independent 

associations between VAT depot, rather than SCAT, and risks for chronic diseases and metabolic 

abnormalities (7, 11-16). The pathogenicity of VAT can be attributed to numerous VAT-specific 

features including containing larger number of inflammatory and immune cells, enclosing more 

androgen and glucocorticoid receptors, having more lipolytic activity, producing a variety of 

pathogenic adipokines, and draining large amounts of free fatty acids (FAs) and adipokines 

directly into liver through the portal vein (11, 17). Thus, quantification of total and regional fat 

mass and discrimination between different fat depots can provide a better understanding of the 

pathogenesis of obesity and therefore, offer better insight into the risk of metabolic abnormalities 

including IR and disrupted glycemic control.  

1.1.2 Insulin resistance 

IR is the loss of optimal biological response to insulin at the insulin-sensitive tissue. 

Accumulation of fat, particularly visceral fat (18), promotes oversupply of lipid to insulin-

sensitive tissue, which may increase lipid accumulation in muscle, liver, and other non-adipose 

tissue, thus interrupts normal insulin-mediated glucose uptake (19, 20). Furthermore, obesity, in 
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addition to being a risk factor for IR, can be exacerbated, along with obesity-related metabolic 

abnormalities, by IR (20-22). Recent data analysis from three randomized trials of overweight 

and obese participants showed that elevated baseline fasting plasma glucose concentrations, 

possibly reflecting insulin resistance, may reduce the effectiveness of a weight loss dietary 

intervention (23). Given the intricate relationship between obesity and IR, an effective 

intervention to prevent/restore insulin sensitivity should also focus on obesity reduction. The 

evidence underscores the role of dietary FA modification in ameliorating IR and fat 

accumulation (24-26). 

1.1.3 Dietary monounsaturated fatty acid and obesity 

Modifying body fat accumulation and distribution can reduce disease risk and improve 

metabolic profile. Different dietary FAs vary in their obesity-inducing effect (27, 28). Saturated 

FA (SFA) and trans-fat intakes have been linked to obesity, specifically abdominal fat deposition 

(29, 30). Controversy exists regarding the beneficial effects of polyunsaturated FA (PUFA) on 

weight loss and maintenance (31, 32) as well as on cardiovascular complications (33, 34). On the 

other hand, dietary monounsaturated FA (MUFA) has been gaining a particular scientific interest 

regarding its advantageous effects on glycemic control, cardiovascular health, as well as obesity-

protective effects (25, 31, 35, 36). 

An increasing body of evidence supports the favorable effect of MUFA on body 

composition (25, 37-39). Adherence to a diet rich in MUFA was reported to induce favorable 

effects on body weight, abdominal obesity, and fat mass (31, 40-42). A randomized, cross-over, 

ad libitum feeding study found that a diet containing ~ 23% MUFA and ~ 11% SFA of total 

energy induced small but significant reductions in body weight and fat mass compared to a high-

SFA diet (~ 24% SFA and ~ 13% MUFA of total energy) in overweight and obese men (37).  
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Additionally, a diet rich in MUFA was shown to ameliorate pathogenic obesity by 

reducing abdominal fat accumulation (25, 43), and was suggested to shift fat storage toward 

SCAT, rather than VAT (38, 39). A randomized, crossover, controlled study found a tendency of 

a four-week high-oleic acid oil-rich diet to suppress android-to-gynoid fat ratio compared to a 

flaxseed oil-rich diet (27). The Canola Oil Multicenter Intervention Trial I (COMIT I) is a 

previous randomized, controlled, crossover trial that was conducted by our group and assessed 

the actions of different dietary unsaturated FA oil/oil blend on body composition (44). The 

authors reported that conventional canola oil and high-oleic acid canola oil (MUFA rich) 

prompted significant reductions in android fat mass, especially, in men compared to a PUFA rich 

oil blend.  

These beneficial effects of MUFA consumption might be attributed to the increased 

propensity of MUFA to be oxidized rather than stored in adipocytes, as indicated by a 

considerable body of evidence (28, 45-47). Also, MUFA consumption was reported to increase 

energy expenditure and diet-induced thermogenesis compared to SFA consumption (46, 48-50). 

Kien et al. reported an additional attractive effect of high-MUFA consumption on elevating 

physical activity levels compared to a high-palmitic acid diet (51). Further, a growing body of 

evidence suggests a promising effect of oleic acid, the most predominant dietary MUFA, 

consumption on promoting food intake control, which may, therefore, contribute to weight 

management and obesity treatment (52, 53). The latter action of dietary MUFA is proposed to be 

triggered by oleoylethanolamide, an endogenous lipid mediator derived from MUFA, which has 

been recently appraised in two reviews (53, 54). These findings reinforce the notion that MUFA 

consumption might govern less fat accumulation and favorable fat distribution as well as endorse 

the recommendations of the American and Canadian Dietetic Association which allow for 
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consuming almost 25 % of total energy of MUFA (55). However, FA composition of North 

American diet does not currently contribute to obesity and metabolic abnormality risk reduction, 

with an excess SFA content and a MUFA level below 14% of total energy (56). 

1.1.4 Dietary monounsaturated fatty acid and insulin resistance  

Although the mechanisms linking dietary FA composition to IR are not completely 

understood yet, the preferable action of MUFA on IR might be mediated by improving cellular 

membrane fluidity and insulin receptor affinity (57, 58). Another suggested mechanism is 

modifying intramuscular fat deposition, where SFA, unlike unsaturated FAs, augment fat 

deposition and cause IR (59, 60). Further, the higher oxidation rate of MUFA compared to other 

dietary FAs may help modulate intracellular lipid balance and improve insulin sensitivity (60).  

MUFA consumption has repeatedly been shown to improve insulin sensitivity measures 

compared to SFA. Consumption of a MUFA rich diet containing 23% of total energy for four 

weeks improved insulin sensitivity index values using an intravenous glucose tolerance test 

compared to SFA rich and carbohydrate-rich diets in subjects with abdominal obesity and type 2 

diabetes (25). Three months controlled isoenergetic diet with a high MUFA content (23% of total 

energy) improved insulin sensitivity by 8.8% compared to a 12.5% decline following a SFA rich 

diet (17% of total energy) in healthy subjects (26). Further, consumption of a MUFA rich diet 

(>20% of total energy) for six months reduced fasting glucose, insulin, and HOMA-IR, whereas 

a SFA rich diet (>15% of total energy) augmented these variables in non-diabetic obese subjects 

(61). A systematic review of controlled feeding trials showed that replacing 5% of total energy 

from carbohydrate with MUFA reduced glycated haemoglobin-A1c and HOMA-IR as well as 

improved glucose homeostasis (62). Yet, the evidence is inconsistent (63-65), which might be 

attributed to the degree of obesity where the tight link between IR and obesity might hinder the 
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beneficial effect of MUFA on IR (65) and/or to the heterogeneity in genetic architecture which 

could also influence the response of IR to dietary MUFA (66). 

1.1.5 Interplay of MUFA and genetic factors on obesity and IR 

Numerous susceptibility genes contribute to obesity development and IR risk. Genome-

wide association studies have identified 190 genetic loci associated with obesity and fat 

distribution (67) and 88 loci associated with type 2 diabetes risk (66). However, due to the strong 

link of IR with obesity and the difficulty to apply reliable insulin sensitivity measures within 

large cohorts, far fewer variants, to date, have been identified as associated with IR (66).  

The responsiveness of individuals to dietary FA modifications was found to be modulated 

by genetic variants within genes that control adipogenesis and lipid turnover, appetite regulation 

and energy balance, as well as lipid metabolism (68-73). In contrast, little is known concerning 

the effect of genetic makeup in modulating the response of IR to dietary FAs. Further, dietary FA 

composition may also modify gene expression profiles and thus, alter obesity and IR risk (74, 

75), yet, studies in humans are scarce.  

Interactions between genetics and dietary factors may determine the outcome of weight-

management and glycemic-control regimens as well as provoke motivation and compliance with 

long-term dietary changes (73, 76). For instance, the peroxisome proliferator-activated receptor 

gamma (PPARγ) rs1801282-G allele carriers had significantly less body weight and fat mass 

compared to CC homozygous following high-MUFA intake (69). MUFA consumption ≥13% of 

energy intake reduced BMI and obesity risk in the adiponectin (ADIPOQ) rs17300539-A allele 

carriers compared to the G-allele (77). Regarding insulin sensitivity and glycemic control, a 

MUFA rich diet was found to improve insulin sensitivity in the ADIPOQ rs266729-CC male 

homozygotes compared to SFA rich diet (78). Low adherence to Mediterranean diet, a diet rich 
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in MUFA, increased fasting glucose concentrations in the transcription factor 7-like 2 (TCF7L2) 

rs7903146 TT homozygotes compared to the opposing allele carriers (79). Given the 

aforementioned evidence, tailoring dietary intervention based on genetic architecture may help 

achieve better weight and glycemic control especially in genetic-predisposed subjects (80).  

Nevertheless, numerous genetic variants remain to be evaluated for their effects on IR 

and obesity risk in response to dietary FA modification. Most of the available evidence evaluated 

the effect of gene-FA interaction on obesity using surrogate biomarkers, the influence of such 

interactions on fat mass accumulation and distinctive distribution is still missing. Furthermore, 

human clinical trials can provide better insights regarding the influence of genetic variants on the 

response of health outcomes, such as obesity and IR, to specific levels of dietary components 

rather than estimated dietary consumption as assessed by observational studies. Evidence from 

clinical trials is limited but warranted to establish personalized dietary recommendations.      

1.1.6 Conclusion  

MUFA consumption has been the focus of spectacular scientific interest for its promising 

effect on improving weight reduction and maintenance as well as enhancing insulin sensitivity 

and glycemic control. A genetic contribution to obesity and IR risk has been suggested, 

propelling research to evaluate the effect of genetic heterogeneity on the response of weight loss 

and insulin sensitivity to dietary MUFA. Data indicate modulatory effects of common genetic 

variants within genes associated with obesity and IR to the responsiveness to dietary FA 

modification; yet, this area of investigation is in its infancy. Hence, further investigation using 

human clinical trials is required to advance our knowledge of gene-MUFA interactions which 

may eventually lead to improving dietary recommendations that target weight and IR control.   
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1.2 Rationale 

Growing evidence supports the role of a MUFA rich diet in reducing fat accumulation as 

well as ameliorating metabolic abnormalities; however, further research is warranted to assess 

the effect of high-MUFA consumption on fat distribution. With an increasing necessity to reduce 

dietary SFA, the consumption of MUFA rich oil, mainly from canola oil, is escalating in North 

America. In contrast, the prevalence of obesity and IR continues to rise which underscores the 

need for further discovery of the crossroad between diet and genetics. Therefore, investigating 

gene-FA interactions might illuminate the effect of inter-individual variability in genes 

associated with obesity and IR on the response of fat mass changes and IR measure to MUFA 

consumption; yet the evidence from clinical trials is missing. Further, given that health 

authorities in US and Canada promote 20-25% MUFA of daily total energy consumption (55), 

the demand is high to evaluating the mechanisms by which MUFA rich diet might induce 

beneficial effects on body fat deposition and distribution as well as on health outcomes including 

IR. Gene expression analysis can provide an insight concerning such mechanisms; nevertheless, 

it has been scarcely evaluated in humans. Finally, a sub-analysis was performed to evaluate the 

previously proposed role of high dietary MUFA on physical activity level. 

Using a controlled full-feeding, double-blind, crossover, multicenter intervention trial, 

the chief aim of the current thesis is to delineate the impact of common genetic variants in 

candidate genes previously identified to be associated with obesity development on the response 

of body weight and fat mass changes to a high-MUFA consumption compared to a low-MUFA 

high-SFA diet. A secondary focus is to evaluate the influence of the genetic heterogeneity within 

IR-associated genes on the response of IR and glycemic control measures to dietary fatty acid 
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modification. The dietary intervention of this trial consisted of three phases including two high-

MUFA, regular canola oil and high-oleic canola oil, and a low-MUFA high-SFA oil blend.  

 

1.3 Objectives 

This research was conducted to extend knowledge on the beneficial effects of MUFA 

consumption on fat mass and IR measure compared to a low-MUFA high-SFA consumption in 

individuals with abdominal obesity, with emphasis on identifying the influence of common 

genetic variants on the responsiveness of IR measure and changes in body fat mass to 

consumption of different levels of MUFA.  Specific objectives included:  

1. To investigate the efficacy of consumption of regular and high-oleic canola oils in the 

modulation of body composition, body fat distribution, and visceral adiposity. 

2. To examine the effect of common genetic variants within obesity-associated genes on 

changes in body fat and distribution in response to enhanced MUFA consumption.  

3. To evaluate the effect of regular and high-oleic canola oils consumption on changes in 

gene expression of key lipogenesis and adipogenesis-related genes in peripheral whole 

blood cells. 

4. To assess the influence of consumption of regular and high-oleic canola oils on insulin 

resistance and glycemic control measures. 

5. To associate common variants within candidate genes associated with IR with measures 

of insulin resistance in response to dietary MUFA consumption.  
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6. To assess spontaneous physical activity levels in response to consumption of regular and 

high-oleic canola oils. 

1.4 Hypotheses  

This research has five main hypotheses to be tested: 

1. Replacing SFA with MUFA from conventional and high-oleic acid canola oils will 

reduce body fatness and shift body distribution toward more favorable status. 

2. The consumption of high-MUFA from conventional and high-oleic acid canola oils will 

interact with genetic polymorphisms within genes associated with obesity to affect total 

and regional body fat mass. 

3. The increased consumption of dietary oleic acid from conventional and high-oleic acid 

canola oils will change expression levels of obesity-related genes towards a less 

obesogenic status in peripheral whole blood cells.  

4. High-MUFA content of conventional and high-oleic acid canola oils, compared to high-

SFA low-MUFA oil blend, will improve insulin sensitivity and glycemic control. 

5. Heterogeneity in candidate genes associated with IR will modulate the response of IR and 

glycemic control measures to high-MUFA consumption. 

6. Substitution of SFA with MUFA in a controlled diet will increase spontaneous physical 

activity level. 

 

1.5 Outline of the thesis  

This thesis was written using the manuscript style and is composed of four manuscripts 

that follow the General Introduction (Chapter I). The first manuscript (Chapter II) summarizes 
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data of the literature surrounding the effects of dietary FA composition on obesity, mainly, from 

human studies, as well as delineates the role of the interactions between genetics and FA on 

obesity. Thereafter, three research manuscripts addressing each specific objective in this thesis 

are presented. The second manuscript in Chapter III presents a genetic basis for heterogeneity in 

responsiveness of fat mass loss to different levels of dietary MUFA. Chapter IV addresses an 

exploratory analysis of expression levels of several candidate obesity-associated genes in whole 

blood cells in response to high-MUFA consumption. Finally, Chapter V shows the influence of 

genetic heterogeneity in candidate genes associated with IR in responsiveness of IR measure to 

MUFA intake. Manuscript 1 has been published and Manuscript 2 and 4 are under submission. 

Bridges in between chapters facilitate a consistent flow of the thesis. A brief non-manuscript 

Chapter (Chapter VI) presents the effect of MUFA consumption on spontaneous physical activity 

level. The final chapter (Chapter VII) provides an overall summary of the research findings, 

strengths, limitations, future directions, implications, and concluding remarks. 
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BRIDGE TO CHAPTER II 

Chapter II provides an overview of the current evidence, mainly from human clinical trials, 

concerning the effect of dietary FA composition on obesity development. Also, this review 

delineates the current knowledge regarding the influence of dietary FA composition on 

expression levels of obesity-related genes as well as the interaction of common genetic variants 

within these genes with dietary FAs on obesity. The evidence reviewed in this chapter, in 

essence, triggered the research investigation and project presented in Chapters III, IV and VI. 

The following manuscript has been published in Lipids 2017; 52(10): 803–822. DOI 

10.1007/s11745-017-4291-9. 
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2.1 Abstract 

The prevalence of obesity is skyrocketing worldwide. The scientific evidence has 

associated obesity risk with many independent factors including the quality of dietary fat and 

genetics. Dietary fat exists as the main focus of dietary guidelines targeting obesity reduction. To 

prevent/minimize the adipogenic effect of dietary fatty acids (FA), intakes of long-chain 

saturated- and trans-FA should be reduced and substituted with unsaturated FA. The optimal 

proportions of dietary unsaturated FA are yet to be defined, along with a particular emphasis on 

the need to achieve a balanced ratio of n-3:n-6 polyunsaturated FA and to increase 

monounsaturated FA consumption at the expense of saturated FA. However, inter-individual 

variability in weight loss in response to a dietary intervention is evident, which highlights the 

importance of exploring gene-nutrient interactions that can further modulate the risk for obesity 

development. The quality of dietary fat was found to modulate obesity development by 

interacting with genes involved in fatty acid metabolism, adipogenesis, and the endocannabinoid 

system. This review summarizes the current knowledge on the effect of the quality of dietary fat 

on obesity phenotype and obesity-related genes. The evidence is not only supporting the 

modulatory effect of fat quality on obesity development but also presenting a number of 

interactions between obesity-related genes and the quality of dietary fat. The identified gene-FA 

interaction may have a clinical importance and holds a promise for the possibility of using 

genetically targeted dietary interventions to reduce obesity risk in the future.  
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2.2 Introduction 

Obesity is a medical condition in which excess body fat accumulates to the extent that it 

may have negative impacts on health (1). Obesity is one of the largest health problems and its 

prevalence is skyrocketing worldwide (2-4). Many dietary, environmental, metabolic, and 

genetic factors are likely involved in obesity development. Dietary fat is the most energy-dense 

macronutrient, therefore, its consumption may influence energy balance and consequently, body 

weight and fatness (5, 6). Even though the quantity of dietary fat has an integral role in obesity 

development, the effect of the quality of dietary fat on body fat accumulation has been 

recognized by many researchers (6-9). Different fatty acids (FA) may vary in their obesity-

inducing effect by directing the metabolism toward a pathway of either oxidation or storage (5, 

10), as well as by influencing satiety and appetite sensations (11, 12). The consumption of long-

chain saturated FA (SFA) and trans- FA has been linked to obesity and specifically to abdominal 

fat accumulation (6, 13), while unsaturated FA, polyunsaturated FA (PUFA) and 

monounsaturated FA (MUFA), have been found to suppress appetite as well as increase energy 

expenditure and fat oxidation rate, therefore, induce favorable effects on regional and total fat 

mass, as compared to the former two types (7-10, 12, 14).  

Although excess body fat can mostly be modulated by controlling obesity-related 

environmental factors, genetic predisposition also plays an integral role in obesity development 

(15, 16). The genetic contribution to obesity explains up to 84% of body mass index (BMI) (4). 

Many genes have been implicated in obesity development by several genome-wide association 

studies (17-19). Indeed, currently, at least 190 gene loci have been found to be associated with 

general obesity and fat distribution (20). Furthermore, epigenetic modifications which are 

defined as the heritable changes in gene expression that do not involve changes to the underlying 
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DNA sequence, such as DNA methylation and histone modification, have been implicated in 

obesity development (21-23). Epigenome-wide association study identified 278 methylation sites 

associated with BMI (24). Although many genes are involved in the adipogenesis process, two 

main points remain to be elucidated; the influence of genetic variation on body weight changes 

and whether nutrients can modify the adipogenic effect of genes. It is therefore difficult to 

identify the main contributor to obesity development and fat distribution due to the complex 

interactions between environmental and genetic factors. However, the study of gene-diet 

interactions holds promise of the eventual development of a personalized prevention and 

treatment intervention. The study of gene-diet interactions can be divided into three main 

disciplines; nutrigenetics, nutrigenomics, and nutriepigenomics, which are, respectively, the 

science of the effect of genetic variation on dietary response, the science of the role of nutrients 

in gene expression via interaction with genetic structure, and the science of the role of nutrients 

on gene expression via epigenetic modifications (25). The type of dietary fat has been reported to 

influence the function/expression level of lipid metabolism and deposition-related genes, and 

therefore, modulate obesity risk (26, 27).  A diet high in SFA mostly upregulates the lipogenic 

genes; SFA and trans-FA consumption increase the activity of hepatic lipogenesis and the 

induction of de novo MUFA synthesis, therefore, elevating the risk of excessive fat deposition 

(28, 29). In contrast, the consumption of unsaturated FA downregulates lipogenesis-related genes 

and upregulates FA oxidation-related genes, therefore, induces reductions in blood triglyceride 

and FA levels, fatty acid-cellular uptake, as well as the extent of fat deposition (28). Here, we 

intend to contribute to the fast-growing evidence regarding the effect of dietary fat quality on 

obesity. Given the role of dietary FA in obesity development and as being one important focus of 

nutritional intervention targeting obesity reduction, the objective is to firstly overview the 
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clinical trial-based evidence on the effect of dietary FA on adiposity. Secondly, an emerging 

evidence indicates a modulatory effect of dietary fat quality on the influence of genetic factors 

on fat deposition and distribution. Therefore, we identified and summarized the evidence 

concerning the interaction between the quality of dietary fat and adipogenesis/lipogenesis-related 

genes. To achieve the objective of this paper, we searched the PubMed database using different 

combinations of several keywords including terms “dietary fatty acids, level polyunsaturated 

fatty acid, level monounsaturated fatty acid, level saturated fatty acid, gene-expression, 

polymorphism, epigenetics, obesity, depot-specific, visceral, and subcutaneous”. 

 

2.3 Overview of the Effect of Dietary Fat on Development of Obesity 

2.3.1 Fat quality and body composition 

Hypocaloric diets or adjusting the amount of a specific macronutrient does not 

necessarily induce regional-specific fat mass reduction; however, regional fat mass shift might 

be induced by specific dietary component(s) (30). The quality of dietary fat has been suggested 

to play a vital role in fat deposition and distribution (10, 31), despite the controversy regarding 

the optimal type of dietary fat for obesity risk reduction. Until recently, the main dietary 

recommendation regarding the fat quality is to reduce the amount of SFA consumption and to 

increase unsaturated FA, which has been translated into higher intakes of omega-6 PUFA (n-6 

PUFA), especially in a Western-type diet. In this section, we briefly review the clinical trial-

based evidence. 

Different dietary fats induce specific effects on body weight and fat mass (6, 7, 10). For 

instance, long-chain SFA consumption has been shown to enhance body adiposity and to shift fat 
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accumulation toward visceral depots (32, 33), where it correlates with BMI, waist-to-hip ratio, 

and fat mass (34-36). SFA consumption was found to have a significant direct correlation with 

fat cell size and number (37). A 16-week high-fat diet (50% of total fat) supplemented with nine 

g/day of stearate induced an increase in gynoid and total fat masses compared to energy-matched 

high-fat diet (38). On the other hand, medium-chain triglyceride (MCT), SFA that contains eight-

12 carbon atoms, has been suggested to increase energy expenditure, thermogenesis, fat 

oxidation, and satiety and to reduce fat accumulation in adipocytes (39). Due to their smaller 

chain length, compared to long-chain FA, MCT-derived FA (MCFA) are more soluble and the 

majority can be absorbed rapidly with no need for esterification and incorporation into 

chylomicrons, therefore, swiftly metabolized for energy via β-oxidation in the liver (39, 40). 

These differences in the absorption and metabolism make MCFA a fast energy source that may 

potentially result in a negative energy balance and weight loss (39). Although the results are 

inconclusive regarding the effectiveness of MCT and the required dose to control body weight is 

not established yet, several long- and short-term studies showed an effect of MCT on increasing 

energy expenditure which therefore, might influence body weight and fat deposition (41-48). 

Evidence also indicates that MCT result in a regional fat shift in total, abdominal, and depot-

specific adipose tissue as compared to long-chain FA (45). In contrast, an accumulating evidence 

shows negative impacts of long-chain SFA on fat deposition (8, 10, 49), nevertheless, some 

controversy remains over whether PUFA or MUFA induces the most favorable effect on fat mass 

(10, 50). Also, the optimal amount of PUFA or MUFA that can be used to replace SFA has not 

yet been defined (10). 

There is still some discrepancy regarding the effectiveness of PUFA on weight loss and 

maintenance (49, 51). In the early-in-life expansion of fat depots, hyperplasia and hypertrophy 
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were found to be promoted by high n-6 PUFA consumption.  This adipogenic effect was proven 

by in vitro, animal, and human studies (52). However, as compared to SFA, dietary PUFA has 

been connected to a smaller, less pathogenic, adipocyte cell size in human (37). Summers et al. 

reported a reduction in abdominal subcutaneous fat induced by the consumption of a high ratio 

of PUFA:SFA for five weeks, compared to a high SFA control diet, but no changes were 

detected in visceral adipose tissue (VAT), waist circumference (WC), or body weight (53). It is 

worth mentioning that in this study, the SFA diet contained a significantly higher amount of 

MUFA compared to the PUFA rich diet which might have influenced the effect of the control 

diet on body weight and blunted the possible effect of PUFA rich diets on body weight and 

regional fat mass. Other studies showed negative associations between total PUFA consumption 

and PUFA:SFA ratio with VAT and total body fat percent (35, 54). Some contradiction in the 

literature regarding the effect of dietary PUFA might have resulted from the differences in the 

proportions of n-3 and n-6 PUFA, between studies, especially given their suggested adipogenic 

differences. Adding omega-3 PUFA (n-3 PUFA) to a very low-calorie diet enhanced weight loss 

in obese women compared to very low-calorie diet (55); however, Munro and Garg have 

reported an absence of effect of adding n-3 PUFA on weight loss or weight maintenance to a 

very low-calorie diet (51). Smaller doses might be of greater benefit as reported by Crochemore 

et al. where they found a significant reduction in body weight and WC following 30 days 

supplementation of 1.5g/d of fish oil as compared to a higher dose of 2.5g/d (56). Additionally, 

conjugated linoleic acid has also been suggested to impose beneficial effects on body weight and 

body composition (57, 58). The supplementation of conjugated linoleic acid (3 g/day) and n-3 

long-chain PUFA (3 g/day) for 12 weeks prevented abdominal fat deposition and increased fat-

free mass and adiponectin levels, compared to a control supplementation consisting of 4.8g palm 
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oil and 1.2g soybean oil (58). Bjermo et al. reported that replacing SFA with n-6 PUFA 

promoted cardiovascular benefits but did not influence body weight (59). Diets consisting of 

10% of total energy of PUFA failed to provide any additional favorable effect on whole body 

weight, abdominal fat mass, or VAT mass as compared to a macronutrient-matched low-PUFA 

(5% of total energy) diet over a 12-week period; however, both diets induced significant 

reductions in body weight and fat mass (60, 61). It is worth mentioning that the low-PUFA diet 

in this study had a higher MUFA content (15% of total energy compared to 10% in the PUFA 

enriched diet), therefore, the higher MUFA content might induce favorable effects on obesity 

indices and blunted the effect of the high PUFA diet. 

MUFA consumption has been gaining a particular recent scientific interest regarding its 

beneficial effects on disease and obesity risks (49, 62-65). Adherence to a diet rich in MUFA 

was not associated with obesity over the long term (66, 67). Even though Garaulet et al. have 

found no association between MUFA consumption and fat cell size; however, the MUFA content 

of adipocytes has been found to be inversely related to fat cell number, which might indicate a 

preferential effect of MUFA in reducing hyperplasia (37). Supplementing a high-fat diet with 

oleic acid (nine g/day) for 16 weeks induced a reduction in android fat mass as compared to a 

placebo high-fat diet (50% of total fat) (38). No additional beneficial effects on body weight, 

WC, or total fat mass were detected following hypocaloric MUFA rich diet (22.5% MUFA, 

11.25% PUFA, and 11.25% SFA) as compared to the hypocaloric diet with equal FA proportions 

(10% MUFA, 10% PUFA, and 10% SFA) in obese non-diabetic and type 2 diabetic individuals. 

However, this lack of effect might have been caused by diabetes-related changes in metabolism 

and/or lack of statistical power, as the authors indicated (68). Nimptsch et al. found an inverse 

association between MUFA intake and prospective weight gain, while saturated and PUFA 
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intakes were linearly associated with prospective weight gain (49). Additionally, a MUFA-rich 

diet containing 23% of total energy was found to prevent further fat accumulation in abdominal 

region in abdominally obese subjects (30). A randomized, cross-over, ad libitum feeding study 

found that a MUFA-rich diet (~ 23% MUFA 11% SFA of total energy) induced small but 

significant reductions in body weight and fat mass, as compared to a high SFA diet (~ 24% SFA 

and ~ 13% MUFA of total energy) (8). The reductions in fat mass and body weight following the 

MUFA enriched diet were observed despite the lack of significant differences in the intake of 

energy or fat during the two diets (8). Although Gillingham et al. reported lack of statistical 

differences in body weight and total and regional fat mass following diets rich in either SFA, 

high-oleic canola oil, or flaxseed-high-oleic canola oil blend, this study found a trend toward 

significance (p=0.055) in the ratio of android:gynoid fat mass (5). The observed lower ratio of 

android:gynoid fat mass (mean ± SEM, 1.11±0.04 ) following the MUFA diet as compared to a 

diet rich in either SFA (1.12±0.04) or PUFA (1.13±0.04) might indicate a favorable effect of 

MUFA on body fat redistribution. Another trial was conducted to examine the effects of 

consumption of different dietary oils varying in their unsaturated fat contents on body 

composition and fat distribution in a randomized controlled crossover weight-maintenance full-

feeding design (69). This study has revealed favorable effects of MUFA-rich diets, including 

regular canola oil or high oleic canola oil, in terms of reducing body weight and android fat mass 

as compared to a diet rich in flax/safflower oil blend (PUFA-rich diet) (7). Additionally, there is 

general agreement regarding the effectiveness of the Mediterranean diet, rich in α-linolenic acid 

and oleic acid, for weight and fat mass reduction/maintenance (64, 67, 70-74). In summary, there 

is general agreement that substituting long-chain SFA with unsaturated FA induces beneficial 
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effects on weight loss. While the evidence regarding the effect of PUFA consumption on obesity 

is showing less clear conclusion, MUFA holds promise for effective dietary substitution for SFA.  

2.3.2 Fat quality and energy expenditure 

Levels of energy expenditure and fat oxidation are important regulators of fat deposition. 

A decrease in the level of fat oxidation, especially in skeletal muscle; the main site for fat 

oxidation, can dramatically increase obesity risk (75, 76). Fat oxidation rate is greatly influenced 

by insulin sensitivity which in turn might be affected by dietary fat quality. An animal trial 

showed that consumption of n-6 PUFA appeared to prevent insulin resistance compared to a diet 

rich in SFA (77). In n-3 PUFA-fed rats, compared to lard (SFA)-fed rats PUFAs increased lipid 

oxidation, enhanced the activation of AMP-activated protein kinase (AMPK; a key enzyme in 

cellular energy homeostasis), and improved insulin signaling in skeletal muscle (78). 

Furthermore, oleic acid may contribute to the prevention of palmitate-induced insulin resistance 

by ameliorating palmitate-induced mitochondrial dysfunction in rat (79). As compared to SFA 

consumption, consumption of MUFA (80, 81) and supplementation of long-chain n-3 PUFA (82, 

83) were reported to improve insulin sensitivity in humans. The beneficial effects of unsaturated 

FA on insulin sensitivity and energy metabolism might be translated into a reduction in obesity 

risk.  

Most of the existing evidence supports higher rates of whole body FA oxidation and diet-

induced thermogenesis following unsaturated FA consumption compared to SFA consumption; 

however, data regarding the oxidative differences between PUFA and MUFA are less clear (10). 

The lower oxidation rates of saturated compared to unsaturated FA reduce the energy 

expenditure level and increase their propensity to be stored in adipocytes (10, 84-86). The data 

regarding PUFA effects on energy expenditure are less conclusive, especially because most 
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studies that evaluated the effect of PUFA on energy expenditure have not specified the source of 

this fat, i.e. n-3 versus n-6, which would decrease the applicability of their results.  An increasing 

body of evidence indicates increasing increments in fat oxidation rate, diet-induced 

thermogenesis, and energy expenditure with higher dietary MUFA levels (10, 14, 86-88). In a 

recent randomized parallel-arm clinical trial, increased fat oxidation and reduced body fatness 

were observed in men who received 56 g/day of conventional or high-oleic peanuts for four 

weeks during an energy-restricted diet, as compared to a hypocaloric-control diet (9). Even 

though Gillingham et al. have found that replacing SFA with high-oleic canola oil or flaxseed-

high-oleic canola oil blend did not induce favorable effects on energy expenditure or fat 

oxidation, they reported a trend (p=0.055) for increasing the ratio of android/gynoid fat mass 

following a high-oleic canola diet compared to a diet rich in flaxseed-high-oleic canola  (5). Piers 

et al. have reported a small but significant reduction in body weight following a four-week of 

MUFA-rich diet compared to SFA-rich diet; however, no significant differences in energy 

expenditure or substrate oxidation rate were found between the two diets (8). Furthermore, Kien 

and Bunn reported increases in FA oxidation in women and an elevation of energy expenditure 

in men following 28 days of high oleic acid-rich diet, as compared to a diet rich in palmitic acid 

(14). Substituting dietary palmitic acid with oleic acid was associated with increased physical 

activity and resting energy expenditure (88). 

Moreover, in normal weight subjects, the majority of studies reported no short-term 

difference in fat oxidation following a high-fat meal enriched with MUFA, PUFA, or SFA (10, 

87, 89), while high PUFA and MUFA meals elevated the thermic effect of a meal compared to 

SFA (90-93). The contradiction on the effect of different dietary fats on rates of fat oxidation and 

energy expenditure might be due to the variations in study design or methodology between 
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different trials. However, Krishnan and Cooper, have comprehensively reviewed the available 

evidence from the long-term intervention and postprandial meal challenge regarding the effect of 

different dietary FA in a high-fat diet/meal on substrate utilization, diet-induced thermogenesis, 

and fat oxidation. These authors report that unsaturated FA, especially MUFA, greatly increase 

diet induced thermogenesis and fat oxidation as compared to SFA (MUFA ≥ PUFA ˃ SFA) (10). 

The question remains whether or not the increased fat oxidation rate seen with MUFA 

consumption is sufficient to induce fat mass loss.  

2.3.3 Fat quality and energy consumption 

The quality of dietary fat has been suggested to modulate energy consumption, the 

second arm of the energy balance equation, therefore, modulate obesity risk. Energy intake might 

be reduced when the ghrelin levels are reduced and peptide-YY, cholecystokinin, and glucagon-

like peptide-1 levels are increased (11, 94). A high-fat meal that is enriched with either PUFA or 

MUFA was found to suppress postprandial ghrelin levels in obese women to a significantly 

greater extent compared to a high-fat high-SFA meal, while a PUFA rich meal was able to 

significantly elevate peptide-YY compared to SFA and MUFA-rich meals in women with 

obesity (11). However, these changes in satiety signals were not translated into shifts in the 

subjective appetite ratings (VAS) or changes in subsequent energy intake (11). Also, Strik et al. 

did not support a specific role of SFA, MUFA, and PUFA on the subjective rating of hunger and 

fullness sensations as well as the subsequent food consumption over six-h period (95). Another 

study has reported an increase in cholecystokinin levels, a significant increase in fullness, and a 

reduction in hunger following PUFA and MUFA liquid meals in healthy subjects as compared to 

SFA meal (94). Current evidence supports the effect of the degree of FA saturation on satiety 

subjective and physiological appetite responses (11, 90, 94); however, it has yet to be elucidated 
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whether MUFA or PUFA is most influential in controlling energy consumption (94, 96). 

Anandamide, a FA neurotransmitter derived from the eicosatetraenoic acid and an essential n-6 

polyunsaturated fatty acid, acts as an endogenous ligand for the cannabinoid receptor that 

stimulates appetite sensation which might increase energy consumption (12, 97). Adequate 

consumption of long-chain n-3 PUFA and obtaining an n-6:n-3 PUFA ratio as close as possible 

to unity can blunt any possible adverse effects of arachidonic acid metabolites and hyperactivity 

of the cannabinoid system (98, 99). Furthermore, the high oleic acid content of the diet was 

suggested to control appetite sensation and therefore, reduce energy intake by elevating post-

prandial oleoylethanolamide level, which itself regulates food intake by influencing metabolic 

and reward systems (12, 97, 100). This finding is novel in humans and might hold promise for 

using oils rich in oleic acid to control energy intake (12). Taking the above-mentioned evidence, 

different dietary FA differently impact body composition, energy expenditure, and energy 

consumption, therefore, influence obesity risk in unalike ways. In summary, the optimal diet for 

weight reduction/maintenance has to be balanced in n-6:n-3 ratio, as close as possible to unity, 

and enriched in MUFA at the expense of long-chain SFA.  

Nutrition is one of the most important factors that modulate the influence of genes on 

obesity risk. The aim of studying gene-nutrient interactions is to ultimately use genetic profile to 

personalize dietary recommendation. Given the effect of dietary fat quality on obesity, the next 

section summarizes the evidence concerning the effect of fat quality on 

lipogenesis/adipogenesis-related genes. 
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2.4 The Effect of Dietary Fat on Adipogenesis-Related Genes 

As noted earlier, gene-nutrient interactions may eventually help to prevent/control 

obesity in high-risk individuals by designing personalized nutritional strategies. Dietary FA have 

been found to modulate the expression levels of several genes and transcriptional factors that are 

involved in cellular responsiveness to metabolic signals and/or the regulation of lipid and energy 

metabolism (28, 30). The effects of dietary FA on obesity might depend on their chain length and 

desaturation degree. The two transcription factors, sterol regulatory element binding protein-1 

(SREBP1) and peroxisome proliferator activated receptor (PPAR), have emerged as key 

mediators of gene regulation by dietary FA, therefore, the literature has mainly focused on the 

interaction of FA with these two transcriptional factors. Three main mechanisms underlie the 

gene-FA interaction; dietary influences on membrane FA composition, transcriptional regulation, 

and post-transcriptional processes (101). Epigenetics (non-DNA sequence-related heritable 

changes) and genetics (DNA sequence-related heritable changes) may interact to modify the 

expression of genes, thereby, the risk for obesity and associated disease.  

2.4.1 Obesity-related transcriptional factors 

Of the obesity-related genes that have been identified, two main transcriptional factors, 

PPAR and SREBP1 exist as key mediators of the effect of hormones and nutrients on the 

expression of fat accumulation-related genes (102). Figure 2.1 displays the effects of these two 

transcriptional factors on adipogenesis and lipogenesis processes in adipose tissue and liver.  

PPARs are transcriptional factors expressed mainly in skeletal muscle, liver, and brown 

adipose tissue which regulate the expression levels of several genes. PPARs are involved in the 

regulation of cellular differentiation, development, and the metabolism of lipid, protein, and 

carbohydrate (28, 103). Three types of PPARs have been identified; beta (PPARδ), alpha 
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(PPARα), and gamma (PPARγ) (103, 104). Little is known about the role of PPARδ in lipid 

metabolism; however, the activation of adipocyte PPARδ might be involved in obesity risk 

reduction by enhancing the expression of FA oxidation- and utilization-related genes (105). The 

activation of PPARα enhances FA oxidation pathways, increases energy expenditure, reduces de 

novo synthesis of FA in the liver and adipose tissue, and promotes thermogenesis in brown 

adipose tissue, therefore, reducing the level of fat deposition (28, 106-108). PPARα activity is 

downregulated by insulin signals and enhanced by high free FA levels. PPARγ, expressed mainly 

in white and brown adipose tissue, is involved in adipocyte differentiation, and regulates the 

metabolic and endocrine functions of adipose tissue (28, 109). In contrast to PPARα, PPARγ 

activation promotes the expression levels of lipogenesis- and adipogenesis-related genes yet 

ameliorate whole body insulin resistance and hypertriglyceridemia (28, 109-112). PPARγ is part 

of the adipocyte differentiation program and its activity is induced by higher levels of insulin, 

SREBP1, and FA (113). PPARγ has been identified as a regulator of the levels of leptin, resistin, 

and adiponectin, modulating adipokines levels reflects an important role of PPARγ as a 

determinant of dietary intake, energy homeostasis, and obesity risk (104, 112). The effect of 

PPARγ on adiposity levels has been verified by the strong positive relationships between the 

expression levels of PPARγ and several lipogenic enzymes as well as VAT adiponectin levels 

(31). Therefore, PPARs influence obesity risk differently; the activation of PPARδ and PPARα 

reduces obesity risk by increasing energy expenditure and fat oxidation, in contrast, PPARγ 

induces lipogenesis and adipogenesis and augments obesity risk.  

 SREBPs are membrane-bound transcriptional factors that are involved in the uptake and 

biosynthesis of FA and triglyceride (SREBP1) as well as cholesterol (SREBP2) (114). Insulin is 

an important regulator of SREBP transcriptional and protein levels, also insulin-induced 
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activation of several lipogenesis genes requires upregulation of the expression levels of SREBP1 

(28, 115). Therefore, the induction of SREBP1 and PPARγ activities increases the lipogenesis 

and adipogenesis of triglyceride in adipose tissue by augmenting the expression of several 

adipogenic and lipogenic enzymes (28, 31).   
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Figure 2.1: The effect of peroxisome proliferator-activated receptor alpha (PPARα), gamma (PPARγ), and delta (PPARδ) and sterol 

regulatory element-binding proteins-1c (SREBP1c) on adipogenesis and lipogenesis processes in adipose tissue and liver 
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2.4.2 The role of saturated fatty acid on the expression of obesity-related genes 

The effects of SFA on the expression of adipogenesis and lipogenesis-related genes were 

found to be modulated by the FA chain length. Short-chain FA consumption reduced the PPAR-

induced activation of some hepatic lipogenic genes which might reduce the obesity risk (28). 

Adipose tissue-MCFA have shown an ability to downregulate the expression levels of PPARγ 

and its downstream metabolic target genes as well as to improve insulin sensitivity and reduce 

lipoprotein lipase activity in adipocyte (40).  On the other hand, long-chain SFA consumption 

has been reported to upregulate the activity of SREBP1c and PPARγ which activates the 

lipogenic genes including stearoyl-CoA desaturase, fatty acid synthase, and acetyl-CoA 

carboxylase (26, 29). Furthermore, the expression levels of PPARγ- and PPARγ-induced 

activation of adipogenic and lipogenic genes have been enhanced by a diet rich in trans-FA (28). 

SFA is suggested to modulate gene expression by changing the cellular membrane composition 

which will change the intra-cellular substrate-to-product ratio of a target gene and therefore, will 

enhance/prevent its expression levels. For instance, SFA can mediate its effect on SREBP1 by 

changing the cellular membrane composition to possess more SFA which would decrease 

cholesterol and SFA levels in the endoplasmic reticulum, and therefore, increases SREBP1 

maturation (28). An animal trial presented a suggested mechanism by which the quality of 

dietary fat might modulate abdominal obesity; compared to SFA, the expression levels of 11β-

hydroxysteroid dehydrogenase type 1 (11β-HSD1) and CCAAT-enhancer binding protein-α 

(C/EBP-α) in retroperitoneal fat depot were higher following trans-FA and lower following 

PUFA consumption (116). 11β-HSD-1 converts inactive corticosteroids into potent 

glucocorticoids, expressed in various tissues including liver and adipose tissue. Its expression is 

regulated by C/EBP-α, and the higher activity of this enzyme is associated with an increased 



38 
 

VAT mass (109, 116). The amplification of glucocorticoids action by SFA and trans-FA as 

compared to PUFA may increase fat deposition and insulin resistance and may, partly, explain 

the adipogenic and pathogenic effect of SFA and trans-FA (116).  

2.4.3 The role of unsaturated fatty acid on the expression of obesity-related genes 

Unsaturated FA suppress expression levels of FA biosynthesis-related genes and 

upregulate FA oxidation-related gene expression levels. PUFA consumption, in general, has been 

found to induce activation of PPARα and several genes related to lipid oxidation and 

thermogenesis, resulting in an increased FA oxidation rate and a reduced risk of adipogenesis 

(28, 117, 118). PUFA consumption has been found to suppress expression levels of many 

lipogenic genes and chiefly reduce the expression level of SREBP1 by either inhibiting mRNA 

gene expression or obstructing the proteolytic processing of SREBP1 precursor (26, 113, 117, 

119). PUFA consumption induces an opposite effect of SFA consumption on SREBP1 

expression by the same mechanism reported earlier (28). These two types of dietary PUFA 

induce different effects on fat metabolism and deposition; n-6 PUFA is suggested to promote fat 

deposition, while n-3 PUFA might induce the reverse effect. N-3 PUFA consumption was found 

to be associated with a reduction in PPARγ expression level and has been reported to suppress de 

novo lipogenesis (106, 120). In contrast, n-6 PUFA have been reported to induce early activation 

of PPARγ and are recognized for having higher PPARγ-affinity as compared to other FA (121). 

SREBP1c expression level was reported to be related directly to adipose tissue content of n-6 

PUFA, while n-3 (α-linoleic acid) PUFA was found to blunt the lipogenic effects of n-6 PUFA 

by reducing expression levels of SREBP1c and fatty acid synthase in adipose tissue in rats (31). 

Dietary n-3 PUFA was found to inhibit expression and nuclear transcription of SREBP1 

therefore, reducing lipogenesis (106). Such possible adipogenic effects of n-6 PUFA are 
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suggested to be manifested when the ratio of n-6:n-3 PUFA is larger than unity, which is clearly 

demonstrated in a typical Western diet (31, 122). A high dose of n-3 PUFA is required to blunt 

the adipogenic effect of n-6 PUFA (31, 123), the optimal n-6:n-3 PUFA ratio can be best 

achieved by supplementing n-3 PUFA and reducing dietary n-6 PUFA consumption in a diet. 

The favorable effects of n-3 PUFA are suggested to be induced by changing the n-6:n-3 PUFA 

ratio of cellular membrane and plasma phospholipid contents which might alter the enzymatic 

activity and metabolic pathways, as well as by reducing the cellularity of adipose tissue and 

inhibiting hyperplasia and hypertrophy of adipocytes (123, 124). Additionally, the beneficial 

effects of a balanced n-6:n-3 PUFA ratio might also be explained by an anti-inflammatory effect 

of n-3 PUFA which would ameliorate inflammatory status and enhance insulin sensitivity, and 

therefore, modulate adipogenesis and lipogenesis (31, 99). Downregulation of the expression 

level of adiponectin gene was found to be induced by dietary enrichment with soybean high in n-

6 PUFA, coconut high in MCFA, and lard high in LC-SFA, as compared to fish oil (125), which 

might partly emphasize the superiority of n-3 PUFA in improving insulin sensitivity. Improving 

insulin sensitivity can modulate energy and lipid metabolism.  

Little has been reported on the effect of MUFA on expression levels of 

adipogenic/lipogenic genes. Dietary MUFA upregulate the expression level of mitochondrial 

uncoupling protein-2 gene as well as PPARγ and its target genes which might alter energy 

balance, insulin resistivity, and adiposity level (118, 126). However, MUFA consumption failed 

to suppress lipogenesis or to modulate PPARα activity as compared to a high n-3 PUFA diet in 

rats (106). On the other hand, MUFA consumption in an isocaloric diet was found to prevent the 

reduction in postprandial adiponectin gene expression levels in peripheral tissue, improve insulin 

resistance, and induce preferential body fat distribution i.e., lower central deposition, compared 
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to high carbohydrate diet in insulin resistance subjects (30). Given the above-mentioned 

evidence from the clinical trials regarding the beneficial effects of dietary MUFA on obesity, 

further research on the effect of MUFA consumption on the expression levels of 

adipogenesis/lipogenesis-related genes is warranted to understand the underlying mechanism 

behind the favorable effects of MUFA. 

2.4.4 Fat quality and epigenetic modifications of obesity-related genes 

Evidence regarding the role of dietary FA on epigenetic regulations of the expression 

levels of obesity-related genes is scarce (127). However, a few studies have demonstrated the 

epigenetic effects of FA consumption, especially PUFA, on obesity control and prevention 

mostly in animal models and cultured cells (22, 127-129). The methylation of several obesity-

related genes was found to be influenced by the proportions of PUFA:SFA, MUFA:SFA, and 

unsaturated fatty acid:SFA, indicating a role of epigenetics in the physiological responses to the 

quality of dietary fat (130). Palmitate treatment in human islets demonstrated changes in DNA 

methylation and gene expression of 67 BMI-related genes (131). Additionally, in cultured cells, 

arachidonic acid, palmitic acid, and oleic acid altered the DNA methylation of several genes that 

regulate pathological processes including obesity; arachidonic acid and palmitic acid induced 

similar DNA methylation profile compared to oleic acid-induced profile (132). In a seven-week 

parallel controlled clinical trial in 31 healthy normal-weight adults (133), overfeeding of SFA 

changed the methylation in the promoter regions of 125 genes and significantly altered the 

expression of 28 genes including acyl-CoA oxidase-1 in subcutaneous adipose tissue. In the 

same trial, PUFA altered the methylation in the promoter regions of 1797 genes including fat 

mass and obesity- associated gene (FTO) but did not significantly affect gene expression levels. 

The epigenetic targets, DNA methylation and histone modifications, were found to be involved 
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in n-3 PUFA-induced modification of leptin expression in the adipose tissue of diet-induced 

obese mice (134). Nutritional epigenomics is an emerging field of research and since dietary fat 

quality is a main contributor to obesity development, rigorous clinical trials are needed to 

directly assess the effect of FA on epigenetic modifications of obesity-related genes. 

2.4.5 The interaction between fat quality and single nucleotide polymorphisms of obesity-related 

genes 

Finally, dietary FA have been found to modulate the association between body 

composition and many genetic variants of obesity-related genes (111, 135-141), Table 2.1 

summarizes available evidence on dietary fatty acid-adipogenic gene interactions. The data show 

promising evidence of interactions between dietary FA and several polymorphisms located in 

genes that can co-ordinate the adipogenesis process either via a metabolically-evident pathway 

such as PPARγ or via a suggested mechanism such as Circadian Locomotor Output Cycles 

Kaput. However, many factors might modulate the interactions between dietary FA and genes, 

including ethnicity and many environmental factors, therefore, large-scale ethnic-specific 

longitudinal studies that account for many environmental, behavioral, and cultural variables are 

still required in order to eliminate as much as possible of the confounders that might affect gene-

nutrient interactions. The long-term aim for studying the gene-nutrient interaction is to instruct 

genotype-specific personalized dietary recommendations for the prevention and treatment of 

obesity. To achieve this goal, more randomized well-controlled clinical trials are needed to 

validate gene-nutrient interactions. 
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   Table 2.1: The effect of dietary fatty acid-gene interaction on body composition 

Reference  Participant/Diet Gene/ SNP Response  

(140) 1465 overweight or obese men and 

women in Spanish/ behavioural 

treatment program 

PPARγa/ rs1801282  Subjects carrying minor allele G were significantly less obese than 

the homozygous major subjects CC when the MUFA intake was 

high  

(112) 2141 USA women/ survey 

 

PPARγa/ rs1801282   MUFA consumption was inversely associated with BMI in the 

minor allele carriers 

 PUFA:SFA ratio was directly associated with lower BMI 

among the homozygous major allele carrier 

(158) 720 French-Canadian descent men 

and women/ survey 

PPARγa/ rs1801282  An increase in WC was associated with an increased level of 

saturated fat intake in homozygous major allele carrier but not 

among carriers of minor allele 

(101) 308 European normal and obese, 

men and women/ prospective 

survey 

PPARγa/ rs1801282  Carriers of the minor allele G who consumed high amounts of 

arachidonic acid had a significantly higher risk of obesity than the 

carriers of major allele 

(159) 60 Brazilian obese women/ a 

randomized trial 

PPARγa/ rs1801282   The habitual MUFA intake inversely correlated with fat 

oxidation and BMI in the obese G carriers 

 A lower PUFA intake in the long-term trial was associated 

with an increase in the respiratory quotient only in G carriers  

(111) 592 Caucasian nondiabetic men and 

women/ survey  

PPARγa/ rs1801282  An inverse association was detected between PUFA:SFA ratio 

and BMI among G carriers 

(160) 3356 mixed population men and 

women/ survey 

PPARγa/ rs1801282  Carriers of G allele who consumed high PUFA:SFA ratio had the 

greatest reduction in visceral fat 

 

 

 

  (Continued) 
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Table 2.1: Continued  
 

Reference  Participant/Diet Gene/ SNP Response  

(101) 308 European normal and obese, 

men and women/ prospective 

survey 

PPARγa / rs3856806 Carriers of the T allele who consumed low amounts of linoleic 

acid had a significantly higher risk of obesity than the carriers of 

the major allele 

(161) 60 Spanish obese women/ 

controlled trial 

PPARγa / rs1801282  

ADRB2b/ rs1042714 

 Carriers of a combination of major rs1801282 CC and minor 

rs1042714 GG who consumed a high MUFA diet had an 

increase in carbohydrate oxidation and a smaller weight loss 

 A combination of heterozygous of both SNPs had a 

greater energy expenditure and basal and postprandial fat 

oxidation after a short-term high SFA diet  

(162) 260 Spanish obese Men and 

women/ a randomized trial  

ADRB3c/ rs4994 No significant differences on weight, BMI, WC, or fat mass in 

either genotype group with both diets 

(135) 2163 European ancestry and Puerto 

Rican obese men and women/ 

survey  

FTOd/ rs9939609 and 

rs1121980 

Carriers of rs9939609 AA allele or rs1121980 TT allele had a 

higher BMI than the other genotypes only when they had a high 

SFA intake 

(163) 776 Spanish women and men/ a 

randomized trial 

FTOd/ rs9939609 No interaction between the nutritional intervention and the 

polymorphism was found 

(164) 233 Spanish obese subjects men and 

women/ a randomized trial 

FTOd/ rs9939609 Lower levels of BMI, weight and fat mass were detected after a 

PUFA diet in A allele carriers than TT genotype subjects 

(101) 308 European normal-weight and 

obese, men and women/ prospective 

survey 

LEPe/ rs7799039 Carriers of A allele who consumed a higher amount of linoleic 

acid were found to be at a lower risk for obesity 

(165) 200 Mexican normal-weight and 

obese men and women/ survey 

LEPRf/ rs8179183 and 

rs1137101 

Carriers of rs1137101 G allele with a high SFA intake had ~3 

times higher risk of obesity 

 

 

  (Continued) 
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Table 2.1: Continued  
 

Reference  Participant/Diet Gene/ SNP Response  

(166) 1083 Caucasian origin men and 

women/ survey 
ADIPOQg/ rs17300539 A allele carriers who consumed a higher amount of MUFA had a 

lower BMI and a reduced obesity risk 

(101) 308 European normal and obese, 

men and women/ prospective 

survey 

HSLh/ rs34845087 Carriers of the G allele who consumed high amounts of 

arachidonic acid showed a tendency to a lower risk of obesity than 

the carriers of the major allele 

(138) 1171 African American and 

European American men and 

women/ survey 

LPLi/ rs320 A higher intake of PUFA was associated with lower BMI and WC 

in major TT allele carriers 

(167) 391 Spanish obese men and women/ 

a randomized trial  

GLP1Rj/ rs6923761 Lack of association of rs6923761 with weight loss after either 

high MUFA or PUFA hypocaloric diets was reported 

(168) 1100 European descent men and 

women/ prospective survey  

CLOCKk/ rs1801260 Minor allele GG carriers who consumed a high SFA intake had 

larger WC than non-carriers 

(102) 11091 European men and women/ 

survey  

CEBPBL/ rs4253449 Higher intake of MUFA, PUFA, and SFA were associated with a 

higher risk of weight gain among minor allele carriers 

(169) 258 Spanish obese men and women/ 

a randomized trial 

CNR1m/ rs1049353 No significant differences on weight, BMI, WC, or fat mass in 

either genotype group with both diets 

(170) 1147 Puerto Ricans men and 

women/ survey 

BDNFn/ rs6265  Compared to A allele carriers, a low PUFA intake in men with 

the GG was associated with a higher BMI, and higher waist 

and hip circumferences 

 Compared to A allele carriers, a lower BMI was associated 

with a high PUFA intake in women with GG  

 Compared to A allele carriers, a lower BMI and hip 

circumference were associated with a high SFA intake in 

women with the GG  

   (Continued) 
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Table 2.1: Continued  
 

Reference  Participant/Diet Gene/ SNP Response  

(171) 2212 white women and men/ 

analysis of two independent study 

REV-ERB-ALPHA 

circadiano/ rs2314339 

Consuming a higher amount of MUFA in the Mediterranean 

population was associated with a higher BMI in major GG allele 

carriers 

(172) 1754 French men and women/ 

survey 

STAT3p/ rs8069645, 

rs744166, rs2306580, 

rs2293152, rs10530050 

A high SFA consumption in individuals carrying ≥2 risk alleles 

was associated with an increased risk of abdominal obesity 

compared with those carrying ≤1 risk alleles 

(173) 268 Normal-weight and obese, 

black and white women in South 

African 

IL-6q/ rs1800795, 

rs2069845, rs1554606 

In white women only, a higher n-3 PUFA intake and a reduced n-

6:n-3 PUFA ratio were associated with a lower BMI in carriers of 

rs1800795 C allele, rs1554606 T allele and rs2069845 AG 

genotype 

(174) 737 Spanish men and women/ a 

randomized trial 

IL-6q/ rs1800795 CC carriers had the lowest body weight gain following the 

Mediterranean diet supplemented with virgin olive oil (but not 

with nuts) 

(175) 378 normal-weight and obese, black 

and white women in South African 

TNFαR/ rs361525  An increased SFA intake in A carriers was associated with a 

higher adiposity increase as compared to GG 

 An increased MUFA intake in A carriers was associated with 

a higher weight as compared to GG 

(176) 223 Black South African obese and 

normal weight women/ survey 

TNFαR/ rs1800629 No gene-nutrient interaction was found in any dietary fatty acid 

with this SNP on obesity 

(101) 308 European normal and obese, 

men and women/ prospective 

survey 

TNFαR/ rs1800629 Interactions of high intakes of linoleic acid and arachidonic acid 

and A allele carriers showed a higher obesity risk 

(177) 261 Spanish obese men and women/ 

survey 

TNFαR/ rs1800629 No significant differences on weight, BMI, WC, or fat mass in 

either genotype group with both diets  

   (Continued) 
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Table 2.1: Continued  
 

Reference  Participant/Diet Gene/ SNP Response  

(178) 936 European origin men and 

women/ survey 

TACES/ rs10495563 The deleterious association of the A allele with obesity was 

observed in subjects with a low n-6 PUFA intake  

(165) 200 Mexican normal-weight and 

obese men and women/ survey 

APOA5t/ rs662799 and 

rs3135506 

Carriers of rs3135506 GG genotype with a high SFA consumption 

had an increased risk of obesity 

(179) 2280 non-Hispanic whites men and 

women/ survey 

APOA5t/ rs662799 and 

rs3135506 

Rs662799 C minor allele carriers with the high MUFA intake had 

a lower obesity risk compared with TT carriers 

(180) 3462 Whites and Hispanic men and 

women/ follow-up survey 

APOA2v/ rs5082 CC genotype with a high SFA intake was associated with a higher 

obesity prevalence  

(181) 2071 Puerto Ricans origin and 

Northern European ancestry men 

and women/ survey 

APOA2v/ rs5082 CC carriers who consumed a greater amount of SFA from a high-

fat dairy foods had a greater BMI than those who consume less 

dairy fat 

(182) 737 Iranian diabetic patients men 

and women/ survey 

APOA2v/ rs5082 Carriers of CC allele with a high SFA intake had higher BMI 

(165) 200 Mexican normal-weight and 

obese men and women/ survey 

APOA2v/ rs3813627 and 

rs5082 

No interaction was found between SFA intake and APOA2 SNPs 

(183) 1225 Spanish overweight and obese 

men and women/ survey 

APOA2v/ rs5082 A high SFA intake was associated with a greater WC in minor 

allele homozygotes CC compared with non-minor allele carriers 

(184) 4602 Asian and Mediterranean 

obese men and women/ survey  

APOA2v/ rs5082 In both populations, the CC genotype was associated with a 

greater degree of obesity in those consuming a high SFA diet 

(185) 700 Iranian diabetic men and 

women/cross-sectional 

APOBw/ Ins/Del SNP 

within the first exon 

A high n-3 PUFA consumption decreased the obesity risk in 

carriers of the Del allele of APOB gene 

   (Continued) 
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Table 2.1: Continued  
 

Reference  Participant/Diet Gene/ SNP Response  

(186) 920 Puerto Rican origin men and 

women/ survey  

LRP1z/ rs1799986, 

rs715948, and rs1800191 

A high intake of SFA was associated with a higher BMI, and 

higher waist and hip circumferences in carriers of rs1799986 T 

allele compared to CC. High palmitic and stearic acids induced 

the strongest effect on BMI 

(187) Meta-analyses using data from 14 

studies of US and European whites 

and 4 of African Americans 

LRP1z/ 7 SNPs in White 

and 12 SNPs in African 

Americans 

A high intake of SFA was associated with an increased BMI, and 

higher waist and hip circumferences among whites, but not 

African Americans, TT allele carriers of rs2306692 

ADIPOQ, Adiponectin; ADRB2, adrenergic receptor beta2; ADRB3, adrenergic beta-3- receptor; APOA2, apolipoprotein-A2; APOA5, apolipoprotein-A5; APOB, 

apolipoprotein-B; BDNF, brain-derived neurotrophic factor; BMI, body mass index; CEBPB, CCAAT/enhancer binding protein-b; CLOCK, circadian locomotor 

output cycles kaput; CNR1, cannabinoid receptor-1; GLP1R, glucagon-like peptide-1 receptor; HSL, hormone sensitive lipase; IL-6, interleukin-6; LEP, leptine; 

LEPR, leptin receptor; LPL, lipoprotein lipase; LRP1, low density lipoprotein related receptor protein-1; MUFA, monounsaturated fatty acid; PPARγ, peroxisome 

proliferator-activated receptors gamma; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid; SNP, single nucleotide polymorphism; STAT3, signal 

transducer and activator of transcription-3; TACE, tumor necrosis factor alpha converting enzyme; TNFα, tumor necrosis factor alpha; WC: waist circumference.  

Role in obesity: aPPARγ role in obesity is fully described in the text; bADRB2 is involved in energy expenditure and lipolysis; cADRB3 is located mainly in 

adipose tissue and is involved in the regulation of lipolysis and thermogenesis; dFTO is considered as the most significant candidate gene that implicated in the 

development of obesity; however, the function of this gene is unknown yet; eLEP is involved in energy balance by  inhibiting hunger; fLEPR mutation of the LEPR 

gene results in leptin insensitivity, hyperphagia, morbid obesity; gADIPOQ is involved in insulin sensitivity and energy metabolism; hHSL plays a crucial role in 

the hydrolysis of triacylglycerol; iLPL hydrolases triglyceride which are carried on lipoprotein; jGLP1R is involved in satiety control; kCLOCK is involved in 

metabolic alterations; LCEBPB activation induces the division of cells; mCNR1 is an endogenous ligand of endocannabinoid system and is located in several brain 

areas and adipose tissue; nBDNF suppresses food intake and is involved in the conversion of white fat into brown fat in adipose tissue; oREV-ERB-ALPHA 

circadian functions as a coordinator of metabolic responses that adhere to circadian patterns; pSTAT3 is a transcription factor and it is involved in body weight 

control, glucose homeostasis, leptin sensitivity, and appetite control; qIL-6 higher circulating concentrations of this cytokine have been associated with obesity and 

visceral adipose tissue deposition; RTNFα polymorphism was associated with increased risk for obesity; STACE releases the soluble form of tumor necrosis factor 

from their membrane-bound precursors, TNF-α is overexpressed and highly released from the adipose tissue of obese humans; tAPOA5 is regarded as an important 

modulator in the metabolism of triglycerides; vAPOA2 is involved in lipid metabolism and in the regulation of food intake; wApoB is the key protein involved in 

the synthesis and secretion of chylomicrons and very-low-density lipoprotein; zLRP1 mediates lipoprotein remnant uptake, is highly expressed in adipocyte, and 

has been suggested to play a role in adipogenesis, cell signaling, and energy and glucose metabolism. 
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2.5 Abdominal Fat Depots Vary in their Adipogenic Effect 

Quantifying of total and regional fat mass as well as differentiating between the types of 

fat depots provide a clear picture regarding the pathogenesis of obesity and therefore, better 

insight to disease risk (142). Subcutaneous adipose tissue (SCAT) is the adipocyte that lies just 

beneath the skin, while adipocyte that accumulates around the vital organ in the abdominal 

cavity is known as VAT. Studies have shown strong and independent associations between VAT 

depot, rather than SCAT, with metabolic abnormalities and chronic disease risks (143-147). 

Anatomical, cellular, molecular, physiological and clinical differences exist between VAT and 

SCAT (143, 148). These variations between SCAT and VAT might influence their 

responsiveness to nutritional intervention. For instance, a systematic review showed a dissimilar 

responsiveness of VAT and SCAT to weight loss energy-restricted diet (149). 

Depot-specific variations were also detected in mRNA expression levels and in the 

activity of several fat metabolism-related genes and transcriptional factors. Compared to VAT, 

higher activation levels of PPARγ and several downstream genes have been detected in SCAT 

(110, 150), in contrast, the expression of PPARα in VAT has been reported to be higher than 

SCAT (151). These two properties might reflect biological defense mechanism against visceral 

obesity by directing fat deposition from VAT to SCAT. On the other hand, PPARγ expression 

was found to be elevated in VAT of obese subjects as compared to non-obese subjects, which 

indicating obesity-induced metabolic changes that might be involved in directing fat deposition 

toward the pathological fat depot (152). Guiu-Jurado et al. have reported a significant inverse 

association between BMI and two lipogenic genes (fatty acid synthase and acetyl-CoA 

carboxylase-1) as well as with PPARα in SCAT, while expression levels of these genes remained 

similar in VAT regardless of the degree of obesity (153). Furthermore, the level of hormone-
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sensitive lipase in SCAT was found to be 2 fold lower than corresponding levels in VAT, 

explaining the elevated level of lipolysis in VAT of obese women (154). The expression level of 

apolipoprotein-E, which plays an important role in lipid metabolism and modulate adipocyte 

substrate metabolism and storage, was found to be lower in VAT as compared to SCAT (155). 

Also, a depot-specific difference in perilipin levels was suggested to contribute to differences in 

basal lipolysis and adipocyte size; levels of perilipin were found to be higher in VAT as 

compared to SCAT in women (154). Additionally, nesfatin-1, an anorexigenic peptide, has been 

found to be secreted in a depot-specific manner, preferentially by SCAT (156). No data are 

available regarding the effect of adipocyte-produced nesfatin-1 on energy homeostasis yet; 

however, this might reflect a favorable role of SCAT over VAT. Therefore, the detected depot-

specific variation in expression levels of adipokines as well as adipogenic/lipogenic genes might 

contribute to the variation in the adipogenic and pathogenic capacity of VAT.  

Despite the well-established variations in the health risk posed by VAT versus SCAT, 

little is known about the effects of different dietary treatments on each depot. However, 

compared to SFA and MUFA dietary mixture, dietary docosahexaenoic acid has significantly 

reduced mRNA fatty acid synthase, hormone sensitive lipase, lipoprotein lipase, and leptin in 

VAT in rats; however, the expression levels of these enzymes in SCAT were not affected by n-3 

PUFA (157). A direct association was found between n-6 PUFA concentrations and SREBP1c 

expression levels in both fat depots; however, the responsiveness degree was higher in VAT than 

SCAT (31). 

Additionally, the FA composition of adipocytes is suggested to reflect FA composition 

over a long period (150). SCAT and VAT have shown variations in their FA contents which may 

indicate variations in the pathological capacities of different FA. The degree of obesity, central 
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obesity, and visceral fat were negatively associated with MUFA and n-3 PUFA content in 

visceral region (32). Also, MUFA were found to contribute to the highest proportion of SCAT 

region as compared to its proportion in VAT (32, 150). On the other hand, a positive association 

was found between n-6 PUFA content in adipose tissue and central obesity, and no difference in 

PUFA content has been found between SCAT and VAT (32). Sabin et al. reported that palmitic 

acid induced significantly higher lipid accumulation in VAT as compared to oleate, in contrast, 

the latter was associated with fat deposition in SCAT (33). Dietary PUFA perfectly mirrored 

their content in adipose tissue, particularly SCAT (1, 150, 157); however, MUFA and SFA 

contents in adipocyte might not mirror their abundance in the diet because of the endogenous 

synthesis of these FA (1, 150). In this regard, the SFA content in adipocyte imposes some 

controversy; Garaulet et al. reported a depot-specific variation in SFA contents of obese adult 

subjects, where SFA was significantly higher in the perivisceral region (32). In contrast, Caron-

Jobin et al. presented a negative correlation between BMI in obese women and the adipocyte 

stearic acid content, which is the most abundant SFA in Western diet and can be also synthesized 

endogenously (150). This latter finding can be explained by an increased level of de novo 

synthesis of unsaturated FA from dietary SFA, especially given the finding that the increased 

desaturation level in SCAT is associated with overall obesity and with higher levels of stearoyl-

CoA desaturase mRNA expression and protein abundance (150). Therefore, the quality of dietary 

fat can even modulate the distribution of body fat and further affect obesity level and 

downstream health consequences.  
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2.6 Conclusion 

Evidence suggests that the quality of fat determines the risk of fat deposition and fat 

distribution. This effect is directed, partly, by modulating the expression levels of adipogenic and 

lipogenic genes, via genetic and epigenetic modifications, as well as by the interaction with 

many genetic variants. However, more clinical trials are needed to validate the interactions 

between FA and adipogenesis-related genes. The current clinical trial-based evidence supports 

the beneficial effects of the increased consumption of dietary unsaturated fatty acids, especially 

MUFA, at the expense of SFA on weight loss/maintenance. The identified interactions between 

obesity-related genes and the quality of dietary fat may eventually lead to the use of genetic 

profile for tailoring nutritional intervention provided to individuals or population sub-group. 
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BRIDGE TO CHAPTER III 

Chapter II has highlighted the beneficial influence of dietary MUFA on modulating obesity and 

interacting with genes in lipogenesis and adipogenesis pathways to modify fat accumulation. 

However, a limited number of genetic polymorphisms have been investigated, thus far, regarding 

their effect in altering the responsiveness of fat mass accumulation and distribution to MUFA 

consumption. Numerous polymorphisms in lipid metabolism-related genes are yet to be 

investigated, therefore, Chapter III comprises a manuscript that evaluates a potential role of 21 

candidate common variants of genes along obesogenic pathways in the responsiveness of fat 

mass changes to different levels of dietary MUFA. Shatha Hammad participated in study 

coordination and data collection at Richardson Centre for Functional Food and Nutraceuticals 

(RCFFN), processed body composition data for all participants, conducted gentyping analyses, 

performed the statistical analyses, and wrote the manuscript.  
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3.1 Abstract 

Background: The global prevalence of obesity is increasing rapidly. Different fatty acids may 

vary in their obesogenic effect, and the genetic makeup may contribute to fat deposition in response 

to dietary fatty acid composition. However, the obesogenic effects of the interactions between 

dietary monounsaturated fatty acids (MUFA) and genetic factors have been scarcely tested in 

intervention studies.  

Objective: We evaluated the changes in body weight and body fat mass distribution in response 

to MUFA consumption, as well as the associations of common genetic variants in lipid 

metabolism-related genes on this response. 

Design: Adults (n=115) with abdominal obesity were included in a randomized, crossover, iso-

caloric, controlled-feeding trial. Participants consumed one of three oils (20% of total energy) for 

six weeks, separated by a four-twelve week washout. Oils included two-high-MUFA oils, 

conventional canola and high-oleic canola, and one low-MUFA high-saturated fatty acid (SFA) 

oil blend. Dual Energy X-ray Absorptiometry scans were used to measure total and regional body 

fat mass. Genotyping of 21 candidate single-nucleotide polymorphisms (SNPs) was performed 

using qualitative PCR. 

Results: No significant differences were observed in changes in body weight or fat mass following 

the consumption of either high-MUFA diet compared to the low-MUFA high-SFA treatment. 

However, when stratified by the genotype, seven SNPs influenced the distributions of fat mass in 

response to treatment (n=101). The consumption of high-MUFA diets induced significant 

reductions in various regions of fat mass in the LPL rs13702-CC, PPARα rs6008259-AA, and 

ADIPOQ rs266729-GG carriers. Moreover, the low-MUFA high-SFA diet promoted fat mass 
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reductions in the FTO rs9939609-A, APOE4, ADRB2 rs1042714-GG, and LIPC rs6083-GG 

carriers.  

Conclusion: Common variants in LPL, FTO, PPARα, ADIPOQ, APOE, LIPC, and ADRB2 genes 

modulated body fat mass distribution in response to different levels of dietary MUFA in an iso-

caloric diet. These findings may eventually help in developing personalized dietary 

recommendations.  
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3.2 Introduction  

Dietary fatty acid (FA) composition has been recognized as a determinant of fat 

deposition and distribution (1-4). Various FAs may vary in their obesity-inducing effects by 

influencing energy expenditure, fat oxidation, and thermogenesis, and/or modulating appetite 

sensation (5-7). An increasing body of evidence has demonstrated that dietary monounsaturated 

fatty acids (MUFA) increased fat oxidation, diet-induced thermogenesis (7-9), resting energy 

expenditure (10), and promoted weight loss (11, 12) to a greater extent compared to saturated 

fatty acids (SFA). Our recent controlled feeding study showed that two test diets high in MUFA, 

canola oil and a high-oleic canola oil, significantly reduced android fat mass compared with a 

high-polyunsaturated fatty acids (PUFA) flaxseed/safflower oil in participants with abdominal 

obesity (1). These favorable effects may be attributed, partly, to interactions between FAs and 

genetic polymorphisms.   

The genetic contribution to obesity is well recognized and the heritability is estimated to 

contribute to 40-70% (13, 14). The responses of individuals with obesity to weight-gain 

prevention and reduction strategies may vary broadly based on their genetic makeup (15). 

Therefore, examining gene-nutrient interactions assists in estimating the role of qualitative FA 

intake on the onset/progression of obesity in a genotype-specific manner.  

The evidence from controlled trials and observational studies suggests a contribution of 

gene-FA interactions in modulating adiposity via several mechanisms. For instance, the 

consumption of a higher proportion of MUFA (16-18) and PUFA (19, 20) relative to SFA was 

found to be associated with lower body weight in peroxisome proliferator activated receptor-

gamma (PPARγ) rs1801282-G allele carriers in different ethnic populations. In contrast, a meta-

analysis of 14 studies of US and European Caucasians revealed a direct association between SFA 
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consumption and body mass index (BMI) as well as waist-to-hip ratio (WHR) in the rs2306692-

TT genotype carriers of low-density lipoprotein-related receptor protein-1 (21).  

Although current research provides an emerging evidence for gene-MUFA interactions 

(16-18, 22-24), numerous polymorphisms in lipid metabolism-related genes are yet to be 

investigated. Moreover, to investigate fat deposition and distribution often times surrogate 

biomarkers were utilized, potentially masking outcomes. To meet our objective, we used whole-

body Dual Energy X-ray Absorptiometry (DXA) scanning, which provides a reliable 

identification of fat distribution and discrimination between different fat depots, to assess 

associations of common genetic variants on changes of total and regional fat mass following a 

six-week controlled iso-caloric dietary intervention with different levels of MUFA. 

 

3.3 Subjects and Methods 

3.3.1 Study design and population 

This study of gene-nutrient interactions was conducted within the framework of the 

Canola Oil Multi-center Intervention Trial II (COMIT II). COMIT II is a randomized, controlled, 

double-blind, crossover study designed to evaluate the response in body composition to three oils 

with different MUFA levels including regular canola oil (RCO), high-oleic acid canola oil 

(HOCO), and a low-MUFA high-SFA oil blend. This trial was conducted from 2014-2016 at 

three sites in Canada and one site in the United States: the Richardson Centre for Functional 

Foods and Nutraceuticals (RCFFN) at the University of Manitoba in Winnipeg, the Canadian 

Centre for Agri-Food Research in Health and Medicine (CCARM) at St. Boniface Hospital 

Albrechtsen Research Centre in Winnipeg, the Institute of Nutrition and Functional Foods 

(INAF) at Laval University in Québec City, and the Departments of Nutritional Sciences and 
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Biobehavioral Health at The Pennsylvania State University in University Park (PSU). The 

protocol was reviewed and approved by institutional ethics boards across the participating 

clinical sites. The trial was registered at clinicaltrials.gov as NCT02029833. 

Participants aged 20-65 years were included if they had abdominal obesity according to 

the International Diabetes Federation cutoff point for waist circumference (94 cm in men and 80 

cm in women) in addition to at least one of the following metabolic syndrome criteria: fasting 

blood glucose of ≥ 5.6 mmol/L, triglycerides ≥1.7 mmol/L, high-density lipoprotein-cholesterol 

<1 mmol/L (men) or <1.3 mmol/L (women), and blood pressure ≥130 mmHg (systolic) and/or 

≥85 mmHg (diastolic). Individuals were excluded if they had unstable thyroid disease, kidney 

disease, diabetes mellitus, or liver disease. Current smokers, individuals consuming > 14 

alcoholic beverages per week, individuals taking medication known to affect lipid metabolism 

for at least the last three months, or individuals who were unwilling to stop taking any 

supplement at least two weeks before the study were not permitted to participate. Written 

informed consent was obtained from all participants upon enrollment. Participants were 

randomly assigned to one of six treatment sequences using a random number generator at 

randomization.com. 

3.3.2 Study diets 

This study consisted of three treatment periods during which the participants consumed a 

controlled iso-caloric, full-feeding diet with a fixed macronutrient composition of 35% fat, 50% 

carbohydrate, and 15% protein of total energy, as well as ~208 mg/3000 kcal/d cholesterol and 

~38 g/3000 kcal/d fiber.  Menus for the three phases were identical except for the type of 

treatment oil provided. Treatment phases extended for six weeks and were separated by six-week 

washout periods, the washout peroids ranged from four to twelve-week in some cases to meet the 
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participants needs. During the washout period, participants were instructed to consume their 

habitual diets. Participants were asked to maintain their usual level of planned and structured 

physical activity throughout the entire study. Physical activity changes were monitored by a 

weekly questionnaire.   

The treatment oils which comprised of 20% of total energy were incorporated into a 

smoothie beverage and were equally divided into two portions consumed at breakfast and supper. 

Treatment oils included: 1) regular canola oil (Canola Harvest Canola Oil, Richardson 

International, Winnipeg, Canada) that provided 6.6% SFA, 65.3% MUFA, 19.6% n-6 PUFA, 

8.5% n-3 PUFA α-linolenic acid, 2) high-oleic acid canola oil (Canola Harvest Canola Oil, 

Richardson International, Winnipeg, Canada) that provided 6.7% SFA, 75.9% MUFA, 14.8% n-

6 PUFA, 2.6% n-3 PUFA α-linolenic acid, and 3) a low-MUFA high-SFA oil blend that 

provided 40.2% SFA, 22.0% MUFA, 29.6% n-6 PUFA, 8.2% n-3 PUFA α-linolenic acid. The 

low-MUFA high-SFA oil blend was prepared using commercially available ghee/butter oil 

(36.0%, Verka, New Delhi, Delhi, India), safflower oil (34.9%, eSutras, Illinois, Chicago, USA), 

coconut oil (16.0%, eSutras, Illinois, Chicago, USA), and flaxseed oil (13.1%, Shape Foods, 

Brandon, Canada). Study food and treatment shakes were prepared based on a seven-day rotating 

menu cycle in the metabolic kitchen of the participating sites. Compliance was assessed by 

smoothie consumption where the participants were required to consume at least 90% of the 

smoothies provided at each phase. Participants signed a daily checklist to verify smoothies’ 

consumption. To maximize the compliance rate, participants were required to consume one 

smoothie at breakfast under the supervision of a clinical coordinator for five days/week. During 

weekdays, participants were provided the rest of their meals and a second smoothie in a food 
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cooler bag for consumption off-site. Weekend meals and treatment shakes were delivered to the 

participants’ residence or handed out to them, upon their request, at the clinical site on Fridays. 

3.3.3 Measurement of fat mass 

DXA scans were performed by a trained operator using Lunar Prodigy Advance DXA 

(GE Healthcare, Madison, WI, USA) with the default configurations. A DXA scan was 

performed for all participants at the initiation and termination of each dietary phase. Participants 

were asked to remove any metal items and heavy clothes before scanning. Regions of interests 

were manually adjusted using enCORE 2012 software (version 14.10.022) according to the 

manufacturer’s instructions. Fat mass was analyzed as total fat mass, as well as four different 

districts including trunk, legs, android, and gynoid fat mass. The android and gynoid regions of 

interest (ROI) were identified as per the manufacturer’s instructions (Figure 3.1). The android 

region has been defined as a portion of the abdomen that starts at the pelvis cut line and extends 

upward to include 20% of distance between the pelvis and neck cut lines, with the outer arms 

cuts as the lateral boundaries. The gynoid region has been defined as a portion of the legs with 

upper boundary below the pelvis cut line by 1.5 times the height of the android region, it extends 

downward to two times the height of the android ROI, with the outer leg cuts as the lateral 

boundaries. Further, visceral adipose tissue (VAT) was assessed by the CoreScan feature in 

enCORE 2012 software (version 14.10.022), and used to calculate the subcutaneous adipose 

tissue (SCAT) by subtracting VAT mass from android fat mass (25). VAT measurement using 

the CoreScan has been validated using computed tomography scan (26). Criteria used to identify 

the anatomical region of interest were identical across all sites. 
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Figure 3. 1: The android and gynoid regions of interest determined by dual energy X-ray 

absorptiometry 

 

Android region 

Gynoid region  
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3.3.4 Genotyping 

Twelve-hour fasting blood samples were collected and processed at the beginning of the 

trial, then stored at -80°C until being shipped to the RCFFN for analysis. Genomic DNA was 

extracted from the buffy coat samples of the first day of the first phase using a Qiagen DNeasy 

Blood and Tissue Kit according to the manufacturer’s instructions (Qiagen Sciences Inc., 

Toronto, ON, Canada). A Thermo Scientific NanoDrop 2000 micro-volume spectrophotometer 

was used to assess the concentration and purity of the extracted DNA (Thermo Fisher Scientific 

Inc., Waltham, MA, USA). TaqMan GTXpress Master Mix with allele-specific probes (Applied 

Biosystems, Life Technologies Inc., Burlington, ON, Canada) was used for genotyping of the 

single-nucleotide polymorphisms (SNPs) of interest. Amplification and detection of DNA were 

conducted with the 7500 Fast Real-Time PCR System (Applied Biosystems, Life Technologies 

Inc, Burlington, ON, Canada). Data were acquired by software StepOne 2.1 (Applied 

Biosystems, Life Technologies Inc., Burlington, ON, Canada). Polymorphisms located in 

lipogenesis/adipogenesis-related genes were selected for their various roles in obesity 

development, where each SNP chosen was either a functional SNP in lipid-metabolism-related 

genes, had a higher minor allele frequency (MAF; ≥5), and/or had been previously reported for 

gene-nutrient interactions. This study assessed possible gene-MUFA interactions in a total of 21 

candidate SNPs, summarized in Table 3.1, within 17 genes including adiponectin (ADIPOQ); 

adrenoceptor beta-2 (ADRB2); apolipoprotein E (APOE); endothelial lipase (LIPG); fat mass and 

obesity-associated gene (FTO); gastric lipase (LIPF); hepatic lipase (LIPC); insulin receptor 

substrate-1 (IRS-1); lipase A (LIPA); lipoprotein lipase (LPL); liver fatty acid binding protein 

(FABP1); perilipin-1 (PLIN1); peroxisome proliferator-activated receptor alpha (PPARα); 

PPARγ; stearoyl-CoA desaturase 
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(SCD); sterol regulatory element-binding transcription factor-1 (SREBF1); transcription factor 7-like 2 (TCF7L2). 

 

 

 

Table 3.1: Characteristics of the selected single-nucleotide polymorphisms1 

Full name of gene Gene SNP Region Allele Genotype (n) MAF% 
        Major/minor MM Mm mm 

 

Adiponectin  ADIPOQ rs266729 Exon/ 5' UTR C/G 61 30 10 24.8 

Adrenoceptor Beta-2 ADRB2 rs1042714 Exon C/G 42 41 18 38.1 

Apolipoprotein E APOE rs429358 Missense T/C 33 40 28 47.5 

  rs7412 Missense C/T 92 9 0 4.5 

  - - E3/E4 35 38 28 46.5 

Endothelial Lipase LIPG rs2000813 Missense C/T 52 43 6 27.2 

Fat mass and obesity-associated gene FTO rs9939609 Intron T/A 44 39 18 37.1 

Gastric lipase  LIPF rs814628 Missense A/G 72 25 4 16.3 

Hepatic lipase LIPC rs6083 Missense A/G 37 47 17 40.1 

Insulin receptor substrate-1 IRS-1 rs2943641 Intergene C/T 50 42 9 29.7 

  rs7578326 Intron A/G 49 45 7 29.2 

Lipase A, lysosomal acid LIPA rs1051338 Missense G/T 24 61 16 46.0 

Lipoprotein lipase LPL rs13702 Exon/ 3' UTR T/C 50 45 6 28.2  
 rs3200218 Exon/ 3' UTR A/G 67 29 5 19.3 

Liver fatty acid binding protein FABP1 rs2241883 Missense T/C 46 45 10 32.2 

Perilipin-1 PLIN1 rs894160 Intron C/T 47 43 11 32.2 

Peroxisome proliferator-activated receptor alpha PPARα rs6008259 Exon /3′-UTR G/A 66 30 5 19.8 

Peroxisome proliferator-activated receptor gamma PPARγ rs1801282 Missense C/G 78 21 2 12.4 

Stearoyl-CoA desaturase (Δ-9-desaturase) SCD rs2234970 Missense A/C 43 43 15 36.1 

Sterol regulatory element-binding transcription 

factor-1  
SREBF1 rs11868035 Intron G/A 34 54 13 39.6 

 
 rs2297508 Exon/  3' UTR G/C 33 52 16 41.6 

Transcription factor 7-like 2 TCF7L2 rs7903146 Intron C/T 48 46 7 29.7 
1MAF: minor allele frequency; MM: major allele homozygous; Mm: heterozygous; mm: minor allele homozygous; SNP: single nucleotide polymorphism. 
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3.3.5 Statistical analyses 

The primary aim of COMIT II trial was to evaluate the effect of MUFA consumption on 

body composition, mainly visceral adipose tissue. Therefore, the sample size was calculated to 

detect a 55 gram change using the variance parameter in android fat mass from our previous 

controlled trial (COMIT I) (1). A total sample size of 140 was required to account for a drop-out 

rate of 20%. 

Statistical analyses were performed using SAS 9.4 (SAS, Cary, NC) based on a per 

protocol approach. Normality was assessed using the Shapiro–Wilk test and the skewness values. 

Non-normally distributed variables were log-transformed before analysis. The results are 

expressed as least-squares means ± SEMs unless otherwise specified and statistical significance 

was set at P< 0.05. Changes in fat mass and body weight represent the difference between 

endpoint and baseline of each dietary phase. PROC MIXED with repeated-measure procedure 

was used to assess the effect of the three dietary treatments on changes in body fat and body 

weight. Treatment, sex, age, and genotype were used as fixed effects, with participants as a 

repeated factor. Random effects were treatment sequence, clinical site, and participants. Pre-

specified potential confounders such as ethnicity, baseline body composition, baseline fasting 

levels of glucose, homeostatic model of insulin resistance, and cholesterol were investigated in 

all models. The Hardy-Weinberg equilibrium was assessed with χ2 test. 

For diet-gene interaction analysis, due to the considerably comparable MUFA levels in 

the two canola treatments compared to the low-MUFA high-SFA treatment, the statistical 

analysis of MUFA-by-SNP interaction was conducted to compare the combined effect of the two 

MUFA diets (HOCO+RCO, average) versus the low-MUFA high-SFA diet on changes in body 

fat and body weight. This decision was also reached based on our inability to detect statistical 



83 
 

differences between HOCO and RCO in body composition in the overall population in our 

previous trial (COMIT I) (1).  

Each individual SNP was assessed separately using the aforementioned statistical model. 

All SNPs analyzed in the additive model. Dominant and recessive models were analyzed only 

when the simple effect of heterozygous-by-MUFA showed a significant interaction. Only four 

APOE isoforms (encoded by rs429358 and rs7412) were obtained, and were analyzed and 

presented as APOE3 (ε2/ε3 and ε3/ε3) and APOE4 (ε3/ε4 and ε4/ε4). 

 

3.4 Results 

A total of 124 participants (RCFFN= 45, CCARM= 19, INAF= 33, and PSU= 27) 

completed the trial and all required DXA scans. Three participants were excluded due to high 

fasting blood glucose (>7mmol/L) and six participants were excluded due to large changes in 

body weight (>5% endpoint-baseline weight change) at any dietary period (Figure 3.2). 

Therefore, 115 participants (71 women and 44 men) were included in the analysis of the effect of 

dietary MUFA on changes in body composition. No significant differences were observed in 

changes in body weight or fat mass following the consumption of any of the three treatments 

(Table 3.2). 

The assessment of gene-by-MUFA interactions included 101 participants (60 women and 

41 men; 73% Caucasian), as 14 participants did not consent for genetic analyses. Baseline 

characteristics are displayed in Table 3.3. Genotype-frequencies did not differ from Hardy–

Weinberg equilibrium except for the ADIPOQ rs266729, APOE, and LIPA rs10511338. All 

changes in total and regional fat mass and body weight in response to gene-MUFA interactions 

are presented in Table 3.4 and Table 3.5. Dietary MUFA was found to interact with common 
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variants in LPL, FTO, PPARα, ADIPOQ, APOE, LIPC, and ADRB2 to modify changes in body 

fatness in an iso-caloric diet (Figures 3.2-3.7), as detailed in the following paragraphs.   

 

Figure 3. 2: Flow chart of participating adults throughout the study 
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   Table 3.1: Changes in body composition in response to dietary monounsaturated fatty acids1 

Variable HOCO RCO 
Low-MUFA high-

SFA 
P2 

Body weight (g)    0.079 

All -1035.5 ± 236.3 -646.8 ± 236.3 -936.0 ± 236.3  

Female -990.0 ± 264.0 -753.8 ± 264.0 -836.2 ± 264.0  

Male -1081.1 ± 306.9 -539.8 ± 306.7 -1035.8 ± 307.0  

Total fat (g)    0.1137 

All -665.2 ± 114.5 -382.8 ± 114.5 -569.1 ± 114.7  

Female -550.8 ± 142.3 -449.7 ± 142.2 -625.4 ± 142.1  

Male -779.6 ± 181.2 -315.8 ± 180.9 -512.8 ± 181.5  

Leg fat (g)    0.4153 

All -169.5 ± 56.0 -76.76 ± 55.99 -151.2 ± 56.00  

Female -149.8 ± 69.5 -139.3 ± 69.44 -123.45 ± 69.44  

Male -189.2 ± 88.5 -14.17 ± 88.39 -178.9 ± 88.46  

Trunk fat (g)    0.4714 

All -441.1 ± 101.3 -293.3 ± 101.3 -425.9 ± 101.4  

Female -273.8 ± 125.8 -265.0 ± 125.7 -510.0 ± 125.7  

Male -608.4 ± 160.2 -321.6 ± 160.0 -341.8 ± 160.2  

Android fat (g)    0.7968 

All -74.38 ± 24.97 -97.25 ± 24.97 -84.15 ± 24.97  

Female -59.94 ± 30.97 -105.4 ± 30.97 -117.5 ± 30.96  

Male -88.83 ± 39.43 -89.09 ± 39.42 -50.82 ± 39.40  

Gynoid fat (g)    0.3693 

All -110.8 ± 27.2 -65.49 ± 27.17 -99.57 ± 27.17  

Female -100.9 ± 33.7 -95.54 ± 33.72 -131.4 ± 33.72  

Male -120.8 ± 42.9 -35.43 ± 42.94 -67.73 ± 42.95  

VAT mass (g)    0.8853 

All -35.64 ± 19.01 -48.5 6± 19.00 -43.45 ± 19.01  

Female -18.45 ± 23.56 -34.68 ± 23.58 -58.18 ± 23.56  

Male -52.83 ± 23.00 -62.44 ± 29.99 -28.73 ± 29.99  

SCAT mass (g)    0.891 

All -39.10 ± 20.14 -50.64 ± 20.14 -37.62 ± 20.14  

Female -41.22 ± 24.95 -72.23 ± 24.99 -56.57 ± 24.94  

Male -36.97 ± 31.76 -29.04 ± 31.76 -18.68 ± 31.76  

Total lean (g)    0.6369 

All -359.8 ± 185.8 -247.1 ± 185.7 -371.1 ± 185.7  

Female -426.2 ± 202.7 -279.8 ± 202.6 -209.9 ± 202.7  

Male -293.4 ± 230.2 -214.4 ± 230.0 -532.2 ± 229.9  
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Table 3.2: Continued  

Variable HOCO RCO 
Low-MUFA 

high-SFA 
P 

Leg lean (g)    0.6376 

All -85.95  ± 72.47 -9.4 6 ± 72.48 -48.12 ± 72.46  

Female -101.52 ± 84.33 -69.23 ± 84.31 3.22 ± 84.32  

Male -70.39 ± 101.92 50.31 ± 101.9 -99.47 ± 101.9  

Trunk lean (g)    0.4505 

All -199.4 ± 134.7 -228.8 ± 134.7 -362.3 ± 134.6  

Female -191.1 ± 154.2 -179.7 ± 154.1 -249.9 ± 154.2  

Male -207.8 ± 183.9 -278.0 ± 183.8 -474.6 ± 183.7  

Android lean (g)    0.4262 

All -26.404 ± 21.40 -54.19 ± 21.40 -59.99 ± 21.40  

Female -48.897 ± 25.91 -58.34 ± 25.91 -54.25 ± 25.91  

Male -3.9119 ± 32.48 -50.05 ± 32.47 -65.73 ± 32.46  

Gynoid lean (g)    0.8084 

All -7.004 ± 37.82 -32.47 ± 37.82 -15.59 ± 37.83  

Female -35.26 ± 43.04 -63.40 ± 43.05 21.58 ± 43.03  

Male 21.25 ± 51.02 -1.53 ± 51.02 -52.75 ± 51.01  
1All values are least-squares means and SEMs. Changes were calculated as endpoint-baseline values. 

n=115 participants. HOCO: high-oleic canola oil; RCO: regular canola oil; SCAT: subcutaneous 

adipose tissue VAT: visceral adipose tissue. 
2SAS PROC MIXED with repeated measure procedure used to assess the effect of MUFA consumption 

on body composition changes. Treatment, sex, age, and genotype were used as fixed effects, 

participants as a repeated factor. Random effects were treatment sequence, clinical site, and 

participants. P <0.05 was considered significant. 
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  Table 3.2: Characteristics of participants at the baseline of dietary intervention1 

Characteristic  
Total 

(n=101) 

Female 

(n=60) 

Male 

(n=41) 
P2 

Age (years)  43.31  ± 1.29 45.65  ± 1.64 39.88  ± 1.98 0.0271 

Ethnicity (n)    - 

Caucasian 74 45 29  

African 4 3 1  

Asian 8 4 4  

Hispanic 3 1 2  

Others  12 7 5  

Systolic BP3 (mmHg) 118.6  ± 1.3 117.8  ± 1.7 119.7  ± 2.0 0.4647 

Diastolic BP (mmHg) 78.10  ± 1.08 77.47  ± 1.41 79.00  ± 1.70 0.4915 

Total cholesterol (mmol/L) 5.19  ± 0.09 5.21  ± 0.12 5.15  ± 0.14 0.7369 

Triglycerides (mmol/L) 1.55  ± 0.07 1.46  ± 0.09 1.67  ± 0.11 0.1523 

HDL-cholesterol (mmol/L) 1.35  ± 0.04 1.46  ± 0.04 1.20  ± 0.05 0.0003 

LDL-cholesterol (mmol/L) 3.13  ± 0.08 3.09  ± 0.10 3.19  ± 0.12 0.5063 

Glucose (mmol/L) 5.22  ± 0.04 5.21  ± 0.06 5.23  ± 0.07 0.8271 

Insulin (pmol/L) 98.67  ± 6.10 94.32  ± 7.92 105.03  ± 9.58 0.3908 

Waist circumference (cm) 103.8  ± 1.3 100.8  ± 1.6 108.3  ± 1.9 0.003 

VAT mass (g) 1334  ± 84 1056  ± 99 1741  ± 120 <.0001 

SCAT mass (g) 2213  ± 90 2293  ± 117 2097  ± 141 0.2914 

Leg fat mass (g) 12645  ± 430 13790 ± 531 10969  ± 642 0.001 

Trunk fat mass (g) 19472  ± 721 18584  ± 930 20772  ± 1124 0.1371 

Android fat mass (g) 3548  ± 145 3349  ± 187 3838  ± 226 0.098 

Gynoid fat mass (g) 6002  ± 206 6334  ± 264 5516  ± 319 0.0512 

Total fat mass (g) 36282  ± 1119 36565  ± 1459 35869  ± 1765 0.7621 

Body weight (kg) 89.76  ± 1.88 83.05  ± 2.21 99.59  ± 2.67 <.0001 

BMI (kg/m2) 31.12  ± 0.53 30.99  ± 0.69 31.31  ± 0.84 0.7675 

1Values are means ± SEMs unless otherwise specified.  
2SAS PROC MIXED procedure used to assess sex differences, P<0.05 was considered significant. SAS PROC 

MEANS used to determine the mean characteristics of the overall population.  
3BP: blood pressure; BMI: body mass index; HDL: high-density lipoprotein; LDL: low-density lipoprotein; 

SCAT: subcutaneous adipose tissue; VAT: visceral adipose tissue 
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Table 3.3: Changes in trunk, leg, and total fat mass, and body weight following dietary treatments by the selected polymorphisms1 

Gene, SNP, 

allele (n) 

Change trunk fat, g Change leg fat, g Change total fat, g Change weight, g 

High  

MUFA 

Low  

MUFA 
P2 

High Low 
P 

High Low 
P 

High Low 
P 

MUFA MUFA MUFA MUFA MUFA MUFA 

ADIPOQ rs266729     0.418     0.92     0.277     0.333 

C/C (61) 
-363.2 ± -543.1 ± 

  

-190.9 ± -240.9 ± 

  

-571.9 ± -793.3 ± 

  

-876.6 ± -1134.6 ± 

  

111.4 139.8 54.2 72.7 123.2 151.2 233.1 262.6 

C/G (30) 
-409.7 ± -698.3 ± -64.7 ± -59.2 ± -541.0 ± -711.5 ± -1011.8 ± -740.5 ± 

153.1 194.3 77.8 103.7 177.1 215.6 299.9 344.9 

G/G (10) 
-381.6 ± -119.0 ± -60.2 ± -61.8 ± -512.8 ± -88.8 ± -898.8 ± -1091.4 ± 

258.3 328.5 135.0 178.8 308.6 370.5 471.3 552.8 

ADRB2 rs1042714     0.571     0.641     0.07     0.502 

C/C (42) 
-335.0 ± -505.4 ± 

  

-105.0 ± -175.9 ± 

  

-461.6 ± -691.5 ± 

  

-869.4 ± -1110.1 ± 

  

131.6 166.3 65.8 87.9 147.9 180.9 262.1 299.9 

C/G  (41) 
-366.7 ± -431.5 ± -190.4 ± -145.3 ± -654.7 ± -522.4 ± -899.8 ± -767.6 ± 

133.3 167.8 67.0 88.8 151.1 182.6 263.1 300.4 

G/G  (18) 
-497.1 ± -899.9 ± -110.0 ± -203.7 ± -547.7 ± -1136.7 ± -1076.3 ± -1354.3 ± 

193.3 248.0 100.4 134.0 225.7 275.7 360.3 423.3 

APOE3     0.011     0.989     0.009     0.36 

E3 (35) 
-517.0 ± -295.7 ± 

  

-112.4 ± -139.9 ± 

  

-668.4 ± -402.0 ± 

  

-1034.0 ± -925.8 ± 

  
140.0 176.8 72.0 95.7 162.3 195.9 303.3 341.7 

E4 (66) 
-302.9 ± -677.7 ± -155.2 ± -184.6 ± -497.8 ± -862.2 ± -868.3 ± -1070.2 ± 

106.6 133.2 52.7 70.3 118.6 144.7 238.0 265.1 

FABP1 rs2241883     0.488     0.684     0.847     0.579 

C /C (10) 
-371.5 ± -931.3 ± 

  

-170.8 ± -172.5 ± 

  

-625.0 ± -957.8 ± 

  

-1102.1 ± -1682.7 ± 

  

254.5 331.4 133.3 179.7 303.0 376.1 469.3 558.7 

T/C (45) 
-407.9 ± -502.9 ± -41.8 ± -131.6 ± -511.5 ± -615.7 ± -902.5 ± -901.3 ± 

126.2 159.7 63.1 84.5 144.0 176.0 259.0 294.5 

T/T (46) 
-339.9 ± -496.0 ± -230.1 ± -202.7 ± -572.6 ± -722.3 ± -889.7 ± -970.3 ± 

126.0 158.9 63.0 84.0 144.1 175.4 259.6 294.2 
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Table 3.4: Continued                        Trunk, Legs, and Total fat Mass, and Body Weight Following Treatments by the Selected Poly 

Gene, SNP, 

allele (n) 

Change trunk fat, g Change leg fat, g Change total fat, g Change weight, g 

High  

MUFA 

Low  

MUFA 
P2 

High Low 
P 

High Low 
P 

High Low 
P 

MUFA MUFA MUFA MUFA MUFA MUFA 

FTO rs9939609     0.854     0.837     0.831     0.053 

A/A (18) 
-366.2 ± -434.5 ± 

  

26.0 ± -82.9 ± 

  

-270.8 ± -441.3 ± 

  

-885.3 ± -1192.2 ± 

  

192.0 246.1 100.1 133.3 225.8 274.9 349.9 411.7 

A/T (39) 
-292.2 ± -532.2 ± -158.5 ± -182.1 ± -516.5 ± -738.5 ± -606.3 ± -1084.9 ± 

130.6 168.4 67.1 90.4 150.5 186.7 250.2 291.8 

T/T (44) 
-454.3 ± -598.4 ± -191.6 ± -192.3 ± -702.9 ± -772.0 ± -1188.8 ± -842.1 ± 

126.2 160.2 64.7 85.9 146.1 177.6 240.5 277.8 

IRS rs2943641     0.241     0.979     0.276     0.247 

C/C (50) 
-384.21 ±  -485.07 ± 

  

-96.8 ± -137.6 ± 

  

-496.1 ± -593.5 ± 

  

-781.3 ± -775.9 ± 

  

122.72 153.0 61.8 81.3 139.9 168.0 258.5 289.6 

C/T (42) 
-333.16 ± -682.99 ± -183.7 ± -197.0 ± -580.3 ± -892.8 ± -998.9 ± -1360.2 ± 

 128.33 163.8 65.1 87.5 146.0 180.6 268.5 305.9 

T/T (9) 
-533.31 ± -231.56 ± -160.3 ± -198.2 ± -734.0 ± -394.4 ± -1337.5 ± -788.7 ± 

 270.66 347.1 141.7 189.0 319.3 389.0 489.9 579.3 

IRS rs7578326     0.407     0.915     0.58     0.372 

A/A (49) 
-353.2  ± -590.8 ± 

  

-146.2 ± -155.6 ± 

  

-540.3 ± -713.2 ± 

  

-889.6 ± -945.6 ± 

  

124.2 155.3 62.7 82.5 141.8 171.1 252.3 285.6 

A/G (45) 
-367.1 ± -548.9 ± -135.3 ± -170.7 ± -540.4 ± -732.1 ± -876.9 ± -1133.0 ± 

125.0 159.0 63.1 84.7 141.8 174.9 252.3 288.9 

G/G (7) 
-581.6 ± -204.8 ± -130.2 ± -248.0 ± -720.9 ± -425.3 ± -1368.6 ± -711.9 ± 

307.0 392.9 161.6 214.7 364.9 442.2 547.8 649.8 

LIPA rs1051338     0.5     0.681     0.255     0.608 

G/G (24) 
-311.5 ± -278.6 ± 

  

-205.6 ± -227.0 ± 

  

-582.1 ± -420.8 ± 

  

-1007.2 ± -820.4 ± 

  

162.7 212.5 85.4 115.7 191.9 239.6 334.8 387.9 

G/T (61) 
-322.0 ± -595.6 ± -138.6 ± -136.1 ± -494.8 ± -784.5 ± -867.2 ± -1046.1 ± 

109.1 137.2 55.2 73.1 125.4 151.1 240.6 268.5 

T/T (16) 
-670.7 ± -763.3 ± -41.2 ± -197.6 ± -699.2 ± -822.3 ± -986.0 ± -1195.5 ± 

200.2 259.9 106.1 142.3 239.3 294.7 398.0 463.4 
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Table 3.4: Continued                      Trunk, Legs, and Total fat Mass, and Body Weight Following Treatments by the Selected Polymorphism 

Gene, SNP, 

allele (n) 

Change trunk fat, g Change leg fat, g Change total fat, g Change weight, g 

High  

MUFA 

Low  

MUFA 
P2 

High Low 
P 

High Low 
P 

High Low 
P 

MUFA MUFA MUFA MUFA MUFA MUFA 

LIPC rs6083     0.335     0.374     0.048     0.93 

A/A (37) 
-490.0 ± -467.7 ± 

  

-183.3 ± -99.5 ± 

  

-705.3 ± -526.7 ± 

  

-995.2 ± -1016.0 ± 

  

139.2 176.4 69.5 93.3 157.3 193.0 273.1 314.7 

A/G (47) 
-385.8 ± -611.5 ± -136.9 ± -210.1 ± -576.0 ± -828.1 ± -919.5 ± -1075.6 ± 

128.4 159.4 62.9 83.0 143.7 172.1 252.5 286.5 

G/G (17) 
-98.4 ± -534.9 ± -53.9 ± -205.1 ± -155.4 ± -744.1 ± -742.9 ± -839.8 ± 

197.0 254.3 102.3 137.5 229.4 283.4 366.8 433.9 

LIPF rs814628     0.235     0.824     0.165     0.408 

A/A (72) 
-415.5 ± -492.8 ± 

  

-162.0 ± -184.0 ± 

  

-600.8 ± -662.9 ± 

  

-940.3 ± -1094.6 ± 

  

107.0 131.9 50.8 67.5 114.5 139.5 215.3 242.3 

A/G (25) 
-295.9 ± -790.6 ± -81.1 ± -155.4 ± -440.0 ± -937.9 ± -999.0 ± -792.0 ± 

167.1 211.8 85.0 113.4 191.6 233.0 308.6 360.6 

G/G (4) 
-146.4 ± 13.6 ± -126.4 ± 7.9 ± -355.9 ± 34.4 ± 0.4 ± -821.5 ± 

393.1 515.3 210.1 283.7 470.6 585 706.3 852.4 

LIPG rs2000813     0.33     0.934     0.546     0.936 

C/C (52) 
-359.1 ± -518.6 ± 

  

-157.3 ± -202.5 ± 

  

-530.5 ± -725.3 ± 

  

-920.0 ± -980.6 ± 

  

117.9 148.9 58.5 78.4 132.4 162.5 244.1 277.0 

C/T (43) 
-360.5 ± -632.3 ± -88.0 ± -89.8 ± -497.8 ± -660.8 ± -871.1 ± -1028.9 ± 

129.1 163.0 64.6 86.3 146.4 178.8 260.4 297.1 

T/T (6) 
-617.4 ± -158.1 ± -367.5 ± -441.3 -1144.0 ± -790.6 ± -1238.9 ± -1195.0 ± 

328.8 422.9 172.3 230.4 390.4 476.8 595.9 708.6 

LPL rs13702     0.051     0.61     0.074     0.07 

C/C (6) 
-1185.1 ± -269.0 ± 

  

-262.3 ± -459.8 ± 

  

-1495.0 ± -599.9 ± 

  

-2124.3 ± -839.9 ± 

  

318.6 413.3 172.5 230.4 385.1 471.0 584.3 696.2 

C/T (45) 
-449.6 ± -704.7 ± -107.5 ± -73.0 ± -566.7 ± -759.8 ± -895.1 ± -1218.0 ± 

119.7 153.7 63.2 84.4 141.2 172.7 261.0 295.5 

T/T (50) 
-204.2 ± -422.3 ± -154.7 ± -219.5 ± -423.8 ± -653.0 ± -806.8 ± -852.5 ± 

114.4 146.8 60.2 80.4 134.3 164.8 250.9 283.5 
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Table 3.4: Continued                        Trunk, Legs, and Total fat Mass, and Body Weight Following Treatments by the Selected Polymorphism 

Gene, SNP, 

allele (n) 

Change trunk fat, g Change leg fat, g Change total fat, g Change weight, g 

High  

MUFA 

Low  

MUFA 
P2 

High Low 
P 

High Low 
P 

High Low 
P 

MUFA MUFA MUFA MUFA MUFA MUFA 

LPL rs3200218     0.775     0.837     0.81     0.613 

A/A (67) 
-394.5 ± -616.1 ± 

  

-157.3 ± -205.9 ± 

  

-569.6 ± -764.9 ±  

145.4 

  

-1043.5 ± -1071.2 ± 

  

110.5 136.5 52.9 70.1 119.7 220.3 248.4 

A/G (29) 
-304.5 ± -349.2 ± -121.9 ± -92.2 ± -491.3 ± -524.9 ± 

 217.7 

-609.8 ± -925.4 ± 

154.4 197.1 78.5 105.3 176.6 291.1 340.2 

G/G (5) 
-571.8 ± -788.7 ± -29.4 ± -126.6 ± -692.7 ± -913.4 ±  

524.3 

-1041.1 ± -730.6 ± 

357.0 463.0 189.2 253.7 426.1 635.3 762.9 

PLIN rs894160     0.377     0.658     0.843     0.41 

C/C (47) 
-442.6 ± -475.0 ± 

  

-112.8 ± -204.4 ± 

  

-585.2 ± -688.2 ±  

175.4 

  

-942.0 ± -817.1 ± 

  

128.5 159.1 64.7 84.4 147.4 265.9 298.0 

C/T (43) 
-314.3 ± -531.8 ± -174.6 ± -157.9 ± -536.3 ± -685.1 ±  

179.0 

-961.3 ± -1292.4 ± 

128.0 162.7 64.5 86.5 145.1 264.2 300.8 

T/T (11) 
-360.2 ± -891.8 ± -113.3 ± -58.5 ± -500.2 ± -822.8 ±  

356.0 

-705.7 ± -758.3 ± 

238.5 314.3 125.7 171.3 281.5 443.6 530.7 

PPARα rs6008259     0.484     0.064     0.253     0.544 

A/A (5) 
-590.0 ± -857.8 ± 

  

-368.4 ± 281.3 ± 

  

-1017.2 ± -548.7 ±  

519.1 

  

-613.9 -1304.2 ± 

  

370.3 462.5 193.4 251.6 445.9 657.7 767.4 

A/G (30) 
-362.7 ± -731.5 ± -104.4 ± -189.8 ± -499.3 ± -887.9 ±  

219.1 

-977.4 -1230.7 ± 

158.9 199.1 79.6 104.8 181.3 300.9 346.2 

G/G (66) 
-367.5 ± -439.8 ± -140.4 ± -191.5 ± -547.1 ± -628.1 ±  

144.3 

-912.4 -897.3 ± 

111.2 137.5 51.8 69.3 117.5 222.6 251.1 

PPARγ rs1801282     0.656     0.614     0.646     0.085 

C/C (78) 
-383.1 ± -554.8 ± 

  

-155.2 ± -159.9 ± 

  

-571.9 ± -678.6 ± 

  

-886.4 ± -1097.8 ± 

  

97.1 122.7 48.3 64.6 108.7 134.0 203.4 229.7 

C/G (21) 
-404.8 ± -503.1 ± -87.6 ± -231.7 ± -528.1 ± -801.0 ± -982.9 ± -479.6 ± 

182.0 228.7 94.9 124.3 216.1 256.2 336.6 389.6 

G/G (2) 
238.0 ± -661.7 ± -93.9 ± 101.8 ± 63.2 ± -734.7 ±  

827.5 

-959.1 ± -2623.9 ± 

586.9 731.7 310.2 402.2 712.7 1022.3 1195.2 
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Table 3.4: Continued                         Trunk, Legs, and Total fat Mass, and Body Weight Following Treatments by the Selected Polymorphism 

Gene, SNP, 

allele (n) 

Change trunk fat, g Change leg fat, g Change total fat, g Change weight, g 

High  

MUFA 

Low  

MUFA 
P2 

High Low 
P 

High Low 
P 

High Low 
P 

MUFA MUFA MUFA MUFA MUFA MUFA 

SCD rs2234970     0.145     0.348     0.47     0.908 

A/A (43) 
-383.0 ± -508.8 ± 

  

-155.9 ± -282.7 ± 

  

-577.1 ± -803.2 ± 

 178.2 

  

-1067.5 ± -1139.5 ± 

  

129.0 163.1 64.2 85.8 145.3 276.1 311.2 

A/C (43) 
-268.9 ± -636.7 ± -79.5 ± -5.7 ± -364.7 ± -541.7 ±  

178.6 

-686.8 ± -744.2 ± 

128.9 163.1 64.3 85.9 145.3 275.3 310.8 

C/C (15) 
-672.6 ± -378.3 ± -268.3 ± -304.3 ± -1042.7 ± -842.6 ± 

 299.3 

-1258.7 ± -1525.0 ± 

212.3 268.8 109.8 145.0 248.4 405.3 469.8 

SREBF1 rs11868035     0.396     0.794     0.918     0.92 

A/A (13) 
-246.6 ± -187.2 ± 

  

-244.0 ± -481.9 ± 

  

-670.9 ± -704.0 ± 

 324.2 

  

-1066.0 ± -1330.0 ± 

  

116.3 156.7 220.7 288.0 260.8 407.6 485.9 

A/G (54) 
-178.0 ± -151.5 ± -428.7 ± -647.5 ± -625.4 ± -804.7 ±  

160.1 

-965.4 ± -1036.5 ± 

58.0 77.3 115.0 145.8 130.7 235.7 268.4 

G/G (34) 
-36.1 ± -187.6 ± -341.8 ± -402.5 ± -385.9 ± -533.2 ±  

201.0 

-763.9 ± -830.6 ± 

73.1 97.2 142.3 181.4 164.7 282.8 325.0 

SREBF1 rs2297508     0.639     0.355     0.928     0.8 

C/C (16) 
-192.1 ± -577.0 ± 

  

-257.4 ± -130.5 ± 

  

-615.8 ± -684.9 ± 

 292.4 

  

-930.1 ± -1269.4 ± 

  

199.6 259.7 105.3 141.3 236.0 376.1 444.7 

C/G (52) 
-453.0 ± -621.8 ± -165.3 ± -169.2 ± -625.9 ± -814.0 ± 

 163.8 

-986.9 ± -1037.4 ± 

117.4 148.7 59.5 79.0 134.0 241.5 274.6 

G/G (33) 
-346.4 ± -406.3 ± -40.6 ± -185.3 ± -404.0 ± -530.9 ±  

204.0 

-792.6 ± -833.7 ± 

143.8 183.6 74.2 98.6 166.9 286.9 329.8 
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Table 3.4: Continued                        Trunk, Legs, and Total fat Mass, and Body Weight Following Treatments by the Selected Porphisms1 

Gene, SNP, 

allele (n) 

Change trunk fat, g Change leg fat, g Change total fat, g Change weight, g 

High  

MUFA 

Low  

MUFA 
P2 

High Low 
P 

High Low 
P 

High Low 
P 

MUFA MUFA MUFA MUFA MUFA MUFA 

TCF7L2 rs7903146     0.855     0.931     0.966     0.82 

C/C (48) 
-261.5 ± -448.0 ± 

  

-155.2 ± -157.0 ± 

  

-508.9 ± -628.7 ±  

171.2 

  

-819.6 ± -841.4 ± 

  

127.1 158.5 61.4 81.9 140.9 264.3 296.9 

C/T (46) 
-509.1 ± -694.2 ± -157.8 ± -207.4 ± -661.6 ± -822.8 ±  

175.5 

-1101.7 ± -1220.1 ± 

130.6 162.5 62.9 83.8 144.7 269.5 302.9 

T/T (7) 
-311.6 ± -257.5 ± 71.6 ± 15.0 ± -180.9 ± -407.5 ±  

446.2 

-589.9 ± -1002.0 ± 

296.2 393.6 156.3 214.2 350.0 545.4 660.1 
1All values are least-squares means and SEMs. Changes were calculated as endpoint-baseline values. n=101 participants. ADIPOQ: adiponectin; ADRB2: adrenoceptor Beta-2; 

APOE: apolipoprotein E; FABP1: liver fatty acid binding protein; FTO: fat mass and obesity-associated gene; IRS1: Insulin receptor substrate-1; LIPA: lipase A, lysosomal acid; 

LIPC: hepatic lipase; LIPF: gastric lipase; LIPG: endothelial Lipase; low-MUFA: low-MUFA high-Saturated fatty acid diet; LPL: lipoprotein lipase; MUFA: monounsaturated 

fatty acids; PLIN: perilipin-1; PPARα: peroxisome proliferator-activated receptor alpha; PPARγ: peroxisome proliferator-activated receptor gamma; SCD: stearoyl-CoA 

desaturase; SNP: single nucleotide polymorphism; SREBF1: sterol regulatory element-binding transcription factor 1; TCF7L2: transcription factor 7-like 2.  
2SAS PROC MIXED with repeated measure procedure used to assess the effect of gene-MUFA interactions on fat mass changes, using participants as a repeated factor. Treatment, 

sex, age, and genotype were used as fixed effects. P interaction <0.05 was considered significant. 3APOE3 is the sum of ε2/ε3 and ε3/ε3 and APOE4 is the sum of ε3/ε4 and ε4/ε4. 
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Table 3.4: Changes in android, gynoid, visceral, and subcutaneous fat mass following dietary treatments by the selected 

polymorphisms1 

Gene, SNP, 

allele (n) 

Change android fat, g Change gynoid fat, g Change VAT, g Change SCAT, g 

High  

MUFA 

Low  

MUFA 
P2 

High  

MUFA 

Low  

MUFA 
P 

High  

MUFA 

Low  

MUFA 
P 

High  

MUFA 

Low  

MUFA 
P 

ADIPOQ rs266729   0.084   0.638   0.306   0.062 

C/C (61) 
-74.1 -107.3 

 

-106.3 -148.6 

 

-46.1 -38.6 

 

-28.9 -66.3 

 

± 24.5 ± 32.6 ± 28.5 ± 36.2 ± 19.2 ± 26.1 ± 17.6 ± 25.6 

C/G (30) 
-97 -178.4 -99.3 -107.5 -30.2 -102.5 -68.5 -71.2 

± 35.1 ± 46.5 ± 40.9 ± 51.7 ± 27.3 ± 37.2 ± 25.1 ± 36.5 

G/G (10) 
-88.8 65.1 -80.9 -31.9 -28.6 -13.5 -63.9 100.9 

± 60.4 ± 80.2 ± 70.6 ± 89.0 ± 46.5 ± 64.2 ± 42.8 ± 63.0 

ADRB2 rs1042714   0.405   0.297   0.938   0.249 

C/C (42) 
-76.9 -130.4 

 

-57.8 -135.3 

 

-50.9 -56.6 

 

-28 -69 

 

± 29.6 ± 39.4 ± 34.0 ± 43.3 ± 23.0 ± 31.5 ± 21.1 ± 30.9 

C/G  (41) 
-81.2 -66 -122.3 -106.3 -32.7 -54 -48.8 -4.3 

± 30.0 ± 39.9 ± 34.6 ± 43.7 ± 23.1 ± 31.8 ± 21.2 ± 31.2 

G/G  (18) 
-91.3 -171.9 -156.1 -139.7 -27.3 -53.6 -69.7 -112.3 

± 45.2 ± 60.1 ± 51.9 ± 66.0 ± 35.1 ± 48.0 ± 32.2 ± 47.1 

APOE3   0.205   0.823   0.227   0.833 

E3 (35) 
-88.8 ± -69.4 

 

-80.4 -94.5 

 

-52 -28.2 

 

-37.3 -36.5 

 32.3 ± 43.0 ± 37.3 ± 47.3 ± 24.8 ± 34.2 ± 23.1 ± 34.0 

E4 (66) 
-77.1 -134.7 -112.6 -140.6 -32.3 -69.5 -47.5 -58 

± 23.8 ± 31.5 ± 27.4 ± 34.8 ± 18.4 ± 25.1 ± 17.1 ± 24.8 

FABP1 rs2241883   0.491   0.474   0.823   0.662 

C /C (10) 
-79.8 -214.1 

 

-126.4 -61.8 

 

-92.7 -153.9 

 

16 -59.8 

 

± 61.2 ± 81.3 ± 70.5 ± 89.6 ± 47.0 ± 64.1 ± 44.0 ± 63.5 

T/C (45) 
-79.3 -99 -86.6 -96.8 -52.4 -65.3 -29.7 -25 

± 28.8 ± 38.2 ± 33.6 ± 42.3 ± 21.9 ± 30.2 ± 20.5 ± 29.9 

T/T (46) 
-82.1 -100.3 -110.9 -166 -11.9 -20.3 -72.2 -75.3 

± 28.7 ± 38.0 ± 33.5 ± 42.1 ± 21.7 ± 29.9 ± 20.3 ± 29.6 

FTO rs9939609   0.364   0.526   0.938   0.084 

A/A (18) 
-50.1 -75.6 

 

-35.5 -59.2 

 

-12 -34.9 

 

-39.4 -36.8 

 

± 44.9 ± 59.8 ± 51.9 ± 65.9 ± 34.8 ± 48.0 ± 31.7 ± 46.8 

A/T (39) 
-45.4 -123.6 -97.7 -160.4 -45.2 -50 2.2 -72.7 

± 30.3 ± 40.6 ± 35.0 ± 44.7 ± 23.8 ± 32.6 ± 21.7 ± 31.8 

T/T (44) 
-127.6 -114.7 -130.5 -118.6 -45.4 -67.9 -87.4 -37.7 

± 29.1 ± 38.6 ± 33.7 ± 42.5 ± 22.6 ± 30.9 ± 20.5 ± 30.1 
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Table 3.5: Continued                        Trunk, Legs, and Total fat Mass, and Body Weight Following Treatments by the Selected Porphisms1 

Gene, SNP, 

allele (n) 

Change android fat, g Change gynoid fat, g Change VAT, g Change SCAT, g 

High  

MUFA 

Low  

MUFA 
P2 

High  

MUFA 

Low  

MUFA 
P 

High  

MUFA 

Low  

MUFA 
P 

High  

MUFA 

Low  

MUFA 
P 

IRS rs2943641   0.272   0.377   0.392   0.758 

C/C (50) 
-77.8 -102.9 

 

-82.7 -102.9 

 

-34.5 -60.8 

 

-46.1 -36.3 

 

± 27.8 ± 36.5 ± 32.8 ± 40.8 ± 21.3 ± 29.0 ± 19.8 ± 28.8 

C/T (42) 
-74 -142.5 -94 -146.5 -40.6 -66 -36.8 -66.2 

± 29.5 ± 39.3 ± 34.5 ± 43.7 ± 23.0 ± 31.3 ± 21.4 ± 31.1 

T/T (9) 
-127.7 -25.9 -241 -140.9 -58.5 31 -61.1 -56.8 

± 63.9 ± 84.9 ± 73.7 ± 93.4 ± 49.2 ± 67.6 ± 45.8 ± 67.1 

IRS rs7578326   0.372   0.714   0.344   0.816 

A/A (49) 
-67.2 -131.3 

 

-83.3 -115.1 

 

-27.7 -66.5 

 

-39.7 -61 

 

± 28.2 ± 37.0 ± 32.9 ± 41.2 ± 21.6 ± 29.4 ± 20.1 ± 29.1 

A/G (45) 
-87.8 -101.5 -103.4 -131.1 -46.8 -54.9 -46.9 -35.4 

± 28.5 ± 38.0 ± 33.2 ± 42.1 ± 22.1 ± 30.2 ± 20.6 ± 30.0 

G/G (7) 
-131.9 -42.7 -208.4 -142 -69.8 30.8 -54.6 -74.7 

± 72.6 ± 96.4 ± 83.8 ± 106.1 ± 55.6 ± 76.6 ± 51.7 ± 76.1 

LIPA rs1051338   0.552   0.145   0.05   0.617 

G/G (24) 
-52.6 -57 

 

-148.2 -100.9 

 

-27.2 -13.1 

 

-34.5 -37.1 

 

± 38.7 ± 51.9 ± 44.5 ± 56.9 ± 30.3 ± 41.0 ± 28.4 ± 41.1 

G/T (61) 
-79.8 -135.4 -63.5 -134.6 -25 -81.6 -54.5 -48.3 

± 24.8 ± 32.8 ± 28.6 ± 36.0 ± 18.8 ± 25.8 ± 17.7 ± 25.9 

T/T (16) 
-132.1 -109.1 -169.4 -122 -118.6 -16 -17 -81.1 

± 47.9 ± 63.9 ± 55.2 ± 70.1 ± 37.1 ± 50.4 ± 34.8 ± 50.5 

LIPC rs6083   0.239   0.543   0.251   0.717 

A/A (37) 
-110.3 -95.7 

 

-144.9 -125.1 

 

-43.9 -35.3 

 

-71.4 -49.6 

 

± 31.4 ± 41.8 ± 36.1 ± 46.1 ± 24.8 ± 33.6 ± 22.5 ± 33.0 

A/G (47) 
-80.2 -110.8 -94.5 -142.8 -62.3 -66.2 -18 -40.9 

± 28.2 ± 37.3 ± 32.6 ± 41.1 ± 22.1 ± 30.0 ± 19.8 ± 29.3 

G/G (17) 
-19.7 -148.7 -22.6 -71 34.3 -70.8 -57.6 -74.1 

± 46.3 ± 61.7 ± 53.0 ± 67.8 ± 36.2 ± 49.2 ± 33.3 ± 48.7 
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Table 3.5: Continued                        T Trunk, Legs, and Total fat Mass, and Body Weight Following Treatments by the Selected Porphisms1 

Gene, SNP, 

allele (n) 

Change android fat, g Change gynoid fat, g Change VAT, g Change SCAT, g 

High  

MUFA 

Low  

MUFA 
P2 

High  

MUFA 

Low  

MUFA 
P 

High  

MUFA 

Low  

MUFA 
P 

High  

MUFA 

Low  

MUFA 
P 

LIPF rs814628   0.303   0.174   0.752   0.440 

A/A (72) 
-86.7 -92.6 

 

-118.5 -130.1 

 

-37.6 -49.3 

 

-50.4 -37.6 

 

± 22.8 ± 30.2 ± 27.2 ± 33.9 ± 17.6 ± 24.1 ± 16.4 ± 23.8 

A/G (25) 
-82.9 -191.6 -56.7 -149 -50.1 -88 -35.1 -98 

± 38.0 ± 50.7 ± 44.5 ± 56.2 ± 29.3 ± 40.5 ± 27.3 ± 40.1 

G/G (4) 
31.9 40.2 -65.1 123.6 -0.7 55 19.8 10.3 

± 94.4 ± 126.6 ± 109.3 ± 139.5 ± 74.4 ± 101.4 ± 69.1 ± 100.3 

LIPG rs2000813   0.702   0.656   0.949   0.831 

C/C (52) 
-91.1 -115.5 

 

-97.9 -146 

 

-37.6 -54.1 

 

-55.7 -59.2 

 

± 26.7 ± 35.5 ± 30.7 ± 39.0 ± 20.6 28.3 ± 19.1 ± 27.9 

C/T (43) 
-68.6 -118.7 -93.7 -95 -37 -56.1 -34 -51.7 

± 29.4 ± 39.1 ± 33.9 ± 42.9 ± 22.7 ± 31.1 ± 21.0 ± 30.7 

T/T (6) 
-81.7 -28.5 -186.3 -148.7 -70.4 -55.6 -10.8 37.8 

± 78.4 ± 104.3 ± 90.3 ± 114.6 ± 60.5 ± 83.2 ± 55.9 ± 82.1 

LPL rs13702   0.040   0.124   0.027   0.859 

C/C (6) 
-267.3 -21.7 

 

-152.8 -246.5 

 

-216.2 17.2 

 

-57 -29.8 

 

± 76.4 ± 102.2 ± 89.8 ± 113.8 ± 58.6 ± 81.1 ± 56.0 ± 82.2 

C/T (45) 
-93.4 -165.8 -131.3 -86.9 -46.2 -92 -46.9 -67.7 

± 28.0 ± 37.4 ± 32.9 ± 41.7 ± 21.5 ± 29.7 ± 20.5 ± 30.1 

T/T (50) 
-46.8 -72.6 -67.8 -142.8 -10.8 -30.2 -39.5 -37.3 

± 26.7 ± 35.6 ± 31.4 ± 39.7 ± 20.6 ± 28.3 ± 19.6 ± 28.6 

LPL rs3200218   0.64   0.849   0.398   0.04 

A/A (67) 
-89.6 -103.7 

 

-98.1 -115.7 

 

-44 -83.1 

 

-49.3 -12.9 

 

± 23.8 ± 31.5 ± 27.6 ± 34.8 ± 18.1 ± 24.9 ± 16.9 ± 24.5 

A/G (29) 
-51 -123.7 -114.2 -159 -19.4 13.4 -29.3 -136.2 

± 35.5 ± 47.3 ± 40.9 ± 52.1 ± 27.2 ± 37.4 ± 25.4 ± 37.0 

G/G (5) 
-150 -144.6 -61.4 -32.2 -105.2 -94 -43.9 -53.4 

± 85.5 ± 114.0 ± 98.6 ± 125.5 ± 65.4 ± 90.2 ± 61.0 ± 89.0 
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Table 3.5: Continued                        True Trunk, Legs, and Total fat Mass, and Body Weight Following Treatments by the Selected Poymorph 

Gene, SNP, 

allele (n) 

Change android fat, g Change gynoid fat, g Change VAT, g Change SCAT, g 

High  

MUFA 

Low  

MUFA 
P2 

High  

MUFA 

Low  

MUFA 
P 

High  

MUFA 

Low  

MUFA 
P 

High  

MUFA 

Low  

MUFA 
P 

PLIN rs894160   0.259   0.962   0.685   0.148 

C/C (47) 
-108.8 -89.3 

 

-75 -90.9 

 

-54.4 -69.1 

 

-56 -11.1 

 

± 29.0 ± 37.9 ± 33.5 ± 41.8 ± 22.1 ± 30.1 ± 20.4 ± 29.6 

C/T (43) 
-58 -122.9 -125.8 -158.6 -27.6 -30.4 -30.1 -89.7 

± 29.1 ± 38.8 ± 33.5 ± 42.7 ± 22.6 ± 31.0 ± 20.9 ± 30.6 

T/T (11) 
-59.8 -164.1 -107.4 -124.1 -23.3 -98.7 -40.8 -64.1 

± 57.4 ± 76.7 ± 65.6 ± 84.5 ± 45.3 ± 61.3 ± 42.0 ± 60.5 

PPARα rs6008259   0.56   0.442   0.077   0.196 

A/A (5) 
-138.6 -281.9 

 

-155.3 -47 

 

-39 -61.8 

 

-99.6 -224.8 

 

± 85.9 ± 113.7 ± 100.0 ± 125.4 ± 64.5 ± 90.2 ± 59.1 ± 89.1 

A/G (30) 
-65.3 -117.5 -88.7 -81.9 -11.1 -108.4 -56 -1.2 

± 35.9 ± 47.3 ± 41.8 ± 52.4 ± 27.8 ± 37.5 ± 25.4 ± 36.8 

G/G (66) 
-83.7 -95.8 -101.8 -148.3 -52.3 -29.8 -34.1 -59.7 

± 23.4 ± 31.3 ± 27.1 ± 34.5 ± 18.2 ± 24.9 ± 16.7 ± 24.5 

PPARγ rs1801282   0.811   0.738   0.201   0.077 

C/C (78) 
-81.3 -119.3 

 

-116.5 -130.1 

 

-45.9 -37.7 

 

-36.6 -74.4 

 

± 21.9 ± 29.1 ± 25.1 ± 31.9 ± 17.0 ± 23.0 ± 15.7 ± 22.7 

C/G (21) 
-88.9 -87.1 -50.1 -117.2 -23 -116 -71.8 30.3 

± 42.5 ± 56.0 ± 48.9 ± 61.4 ± 32.0 ± 44.4 ± 29.6 ± 43.7 

G/G (2) 
-0.2 -101 -34 5.7 12 -84.1 -12.3 16.3 

± 138.0 ± 181.3 ± 159.1 ± 198.9 ± 102.8 ± 143.6 ± 95.0 ± 141.6 

SCD rs2234970   0.264   0.674   0.597   0.267 

A/A (43) 
-84.3 -74.9 

 

-120.7 -153 

 

-28.1 -45.1 

 

-63.4 -22.9 

 

± 29.2 ± 38.9 ± 34.1 ± 43.2 ± 22.6 ± 31.0 ± 21.0 ± 30.7 

A/C (43) 
-60.4 -145.7 -69.8 -66.2 -32.2 -67 -26 -73.4 

± 29.3 ± 38.9 ± 34.2 ± 43.2 ± 22.7 ± 31.0 ± 21.1 ± 30.7 

C/C (15) 
-131.7 -119.1 -137.9 -210.3 -90.5 -52 -38.5 -64.2 

± 49.6 ± 65.7 ± 57.4 ± 72.3 ± 37.8 ± 52.4 ± 35.1 ± 51.8 
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Table 3.5: Continued                        Tr Trunk, Legs, and Total fat Mass, and Body Weight Following Treatments by the Selected Polymorph 

Gene, SNP, 

allele (n) 

Change android fat, g Change gynoid fat, g Change VAT, g Change SCAT, g 

High  

MUFA 

Low  

MUFA 
P2 

High  

MUFA 

Low  

MUFA 
P 

High  

MUFA 

Low  

MUFA 
P 

High  

MUFA 

Low  

MUFA 
P 

SREBF1 rs11868035   0.501   0.784   0.867   0.56 

A/A (13) 
-84.6 -27.6 

 

-86.6 -116.2 

 

-38.1 -41 

 

-44.3 14.6 

 

± 52.6 ± 70.5 ± 61.0 ± 77.8 ± 41.3 ± 56.5 ± 38.1 ± 55.6 

A/G (54) 
-98.7 -143.1 -124.4 -129.1 -41.5 -69.3 -60 -66.1 

± 26.1 ± 34.8 ± 30.4 ± 38.5 ± 20.3 ± 27.8 ± 18.7 ± 27.4 

G/G (34) 
-51.6 -95.7 -70.3 -120.3 -36.3 -37.9 -19.1 -50.4 

± 32.9 ± 43.7 ± 38.3 ± 48.4 ± 25.5 ± 35.0 ± 23.4 ± 34.5 

SREBF1 rs2297508   0.465   0.429   0.883   0.569 

C/C (16) 
-88.6 -37.7 

 

-130.6 -65.9 

 

-32.9 -39.8 

 

-51.5 0.3 

 

± 47.5 ± 63.6 ± 55.1 ± 70.1 ± 37.2 ± 50.9 ± 34.4 ± 50.2 

C/G (52) 
-96.8 -144.4 -109.1 -144.4 -43.2 -70.6 -57.1 -65.8 

± 26.8 ± 35.5 ± 31.2 ± 39.3 ± 20.8 ± 28.4 ± 19.2 ± 28.0 

G/G (33) 
-52.8 -98.9 -75.5 -122 -36.5 -38.3 -20.4 -51.2 

± 33.4 ± 44.4 ± 38.8 ± 49.0 ± 25.9 ± 35.5 ± 23.9 ± 35.0 

TCF7L2 rs7903146   0.472   0.408   0.412   0.035 

C/C (48) 
-85 -87.3 

 

-92 -85.3 

 

-22.1 -71.5 

 

-65.9 -6.6 

 

± 27.7 ± 36.9 ± 33.4 ± 41.7 ± 21.3 ± 29.3 ± 19.7 ± 28.8 

C/T (46) 
-81.3 -149.9 -131.7 -165.9 -61.6 -49 -20.7 -97 

± 28.4 ± 37.7 ± 34.4 ± 42.7 ± 21.8 ± 30.0 ± 20.2 ± 29.5 

T/T (7) 
-53.4 -28 21.3 -124.4 -11.8 15.6 -46.9 -44.3 

± 71.7 ± 96.3 ± 82.1 ± 106.0 ± 57.1 ± 76.7 ± 52.9 ± 75.5 
1All values are least-squares means and SEMs. Changes were calculated as endpoint-baseline values. The values of the two MUFA diet were averaged due to considerably small 

difference in MUFA concentrations. n=101 participants. ADIPOQ: adiponectin; ADRB2: adrenoceptor Beta-2; APOE: apolipoprotein E; FABP1: liver fatty acid binding protein; 

FTO: fat mass and obesity-associated gene; IRS1: Insulin receptor substrate-1; LIPA: lipase A, lysosomal acid; LIPC: hepatic lipase; LIPF: gastric lipase; LIPG: endothelial 

Lipase; low-MUFA: low-MUFA high-saturated fatty acid diet;  LPL: lipoprotein lipase; MUFA: monounsaturated fatty acids; PLIN: perilipin-1; PPARα: peroxisome proliferator-

activated receptor alpha; PPARγ: peroxisome proliferator-activated receptor gamma; SCAT: subcutaneous adipose tissue; SCD: stearoyl-CoA desaturase; SNP: single nucleotide 

polymorphism; SREBF1: sterol regulatory element-binding transcription factor 1; TCF7L2: transcription factor 7-like 2; VAT: visceral adipose tissue. 
2SAS PROC MIXED with repeated measure procedure used to assess the effect of gene-MUFA interactions on fat mass changes, using participants as a repeated factor. Treatment, 

sex, age, and genotype were used as fixed effects. Random effects were treatment sequence, clinical site, and participants. P interaction <0.05 was considered significant. 
3APOE3 is the sum of ε2/ε3 and ε3/ε3 and APOE4 is the sum of ε3/ε4 and ε4/ε4. 
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The LPL rs13702-CC genotype (Figure 3.2) was found to reduce VAT (high-MUFA: -

216.2 ± 58.6 grams (g); low-MUFA high-SFA: 17.2 ± 81.1 g, p= 0.017), android fat mass (high-

MUFA: -267.3 ± 76.4 g; low-MUFA high-SFA: -21.7 ± 102.2 g, p= 0.037), and trunk fat mass 

(high-MUFA: -1185.1 ± 318.6 g; low-MUFA high-SFA: -269.0 ± 413.3 g, p= 0.044) following 

high-MUFA consumption compared to the low-MUFA high-SFA diet. Likewise, carriers of the 

LPL rs13702-CC genotype showed trends toward less total fat mass (high-MUFA: -1495.0 ± 

385.1 g; low-MUFA high-SFA: -599.9 ± 471.0 g, p= 0.058) and body weight (high-MUFA: -

2124.3 ± 584.3 g; low-MUFA high-SFA: -839.9 ± 696.2 g, p= 0.051) following high-MUFA 

consumption compared to the low-MUFA high-SFA.  

The consumption of high-MUFA diets decreased leg fat mass (high-MUFA: -368.4 ± 

193.4 g; low-MUFA high-SFA: 281.3 ± 251.6 g, p= 0.029) in the PPARα rs6008259-AA 

homozygotes compared to a low-MUFA high-SFA (Figure 3.3). In contrast, leg fat mass 

increased in these individuals upon consumption of the low-MUFA high-SFA diet. No changes 

were detected in the carriers of PPARα rs6008259-G allele in response to the dietary treatments. 

The consumption of low-MUFA high-SFA diet reduced body weight (high-MUFA: -

694.24 ± 217.15 g; low-MUFA high-SFA: -1121.3 ± 249.67 g, p= 0.043) in the FTO rs9939609-

A allele carriers but not upon consumption of high-MUFA diets (Figure 3.4). No other gene-diet 

interactions were observed for the FTO rs9939609. 



100 
 

  

   
Figure 3.3: LPL rs13702 genotypes determine the effect of high versus low MUFA consumption on changes in VAT mass (A), trunk fat mass (B), android fat 

(C), total fat mass (D), and body weight (E). Total participants=101: n=50 LPL rs13702-TT, n=45 LPL rs13702-CT, and n=6 LPL rs13702-CC. Values are least-

squares means ± SEMs. SAS PROC MIXED with repeated measure procedure used to assess the effect of gene-MUFA interactions on fat mass changes, using 

participants as a repeated factor. Treatment, sex, age, and genotype were used as fixed effects. Random effects were treatment sequence, clinical site, and 

participants. P<0.05 was considered significant. Labeled bars with different lowercase letters significantly differ. Pa: Indicates greater reduction in VAT mass and 

trunk fat mass following high-MUFA consumption in CC compared to TT carriers of LPL rs13702. Low-MUFA: low-MUFA high-saturated fatty acid diet; LPL: 

lipoprotein lipase; MUFA: monounsaturated fatty acids; VAT: visceral adipose tissue. 
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Figure 3.4: PPARα rs6008259 genotypes determine the effect of high versus low MUFA consumption on 

changes in leg fat mass. Total participants=101: n=66 PPARα rs6008259-GG, n=30 PPARα rs6008259-

AG, and n=5 PPARα rs6008259-AA. Values are least-squares means ± SEMs. SAS PROC MIXED with 

repeated measure procedure used to assess the effect of gene-MUFA interactions on fat mass changes, 

using participants as a repeated factor. Treatment, sex, age, and genotype were used as fixed effects. 

Random effects were treatment sequence, clinical site, and participants. P<0.05 was considered 

significant. Labeled bars with different lowercase letters significantly differ. Low-MUFA: low-MUFA 

high-saturated fatty acid diet; MUFA: monounsaturated fatty acids; PPARα: peroxisome proliferator-

activated receptor alpha. 
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Figure 3.5: FTO rs9939609 genotypes determine the effect of high versus low MUFA consumption on 

changes in body weight. Total participants=101: n=44 FTO rs9939609-TT and n=57 FTO rs9939609-

AA+T. Values are least-squares means ± SEMs. SAS PROC MIXED with repeated measure procedure 

used to assess the effect of gene-MUFA interactions on fat mass changes, using participants as a repeated 

factor. Treatment, sex, age, and genotype were used as fixed effects. Random effects were treatment 

sequence, clinical site, and participants. P<0.05 was considered significant. Dominant model (AA+AT 

versus TT) was analyzed because the simple effect of heterozygous-by-MUFA showed a significant 

interaction on one or more compartmental fat mass. Labeled bars with different lowercase letters 

significantly differ. FTO: fat mass and obesity-associated gene; Low-MUFA: low-MUFA high-saturated 

fatty acid diet; MUFA: monounsaturated fatty acids. 
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SCAT (CC+CG: -67.79 ± 21.00 g; GG: 100.74 ± 62.99 g, p= 0.012) and android fat mass 

(CC+CG: -130.49 ± 26.82 g; GG: 64.72 ± 80.14 g, p= 0.022) were elevated in the ADIPOQ 

rs266729-GG homozygotes, but not in C allele carriers, in response to the low-MUFA high-SFA 

diet (Figure 3.5). The consumption of high-MUFA diets protected the ADIPOQ rs266729-GG 

homozygotes from the increase in SCAT that was observed following consumption of the low-

MUFA high-SFA diet (high-MUFA: -64.26 ± 42.85 g; low-MUFA high-SFA: 100.74 ± 62.99 g, 

p= 0.037) (Figure 3.5-A). 

Further, APOE4 carriers had greater reductions in trunk fat mass (low-MUFA high-SFA: 

-677.7 ± 133.2 g; high-MUFA: -302.9 ± 106.6 g, p= 0.0062) and total fat mass (low-MUFA 

high-SFA: -862.2 ± 144.7 g; high-MUFA: -497.8 ± 118.6 g, p= 0.009) following consumption of 

the low-MUFA high-SFA diet compared to high-MUFA diets (Figure 3.6). Total fat mass in the 

carriers of GG genotype of the LIPC rs6083 (low-MUFA high-SFA: -744.1 ± 283.4 g; high-

MUFA: -155.4 ± 229.4 g, p= 0.031) (Figure 3.7-A) or the ADRB2 rs1042714 (low-MUFA high-

SFA: -1136.7 ± 275.7 g; high-MUFA: -547.7 ± 225.7 g, p= 0.028) (Figure 3.7-B) was 

significantly reduced in response to the low-MUFA high-SFA compared to high-MUFA 

consumption. 
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Figure 3.6: ADIPOQ rs266729 genotypes determine the effect of high versus low MUFA consumption on changes in SCAT (A) and android fat 

mass (B). Total participants=101: n=91 ADIPOQ rs266729-CC+CG and n=10 ADIPOQ rs266729-GG. Values are least-squares means ± SEMs. 

SAS PROC MIXED with repeated measure procedure used to assess the effect of gene-MUFA interactions on fat mass changes, using participants 

as a repeated factor. Treatment, sex, age, and genotype were used as fixed effects. Random effects were treatment sequence, clinical site, and 

participants. P<0.05 was considered significant. Labeled bars with different lowercase letters significantly differ. Pa Indicates greater reduction in 

SCAT mass and android fat mass following low-MUFA consumption in C compared to GG carriers of ADIPOQ rs266729. Recessive model 

(CC+CG versus GG) was analyzed because the simple effect of heterozygous-by-MUFA showed a significant interaction on one or more 

compartmental fat mass. ADIPOQ: adiponectin; Low-MUFA: low-MUFA high-saturated fatty acid diet; MUFA: monounsaturated fatty acids; 

SCAT: subcutaneous adipose tissue. 
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Figure 3.7: APOE genotypes determine the effect of high versus low MUFA consumption on changes in trunk fat mass (A) and total 

fat mass (B). Total participants=101: n=35 APOE and n=66 APOE4. Values are least-squares means ± SEMs. SAS PROC MIXED 

with repeated measure procedure used to assess the effect of gene-MUFA interactions on fat mass changes, using participants as a 

repeated factor. Treatment, sex, age, and genotype were used as fixed effects. Random effects were treatment sequence, clinical site, 

and participants. P<0.05 was considered significant. Labeled bars with different lowercase letters significantly differ. APOE: 

apolipoprotein E; Low-MUFA: low-MUFA high-saturated fatty acid diet; MUFA: monounsaturated fatty acids. 
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Figure 3.8: Changes in total fat mass in response to high versus low MUFA consumption are determined by LIPC rs6083 (A) and 

ADRB2 rs1042714 (B) genotypes. Total participants=101: (A) n=37 LIPC rs6083-AA, n=47 LIPC rs6083-AG, n=17 LIPC rs6083-GG 

and (B) n=42 ADRB2 rs1042714-CC, n=41 ADRB2 rs1042714-CG, n=18 ADRB2 rs1042714-GG. Values are least-squares means ± 

SEMs. SAS PROC MIXED with repeated measure procedure used to assess the effect of gene-MUFA interactions on fat mass 

changes, using participants as a repeated factor. Treatment, sex, age, and genotype were used as fixed effects. Random effects were 

treatment sequence, clinical site, and participants. P<0.05 was considered significant. Labeled bars with different lowercase letters 

significantly differ. ADRB2: adrenoceptor Beta 2; Low-MUFA: low-MUFA high-saturated fatty acid diet; LIPC: hepatic lipase; 

MUFA: monounsaturated fatty acids.
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3.5 Discussion  

The results of the current study indicate that changes in total and compartmental fat mass 

and body weight in response to dietary fat substitutions are modified by common variants within 

lipid metabolism-related genes. Variants in LPL, PPARα, and ADIPOQ were associated with 

lower body fat indices following consumption of high-MUFA diets, whereas variants in FTO, 

APOE, ADRB2, and LIPC were associated with lower body fat indices with low dietary MUFA. 

These results highlight the genetic contribution to the responsiveness of body fatness to dietary 

MUFA and may explain our inability to detect significant effects of MUFA consumption on 

body weight and fat mass compared to the low-MUFA high-SFA diet in spite of the existing 

evidence (11, 12).  From our dietary intervention trial, we cannot conclude on the exact 

mechanisms of the observed phenomena and we need to refer to future biochemical studies. 

However, some existing knowledge might help to illuminate the underlying biochemistry. 

LPL is the rate-limiting enzyme that catalyzes the hydrolysis of triglycerides in the core 

of triglyceride-rich lipoprotein constituents as well as facilitating the uptake of FA by adipocytes 

(27, 28). These functions highlight LPL as a candidate gene for obesity. Ma et al. reported no 

influence of the SNP LPL rs13702 under different dietary FA interventions on BMI or waist 

circumference within two independent populations (29). The C-allele in the functional LPL 

rs13702 is suggested to increase the hydrolytic activity of LPL (30, 31); however, to our 

knowledge, no interactions between LPL polymorphisms and dietary FAs to modulate regional 

fat masses had been reported. The fact that various distinct regions of fat mass and body weight 

in LPL rs13702-CC homozygotes consistently decreased following the high-MUFA diets in an 

iso-caloric condition provides validity to this interaction. Given the previously proposed LPL 

rs13702-C allele-induced elevation in LPL activity, MUFA-rich diets might, therefore, protect 
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the LPL rs13702-CC carriers from an increment in fat mass by the activation of obesity-opposing 

pathways, such as increasing the activity of hormone-sensitive lipase (32) or elevating the ratio 

of skeletal muscle to adipose tissue LPL activity (33), which would reduce the propensity of fat 

deposition. 

PPARα a nuclear receptor which is activated by unsaturated fatty acids and a regulator of 

lipid metabolism (34) is likely involved in such obesity modulating pathways (35). We are not 

aware of any studies that have evaluated the interactions of PPARα polymorphisms and dietary 

FA on obesity; however, the responsiveness of the PPARα rs6008259-AA genotype to dietary 

FA has been previously reported (36). The opposite effects on leg fat mass observed for the 

PPARα rs6008259-AA homozygotes during high and low MUFA diets could be explained by a 

differential activation of energy expenditure, despite the iso-caloric diet. However, we caution 

the fact that only leg fat mass is involved and defer to future studies to validate this observation. 

We also report the single observation that carriers of the FTO rs9939609-A allele reduced 

body weight on the low-MUFA high-SFA diet to a greater extent than the high-MUFA diets in 

an iso-caloric condition. The FTO rs9939609-A allele has been associated with a higher body 

weight at baseline but a greater responsiveness to dietary intervention compared to TT genotype 

(37-43). Observational studies showed that the FTO rs9939609-AA homozygotes who consumed 

a high-fat diet (39, 40, 44), a high-SFA diet (37), and a low-PUFA: SFA ratio diet (38) had a 

greater body weight compared to T allele carriers. However, the biochemical roles of the FTO 

gene in the regulation of energy homeostasis, food intake and energy expenditure, as well as FA 

metabolism are not established (45-47). Therefore, we cannot extrapolate how alleles would 

determine differential responses to the given dietary FA pattern.  
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The ADIPOQ gene encodes the peptide hormone adiponectin which modulates a number 

of metabolic processes including lipid oxidation in muscle and liver (48). The ADIPOQ 

rs266729-G allele has been identified as a risk factor for obesity in several studies (49, 50), and 

was associated with a lower risk for obesity following the consumption of a higher percentage of 

energy derived from fat (51). The present study shows, despite the controlled iso-caloric diet, 

that a higher MUFA intake significantly reduced SCAT in the android region among the 

ADIPOQ rs266729-GG homozygotes compared to the low-MUFA high-SFA diet. However, this 

finding constitutes further refinement of existing obesity associations, specifically since a 

previous study found no effect of dietary MUFA on the association between the ADIPOQ 

rs266729 and obesity (23). However, we did not assess depot-specific levels of adiponectin or its 

receptors, leaving the validation of the underlying mechanism to future studies. 

APOE gene, encodes apolipoprotein E, mediates the catabolism of the triglyceride-rich 

lipoprotein particles in an isoform-dependent manner (52, 53). The APOE4 isoform has been 

associated with abnormal lipid metabolism and increased risk for several health problems 

including obesity (54-60) and has previously shown responsiveness to dietary interventions (53, 

54, 61). Mice carrying the human APOE3 allele were heavier on low- and high-fat diets 

compared to APOE4 mice (62). The same study found that FA mobilization was lower in APOE3 

than APOE4 mice, whereas, APOE4 mice overexpressed proteins involved in fatty acid oxidation 

in skeletal muscle. Our results add another dimension to the evidence that APOE genotypes 

differentially influence fat mass and distribution, through demonstrating that the level of dietary 

MUFA modulated fat loss in APOE4 carriers in an iso-caloric condition. APOE4 was found to be 

associated with an increased basal mitochondrial uncoupling and FA oxidation in mice (63), and 



110 
 

this mechanism might very well be modulated by the degree of dietary MUFAs, especially given 

that different dietary MUFA could increase fat oxidation and thermogenesis (7). 

Our observations that total fat mass decreased to a higher degree in the homozygotes for 

SNPs LIPC rs6083-GG and ADRB2 rs1042714-GG following the low-MUFA high-SFA diet are 

unprecedented. The controlled iso-caloric design of this study underscores these findings. The 

LIPC gene encodes the enzyme hepatic lipase which has a dual function of triglyceride lipolysis 

from lipoprotein particles and as a ligand factor for receptor-mediated lipoprotein uptake (64). 

LIPC contributes to the regulation of energy homeostasis (65), and its activity was positively 

correlated with body fat, specifically intra-abdominal fat (65-68). The ADRB2 gene encodes the 

β2 adrenoceptors which are a major lipolytic receptor in adipocytes that regulates thermogenesis 

and lipid mobilization from adipocytes, and therefore, regulates energy balance (69, 70). The 

ADRB2 rs1042714 G-allele has repeatedly shown to be a risk factor for adiposity in different 

ethnic groups (71-75) but induced a greater reduction in body weight in response to energy 

restricted diets in women (69) and men (76). No evidence for possible mechanisms explaining 

the differential regulation of these SNPs by MUFA can be found in the existing literature. We, 

therefore, caution that the validity of these findings should be the focus of future investigations. 

Unlike previous studies that focused on a particular SNP or gene, the current study 

provides emerging evidence for several diet-gene interactions modifying fat mass accumulations 

at high- and low-MUFA consumption. Assessing adiposity using DXA scanning provided a 

comprehensive assessment of the effect of these SNPs on total and regional adiposity. The 

crossover design with a controlled, iso-caloric dietary intervention represents another strength of 

this study, which eliminated a range of confounders that might be inherent with free-living 

and/or parallel study designs. However, one important limitation of this study is that we did not 
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apply stringent control for multiple testing, which may lead to a potential overstatement of our 

findings. Nevertheless, nine of the tested SNPs in this study have been previously reported to 

interaction with dietary fat on obesity, therefore, we consider this as a replication study for these 

SNPs, which would reduce the need to apply multiple testing. The mixed ethnicity of this study 

population may be perceived as a limitation, yet, it might provide generalizability of the current 

findings.  

In the current study, we report the contribution of common variants in LPL, FTO, 

PPARα, ADIPOQ, APOE, LIPC, and ADRB2 to changes in body fatness in response to dietary 

MUFA. These changes in body fat were observed regardless of the controlled iso-caloric 

scenario. Although the observed changes in total and compartmental fat mass in response to 

gene-MUFA interactions were small over 6 weeks, their statistical significance may indicate a 

potential clinical effect in weight reduction/maintenance regimens over prolonged periods.  
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BRIDGE TO CHAPTER IV 

Chapter II and Chapter III demonstrated that the response of body weight and body fat mass 

changes to dietary MUFA can be modified by genetic polymorphisms. Some of these 

polymorphisms may control the splicing of genes and, thereafter, their expression levels. 

Exploring the effects of dietary FA composition on the abundance of obesity-related genes is 

important for understanding the mechanisms underlying the metabolic influence of fatty acids. 

There is a dearth of evidence concerning the effect of MUFA on expression levels of obesity-

related genes in humans. Chapter IV comprises a manuscript that reports an exploratory analysis 

of the influence of high dietary MUFA on the expression of candidate obesity-related genes and 

transcription factors. Shatha Hammad participated in study coordination and data collection at 

RCFFN, processed body composition data for all participants, handled relative gene expression 

calculations, performed the statistical analyses, and wrote the manuscript. 
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4.1 Abstract 

Background: Current evidence is increasingly in support of a beneficial role of 

monounsaturated fatty acid (MUFA) on fat deposition and distribution. Evaluating the influence 

of MUFA consumption on expression levels of obesity-related genes in humans will help 

understand the biological mechanism underlying the obesity opposing effects of MUFA. 

Objective: Exploring the effect of MUFA-rich oil consumption on expression levels of several 

obesity-related genes and transcription factors. 

Method: In a randomized, crossover, iso-caloric, controlled-feeding multicentre trial, 

participants consumed one of three oils (20% of total energy) for six weeks, separated by a four-

twelve week washout. Oils included regular canola oil (RCO), high-oleic canola oil (HOCO), 

and a low-MUFA high-saturated fatty acid control oil blend. Expression levels of 19 selected 

obesity-associated genes and transcription factors were analyzed in whole blood samples of 42 

participants with abdominal obesity using quantitative PCR.  

Results: Relative expression level of CPT1B after RCO consumption compared to control 

treatment was elevated by 17%, and was significantly (p= 0.0091) higher than its expression 

level following consumption of HOCO. Consumption of MUFA-rich oils did not modulate 

expression levels of the other selected genes and transcription factors. No significant treatment 

effect was observed on changes in body weight or body fat mass. However, following RCO 

consumption, moderate negative correlations were observed between SCD1 relative expression 

and change in gynoid fat mass (r2= -0.40, p=0.008) as well as PLIN1 relative expression and 

change in subcutaneous fat mass (r2= -0.52, p=0.002). No significant correlation was found 

between body fat mass and expression levels upon HOCO consumption.  
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Conclusion: Different levels of dietary MUFA modified expression level of CPT1B and the 

correlations of SCD1 and PLIN1 with body fat mass. These findings might help illuminate the 

underlying mechanism underpinning the beneficial effects of MUFA consumption on energy 

balance. The trial was registered at clinicaltrials.gov as NCT02029833.   
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4.2 Introduction 

Dietary fatty acid composition is gaining increasing attention regarding its influence in 

energy and weight balance, where various fatty acids differ in their obesity-inducing effects (1-

3). Growing evidence demonstrates the role of dietary monounsaturated fatty acids (MUFA) in 

increasing fat oxidation, diet-induced thermogenesis (2, 4, 5), resting energy expenditure (6), and 

promoting weight loss (1, 7) to a greater extent compared to saturated fatty acids (SFA). 

Recently, we found significant reduction in android fat mass following the consumption of two 

MUFA-rich oils, canola oil and a high-oleic canola oil, compared to a high polyunsaturated fatty 

acids (PUFA) flaxseed/safflower oil using a controlled iso-caloric diet study design in 

participants with abdominal obesity (8).  

Differences in the obesogenic effect of various fatty acids might be attributed to 

variations in their influence on expression levels of several key regulatory and functional genes 

involved in lipogenesis and adipogenesis (9-12). For instance, docosahexaenoic acid reduced the 

activation of cannabinoid receptor-1 by altering the expression of endocannabinoid system-

associated genes and resulted in a lower fat accretion in mice compared to safflower oil-enriched 

diet (13). Unsaturated fatty acids alter energy balance by acting as physiological ligands of the 

uncoupling protein-2 (UCP2); the expression of which was upregulated by in vitro PUFA and 

MUFA stimulation compared to SFA (14). Further, MUFA consumption within an iso-caloric 

diet was found to prevent the reduction in postprandial adiponectin gene expression levels in 

peripheral tissue and induced a lower central fat deposition compared to a high-carbohydrate diet 

in insulin resistant subjects (15). Exploring the effects of dietary fatty acid composition on the 

abundance of obesity-related genes is important in improving our understanding of the 

mechanisms underlying the metabolic influence of fatty acids. 
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Little has been reported concerning the effect of MUFA on expression levels of obesity-

related genes. Here, in this exploratory analysis, the objective was to investigate the influence of 

high dietary MUFA from canola oils on the expression of candidate obesity-related genes and 

transcription factors in whole blood cells. 

 

4.3 Subjects and Methods 

4.3.1 Study design and population 

The Canola Oil Multi-center Intervention Trial II (COMIT II) was a randomized, 

controlled, double-blind, crossover study designed to investigate the effect of high-oleic canola 

oil (HOCO) and regular canola oil (RCO) versus a low-MUFA high-SFA oil blend (Control) on 

body composition.  

Participants aged 20-65 years were included if they had abdominal obesity defined as a 

waist circumference of ≥94 cm in men and ≥80 cm in women, in addition to at least one of the 

following metabolic syndrome criteria; fasting blood glucose of ≥ 5.6 mmol/L, triglycerides ≥1.7 

mmol/L, high-density lipoprotein-cholesterol <1 mmol/L (men) or <1.3 mmol/L (women), and 

blood pressure ≥130 mmHg (systolic) and/or ≥85 mmHg (diastolic). Individuals were excluded 

if they possess uncontrolled thyroid disease, kidney disease, diabetes, or liver disease. Volunteers 

were not permitted to participate in the study if they were current smokers, consuming > 2 

alcoholic beverages per day, taking medication known to affect lipid metabolism for at least the 

last three months, or unwilling to stop taking any supplement at least two weeks before the study. 

A total of 125 participants completed the trial; however, gene expression analysis was performed 

on a subsample of 48 participants.  
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4.3.2 Ethics 

The protocol was reviewed and approved by an institutional ethics board at each 

participating clinical site. The trial was registered at clinicaltrials.gov as NCT02029833. Written 

informed consent was obtained from all participants at the beginning of the study. Genetic 

consent was obtained from all participants included in genetic analyses.  

4.3.3 Study diet 

This study consisted of three treatment periods during which participants consumed a 

controlled iso-caloric, full-feeding diet with a fixed macronutrient composition of 35% fat, 50% 

carbohydrate, and 15% protein of total energy. The three phases were identical except for the 

type of treatment oil provided Table 4.1. The Control oil blend was prepared using commercially 

available ghee/butter oil (36.0%, Verka, New Delhi, Delhi, India), safflower oil (34.9%, eSutras, 

Illinois, Chicago, USA), coconut oil (16.0%, eSutras, Illinois, Chicago, USA), and flaxseed oil 

(13.1%, Shape Foods, MB, Canada).  

Treatment phases extended for six weeks and were separated by six-week washout 

periods, the washout peroids ranged from four to twelve-week in some cases to meet the 

participants’ needs. The treatment oils which comprised of 20% of total energy were 

incorporated into smoothie beverages which were equally divided into two portions consumed at 

breakfast and supper. Study food and treatment shakes were prepared based on a seven-day 

rotating menu cycle in the metabolic kitchen of the participating sites. During weekdays, 

participants consumed their breakfast and morning shake in the clinical site and collected their 

meals and second smoothie in food cooler bags. Weekend meals and treatment shakes were 

delivered to participants’ residence or handed out to them, upon their request, at the clinical site 
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on Fridays. During the washout period, participants were instructed to consume their habitual 

diet.  

 

 

  Table 4.1: Nutrient composition of diets provided across the three treatment periods1 

Nutrient2 HOCO RCO Control 

Carbohydrate  50.8 50.8 50.8 

Protein   15.9 15.9 15.7 

Total fat 35.3 35.3 35.2 

MUFA  19.1 17.4 13.7 

Oleic acid 17.9 15.5 9.1 

PUFA 7.0 9.2 6.7 

Linoleic acid 5.6 6.4 4.1 

α-linolenic acid  0.8 2.1 1.7 

SFA 6.4 6.6 12.3 

 Fiber (g/3000kcal) 38.5 38.5 18.1 

Cholesterol (g/3000kcal) 208.5 208.5 217.2 
1The average composition from the 7-day rotating menu, estimated at the 3000 kcal using Food 

Processor Nutrition Analysis Software (ESHA Research, Salem OR). Control: low-MUFA high SFA 

diet; HOCO: high-oleic canola oil; MUFA: monounsaturated fatty acid; PUFA: polyunsaturated fatty 

acid; RCO: regular canola oil; SFA: saturated fatty acid. 

2Nutrients presented as percent of total energy, unless otherwise specified. 
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4.3.4 Compliance  

Compliance was assessed by smoothie consumption where the participants were required 

to consume at least 90% of the smoothies provided at each phase. Participants signed a daily 

checklist to verify smoothies’ consumption. To maximize the compliance rate, participants were 

required to consume one smoothie under the supervision of a clinical coordinator for five 

days/week.  

4.3.5 Measurement of fat mass 

Dual Energy X-ray Absorptiometry (DXA) scans were performed by a trained operator 

using Lunar Prodigy Advance DXA (GE Healthcare, Madison, WI, USA) with the default 

configurations. A DXA scan was performed for all participants at initiation and termination of 

each dietary phase. Participants were asked to remove any metal items and heavy clothes before 

scanning. Regions of interests were manually adjusted using enCORE 2012 software (version 

14.10.022) according to the manufacturer’s instructions. Fat mass was analyzed as total fat mass, 

as well as four different districts including trunk, legs, android, and gynoid fat mass. The android 

and gynoid regions of interest were identified as per the manufacturer’s instructions. The android 

region was defined as a portion of the abdomen that starts at the pelvis cut line and extends 

upward to include 20% of distance between the pelvis and neck cut lines, with the outer arms 

cuts as the lateral boundaries. The gynoid region is a portion of the legs with upper boundary 

below the pelvis cut line by 1.5 times the height of the android region, extending downward to 

two times the height of the android regions, with the outer leg cuts as the lateral boundaries. 

Further, visceral adipose tissue was assessed by the CoreScan feature in enCORE 2012 software 

(version 14.10.022), and used to calculate the subcutaneous adipose tissue (SCAT) by 
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subtracting visceral mass from android fat mass (16). Criteria used to identify the anatomical 

region of interest were identical across all sites. 

4.3.6 Gene expression 

On the last day of each dietary phase, whole blood samples, informative and accessible 

tissue for an exploratory analysis, were collected using PAXGene blood RNA tubes (Qiagen, 

Valencia, CA).  All samples were stored at -80℃ until further analysis at the State University of 

New York at Buffalo in New York, United States. RNA was isolated from whole blood samples 

using the PAXGene Blood RNA purification kit (Qiagen, Valencia, CA) according to 

manufacturer’s instructions. The concentration and purity of the isolated RNA were evaluated 

using NanoDrop (Thermo Fisher, Wilmington, DE). Afterward, 1 μg of the isolated RNA was 

used to synthesize the complementary DNA (cDNA) using the iScript advanced cDNA synthesis 

kit (Bio-Rad, USA). Gene expression of 22 selected genes and transcription factors related to 

obesity was conducted by real-time quantitative PCR using Bio-Rad PrimePCR gene expression 

assays (Bio-Rad, USA) and the CFX Manager software (Bio-Rad, USA). Samples were analyzed 

in duplicate. Expression levels of FABP4, PPARGC1A, and SLC27A1 were too low to be 

detected in the majority of samples and did not allow reliable data to be obtained, therefore, these 

genes were not retained in the analyses. 

The main objective of COMIT II was to assess the effect of HOCO and RCO on body 

composition compared to the Control treatment. Therefore, for fold change calculation, the 

Control oil treatment was considered as the control treatment. Fold changes in gene expression 

were calculated using the 2^ΔΔCt method (17), i.e. 2^(mean ΔCt from the HOCO or RCO oil 

treatments - mean ΔCt from the Control oil treatment). ΔCt were calculated as Ct values of a 
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selected target gene - Ct values of the internal control gene β-actin. Ct values used in the formula 

consisted of the mean of the duplicate individual Ct values.  

 

4.3.7 Statistical analyses 

Statistical analyses were performed using SAS 9.4 (SAS, Cary, NC) based on a per 

protocol approach. Normality was assessed using the Shapiro–Wilk test, and non-normally 

distributed variables were log-transformed before analysis. The results are expressed as least-

squares means ± SEMs unless otherwise specified. In this exploratory analysis with a small 

sample size, statistical significance was set at P-value < 0.01 in an attempt to reduce the risk of 

reporting false positive effects of fatty acid modification on gene expression level. The effect of 

MUFA on body composition and gene expression was assessed using PROC MIXED with 

repeated-measure procedure with treatment as a fixed effect and subject as a repeated factor. 

Random effects were treatment sequence, clinical site, and participants. Pre-specified potential 

confounders such as age, and sex were investigated in all models. Treatment effects on endpoint-

to-baseline changes in body composition of each dietary phase were assessed using Tukey-

Kramer post-hoc adjustment. Pearson correlation was used to assess the relationship between 

relative expression level of the selected genes and treatment-to-control changes in fat mass and 

body weight. 

 

4.4 Results 

Due to insufficient/ poor quality RNA in samples of four participants and large change in 

body weight at any dietary period (endpoint-baseline >5%) of 2 participants, the final number of 
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participants included in this study was 42 participants, whose characteristics are presented in 

Table 4.2.  

 

  Table 4.2: Characteristics of participants at the baseline of dietary intervention1 

Characteristic  
Total 

(n=42) 

Female 

(n=21) 

Male 

(n=21) P2 

Age (years)  43.6 ± 14.0 46.4  ± 3.0 40.7  ± 3.0 0.1893 

Systolic BP (mmHg) 113.7 ± 11.6 112.6 ± 2.6 114.7 ± 2.6 0.5604 

Diastolic BP (mmHg) 73.5 ± 11.0 72.9 ± 2.4 74.1 ± 2.4 0.7297 

Total cholesterol (mmol/L) 5.06 ± 0.86 5.14 ± 0.19 4.98 ± 0.19 0.5492 

Triglycerides (mmol/L) 1.43 ± 0.68 1.29 ± 0.15 1.58 ± 0.15 0.1704 

HDL-cholesterol (mmol/L) 1.39 ± 0.36 1.51 ± 0.07 1.26 ± 0.07 0.0199 

LDL-cholesterol (mmol/L) 3.02 ± 0.66 3.04 ± 0.15 3.00 ± 0.15 0.8477 

Glucose (mmol/L) 5.16 ± 0.36 5.13 ± 0.08 5.18 ± 0.08 0.6715 

Insulin (pmol/L) 85.78 ± 56.33 84.11 ± 12.44 87.45 ± 12.44 0.8503 

Waist circumference (cm) 101.8 ± 11.5 99.5 ± 2.5 104.1 ± 2.5 0.1951 

Body weight (kg) 88.6 ± 19.5 81.0 ± 3.9 96.3 ± 3.9 0.0091 

BMI (kg/m2) 30.27 ± 5.25 30.66 ± 1.16 29.88 ± 1.16 0.6350 

VAT mass (g) 1213 ± 666 987 ± 138 1439 ± 138 0.0258 

SCAT mass (g) 2045 ± 931 2270 ± 199 1820 ± 199 0.1181 

Legs fat mass (g) 11927 ± 4478 13753 ± 901 10102 ± 901 0.0066 

Trunk fat mass (g) 17807 ± 6604 17741 ± 1459 17874 ± 1459 0.9487 

Android fat mass (g) 3258 ± 1278 3257 ± 282 3259 ± 282 0.9963 

Gynoid fat mass (g) 5566 ± 2056 6261 ± 427 4871 ± 427 0.0266 

Total fat mass (g) 33789 ± 11107 35664 ± 241 31913 ± 241 0.2792 

Total lean mass (g) 52026 ± 12195 42928±1766 61125±1766 <0.0001 
1Values are means ± SEMs unless otherwise specified. BP: blood pressure; BMI: body mass index; HDL: high-

density lipoprotein; LDL: low-density lipoprotein; SCAT: subcutaneous adipose tissue; VAT: visceral adipose 

tissue.  

2SAS PROC MIXED procedure used to assess sex differences, P<0.05 was considered significant. SAS PROC 

MEANS used to determine the mean characteristics of the overall population.  
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No significant treatment effect was observed on changes in body weight or body composition 

Table 4.3. Table 4.4 shows significant treatment effect for the relative expression of carnitine 

palmityl transferase-1B (CPT1B; p-treatment= 0.0091); specifically, CPT1B expression level 

after RCO vs Control treatment elevated by 17% and was significantly higher than the difference 

after HOCO vs Control (3% reduction). There were no significant treatment effects on relative 

expression levels of ACOX1, CD36, CPT1A, DGAT1, FTO, LEP, LIPC, LIPE, LPL, perilipin-1 

(PLIN1), PPARδ, PPARGC1B, PRKAA2, RETN, stearoyl-CoA desaturase-1 (SCD1), SCD5, 

SREBF1, and UCP2.  Table 4.5 shows the correlations by treatment between the relative 

expression of selected genes and total and regional fat mass. Following RCO consumption, 

negative moderate correlation (r2= -0.518, p=0.002) was observed between SCAT mass and the 

PLIN1 expression. Also, negative moderate correlation (r2= -0.40, p=0.008) was found upon 

consumption of RCO between SCD1 expression level and gynoid fat mass. Expression levels of 

other genes did not correlate with fat mass changes following RCO. No significant correlation 

was observed between expression level of any gene and fat mass following HOCO consumption. 
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  Table 4.3: Changes in body composition in response to dietary intervention1 

Variable  HOCO RCO Control P2 

VAT (g) -51.7 ± 24.7 -52.2 ± 24.7 -60.7 ± 24.7 0.9582 

SCAT (g) -22.1 ± 31.0 -61.2 ± 30.9 -36.9 ± 31.1 0.1169 

Leg fat (g) -233.5 ± 65.9 -110.2 ± 65.9 -158.5 ± 65.9 0.3954 

Trunk fat (g) -466.2 ± 149.0 -460.8 ± 148.9 -422.5 ± 149.1 0.9642 

Android fat (g) -70.1 ± 41.0 -112.6 ± 40.9 -107.7 ± 41.0 0.5669 

Gynoid fat (g) -123.7 ± 36.0 -92.7 ± 36.0 -115.9 ± 36.0 0.7497 

Total fat (g) -701.9 ± 166.2 -627.3 ± 166.2 -591.3 ± 166.2 0.8734 

Body weight (g) -1045.2 ± 246.8 -897.3 ± 246.8 -875.8 ± 246.8 0.8432 

1All data represent the endpoint measures and are presented as least-squares means ± SEMs (n= 42). 

HOCO: high-oleic acid canola oil and RCO: regular canola oil; SCAT: subcutaneous adipose tissue; 

VAT: visceral adipose tissue. 

2SAS PROC MIXED with repeated measure procedure used to assess the effect of MUFA consumption 

on expression levels of the candidate genes, with treatment as a fixed effect and subject as a repeated 

factor. Random effects were treatment sequence, clinical site, and participants. P<0.05 was considered 

significant. 
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  Table 4.4: Mean fold change in expression levels of obesity-related genes and transcription factors compared with the Control oil1 

Gene  Full name 
Fold change vs. Control2  

HOCO RCO P3 

ACOX1 Acyl-CoA oxidase-1 1.06 ± 0.06 1.02 ± 0.06 0.3149 

CD36 Cluster of differentiation 36 1.14 ± 0.08 1.10 ± 0.08 0.5076 

CPT1A Carnitine palmityl transferase-1A 1.05 ± 0.08 1.08 ± 0.08 0.5176 

CPT1B Carnitine palmityl transferase-1B 0.97 ± 0.09 1.17 ± 0.09 0.0091 

DGAT1 Diacylglycerol O-acyltransferase 1.15 ± 0.14 1.14 ± 0.14 0.7665 

FTO Fat mass and obesity associated gene 0.95 ± 0.06 0.95 ± 0.06 0.9837 

LEP Leptin 0.02 ± 0.00 0.02 ± 0.00 0.1884 

LIPC Hepatic lipase 1.41 ± 0.35 1.39 ± 0.35 0.6228 

LIPE Hormone-sensitive lipase 1.12 ± 0.12 1.30 ± 0.12 0.2432 

LPL Lipoprotein lipase 1.16 ± 0.20 1.40 ± 0.20 0.4653 

PLIN1 Perilipin-1 1.20 ± 0.26 0.96 ± 0.25 0.6339 

PPARδ Peroxisome proliferator-activated receptor delta 1.22 ± 0.24 1.22 ± 0.24 0.6191 

PPARGC1B 
Peroxisome proliferator-activated receptor gamma,  

coactivator 1 beta 
1.07 ± 0.14 1.49 ± 0.14 0.1396 

PRKAA2 
Protein kinase, AMP activated, alpha catalytic 

subunit-2 
1.77 ± 0.59 1.55 ± 0.59 0.1072 

RETN Resistin 1.01 ± 0.05 1.01 ± 0.05 0.9069 

SCD Stearoyl-CoA desaturase 1.25 ± 0.36 1.24 ± 0.36 0.4363 

SCD5 Stearoyl-CoA desaturase-5 1.31± 0.35 1.25 ± 0.35 0.9464 

SREBF1 Steroyl response element binding protein-1 1.79 ± 0.78 1.76 ± 0.78 0.3931 

UCP2 Uncoupling protein-2 1.20 ± 0.12 1.15 ± 0.12 0.6120 
1All data are represented as least-squares means ± SEMs (n= 42). Ct: cycle threshold; HOCO: high-oleic acid canola oil; RCO: regular canola oil. 

2Fold change in gene expression calculated using the 2^ΔΔCt method, i.e. 2^(mean ΔCt from the HOCO or RCO oil treatments - mean ΔCt from the Control 

oil treatment). ΔCt were calculated as Ct values of a selected target gene - Ct values of the internal control gene β-actin. Ct values used in the formula 

consisted of the mean of the duplicate individual Ct values. 

3P value of the main treatment effect. SAS PROC MIXED with repeated measure procedure used to assess the effect of MUFA consumption on the fold 

expression levels of the candidate genes, with treatment as a fixed effect and subject as a repeated factor. Random effects were treatment sequence, clinical 

site, and participants. P<0.05 was considered significant. 
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  Table 4.5: Correlations between total and regional fat mass and relative expression of selected obesity-related genes and 

transcription factors1 
  VAT SCAT Android fat Gynoid fat Total fat 

  HOCO RCO HOCO RCO HOCO RCO HOCO RCO HOCO RCO 

ACOX12 0.136, 0.053, 0.027, 0.045, 0.108, 0.079, 0.180, 0.143, 0.184, 0.086, 

  0.389 0.737 0.865 0.777 0.495 0.618 0.254 0.365 0.245 0.588 

CD36 0.051, 0.057, 0.087, -0.040, 0.091, 0.015, -0.008, -0.018, 0.070, -0.019, 

  0.749 0.719 0.585 0.799 0.567 0.927 0.961 0.908 0.658 0.904 

CPT1B 0.120, 0.074, 0.015, -0.071, 0.089, 0.003, -0.242, 0.001, -0.103, -0.011, 

  0.449 0.643 0.925 0.653 0.573 0.983 0.122 0.997 0.516 0.943 

CPT1A 0.226, 0.103, -0.031, 0.008, 0.129, 0.090, 0.010, 0.060, 0.106, 0.070, 

  0.151 0.518 0.847 0.961 0.414 0.572 0.949 0.704 0.505 0.660 

DGAT1 0.169, 0.171, 0.193, 0.091, 0.240, 0.211, 0.231, 0.095, 0.286, 0.101, 

  0.284 0.279 0.220 0.568 0.126 0.179 0.141 0.550 0.066 0.524 

FTO -0.171, -0.064, -0.125, 0.213, -0.196, 0.117, -0.112, 0.174, -0.207, 0.065, 

  0.280 0.688 0.429 0.176 0.213 0.462 0.479 0.272 0.189 0.681 

LEP -0.110, -0.091, -0.022, 0.079, -0.085, -0.007, 0.047, -0.050, -0.043, -0.099, 

  0.593 0.607 0.915 0.658 0.678 0.970 0.821 0.777 0.836 0.579 

LIPC -0.288, -0.114, 0.161, -0.293, -0.085, -0.325, -0.082, -0.335, -0.067, -0.325, 

  0.065 0.472 0.308 0.060 0.595 0.036 0.604 0.030 0.675 0.036 

LIPE -0.039, 0.180, -0.092, -0.124, -0.087, 0.048, -0.168, 0.019, -0.131, 0.039, 

  0.806 0.254 0.562 0.433 0.585 0.762 0.288 0.906 0.407 0.806 

LPL 0.074, -0.030, 0.030, 0.113, 0.069, 0.065, -0.156, -0.040, 0.062, -0.028, 

  0.644 0.852 0.851 0.477 0.666 0.682 0.325 0.800 0.695 0.863 

PLIN1 -0.294, 0.108, 0.084, -0.518, -0.150, -0.310, -0.099, -0.353, -0.118, -0.268, 

  0.122 0.551 0.664 0.002 0.438 0.079 0.611 0.044 0.541 0.132 
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Table 4.5: Continued  

  VAT SCAT Android Gynoid Total fat 

  HOCO RCO HOCO RCO HOCO RCO HOCO RCO HOCO RCO 

PPARδ -0.339, -0.164, -0.010, -0.116, -0.232, -0.226, -0.208, -0.228, -0.174, -0.266, 

  0.028 0.298 0.948 0.466 0.140 0.151 0.186 0.147 0.270 0.089 

PPARGC1B -0.091, 0.032, 0.144, -0.060, 0.035, -0.021, -0.049, -0.026, 0.003, -0.088, 

  0.567 0.842 0.363 0.707 0.827 0.893 0.759 0.869 0.985 0.579 

PRKAA2 -0.181, -0.031, 0.089, -0.152, -0.061, -0.146, -0.103, -0.237, -0.007, -0.151, 

  0.253 0.843 0.574 0.335 0.702 0.355 0.517 0.130 0.967 0.341 

RETN -0.025, -0.062, 0.113, -0.017, 0.058, -0.064, -0.025, -0.184, 0.072, -0.125, 

  0.873 0.700 0.477 0.916 0.717 0.691 0.877 0.249 0.649 0.437 

SCD -0.328, -0.110, 0.111, -0.295, -0.144, -0.324, -0.075, -0.402, -0.068, -0.282, 

  0.034 0.487 0.486 0.058 0.362 0.037 0.635 0.008 0.668 0.071 

SCD5 -0.264, 0.028, -0.037, -0.083, -0.199, -0.043, -0.112, -0.009, -0.194, -0.021, 

  0.092 0.860 0.815 0.601 0.206 0.788 0.481 0.957 0.218 0.893 

SREBF1 -0.302, -0.097, 0.086, -0.165, -0.144, -0.210, -0.165, -0.156, -0.163, -0.161, 

  0.052 0.540 0.589 0.296 0.364 0.181 0.297 0.325 0.303 0.309 

UCP2 -0.157, 0.066, -0.084, 0.061, -0.159, 0.102, -0.157, 0.050, -0.144, 0.105, 

  0.322 0.680 0.596 0.703 0.313 0.522 0.321 0.752 0.361 0.508 
1All data are represented as correlation coefficient and p-value (n= 42). Pearson correlation calculated between fold change in gene expression and changes in fat mass from 

treatment phase-to-Control phase. Fold change in gene expression calculated using the 2^ΔΔCt method, i.e. 2^(mean ΔCt from the HOCO or RCO oil treatments - mean ΔCt 

from the Control). ΔCt were calculated as Ct values of a selected target gene - Ct values of the internal control gene β-actin. Ct values used in the formula consisted of the mean 

of the duplicate individual Ct values. Change in fat mass was calculated by subtracting the fat mass of Control phase from fat mass following HOCO or RCO. P<0.01 was 

considered significant.  

2ACOX1: acyl-CoA oxidase-1; CD36: cluster of differentiation 36; CPT1A: carnitine palmityl transferase-1A; CPT1B: carnitine palmityl transferase-1B; Ct: cycle threshold; 

DGAT1: diacylglycerol O-acyltransferase; FTO: fat mass and obesity associated gene; HOCO: high-oleic acid canola oil; LEP: leptin; LIPC: hepatic lipase; LIPE: hormone-

sensitive lipase; LPL: lipoprotein lipase; PLIN1: perilipin-1; PPARδ: peroxisome proliferator-activated receptor delta; PPARGC1B: peroxisome proliferator-activated receptor 

gamma, coactivator 1 beta; PRKAA2: protein kinase, AMP activated, alpha catalytic subunit; RCO: regular canola oil; RETN: resistin; SCAT: subcutaneous adipose tissue SCD: 

stearoyl-CoA desaturase; SCD5; stearoyl-CoA desaturase-5; SREBF1: steroyl response element binding protein-1; UCP2: uncoupling protein-2; VAT: visceral adipose tissue. 
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4.5 Discussion 

This study found a significant modulatory effect of MUFA on the relative expression of 

CPT1B in a controlled full-feeding condition. This finding in addition to the detected correlations 

between PLIN1 and SCD1 expression levels and regional fat mass might help illuminate an 

underlying mechanism of the beneficial effects of MUFA consumption on energy balance that 

has been previously conveyed in the literature. 

CPT1 is the rate-limiting enzyme that regulates the capacity for mitochondrial long-chain 

fatty acid β-oxidation, therefore, an increased expression of CPT1 may stimulate oxidation level 

(18, 19). CPT1A is expressed in several tissues including liver, whereas CPT1B is expressed 

mainly in skeletal muscle, heart, and brown adipose tissue (19). Here, MUFA consumption for 

six weeks influenced the expression of CPT1B, but not CPT1A. New avenues of treatment for 

obesity and type II diabetes have targeted the CPT1 gene (19). The abundance of CPT1 may 

significantly contribute to the fatty acid oxidation capacity (20), and has been previously 

reported to be influenced by dietary fatty acid consumption in humans (21, 22). One study in 

human adipose stem cells treated with fatty acids for 12 days found no significant effect of oleic 

acid on expression of several genes that regulate mitochondrial function, including CPT1B (23). 

An animal study found that a long-chain MUFA-rich diet elevated expression levels of Cpt1A by 

180% in mesenteric white adipose tissue and by 120% in subcutaneous adipose tissue, as 

compared to a control diet (11). Our results add another dimension to the available evidence in 

that we found that the abundance of CPT1B significantly influenced by the dietary level of 

MUFA in this controlled iso-energetic diet design experiment.  

This finding might explain the evidence from clinical trials, which indicates the 

superiority of MUFA-rich diet in improving fat oxidation and resting expenditure compared to 
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other fatty acids (2, 4-7). However, we failed to detect a concomitant reduction in fat mass in 

response to dietary intervention, which might be attributed to several possible reasons. First, a 

low abundance of CPT1 exists in white adipose tissue (19) which therefore, might not be 

sufficient to induce fat loss. Second, although modulating CPT1B gene abundance by MUFA 

may be a pivotal component of the adaptive capacity of skeletal muscle to match the elevated 

consumption of these fatty acids by using them as predominant fuel source (20), a prolonged 

period might be required to achieve an effect on fat mass in humans. Further, DXA cannot 

distinguish subcutaneous fat from intramuscular fat, which limits our ability to detect the 

possible local influence of the elevated expression of CPT1B. 

MUFA consumption modulated the correlation between PLIN1 and SCD1 expression 

levels and body fat mass. SCD encodes the rate-limiting enzyme that catalyzes the conversion of 

SFA to MUFA (24, 25), and its expression is regulated by diet and transcription factors (26). 

Although SCD is implicated in obesity development, mechanisms by which SCD or its MUFA 

product might modulate the metabolism and obesity risk are yet to be elucidated (24). Present 

evidence shows conflicting results regarding the effect of SCD expression on obesity and its 

metabolic complication (26, 27). However, SCD might improve membrane fluidity by 

optimizing the SFA:MUFA ratio which could reduce the risk of several pathological status 

including obesity (26, 28). 

PLIN1 encodes a lipid-droplet associated protein that controls the efficiency and capacity 

of lipolysis in adipocyte (29). Suppression of PLIN1 increases lipolysis and prevents diet-

induced obesity in mice (29, 30). However, overexpression of PLIN1 resulted in a reduction in 

expression levels of lipid synthesis genes and an elevation in the expression of β-oxidation and 

thermogenesis genes (31). A previous study found no effect of dietary fatty acid composition on 
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PLIN1 expression level in human skeletal muscle (32). The link between obesity and PLIN1 

expression level has been scarcely studied in human and the results are inconsistent. Kern et al. 

reported a positive correlation between PLIN1 expression level and percent body fat (30). In 

contrast, other studies have shown a lower PLIN1 relative abundance in adipose tissue from 

obese compared to lean subjects (29, 33). The observed negative correlations between PLIN1 

and SCD1 expression levels and regional fat mass following RCO consumption might point to 

these genes as promising targets in obesity-combating dietary intervention. 

Small sample size might have limited our ability to detect significant differences in 

expression levels of the measured genes and transcription factors, especially those with 

expression levels of ≥50% greater than the Control treatment. Also, from our trial, we cannot 

explain the reduction in CPT1B relative expression level or the lack of correlations between 

PLIN1 and SCD1 expression levels and body fat mass following HOCO treatment compared to 

RCO. Further, measurements taken from mRNA and protein levels are complementary and both 

are necessary for a complete understanding of a biological mechanism, where higher expression 

levels do not necessarily associate with higher level or activity of the produced enzyme/protein 

(34). Assessing enzyme/protein activity is warranted in future studies to obtain a broader picture 

regarding the effect of different levels of MUFA on these pathways. Further, the association 

between genes and obesity can be modifies by genetic polymorphisms. Polymorphisms within 

CPT1 (35), SCD1 (36), and PLIN1 (37) were associated with obesity, therefore, assessing the 

association of polymorphisms within these genes and dietary fatty acid composition on body fat 

mass is highly encouraged. 

In summary, the current study is one of the first evaluating the influence of fatty acid 

composition on gene expression in a controlled condition in humans, and may begin to elucidate 
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the biological pathways by which dietary MUFA can induce favorable effect on energy balance. 

Here, we add to the present evidence that supports the role of MUFA consumption in 

augmenting energy expenditure and fat oxidation (2, 5, 6), by identifying CPT1B as a target gene 

for dietary MUFA in humans. 
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BRIDGE TO CHAPTER V 

The concomitant association between abdominal obesity and IR necessitates evaluating the 

effectiveness of dietary FA modification, as a previously acknowledged modulator of IR risk, in 

subjects with abdominal obesity. Given the evidence provided in Chapter III and Chapter IV 

regarding the effect of interactions between genetics and MUFA on modifying fat mass changes, 

Chapter V comprises a manuscript that evaluates a potential role of common variants within IR- 

candidate genes on the responsiveness of IR measure to different levels of dietary MUFA. 

Shatha Hammad participated in study coordination and data collection at RCFFN, performed the 

genotype analysis and data interpretation, conducted the statistical analyses, and wrote the 

manuscript. 
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5.1 Abstract 

Background: The prevalence rates of insulin resistance (IR) and its health consequences are 

increasing worldwide. Emerging evidence suggests a modulatory effect of single nucleotide 

polymorphisms (SNPs) on IR response to dietary fatty acid (FA) composition; yet, evidence from 

clinical trials is missing.  

Objective: We evaluated the response of IR measures to different levels of dietary FA 

composition, and the impact of IR-associated genetic polymorphisms on this response.  

Methods: Non-diabetic adults (n = 116) with abdominal obesity were included in a randomized, 

controlled-feeding, double-blinded, crossover, multicentre trial. During each phase, participants 

consumed one of three treatment oils (20% of total fat) for six weeks, separated by a four-twelve 

week washout. Treatment oils included two-high monounsaturated FA (MUFA) oils, conventional 

canola or high-oleic acid canola, or a low-MUFA high-saturated FA (SFA) oil blend. Genotyping 

of nine candidate SNPs was performed using qualitative PCR System. 

Results: In the sample as a whole, no differences across the three diets were observed for fasting 

concentrations of glucose, insulin, and fructosamine, as well as on HOMA-IR or HOMA-β. In the 

homozygotes of FABP1 rs2241883-CC, but not in other genotypes, reductions in HOMA-IR (p= 

0.042) and fasting insulin (trend, p= 0.06) were observed following consumption of the high-SFA 

diet compared to the high-MUFA diets. Reductions in insulin (p= 0.04), HOMA-β (p= 0.02) and 

HOMA-IR (trend, p= 0.07) in the IRS1 rs7578326-GG homozygotes were also observed upon 

consumption of the high-SFA diet compared to the high-MUFA diets. Polymorphisms within 

ADIPOQ, ADRB2, FTO, PLIN1, PPARγ, and TCF7L2 genes failed to modulate the effect of 

MUFA consumption on glucose homeostasis and IR measures. 
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Conclusion: Dietary FA composition modified IR measures in the carriers of either the FABP1 

rs2241883-CC or IRS1 rs7578326-GG genotype. These results may contribute to developing an 

effective genotype-based dietary recommendation to reduce IR incidence and associated 

complications.  
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5.2 Introduction 

Insulin resistance (IR) increases the risk of type 2 diabetes and several metabolic 

abnormalities (1, 2). Growing evidence underscores the role of dietary fatty acid (FA) 

composition in the development of IR (3). The quality of dietary fat potentially impacts the 

efficiency of action of insulin signaling pathways by modifying cellular membrane fluidity 

and/or increasing intramuscular lipid content (4, 5). Also, dietary fat quality may be involved in 

IR risk by influencing glucose-stimulated insulin secretion (3). Dietary FAs with greater degrees 

of saturation and/or chain length were suggested to negatively affect the secretion and sensitivity 

of insulin (5, 6). In contrast, monounsaturated FA (MUFA) consumption has been reported to 

ameliorate IR compared to a saturated FA (SFA)-rich diet in non-diabetic subjects (3, 7, 8) and 

carbohydrate-rich diet in diabetic patients (9). Yet, the evidence is inconsistent (10-13). Genetic 

predisposition may contribute to the responsiveness of IR to dietary FA, and therefore, may 

explain the discrepancies in the available evidence.   

Many polymorphisms have been identified to be associated with IR risk, independent of 

insulin secretion, with an estimated heritability of 60% in familial and twin studies (14-16). 

Among the IR-associated genetic variants, those within the insulin receptor substrate-1 (IRS1) 

gene have garnered more attention. IRS1, encoding a major signaling adaptor protein for insulin, 

is expressed in insulin-sensitive tissues and plays a pivotal role in insulin-stimulated signaling 

pathways (17, 18). Reductions in the activity and/or expression of IRS1 could contribute to IR 

and type 2 diabetes (19-21). Another candidate gene for IR is FABP1 which encodes the liver 

fatty acid binding protein and serves as a key regulator of lipid metabolism (22). Polymorphisms 

that alter the functionality of FABP1 may modify hepatic triglyceride accumulation and FA flux 
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to the liver and, thus, may influence hepatic IR (16, 23). As such, an emerging evidence suggests 

a role of genetics in explaining the action of FA composition in modulating IR (24, 25).  

Given the increasing prevalence of IR and its metabolic and health consequences 

worldwide, establishing effective personalized prevention and treatment strategies for IR and its-

associated metabolic abnormalities requires investigation of the interactions between dietary 

factors and common genetic variants. Therefore, we aimed to investigate the effect of 

polymorphisms within IR-related genes on insulin sensitivity responses to dietary FA 

composition in subjects with abdominal obesity. 

 

5.3 Methods 

5.3.1 Study design and population 

This study was part of the Canola Oil Multi-center Intervention Trial II (COMIT II); a 

randomized, controlled, double-blinded, crossover study aimed to evaluate the effects of MUFA 

consumption on body composition and cardiovascular disease-related metabolic responses in 

individuals with abdominal obesity. Recruitment was conducted at four centers including: the 

Richardson Centre for Functional Foods and Nutraceuticals (RCFFN) at the University of 

Manitoba in Winnipeg, the Canadian Centre for Agri-Food Research in Health and Medicine 

(CCARM) at St. Boniface Hospital Albrechtsen Research Centre in Winnipeg, the Institute of 

Nutrition and Functional Foods (INAF) at Laval University in Québec City, as well as the 

Department of Nutritional Sciences, The Pennsylvania State University in University Park. 

Additionally, St. Michael’s Hospital in Toronto participated in sample analyses.  

Participants aged 20-65 years were included in the trial if they had abdominal obesity as 

identified with waist circumference of greater than 94 cm for men and 80 cm for women, in 
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addition to at least one of the following metabolic syndrome parameters as secondary inclusion 

criteria: fasting blood glucose of ≥ 5.6 mmol/L (according to the American Diabetes Association 

definition for pre-diabetes), TG ≥1.7 mmol/L, HDL-C <1 mmol/L (men) or <1.3 mmol/L 

(women), and blood pressure ≥130 mmHg (systolic) and/or ≥85 mmHg (diastolic). Individuals 

were excluded if they had kidney, diabetes, liver, or unstable thyroid disease. Current smokers, 

pregnant and lactating women, individuals consuming more than two alcoholic beverages per 

day, individuals taking medication known to affect lipid metabolism for at least the last three 

months, or individuals who were unwilling to stop taking any supplements for at least two-weeks 

before the study were not eligible to participate.   

5.3.2 Statement of ethics 

Written informed consent was obtained from all participants prior to enrollment. The 

protocol was reviewed and approved by institutional ethics boards of the participating clinical 

sites. The trial was registered at clinicaltrials.gov as NCT02029833. 

5.3.3 Dietary intervention 

This study consisted of three six-week treatment periods separated by six-week washout 

periods, the washout peroids ranged from four to twelve-week in some cases to meet the 

participants needs. During each treatment phase, participants consumed a controlled iso-caloric, 

full-feeding diet containing 35% fat, 50% carbohydrate, and 15% protein of total energy, as well 

as ~208 mg/3000 kcal/d cholesterol and ~38 g/3000 kcal/d fiber. All three phases were identical 

except for the type of treatment oil provided. All meals were prepared based on a seven-day 

rotating menu cycle in the metabolic kitchen of the participating sites. During the washout 

periods, participants were instructed to consume their habitual diets. To eliminate the effect of 

physical activity on IR, participants were requested to maintain their usual level of planned and 
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structured physical activity during the study. Physical activity changes were monitored by a 

weekly questionnaire. 

Treatment oils consisted of 20% of total energy and were incorporated into two equal 

portions of smoothie beverages consumed at breakfast and supper. Treatment oils included: 1) 

regular canola oil (RCO; Canola Harvest Canola Oil, Richardson International, MB, Canada) 

consisted of 6.6% SFA, 65.3% MUFA, 19.6% n-6 PUFA, 8.5% α-linolenic acid, 2) high-oleic 

acid canola oil (HOCO; Canola Harvest Canola Oil, Richardson International, MB, Canada) 

consisted of 6.7% SFA, 75.9% MUFA, 14.8% n-6 PUFA, 2.6% α-linolenic acid, and 3) a high-

SFA low-MUFA control oil consisted of 22.1% long-chain SFA, 18.1% medium-chain FA 

(MCFA), 22.0% MUFA, 29.6% n-6 PUFA, 8.2% n-3 PUFA α-linolenic acid. The high-SFA oil 

blend was prepared using 34.9% safflower oil (eSutras, Illinois, Chicago, USA), 36.0% 

ghee/butter oil (Verka, New Delhi, Delhi, India), 16.0% coconut oil (eSutras, Illinois, Chicago, 

USA), and 13.1% flaxseed oil (Shape Foods, MB, Canada). Compliance was assessed by the 

consumption of smoothies; 90% was the required target for smoothie consumption at each phase. 

Participants signed a daily checklist to verify smoothies’ consumption. To ensure optimal 

compliance, participants were required to consume one smoothie each day under a supervision of 

a clinical coordinator.  

5.3.4 Biochemical measurements 

On the first two and last two days of each treatment phase, 12-hr fasting blood samples 

were collected, processed, and stored at −80°C until further analyzed. Frozen samples were 

shipped to St. Michael’s Hospital (Toronto, ON, Canada) for analysis. Serum insulin and 

fructosamine were measured with the Roche/Hitachi cobas-e immunoassay analyzer and 

electrochemiluminescence immunoassay kits (Roche Diagnostics, Laval, QC, Canada). Serum 
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glucose was determined using cobas® enzymatic reagents on Roche/Hitachi c501e automated 

clinical chemistry analyzers (Roche Diagnostics, Laval, QC, Canada). The average of the last 

two days was calculated and used for endpoint-to-endpoint comparison in statistical analyses.  

Homeostasis model assessment (HOMA)-IR and HOMA-beta cell function (β) indices 

were calculated using the average of the last two days via following formulas (26): 

 

 

HOMA − IR =
Fasting insulin (

μIU
ml

) × Fasting glucose (
mg
dl

)

22.5
 

(5.1) 

 

 

 

HOMA − β =
Fasting insulin (

μIU
ml

) × 20

Fasting glucose (mg/dl)
− 3.5 (5.2) 

 

 

5.3.5 Genotyping 

Buffy coat samples of the first day of the first phase were used to extract the genomic 

DNA using Qiagen DNeasy Blood and Tissue Kit according to the manufacturer’s instructions 

(Qiagen Sciences Inc., Toronto, ON, Canada). The concentration and purity of the extracted 

DNA were assessed using Thermo Scientific NanoDrop 2000 micro-volume spectrophotometer 

(Thermo Fisher Scientific Inc., Waltham, MA, USA). TaqMan GTXpree Master Mix with allele-

specific probes (Applied Biosystems, Life Technologies Inc., Burlington, ON, Canada) was used 

to genotype nine candidate single-nucleotide polymorphisms (SNPs) within eight genes that have 

been previously associated with insulin resistance. The selected genes included adiponectin 

(ADIPOQ); adrenoceptor beta-2 (ADRB2); fat mass and obesity-associated gene (FTO); insulin 
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receptor substrate-1 (IRS1); liver fatty acid binding protein (FABP1); perilipin-1 (PLIN1); 

peroxisome proliferator-activated receptor gamma (PPARγ); transcription factor 7-like-2 

(TCF7L2). The characteristics of the selected SNPs are presented in Table 5.1. Amplification 

and detection of DNA were conducted with the 7500 Fast Real-Time PCR System (Applied 

Biosystems, Life Technologies Inc, Burlington, ON, Canada) and StepOne 2.1 (Applied 

Biosystems, Life Technologies Inc., Burlington, ON, Canada). All samples were run in 

duplicate. 
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Table 5.1: Characteristics of the selected polymorphisms 

Full name of gene Gene SNP Region Allele Genotype (n) MAF% 
        Major/minor MM Mm mm 

 

Adiponectin  ADIPOQ rs266729 Exon/ 5' UTR C/G 61 30 10 24.8 

Adrenoceptor Beta-2 ADRB2 rs1042714 Exon C/G 42 41 18 38.1 

Fat mass and obesity-associated gene FTO rs9939609 Intron T/A 44 39 18 37.1 

Insulin receptor substrate-1 IRS1 rs2943641 Intergene C/T 50 42 9 29.7 

  rs7578326 Intron A/G 49 45 7 29.2 

Liver fatty acid binding protein FABP1 rs2241883 Missense T/C 46 45 10 32.2 

Perilipin-1 PLIN1 rs894160 Intron C/T 47 43 11 32.2 

Peroxisome proliferator-activated 

receptor gamma 
PPARγ rs1801282 Missense C/G 78 21 2 12.4 

Transcription factor 7-like-2 TCF7L2 rs7903146 Intron C/T 48 46 7 29.7 

MAF: minor allele frequency; MM: major allele homozygous; Mm: heterozygous; mm: minor allele homozygous. 
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5.3.6 Statistical analyses 

Statistical analyses were performed using SAS 9.4 (SAS, Cary, NC) based on a per 

protocol approach. Normality was assessed using the Shapiro–Wilk test and the skewness value. 

Non-normally distributed variables were log-transformed before analysis. The results are 

expressed as least square means ± SEMs unless otherwise specified and statistical significance 

was set at P-value < 0.05. PROC MIXED with repeated-measure procedure was used to assess 

the effect of the three dietary treatments on IR and glycemic homeostasis. Treatment, sex, age, 

and genotype were used as fixed effects, participants as a repeated factor. Random effects were 

identified as treatment sequence, clinical site, and participant. Pre-specified potential 

confounders such as ethnicity, baseline body composition, baseline fasting glucose level, and 

HOMA-IR were investigated in all models. The Hardy-Weinberg equilibrium was assessed with 

χ2 test. The effects of possible gene-MUFA interactions on IR and glycemic homeostasis were 

assessed using the same approach. However, due to the considerably comparable MUFA 

concentrations in the two canola treatments compared to the high-SFA treatment, the statistical 

analysis of the interaction between diet and genetic polymorphism was conducted to compare the 

combined effect of the two MUFA diets versus the high-SFA diet. In addition to the analysis of 

the effect of each SNP separately, possible effects of their interaction on IR and glycemic 

homeostasis was also evaluated using the same approach.  

 

5.4 Results 

A total of 125 participants completed the trial. Three participants were excluded due to 

high fasting blood glucose levels (>7.0 mmol/L), and six participants were excluded due to large 

body weight changes (>5% endpoint-baseline weight change), therefore, 116 participants (72 
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women and 44 men) were included in this study of the effect of FA composition on IR and 

glycemic homeostasis. Participant characteristics are presented in Table 5.2. All participants 

were non-diabetic and mean HOMA-IR was above 3.0 at baseline (Table 5.2) as well as at 

endpoint of dietary interventions (Table 5.3). No differences were observed in fasting 

concentrations of glucose, insulin, or fructosamine, nor HOMA-IR or HOMA-β indices 

following the consumption of HOCO or RCO compared to the high-SFA treatment (Table 5.3).  

Only 101 participants (60 women and 41 men) provided consent for genetic analyses. 

The ethnicity for the majority (73%) of participants was Caucasian. Genotype-frequencies did 

not differ from Hardy–Weinberg equilibrium except for the ADIPOQ rs266729. The genotype 

associations with glycemic response to different dietary MUFA levels (Table 5.4) showed that 

consumption of the high-SFA diet induced reductions, compared to the combined high-MUFA 

diets, in insulin (high-SFA: 11.8 ± 3.6 and high-MUFA: 13.6 ± 3.5, p= 0.04), HOMA-β (high-

SFA: 151 ± 46 and high-MUFA: 178 ± 43, p= 0.026), and a tendency in HOMA-IR (high-SFA: 

2.6 ± 0.9 and high-MUFA: 3.1 ± 0.9, p= 0.07) in the IRS1 rs7578326-GG homozygotes. 
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  Table 5.2: Characteristics of participants at baseline of the dietary intervention1 

Characteristic 
Total 

(n=116) 

Female 

(n=72) 

Male 

(n=44) 

P2 

Age (years) 43.9 ± 1.2 45.8 ± 1.5 40.8 ± 1.9 0.0416 

Waist circumference (cm) 104.6 ± 1.2 102.2 ± 1.4 108.5 ± 1.8 0.0071 

Body weight (kg) 90.2 ± 1.7 83.9 ± 2.0 99.8 ± 2.5 <.0001 

BMI3 (kg/m2) 31.3 ± 0.5 31.4 ± 0.6 31.3 ± 0.8 0.9197 

Systolic BP (mmHg) 119.4 ± 1.2 118.7 ± 1.6 120.5 ± 2.0 0.4679 

Diastolic BP (mmHg) 78.6 ± 1.0 78.3 ± 1.3 79.2 ± 1.6 0.673 

Cholesterol (mmol/L) 5.18 ± 0.08 5.19 ± 0.11 5.17 ± 0.14 0.9377 

Triglycerides (mmol/L) 1.58 ± 0.07 1.51 ± 0.09 1.70 ± 0.11 0.1604 

HDL-cholesterol (mmol/L) 1.34 ± 0.03 1.43 ± 0.04 1.19 ± 0.05 0.0004 

LDL-cholesterol (mmol/L) 3.12 ± 0.07 3.07 ± 0.09 3.21 ± 0.11 0.3538 

Glucose (mg/dl) 94.32 ± 0.72 94.50 ± 1.08 94.14 ± 1.26 0.8913 

Insulin (μIU/ml) 13.88 ± 0.78 13.45 ± 0.99 14.61 ± 1.27 0.4723 

HOMA IR  3.94 ± 0.25 3.80 ± 0.31 4.16 ± 0.41 0.4791 

HOMA-β  198.4 ± 10.1 190.2 ± 12.8 212.1 ± 16.5 0.2979 
1All values are means ± SEMs unless otherwise specified.  
2SAS PROC MIXED procedure used to assess the inter-sex differences, P<0.05 was considered significant. SAS 

PROC MEANS used to determine the mean characteristics of the overall population.  
3BP: blood pressure; BMI: body mass index; HDL: high-density lipoprotein; LDL: low-density lipoprotein; 

HOMA-β: homeostasis model assessment of beta-cell function; HOMA-IR: homeostasis model assessment of 

insulin resistance. 
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Table 5.3: Fasting insulin, glucose, fructosamine, and homeostatic model assessment of insulin sensitivity and β-cell function 

according to dietary intervention1 
 Variable  Total (n=116)  Female (n=72) Male (n=44) 

 

 HOCO RCO Control P2 HOCO RCO Control HOCO RCO Control Pa 

Insulin 

(μIU/ml) 
16.5 ± 2.4 16.4 ± 2.4 16.8 ± 2.4 0.89 16.1 ± 2.5 15.7 ± 2.5 16.2 ± 2.5 16.9 ± 2.6 17.2 ± 2.6 17.4 ± 2.6 0.28 

Glucose  

(mg/dl) 
93.9 ± 1.1 93.3 ± 1.1 94.5 ± 1.1 0.08 93.7 ± 1.3 92.9 ± 1.3 94.0 ± 1.3 94.1 ± 1.6 93.7 ± 1.5 5.3 ± 1.5 0.80 

Fructosamine 

(μmol/l) 
224.3 ± 2.3 223.8 ± 2.3 224.7 ± 2.3 0.63 220.9 ± 2.5 219.5 ± 2.5 220.6 ± 2.5 227.8 ± 2.9 228.2 ± 2.9 228.7 ± 2.9 0.63 

HOMA-IR 3.89 ± 0.57 3.84 ± 0.57 4.00 ± 0.57 0.72 3.81 ± 0.59 3.70 ± 0.59 3.89 ± 0.59 3.96 ± 0.64 3.98 ± 0.64 4.10 ± 0.64 0.31 

HOMA-β 203.7 ± 

31.1 
208.3 ±31.1 198.9 ± 31.1 0.45 

196.4 ± 

31.9 
193.3 ±31.9 194.6 ± 31.9 

211.1 ± 

33.5 
223.3 ±33.5 203.1 ±33.5 0.43 

1All data represent the endpoint measures and are presented as least-squares means ± SEMs. HOCO: high-oleic canola; HOMA-β: homeostatic model assessment 

of β-cell function; HOMA-IR: homeostatic model assessment of insulin resistance; MUFA: monounsaturated fatty acids; RCO: regular canola oil. 
2SAS PROC MIXED with repeated measure procedure used to assess the effect of MUFA consumption on the reported glycemic control-related measures, 

using participants as a repeated factor. Treatment, sex, age, and genotype were used as fixed effects. Random effects were treatment sequence, clinical site, 

and participants. P<0.05 was considered significant. P: the difference between the treatments in the overall population. Pa: P of gender-by-treatment 

interaction. 
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No effects of different dietary MUFA levels on IR or glycemic homeostasis were 

observed in the carriers of the IRS1 rs7578326-A allele. The IRS1 rs2943641 polymorphism did 

not modify IR or glycemic responsiveness to MUFA modification. 

The analysis of the combination of SNPs rs2943641 and rs7578326 within IRS1 yielded 

three genotype combinations; rs2943641-C + rs7578326-A (n=92), rs2943641-TT + rs7578326-

A (n=2), and rs2943641-TT + rs7578326-GG (n=7). The IRS1 rs2943641-TT + rs7578326-A 

combination was excluded from the final statistical analysis due to low frequency. The 

combination of rs2943641-TT and rs7578326-GG genotypes reduced insulin high-SFA: 11.8 ± 

3.7 and high-MUFA: 13.7 ± 3.6, p= 0.034), HOMA-β (high-SFA: 150.7 ± 46.3 and high-MUFA: 

178.3 ± 43.6, p= 0.023), and HOMA-IR (high-SFA: 2.6 ± 1.0 and high-MUFA: 3.1 ± 0.9, p= 

0.06) levels in response to the high-SFA diet compared to higher MUFA consumption (Figure 

5.1). Measures of IR and glycemic control did not respond to the dietary intervention in the 

carriers of the combination of the IRS1 rs2943641-C + rs7578326-A.   

The results also revealed a reduction (high-SFA: 4.3 ± 0.9 and high-MUFA: 4.5 ± 0.8, p= 

0.042) in HOMA-IR and a concomitant reduction (high-SFA: 16.7 ± 3.3 and high-MUFA: 17.9 ± 

3.2, p= 0.06) in fasting insulin concentrations following consumption of the high-SFA diet 

compared to the high-MUFA diets in the FABP1 rs2241883-CC homozygotes. No significant 

FA-by-gene interactions were observed in the other six candidate SNPs within ADIPOQ, 

ADRB2, FTO, PLIN1, PPARγ, and TCF7L2 on the responses of fasting insulin, fasting glucose, 

HOMA-IR, and HOMA-β to dietary FA modification. Furthermore, none of the nine selected 

polymorphisms modulated fructosamine levels in response to dietary MUFA (data not shown).
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Table 5.4: Fasting insulin, glucose, and homeostatic model assessment of insulin sensitivity and β-cell function according to dietary 

intervention and selected polymorphisms1 

 

Gene, 

SNP 

 

 

Allele 

(n) 

 

Insulin (μIU/ml) Glucose (mg/dl) HOMA-IR HOMA-β 

High 

MUFA 

Low 

MUFA 
P2 

High 

MUFA 

Low 

MUFA 
P 

High 

MUFA 

Low 

MUFA 
P 

High 

MUFA 

Low 

MUFA 
P 

ADIPOQ 

rs266729 

CC (61) 16.5 ± 2.3 17.0 ± 2.3 

0.42 

93.4 ± 1.3 94.7 ± 1.3 

0.08 

3.8 ± 0.6 4.1 ± 0.6 

0.29 

208 ± 29 199 ± 29 

0.74 CG (30) 15.9 ± 2.5 15.1 ± 2.6 91.7 ± 1.6 90.9 ± 1.7 3.6 ± 0.6 3.4 ± 0.6 208 ± 31 211 ± 32 

GG (10) 17.6 ± 3.2 17.8 ± 3.3 95.4 ± 2.6 97.3 ± 2.8 4.3 ± 0.8 4.4 ± 0.8 194 ± 39 184 ± 41 

ADRB2 

rs1042714 

CC (42) 16.0 ± 2.4 16.3 ± 2.4 

0.84 

94.7 ± 1.4 95.3 ± 1.5 

0.82 

3.8 ± 0.6 3.9 ± 0.6 

0.79 

184 ± 28 178 ± 29 

1.00 CG (41) 17.4 ± 2.4 17.3 ± 2.4 93.5 ± 1.4 94.0 ± 1.5 4.1 ± 0.6 4.1 ± 0.6 215 ± 28 209 ± 29 

GG (18) 15.2 ± 2.8 15.6 ± 2.8 88.6 ± 2.0 90.1 ± 2.1 3.4 ± 0.7 3.5 ± 0.7 235 ± 33 233 ± 34 

FABP1 

rs2241883 

CC (10) 17.9 ± 3.2 16.7 ± 3.3‡ 

0.14 

97.6 ± 2.7 95.3 ± 2.8 

0.06 

4.5 ± 0.8 4.3 ± 0.9* 

0.08 

180 ± 39 171 ± 41 

0.95 TC (45) 15.5 ± 2.4 16.0 ± 2.4 92.2 ± 1.4 93.4 ± 1.4 3.6 ± 0.6 3.7 ± 0.6 203 ± 29 197 ± 30 

TT (46) 17.0 ± 2.4 17.2 ± 2.4 92.9 ± 1.4 93.9 ± 1.4 3.9 ± 0.6 4.0 ± 0.6 216 ± 29 212 ± 30 

FTO 

rs9939609 

AA (18) 18.6 ± 2.9 17.7 ± 2.9 

0.76 

91.2 ± 2.1 92.3 ± 2.2 

0.84 

4.2 ± 0.7 4.0 ± 0.7 

0.84 

268 ± 36 232 ± 37 

0.38 AT (39) 15.5 ± 2.5 15.3 ± 2.5 94.5 ± 1.5 95.3 ± 1.6 3.7 ± 0.6 3.7 ± 0.6 177 ± 32 170 ± 33 

TT (44) 16.5 ± 2.5 17.4 ± 2.5 92.7 ± 1.5 93.2 ± 1.5 3.8 ± 0.6 4.1 ± 0.6 210 ± 31 218 ± 32 

IRS1 

rs2943641 

CC (50) 16.2 ± 2.3 15.7 ± 2.4 

0.13 

92.5 ± 1.4 92.8 ± 1.4 

0.72 

3.8 ± 0.6 3.6 ± 0.6 

0.13 

204 ± 28 192 ± 29 

0.27 CT (42) 17.1 ± 2.4 18.3 ± 2.4 93.9 ± 1.4 95.2 ± 1.5 4.0 ± 0.6 4.4 ± 0.6 213 ± 29 218 ± 29 

TT (9) 13.8 ± 3.3 13.1 ± 3.4 92.7 ± 2.8 93.0 ± 3.0 3.1 ± 0.9 2.9 ± 0.9 173 ± 40 161 ± 43 

IRS1 

rs7578326 

AA (49) 15.4 ± 2.3 14.6 ± 2.3 

0.01 

92.8 ± 1.4 93.1 ± 1.4 

0.87 

3.6 ± 0.6 3.4 ± 0.6 

0.02 

194 ± 28 181 ± 29 

0.03 AG (45) 17.7 ± 2.3 19.2 ± 2.3 93.7 ± 1.4 94.8 ± 1.5 4.2 ± 0.6 4.6 ± 0.6 221 ± 28 228 ± 29 

GG (7) 13.6 ± 3.5 11.8 ± 3.6* 91.9 ± 3.2 92.5 ± 3.3 3.1 ± 0.9 2.6 ± 0.9‡ 178 ± 43 151 ± 46* 
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Table 5.4: Continued  

 

Gene, 

SNP 

 

 

Allele 

(n) 

 

Insulin (μIU/ml) Glucose (mg/dl) HOMA-IR HOMA-β 

High 

MUFA 

Low 

MUFA 
P 

High 

MUFA 

Low 

MUFA 
P 

High 

MUFA 

Low 

MUFA 
P 

High 

MUFA 

Low 

MUFA 
P 

PLIN 

rs894160 

CC 

(47) 

16.4 ± 2.4 16.5 ± 2.4 

0.57 

94.2 ± 1.4 94.8 ± 1.5 

0.78 

3.8 ± 0.6 3.9 ± 0.6 

0.55 

196 ± 28 191 ± 29 

0.88 
CT  

(43) 

16.9 ± 2.4 16.8 ± 2.4 92.0 ± 1.4 92.7 ± 1.5 3.9 ± 0.6 4.0 ± 0.6 222 ± 28 214 ± 29 

TT  

(11) 

14.9 ± 3.1 16.1 ± 3.2 93.5 ± 2.5 95.0 ± 2.7 3.4 ± 0.8 3.8 ± 0.8 183 ± 37 185 ± 39 

PPARγ 

rs1801282 

CC 

(78) 

16.0 ± 2.3 16.3 ± 2.3 

0.54 

92.2 ± 1.0 92.7 ± 1.1 

0.72 

3.7 ± 0.6 3.8 ± 0.6 

0.66 

208 ± 28 205 ± 28 

0.36 
CG 

(21) 

17.4 ± 2.7 17.1 ± 2.8 95.5 ± 1.8 96.7 ± 1.9 4.1 ± 0.7 4.1 ± 0.7 201 ± 33 187 ± 34 

GG  

(2) 

21.3 ± 5.9 21.1 ± 6.1 105.0±5.6 107.7 ± 5.9 5.6 ± 1.6 5.6 ± 1.6 193 ± 71 176 ± 77 

TCF7L2 

rs7903146 

CC 

(48) 

15.8 ± 2.4 15.7 ± 2.4 

0.95 

92.1 ± 1.3 92.2 ± 1.3 

0.31 

3.6 ± 0.6 3.6 ± 0.6 

0.97 

198 ± 29 200 ± 30 

0.38 
CT  

(46) 

17.0 ± 2.4 17.7 ± 2.4 94.2 ± 1.3 95.5 ± 1.4 4.0 ± 0.6 4.3 ± 0.6 215 ± 30 204 ± 30 

TT 

 (7) 

17.8 ± 3.6 16.0 ± 3.7 93.9 ± 3.1 95.5 ± 3.2 4.2 ± 0.9 3.7 ± 1.0 209 ± 44 189 ± 47 

1All data represent the endpoint measures and are presented as least-squares means ± SEMs. n=101 participants. ADIPOQ: adiponectin; ADRB2: adrenoceptor 

beta-2; FABP1: liver fatty acid binding protein; FTO: fat mass and obesity-associated gene; HOMA-β: homeostatic model assessment of b-cell function; HOMA-

IR: homeostatic model assessment of insulin resistance; IRS1: insulin receptor substrate-1; MUFA: monounsaturated fatty acids; PLIN: perilipin-1; PPARγ: 

peroxisome proliferator-activated receptor gamma; SNP: single nucleotide polymorphism; TCF7L2: transcription factor 7-like 2. 
2SAS PROC MIXED with repeated measure procedure was used to assess the effect of gene-MUFA interactions on glycemic homeostasis and HOMA indices, 

using participants as a repeated factor. Treatment, sex, age, and genotype were used as fixed effects. Random effects were treatment sequence, clinical site, and 

participants. P <0.05 was considered significant. P-values presented in the table refer to overall gene-diet interaction. * Indicates significant difference between 

the consumption of high-SFA versus high-MUFA within the same genotype. ‡Indicates trend toward significance (p<0.07) between the consumption of high-SFA 

versus high-MUFA within the same genotype.  
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Figure 5.1: End-point responses of insulin (A), HOMA-β (B), and HOMA-IR (C) to dietary MUFA by 

IRS1 rs2943641 + rs7578326 combination. SAS PROC MIXED with repeated measure procedure used to 

assess the effect of gene-MUFA interactions on IR and glycemic response, using participants as a 

repeated factor. Treatment, sex, age, and genotype were used as fixed effects. Random effects were 

treatment sequence, clinical site, and participants. P<0.05 was considered significant. Values are least-

squares means ± SEMs. Labeled bars with different lowercase letters significantly differ, P < 0.05. 

HOMA: homeostasis model assessment of insulin resistance (IR) and cell function (β); IRS1: insulin 

receptor substrate-1 gene; IRS1 combination: rs2943641-C/T and rs7578326-A/G; MUFA: 

monounsaturated fatty acid; SFA: saturated fatty acid. Frequency of SNP combination (n=99): C+A= 

93% and TT+GG= 7%. 
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5.5 Discussion  

Genetic architecture may modulate insulin sensitivity responses to dietary FA 

composition. This study revealed beneficial effects of a low-MUFA high-SFA fat consumption 

pattern on IR measures in the IRS1 rs7578326-GG homozygotes and, for the first time, to our 

knowledge, in the carriers of the FABP1 rs2241883-CC genotypes compared to the high-MUFA 

diets. These results may, partly, explain the inter-individual variability in the responsiveness of 

IR to dietary FA modifications. 

The current report failed to find overall favorable effects of high-MUFA consumption on 

IR measures in these non-diabetic subjects with abdominal obesity. Consumption of MUFA-rich 

diets (>20% of total energy) for three months (3) and six months (7) has been previously 

reported to ameliorate HOMA-IR compared to SFA-rich diet (>15% of total energy). However, 

studies with shorter durations showed contradictory results regarding the effects of MUFA on 

glucose homeostasis and IR (11, 12). Therefore, the six-week duration of the current study might 

have been insufficient to permit identification of the proposed beneficial effect of MUFA on IR 

and glucose homeostasis in our participants with abdominal obesity. Further, genetic 

predisposition and, possibly, interactions with dietary FAs may modify the individual response to 

dietary intervention. For instance, even though SFA consumption has been repeatedly reported to 

be positively associated with IR and hyperinsulinemia (2, 3, 7), Luan et al. showed a genetically-

oriented response of fasting insulin concentrations to dietary SFA intake mediated by the PPARγ 

rs1801282 polymorphism (27). Similarly, the present study results shed light on genetically-

driven responses of IR measures to dietary FA composition. 

The rs2943641 and rs7578326 polymorphisms within IRS1 have been reported to 

modulate IR in different ethnic populations (1, 17, 18, 28). The IRS1 rs2943641 is the best-
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associated variant with type 2 diabetes and IR in IRS1 locus (1, 29), and has been marked as a 

potential functional variant (30). While the function of the IRS1 rs7578326 is not defined yet, the 

A-allele was found to be associated with a higher risk for type 2 diabetes (20, 31). The latter 

polymorphism is located in the intron region which might coordinate splicing and hence the 

expression of the IRS1 protein. The upregulation of IRS1 expression might alleviate IR and 

restore the impairment of insulin signaling pathways (21).  

Both IRS1 variants have been reported to modulate the effects of quantity and quality of 

dietary macronutrients on IR and type 2 diabetes (1, 20, 32). Zheng et al. reported that the 

rs7578326 and rs2943641 polymorphisms within the IRS1 gene modified IR in response to the 

SFA-to-carbohydrate ratio and MUFA consumption in two independent populations (20). In the 

present study, we found an improvement in insulin sensitivity, measured by reductions in fasting 

insulin, HOMA-IR, and HOMA-β, in the IRS1 rs7578326-GG genotype carriers following 

consumption of the high-SFA low-MUFA diet compared to the high-MUFA diets in a controlled 

feeding trial. This finding supports the aforementioned study by Zheng et al. which reported that 

the carriers of the rs7578326-G allele who consumed a low-MUFA diet incurred a significant 

reduction in HOMA-IR compared to the non-carriers (20); however, the reported low-MUFA 

consumption in their study might reflect high-SFA and/or high-PUFA. A potential mechanism of 

this interaction might be related to lipid-induced modulatory effect of tyrosine phosphorylation 

(33); however, further research is required to reveal the mechanism(s) that coordinate the 

interaction between dietary FA composition and IRS1 polymorphisms on IR. 

The results of this study also indicate that the homozygotes for the combination of 

rs2943641-TT and rs7578326-GG of IRS1 (frequency= 7%) may have improved insulin 

sensitivity following high-SFA compared to high-MUFA consumption. The IRS1 rs7578326 is 
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adjacent and in linkage disequilibrium with the potential functional IRS1 rs2943641 (r2= 0.79, in 

HapMap CEU) (29). Therefore, the modulatory effect of the combined the rs2943641-TT and 

rs7578326-GG IRS1 genotypes on IR might suggest that the rs7578326 regulate insulin signaling 

through the functional rs2943641. This finding supports the previously reported modulatory 

effect of the combination of IRS1 rs7578326-G and rs2943641-T alleles on IR response to 

dietary intervention (20). 

The functional FABP1 rs2241883 (T94A) was found to be associated with type 2 

diabetes and IR (16, 34). The physiological role of FABP1, as a key regulator of lipid 

metabolism, is suggested to be optimized by the presence of threonine at the N-terminal region 

of the FA binding site (position 94) (34, 35). The rs2241883 mutation (A94/ C allele) could 

reduce the binding capacity of FABP1 to long-chain FA and subsequently, alter normal lipid 

metabolism (34). However, the responsiveness of the FABP1 A94 allele to dietary FA 

composition has been previously reported (36). In the current study, consumption of the high-

SFA diet in the FABP1 rs2241883-CC homozygotes ameliorated IR compared to non-carriers. 

Actually, MCFA contributed to ~18% (10.9 g) of the high-SFA treatment of this study compared 

to negligible amount in the high-MUFA treatments. The consumption of small amount of 

MCFAs (≤ 10-18 g/d) for ≤ 90 days has been previously reported to induce beneficial 

physiological effects including reductions in body weight and fat mass (37, 38), improvement in 

lipid profile (38), as well as amelioration of HOMA-IR (39). Accordingly, in this study, MCFAs 

could partly counteract the FABP1 rs2241883-CC genotype (A94A)-associated proposed 

reduction in the activity of FABP1 thus, inducing beneficial effects on IR. MCFAs, unlike long-

chain FAs, are freely permeable into cells and mitochondria, therefore, a reduction in FABP1 

activity may not inhibit their cellular uptake and/or metabolism as well as would reduce FA flux 
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to the liver (40, 41). Consequently, we suggest that MCFAs, despite being present in small 

concentrations, in the high-SFA diet might improve IR by reducing FA flux to the liver in the 

FABP1 rs2241883-CC genotype carriers, thereby, probably overriding the effects of other SFA 

on glucose insulin homeostasis. To the best of our knowledge, this is the first study to evaluate 

the effect of FA composition-by-FABP1 rs2241883 interaction on IR, therefore, confirmatory 

and biochemical studies are required.  

In this study, polymorphisms within ADIPOQ, ADRB2, FTO, PLIN1, PPARγ, and 

TCF7L2 genes failed to modulate the effect of MUFA consumption on glucose homeostasis and 

IR measures. However, conflicting data still exist regarding IR responsiveness to diet-by-gene 

interactions (25, 42-44). A major strength of the present study is the crossover design with a 

controlled full-feeding diet and a relatively large number of participants for such a dietary 

intervention. In the present study, insulin resistance was assessed by HOMA-IR rather than using 

the gold standard euglycemic glucose clamp technique which might be considered as a 

limitation. However, HOMA-IR is a feasible and robust tool for the surrogate assessment of IR, 

especially in non-diabetic subjects, and has been validated across the clamp technique (45). 

Although the majority (73%) of study participants was Caucasian, the mixed ethnicity might be 

considered as another limitation; however, it might, in contrast, provide generalizability of the 

current findings to the population at large.  

In conclusion, polymorphisms in FABP1 and IRS1 appeared to modulate the IR response 

to dietary FA composition. The observed interactions between dietary FA composition and 

genetic variants within FABP1 and IRS1 genes on HOMA-IR may reflect a potential clinical 

benefit on insulin sensitivity following prolonged exposure to dietary FA modifications. These 
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results may eventually contribute to developing an effective genotype-based dietary 

recommendation to reduce the incidence and associated complications of IR and type 2 diabetes. 
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BRIDGE TO CHAPTER VI 

In the context of the evidence discussed in this thesis regarding the effect of MUFA on 

modulating the fat accumulation, one former study has proposed a beneficial effect of 

substituting SFA with MUFA on elevating physical activity level. The following chapter shows 

the results of investigating the effect of high-MUFA consumption in modulating spontaneous 

physical activity level. Shatha Hammad participated in study coordination and data collection at 

RCFFN, handled data analyses and interpretation, conducted the statistical analyses, and wrote 

the following report. 

  



 

180 
 

CHAPTER VI 

 

Monounsaturated fatty acids rich diet failed to modulate spontaneous physical activity 

behavior in subjects with abdominal obesity 

 

6.1 Introduction  

Although the etiology of obesity is multifactorial, from an energy balance point of view, 

energy expenditure should be increased to minimize fat deposition. Physical activity can 

substantially enhance energy expenditure level, thus reduces obesity and morbidity risk as well 

as enhances body fat distribution (1, 2). Inactivity can double the obesity risk in adults compared 

to their peers who participate in a regular moderate-intensity physical activity (3). Unfortunately, 

the global epidemic of obesity is associated with escalating degrees of sedentary lifestyle (4), 

therefore, successful weight-control interventions must consider all available options that boost 

physical activity level. 

Dietary fatty acid composition can modulate energy balance; consumption of 

monounsaturated fatty acids (MUFA) have been frequently reported to contribute a negative 

energy balance by elevating diet-induced thermogenesis, fat oxidation, and daily energy 

expenditure, particularly compared to saturated fatty acids (SFA) (5, 6). The question remains 

whether increasing dietary MUFA would further influence energy balance by increasing non-

resting energy expenditure levels. Kien et al. found that substituting palmitic acid with oleic acid 

augmented physical activity level and increased resting energy expenditure in young healthy 
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subjects (7). Herein, the objective was to evaluate the effects of high-MUFA diets on 

spontaneous physical activity behavior compared to a low-MUFA high-SFA diet in a controlled 

condition in adults with abdominal obesity.  

 

6.2 Methods 

6.2.1 Study design and population 

This study was part of the Canola Oil Multi-center Intervention Trial II (COMIT II); a 

randomized, controlled, double-blinded, crossover study aimed to evaluate the effects of MUFA 

consumption on body composition. The trial was registered at clinicaltrials.gov as 

NCT02029833. The protocol was reviewed and approved by institutional ethics boards across 

the participating clinical sites. 

Participants aged 20-65 years were included in the trial if they had abdominal obesity as 

identified with waist circumference of greater than 94 cm for men and 80 cm for women, in 

addition to at least one of the following metabolic syndrome parameters as secondary inclusion 

criteria: fasting blood glucose of ≥ 5.6 mmol/L (according to the American Diabetes Association 

definition for pre-diabetes), TG ≥1.7 mmol/L, HDL-C <1 mmol/L (men) or <1.3 mmol/L 

(women), and blood pressure ≥130 mmHg (systolic) and/or ≥85 mmHg (diastolic). Individuals 

were excluded if they had unstable thyroid, kidney, diabetes, or liver disease. Current smokers, 

pregnant and lactating women, individuals consuming more than two alcoholic beverages per 

day were not eligible to participate. Written informed consent was obtained from all participants 

prior to enrollment. 
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6.2.2 Dietary intervention 

This study consisted of three, six-week feeding periods separated by six-week washout 

periods, the washout peroids ranged from four to 12-week in some cases to meet the participants 

needs. During the feeding periods, participants were provided with an iso-caloric, weight 

maintenance diet containing 35% fat, 50% carbohydrate, and 15% protein of total energy. All 

three phases were identical except for the type of treatment oil provided. All meals were 

prepared based on a seven-d rotating menu cycle in the metabolic kitchen of the participating 

sites. During the washout periods, participants were instructed to consume their habitual diets.  

Treatment oils consisted of 20% of total energy and were incorporated into two equal 

portions of smoothie beverages consumed at breakfast and supper. Treatment oils included: 1) 

regular canola oil (RCO) consisting of 6.6% SFA, 65.3% MUFA, 19.6% n-6 PUFA, 8.5% α-

linolenic acid, 2) high-oleic acid canola oil (HOCO) consisting of 6.7% SFA, 75.9% MUFA, 

14.8% n-6 PUFA, 2.6% α-linolenic acid, and 3) a low-MUFA high-SFA control oil consisting of 

22.1% long-chain SFA, 18.1% medium-chain FA (MCFA), 22.0% MUFA, 29.6% n-6 PUFA, 

8.2% n-3 PUFA α-linolenic acid. The low-MUFA oil blend was prepared using 34.9% safflower 

oil, 36.0% ghee/butter oil, 16.0% coconut oil, and 13.1% flaxseed oil. Compliance was assessed 

by the consumption of smoothies; 90% success was the required target for smoothie 

consumption at each phase. Participants signed a daily checklist to verify smoothies’ 

consumption. To ensure optimal compliance, participants were required to consume one 

smoothie each day under a supervision of a clinical coordinator.  

6.2.3 Physical activity assessment 

Physical activity was monitored using Actigraph GT3X+ activity monitors. The monitor 

was worn at the waist and recorded the activity for seven days (days 29-35) of each phase. 
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Accelerometer is a validated advanced technology that provides a trustworthy measurement of 

physical activity and is widely used in physical activity research (2, 3). ActiLife 6 analysis 

software (Pensacola, FL, USA) was programmed with the participant code, height, weight, 

gender, race and date of birth. To reduce the instrument variation, the serial number of the 

monitor used for each participant was recorded and each participant was given the same monitor 

throughout the study. The activity was assessed as a composite vector magnitude of the three 

axes of the activity monitor and reported as counts/min/d (cpm) (7). Here, we were interested in 

the spontaneous physical activity which defined as energy expenditure resulting primarily from 

unstructured mobility-related activities that occur during daily life. 

6.2.4 Statistical analyses 

Statistical analyses were performed using SAS 9.4 (SAS, Cary, NC) based on a per 

protocol approach. Normality was assessed using the Shapiro–Wilk test and the skewness value. 

Non-normally distributed variables were log-transformed before analysis. The results are 

expressed as least square means ± SEMs unless otherwise specified. Statistical significance was 

set at P-value < 0.05. PROC MIXED with repeated-measure procedure was used to assess the 

effect of the three dietary treatments on physical activity level. Treatment, sex, age, and genotype 

were used as fixed effects, with participants as a repeated factor. Random effects were identified 

as treatment sequence, clinical site, and participants.  

 

6.3 Results and Discussion 

 

Fifty subjects participated in this analysis; however, 31 participants complete the analysis 

for the three phases and were included in the statistical analyses. Participant characteristics are 
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displayed in Table 6.1. This study found no difference across the three treatments in physical 

activity level Table 6.2. All of the participants had light physical activity levels across the three 

treatments, according to the cutoff point for moderate activity (2690 cpm) reported till date 

(8).There was no difference observed between male and female. Metabolic equivalent (MET) did 

not influence by the treatment intervention and all participants fall into the light MET category 

values (9). 

 

 

 Table 6.1: Characteristics of participants at baseline of the dietary intervention1 

Characteristic Total 

n=31 

Male 

n=10 

Female 

n=21 

Age 43.07 ± 2.83 37.111 ± 3.069 46.056 ± 2.33* 

Waist circumference (cm) 105.08 ± 3.28 111.178 ± 5.576 102.02 ± 2.13* 

Weight (kg) 91.49 ± 4.77 106.43 ± 7.00 84.03 ± 2.89* 

BMI3 (kg/m2) 32.27 ± 1.38 33.45 ± 2.57 31.67 ± 0.88 

Systolic BP (mmHg) 121.0 ± 2.9 125.4 ± 3.8 118.8 ± 2.4 

Diastolic BP (mmHg) 82.54 ± 2.22 87.11 ± 2.88 80.12 ± 1.72 

Cholesterol (mmol/L) 5.42 ± 0.23 5.56 ± 0.38 5.34 ± 0.17 

Triglycerides (mmol/L) 1.90 ± 0.20 2.09 ± 0.30 1.81 ± 0.16 

HDL-cholesterol (mmol/L) 1.26 ± 0.09 0.98 ± 0.05 1.39 ± 0.07* 

LDL-cholesterol (mmol/L) 3.29 ± 0.20 3.62 ± 0.33 3.13 ± 0.14 

Glucose (mg/dl) 96.25 ± 2.30 94.45 ± 2.63 97.13 ± 2.02 

Insulin (μIU/ml) 18.37 ± 2.76 24.17 ± 5.44 15.46 ± 1.31* 
1All values are means ± SEMs. SAS PROC MIXED procedure used to assess the inter-sex differences, P<0.05 

was considered significant. SAS PROC MEANS used to determine the mean characteristics of the overall 

population. * Indicates significant difference between male and female. 
2BP: blood pressure; BMI: body mass index; HDL: high-density lipoprotein; LDL: low-density lipoprotein. 
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  Table 6.2: Physical activity measures according to dietary intervention1 

Variable   Treatment  Total 

n=31 

Male 

n=10 

Female 

n=21 

Counts/min/d HOCO 368.6 ± 1.1 342.8 ± 1.1 396.5 ± 1.1 

  RCO 357.8 ± 1.1 324.2 ± 1.1 395.1 ±1.1 

  Control  378.4 ± 1.1 354.9 ± 1.1 403.5 ± 1.1 

Metabolic equivalent HOCO 1.137 ± 0.031 1.162 ± 0.041 1.113 ± 0.033 

  RCO 1.135 ± 0.031 1.161 ± 0.041 1.108 ± 0.033 

  Control  1.138 ± 0.031 1.165 ± 0.041 1.110 ± 0.033 
1All data represent the endpoint measures and are presented as least-squares means ± SEMs. Control: low-MUFA 

high-SFA treatment; HOCO: high-oleic canola; MUFA: monounsaturated fatty acids; RCO: regular canola oil. 

SAS PROC MIXED with repeated measure procedure used to assess the effect of MUFA consumption on 

physical activity, using participants’ as a repeated factor. Treatment, sex, age, and genotype were used as fixed 

effects. Random effects were treatment sequence, clinical site, and participants. P<0.05 was considered 

significant. No significant differences were observed in the overall population or between male and female 

 

 

 

 

Kien at al. have suggested a favorable effect of a high-MUFA diet on cognition that could 

influence the behavioral choices toward more active status compared to a high-SFA diet (7). This 

trial cannot reject the possible beneficial effect of high-MUFA consumption on physical activity 

level proposed by aforementioned study due to several reasons. First, characteristics of each 

study participants; subjects of the previous study were healthy young adults and mostly 

nonobese; however, here, all participants had abdominal obesity plus at least one metabolic 

syndrome risk factor. Such variations, especially obesity, might reflect a sedentary lifestyle as 

well as behavioral choices that might possibly have contributed to a resistance to elevate the 
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spontaneous level of physical activity (9, 10). Additionally, the women-to-men ratio was one and 

2.1 in Kien et al. and this study, respectively. Variation in sex distribution across the two trials 

might have led to conflicting findings (11, 12).   

Secondly, the percent of carbohydrate and fat as a function of total energy as well as fatty 

acid proportions across the two trials are different, thereby, render it difficult to discern which 

findings are more conclusive regarding the effect of elevated MUFA consumption on physical 

activity level, especially given that the evidence is still lacking on the optimal dietary fatty acid 

proportion as well as due to the variations in metabolism and substrate availability of 

macronutrients (13). Further, COMIT II was designed to ensure iso-energic conditions, in order 

to better estimate the influence of MUFA consumption on body weight and fat mass changes. 

Therefore, we consistently reminded our participants to maintain their physical activity level 

throughout the study, which might have hindered the proposed effect of MUFA consumption on 

physical activity level.   

Studies have suggested a wide range of heritability estimates that might explain up to 

60% of physical activity levels (14-16). Although the causal relationships between physical 

activity and genetics have not been well-established, a few strong candidate genes have been 

identified thus far (14, 17). Therefore, the propensity toward being spontaneously active could be 

partly influenced by genotypes. Nevertheless, here, assessing the influence of genetic 

architecture on physical activity level in such a small sample size (n=31) will not generate a 

sufficiently reliable prediction of any possible association (18). In the same context, physical 

activity level might modulate the effect of genetic polymorphisms on body weight (19-22), 

which might have contributed to the null overall finding of this trial on obesity discussed in 

Chapter III. 
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Fundamentally, obesity is caused by a disruption of energy balance. With the burgeoning 

prevalence of obesity and sedentary lifestyle worldwide, dietary fatty acid manipulation might 

hold a promise toward less intensive but effective weight control strategy. Further research is 

definitely warranted to draw a conclusion on whether or not high-MUFA consumption can 

elevate physical activity level. 
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CHAPTER VII 

GENERAL DISCUSSION 

7.1 Summary and implications  

The findings of the studies incorporated in this thesis contribute to the existing 

knowledge concerning interactions between genes and dietary fatty acid (FA) composition and 

essentially emphasize the benefit of personalized nutrition in modulating health outcomes. Fatty 

acid composition has a strong influence on obesity and health abnormalities (1, 2). With the 

increased demand on reducing saturated FA consumption and taking into account the debate 

regarding the effect of n-6 polyunsaturated FA on metabolic health (3, 4), we evaluated as 

whether monounsaturated FA (MUFA) might be the best candidate to replace saturated fat. 

Although the evidence underscores the advantageous influence of MUFA consumption on health 

outcomes, it would be of great benefit to elucidate the specific effects of MUFA on body fat 

distribution which enhances our understanding of obesity-associated metabolic abnormalities. 

For instance, strong relationships exist between abdominal obesity and several cardiovascular 

disease risk factors, where a three-fold increase in cardiovascular disease risk factors 

corresponded to an increase of less than 1 kg of abdominal fat (5). Using surrogate biomarkers to 

assess obesity and fat distribution, such as body mass index and WHR, may hinder the ability to 

demonstrate the possible substantial effect of FA modification on fat distribution and, therefore, 

metabolic abnormality, consequently, critical assessment of fat mass and distribution is essential 

for future research. Herein, body composition was assessed using whole-body dual X-rays 

scanning which provides a reliable identification of fat distribution and discrimination between 

different fat depots. However, in the sample as a whole, our results were inconsistent with the 
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growing evidence that suggests favorable effects of MUFA consumption on body weight (6, 7), 

fat distribution (8, 9), and insulin resistance (IR) (10, 11). Perhaps the fact that our participants 

had abdominal obesity plus at least one metabolic syndrome risk factors, including elevated 

glucose concentration, might have mitigated the beneficial effects of MUFA consumption in an 

iso-caloric scenario in the overall population. Several adipokines that fundamentally secreted 

from adipose tissue in the abdominal area might have influenced lipid and glucose metabolism 

and contributed to the null effects of MUFA on body weight, body fat, and IR (12, 13). Another 

suggested reason is that the elevated baseline fasting plasma glucose concentration, possibly 

reflecting IR, might have reduced the effectiveness of our dietary intervention, as indicated by a 

recent data analysis from three randomized trials of overweight and obese participants where 

baseline fasting concentrations of glucose and insulin modulated the response to dietary 

interventions (14). Additionally, the present research confers another explanation to the null 

effect of MUFA consumption by illuminating the inter-individual heterogeneity in the 

responsiveness of body fat mass and IR measure to dietary MUFA. Therefore, inter-population 

genetic variations may explain our inability to detect significant effects of MUFA consumption 

on body weight, fat mass, and IR in spite of the existing evidence. 

Single nucleotide polymorphisms (SNPs) within LPL, FTO, PPARα, ADIPOQ, APOE, 

LIPC, and ADRB2 genes modulated body fat mass distribution in response to different levels of 

dietary MUFA in an iso-caloric diet. The most important finding was the capacity of LPL 

rs13702-CC genotype to reduce VAT, android fat mass, trunk fat mass, total fat mass, and body 

weight following high-MUFA consumption compared to the low-MUFA diet. The fact that the 

response of different regions of fat mass to the high-MUFA diets in an iso-caloric condition was 

modulated by this genotype provides validity to this interaction. Although the observed 
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modulatory effects of the seven SNPs on changes in total and compartmental fat mass in 

response to various levels of dietary MUFA were small over six weeks, their statistical 

significance may indicate a potential clinical effect in weight reduction/maintenance regimens 

over prolonged periods. Also, detecting these changes in body fat regardless of the controlled 

iso-caloric scenario may provides certainty to the influence of dietary FA on pathways controlled 

by these genes. These findings may eventually contribute to the development of predictive tools 

for administering optimal and personalized weight management interventions based on an 

individual’s genetic makeup. 

Exploring the effect of MUFA on gene expression levels aids in illuminating the 

underlying mechanisms of the beneficial effects of MUFA consumption on energy balance that 

has been previously reported in the literature. MUFA consumption was found to modulate the 

relative expression of CPT1B and to influence the relationship between expression levels of 

PLIN1 and SCD1 and regional body fat. From our study, we could not reach a definite 

conclusion as we did not measure enzyme/protein activities, thus, we encourage future studies 

that target expression and activity of more enzymes involved in fat oxidation and obesogenic 

pathways. 

Chapter V discusses the association between genetic architecture and dietary FA 

modification on IR and glycemic control measures. Although the number of SNPs that have been 

identified, thus far, to be associated with IR is limited, the influence of genetic predisposition on 

modulating the response of IR measure to dietary FA modification has been previously reported 

(15-18). In this project, dietary FA composition modified IR measures in the carriers of either the 

FABP1 rs2241883-CC or IRS1 rs7578326-GG genotype compared to the carriers of the opposite 

genotypes within the corresponding gene. The carriers of the aforementioned genotypes had 
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lower HOMA-IR levels following the low-MUFA high-SFA treatment, which may suggest 

protective effects of these genotypes against the deleterious effect of elevated SFA consumption 

on IR. This finding supports the promising concept of personalized nutrition which may 

eventually contribute to developing an effective genotype-based dietary recommendation to 

reduce IR incidence and complications. 

 

7.2 Strengths, limitations and future directions 

The completed trial represented a significant success which can be attributed to the 

dedication and commitment of all study participants, investigators, clinical coordinators, and 

supporting staff. The strengths of the study were controlled full-feeding and the crossover design 

with relatively large sample size for such trial. The controlled full-feeding scenario is the “gold 

standard” for assessing the health benefits of dietary interventions. The full-feeding eliminated 

the effects of variable background diets on study outcomes and the crossover design minimized 

the effect of individual differences in response to treatments which significantly reduced the 

required sample size. 

Although this population size is larger than most similar dietary interventions and 

detected/replicated some gene-diet interactions, it is still considered small in the context of 

examining genetic factors and might not be sufficient to offer definite conclusions. In this 

context, unevenly distributed frequencies of genetic variants within the SNPs under study were 

often observed. Therefore, the findings of novel associations in this research would need 

replication in trials of larger sizes to overcome this shortcoming. Another point relates to the 
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limitations could be the subgroup analysis of gene expression on body fat mass. However, this 

was a secondary exploratory analysis which would direct future investigations. 

Further, considering that we took a candidate gene approach, only a limited number of 

systematically-chosen SNPs within certain genes associated with obesity and IR were studied in 

the present research. Even though many SNPs have been identified, to date, to contribute to the 

inter-individual variability in the response of body weight to dietary fatty acid modification, the 

explained variability of obesity by these loci remains low. Many other SNPs that are associated 

with obesity and IR are yet to be analyzed, in future investigations, for their interactions with 

fatty acid composition. Of note, however, failure to detect an association with various selected 

SNPs in this study does not exclude the possibility that other SNPs in the candidate genes are 

related to fat loss following MUFA consumption. Future studies can defeat this pitfall by using 

next-generation DNA sequencing to thoroughly analyze the entire genes of interest for 

associations which also would eliminate bias in the selection of genes and SNPs of interest (19-

21). 

Additionally, in context with the limitation above, we did not evaluate the effect of 

combinations of SNPs on obesity due to the difficulty to perform this evaluation on 21 SNPs 

manually. The analysis of the effect of separate SNP is a limitation of this, as well as most of the 

available, research which might contribute to the limited ability to explain inter-individual 

variability in body weight response. Yet, obesity is a complex trait, which is likely to involve 

numerous genes implicated in controlling adipogenesis, lipid turnover, appetite regulation, 

energy balance, as well as lipid metabolism, hence, the logical assumption would be that a 

significant part of its variability is explained by the additive effect of several SNPs which, taken 

separately, may have a negligible significant effect. Thus, to reach the ultimate aim of studying 



 

195 
 

gene-diet interactions, which is personalized dietary intervention, the future investigations must 

focus on evaluating the influence of combinations of SNPs. This also true for associating gene-

diet interaction on IR and other health conditions. The analysis of combinations of a large 

number of SNP, particularly if used along with genome-wide analysis, requires sophisticated 

technology for reliable evaluation such as machine learning technology  (22). 

One important limitation of this study is that we did not apply stringent control for 

multiple testing, which may lead to a potential overstatement of our findings (i.e. type I, false 

positive) error. Considering these limitations, future dietary intervention studies need to prevail 

over these limitations to enable a thorough understanding of genetic heterogeneity in obesity and 

IR responsiveness to dietary MUFA. Further, a priori selection and recruitment of a large sample 

size of carriers of genotypes known to be associated with hyper- and hypo-responsiveness to 

dietary MUFA can be adopted to validate the current findings and enhance our knowledge on the 

effect of MUFA consumption on obesity and its health consequences.  

 

7.3 Final conclusion 

The prevalence of obesity and IR is skyrocketing globally despite the astonishing efforts 

invested by healthcare researchers to control their occurrence (23, 24). Obesity is a leading cause 

of morbidity and mortality and is strongly and independently associated with IR which, in turn, 

further augments disease and obesity risk (25). Modulation dietary FA composition has been 

identified as a strong influencer of obesity and IR risk, with an increased support of the 

beneficial leverage of MUFA consumption on these health outcomes (7, 8, 26, 27). However, 

given the well-identified involvement of genetics in the development of obesity and IR, the 
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responsiveness of these health outcomes to dietary MUFA is profoundly determined by inter-

individual heterogeneity. Hyper- and hypo-responsiveness of body fat changes and IR measures 

to dietary MUFA have been previously reported in the literature (28-30). The work presented in 

this thesis supports the importance of diet-gene interactions in modulating health status.  

By using a reliable identification of body fat mass and distribution, this thesis highlights 

an important contribution of genetic predisposition in the response of total and regional fat mass 

to dietary FA modification, which might be hindered in previous research due to the use of 

surrogate measures of obesity. The observations encompassed in this thesis might explain the 

inconsistency in the available evidence regarding the effect size of dietary MUFA on obesity and 

IR, as well as might explain the general low success rate of obesity control regimens. The results 

of this project reinforce the need for personalized intervention which can improve health and 

wellness and promotes better compliance rate to dietary and lifestyle intervention. Furthermore, 

the association between some polymorphisms and particular regions of body fat in response to 

different levels of dietary MUFA that observed in this thesis might reflect inter-depot variation in 

response to dietary fatty acid modification. Such findings encourage the importance of accurate 

assessment of regional body fat mass and the discrimination between fat depots which will lead 

to an advanced understanding of the pathogenicity of obesity and to a superior weight control 

intervention. Lastly, obesity is a complex trait with three predominant contributors including 

diet, lifestyle and genetic. Therefore, ultimately, linking the nutrient intake and lifestyle with the 

genetic makeup would provide a sophisticated realization of the health impact of dietary factors, 

including fatty acid composition, and will lead to optimal health and disease prevention.  
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APPENDIX II 

Forms Corresponding to Studies Described in Chapters III, IV, V, VI 

Study Advertisements – Poster 
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Appendix II: Study Advertisements – Poster 
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Appendix II 

Study Information Session Presentation 
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Appendix II 

Subject Screening Consent Form  

 
RCFFN preliminary trial screening consent 

 
You have expressed an interest in participating in a study at the Richardson Center for 
Functional Foods and Nutraceuticals. You have been invited to have your health 
assessed to determine if you meet the requirements of the study. 
 
The clinical coordinator team will assess your cholesterol level, medical history, body 
measurements, and your availability over the next 2 years. Depending on your results 
you will be offered the opportunity to participate in a study. 
 
To allow the necessary information to be obtained, you agree to provide fasting blood 
samples (approximately 10 ml or 2 teaspoons) for the measurement of blood 
cholesterol, blood count, and iron levels. 
 
Prior to taking part in any study, you will be given the specific study consent form to 
read and sign if you are still interested in participating. 
 
The blood is taken from a vein in the forearm, as is usually done during a blood test. 
Some known risks, although rare, are associated with placing a needle into a vein. 
These include the possibility of infection, perforation or penetration of the needle 
through the vein, and bleeding, pain, or bruising at the site. 
 
I understand I can withdraw from this process at any time at my discretion. 
 

 

         ____    
Participant’s Signature  Participant’s Name (please print)  Date  
 
             
Investigator’s Signature  Investigator’s Name (please print)  Date  
(or Clinical Coordinator)         (position 
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Appendix II 

Medical Examination Form 

 

Medical Examination Form 

Phase 

Pre-study 

 

Study Physician 

Dr.  
 

Date of Visit 

 

____/____/____ 

 MM         DD           YR 

 

Investigator 

Dr. Peter Jones 

 

Subject Code 

 

 

COMPLETE PHYSICAL EXAMINATION 
A. Vital Signs 

 

Body Weight:_________ lbs  ___________ kg                   Height: _______________cm               

 

 

Respirations:___________ 

 

 

Blood Pressure (seated): _______/_______ mmHg                Heart Rate:________bpm 

                                           systolic   diastolic 

 

Race/Ethnic Origin: 

 Caucasian           African-American/Canadian           Asian         

Other:__________ 

 

B. Body Systems (Check the appropriate box if organ system was examined. If not done, write N/D in the 

box) 

 Normal Abnormal *Details of abnormal finding 

1) Ears, Nose, 

Throat 

   

2) Eyes    

3) Dermatological    

4) Musculoskeletal    

5) Lymph Nodes    

6) Neurological    

7) Cardiovascular    

8) Respiratory    

9) Endocrine    

10) Urogenital    
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11) Gastrointestinal                                       

(complete section 

C) 

   

C. Gastrointestinal Cont… 

 

Bowel Habits:    Frequency__________/Day                   Urination: 

Frequency_________/Day 

 

                            Consistency_____________                                     

Nocturia_________/Night 

Medications: 

 

 

Hospitalizations: 

 

 

Family History: 

 

 

 

 

D.  Medical History  

 YES NO 

Have you taken a glucose lowering medication or a medication 

affecting lipid metabolism (cholestyramine, colestipol, niacin, 

colfibrate, gemfibrozil, probucol, HMG-CoA reductase inhibitors, 

and high-dose dietary supplements, plant sterols or fish oil capsules) 

within the past 3 months? 

  

Do you take systemic aspirin, NSAIDS. antibodies, corticosteroids, 

androgens or phenytoin within the past 3 months? 

  

Are you on anticoagulant therapy?   

Do you smoke?   

Do you consume large amounts of alcohol? (more than 2 drinks per 

day or 12 drinks per week) 

Do you follow a specific diet? 

  

Do you have major food allergy?     

Do you have lactose intolerance?   

Have you had major surgery in the last 6 months?   

Do you have diabetes mellitus?   

Do you have kidney disease?   

Do you have liver disease?   

Do you have heart disease?   
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Do you have gastrointestinal, pancreatitis or biliary disease (onset 

within past three months)? 

  

Have you had cancer?  If yes, occurrence of therapy within past 1 

year? 

  

Do you have anemia, bleeding disorder or significant blood 

loss/donation?  

 

  

Do you have uncontrolled thyroid disease or hypertension? (Subject 

will be accepted if she is on a stable dose of a thyroid or blood 

pressure medication that has no known effects on blood lipid 

metabolism.) 

  

Do you have a history of eating disorders? 

 

  

E. Additional Physician Notes 

 

 

 

 

 

 

Based on the medical examination and medical history, is the subject eligible to 

participate in the study protocol (circle one): 

 

                                                                                                    YES                           NO 

 

 

Physician’s Signature:_____________________________________ 

 

Date:___________________________ 
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Appendix II 

Subject Informed Consent Form 
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Subject Informed Consent Form 
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Subject Informed Consent Form 
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Subject Informed Consent Form 
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Subject Informed Consent Form 
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Subject Informed Consent Form 
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Subject Informed Consent Form 
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Appendix II 

Genetic Consent Form 
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Genetic Consent Form 
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Genetic Consent Form 
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Appendix II 

Subject Information Sheet 

 

 

COMIT II Trial Instructions 
 

Controlled Feeding Helpful Hints 

We recognize that participating in a controlled feeding study is a significant commitment so we have put 

together some helpful hints to guide you along the way. But please, if you have any problems, concerns or 

questions please ask any of the staff – we will try to help you as best we can. 

 

Study Contact Info: please let us know as soon as possible if you are not coming at your “regular” time, 

are having any problems or need to fill out a “pack out request” (to have meals packed out for a trip or 

meeting). 

 

Allowed Beverages 

 

1) Caffeine-free diet or unsweetened beverages may be consumed in any amount desired.  These include: 

 Water 

Calorie-free mineral water 

Diet caffeine-free soda 

Crystal Light or sugar-free KoolAid (the Crystal Light cannot be the fortified kind) 

Decaf Coffee and Tea 

 

2) Caffeinated no-calorie diet soda beverages and caffeinated coffee and tea are limited to: 

2 servings per day   

Diet Soda - 1 serving is one 12 oz can 

Coffee and tea - 1 serving is 8 oz 

 

Beverages Not Allowed 

 

1) Alcoholic beverages are limited to 2/week for this study. (1 alcoholic drink is considered to be a 12 oz 

beer, 5 oz of wine, or 1.5 oz of hard liquor and if you drink hard liquor the mixer must be non-caloric, 

i.e., diet soda, water, etc.) 

 

2) Regular soda or beverages with calories are not allowed, this includes all regular sodas, fruit juices, 

vegetable juices, milk etc.   
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Subject Information Sheet 

 

 

Allowed Seasonings & Sweeteners 

1) You may use the following seasonings as desired: 

Lemon Pepper   Pepper    Salt-free seasonings        

 Mrs. Dash   Lemon Juice  Tabasco or hot pepper sauce  

  

2) The following condiments are allowed in limited amounts (you may have up to 5 units/day).  One unit 

is listed for each. 

Ketchup - 1 packet    

Mustard - 2 packets 

Horseradish - 1 tbsp 

 

3) Sweeteners: 

Any non-caloric sweetener, e.g., Sweet-n-Low, Equal  

 

Sweeteners Not Allowed 

 

The following sweeteners are not allowed: 

Any sweetener with calories , e.g., sugar of any kind (brown, raw, white etc), honey   

 

Allowed Medications 

During the study, you will be asked on a daily basis if you have been ill and if so, have you taken any 

medication.  If necessary, and on an occasional basis, it is OK to take over-the-counter and prescription 

medication as listed below.  For any medication not listed below, please ask.  

 

Headache/Pain Medications Tylenol – check before taking any other pain medication 

(such as Advil, Ibuprofen, etc) 

  

Sleep/Sedative Medications  OTC Preparations – check with study staff 

  

Cold/Allergy Medications  Check with study staff 

  

Laxatives    Senna - only for occasional use 

  

Antidiarrheal    Lomotil, Kaopectate - only for occasional use. 

  

Cough     Check with study staff 

 

Do not take Aspirin, or vitamin/herb supplements.  If you need to take an antibiotic, please check 

with the study staff before taking it. 

 

Gum  
Sugar-free chewing gum is allowed. 
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Subject Information Sheet 

 

 

Fasting Blood Draws  

Please be sure to fast for 12 hrs prior to each blood draw. You may only drink water during these fasting 

periods (we advise you to drink plenty of water 2 days prior to your visit as this will facilitate blood 

sampling). Also, please do not drink alcohol for 48 hrs prior to each blood draw, and caffeinated 

beverages 12 hrs prior to each blood draw. We will remind you when the blood draws are approaching 

so that you will remember about the fasting and alcohol restriction. 

 

Exercise 

Please do not alter your level of physical activity during the study. Ideally, we would like you to maintain 

a consistent level of activity, with very few changes to your normal routine. It also is important not to 

engage in very strenuous activity (i.e. aerobics class, jogging, etc) on the day before a blood draw.   

 

HINTS FOR THE STUDY: 

 

1) If you are a coffee or tea drinker, you may use some of the milk from your breakfast in your 

beverage.  You may NOT use additional milk. 

2) You may save some breakfast butter for use in that day's dinner.  There is the entrée, and usually a 

vegetable and dinner roll to divide it up between if you feel there is too much for breakfast.   

 

Thanks for your participation!!!!  Questions?? 

 

Please ask study staff:  

Phone: 204-480-1042 (available Monday-Friday 8:30-4:30) 

Email: canolatrial2@gmail.com 

 

 

  

mailto:canolatrial2@gmail.com
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Appendix II 

Study Weight Monitoring Form 

 

COMIT II Study Weight Monitoring 
Subject Code:  

Phase:  
 

Date Weight (Lbs) 

6-Nov-14   

7-Nov-14   

10-Nov-14   

11-Nov-14   

12-Nov-14   

13-Nov-14   

14-Nov-14   

17-Nov-14   

18-Nov-14   

19-Nov-14   

20-Dec-14   

………..   
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Appendix II 

Study Phase Schedule 
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Appendix II 

Shake Consumption Checklist 

 

Participant Shake Checklist 

Phase 1 

Participant Code: 
 

Date Shake taken?   Comments 

  
Participant 
Initial 

Coordinator 
Initial   

06-Feb-14       

07-Feb-14       
10-Feb-14       

11-Feb-14       

12-Feb-14       

13-Feb-14       

14-Feb-14       

17-Feb-14       

18-Feb-14       

19-Feb-14       

20-Feb-14       

21-Feb-14       

24-Feb-14       

25-Feb-14       

26-Feb-14       

27-Feb-14       

28-Feb-14       

03-Mar-14       

…………       
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Appendix II 

Data Collection and Monitoring Forms 
 

COMIT II DATA COLLECTION AND MONITORING FORMS 

Participant Code:_____________     Phase:   

Participant Code  __________________ 

Study Phase         _______________                        Treatment (i.e., A, B, C)  _____________        

Start Date              ____________                             End Date     _____________ 

SECTION 1: START AND END WEIGHT 

Instructions: Ask participants to remove heavy footwear and/or heavy articles of clothing (i.e., 

jackets, outerwear), before each weight measurement. 

 

Day 1:  Weight (lbs)  _____________         Staff Initials  __________ 
 

Day 2:  Weight (lbs)  _____________         Staff Initials  __________ 
 

Day 41: Weight (lbs) _____________         Staff Initials  __________ 
 

Day 42: Weight (lbs) _____________         Staff Initials  __________ 

 

SECTION 2: WAIST CIRCUMFERENCE 

Instructions: Waist circumference is measured at either the natural waist, i.e., smallest circumference 

of the abdomen, or midway between the lowest rib and iliac crest. The measuring tape should be snug 

around the body, but not pulled so tight that it is constricting. 

 

Day 1 or 2:               

a. First measurement (cm):                ___________          

b. Second measurement (cm):           ___________ 

c. Average (1st and 2nd) waist circumference measurement:     ___________       

   Staff Initials  ___________ 

Day 41 or 42:             

a. First measurement (cm):                ___________          

b. Second measurement (cm):           ___________ 

c. Average (1st and 2nd) waist circumference measurement:     ___________ 

   Staff Initials  ___________ 
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Data Collection and Monitoring Forms 

 

SECTION 3: SEATED BLOOD PRESSURE 

Has the participant consumed caffeine, used any medication or eaten any food in the last 12 hours, 

and/or exercised in the past 2 hours?  □ Yes* □ No 

*If yes, participant needs to be rescheduled for a blood pressure measurement. 
 

Instructions:  The participant should be instructed to relax as much as possible; ideally, at least 5 

minutes should elapse before the first reading is taken. Apply cuff to non-dominant arm.  After 

applying the cuff, the participant must be quiet and remain continuously seated without legs crossed 

for 5 minutes.  Instruct the participant not to talk during the reading.  Wait 3 minutes after each 

reading before taking the next reading. 

 

Day 1 or 2:      

 

 a. First blood pressure measurement (mmHg):                      __ __ __ / __ __ __  (SBP/DBP) 

 b. Second blood pressure measurement (mmHg):                 __ __ __ / __ __ __  (SBP/DBP) 

 c. Third blood pressure measurement (mmHg):                     __ __ __ / __ __ __  (SBP/DBP) 

 d. Average (2nd and 3rd) blood pressure measurement:       __ __ __ / __ __ __   (SBP/DBP) 

                                           

                                               Staff Initials  ___________ 

Day 41 or 42:                                            

  

 a. First blood pressure measurement (mmHg):                      __ __ __ / __ __ __  (SBP/DBP) 

 b. Second blood pressure measurement (mmHg):                 __ __ __ / __ __ __  (SBP/DBP) 

 c. Third blood pressure measurement (mmHg):                     __ __ __ / __ __ __  (SBP/DBP) 

 d. Average (2nd and 3rd) blood pressure measurement:        __ __ __ / __ __ __  (SBP/DBP) 

 
   Staff Initials  ___________ 
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Data Collection and Monitoring Forms 

 

SECTION 4: BLOOD COLLECTION 
 
 

 

Date (Month Day, Year) _______________________   Time (HH:MM) _____________ 
 
Fasted over last 12 hours?      Yes ___   /  No ___         
 
Caffeine in last 12 hours?    Yes ____  / No ___       If Yes, when _______________    
 
Alcohol in last 48 hours?          Yes ____ /  No ____ If Yes, when _______________    
 
Arm  Right ____  /  Left____ 
 
Collect:   2 X 7.5 ml serum (red/grey SST tube)     _____   (day 1, 2, 41, 42) 

2 X 4 ml plasma heparin (green top)        _____   (day 1, 2, 41, 42) 
2 X 4 ml plasma EDTA (purple top)          _____   (day 1, 2, 41, 42) 
   

Have all blood samples been obtained?    Yes ___  / No** ____ 
 
** If No, please state reasons why: ______________________________      

              

              

              

 

Ease of Blood Draw:   Excellent ____   Good ____  Difficult _____  Very Difficult _____     
 
Comments (Anything which could impact blood draw results? i.e., Are you feeling stressed? How 

did you sleep last night? Has anything out of the ordinary happened over the past 48 

hours?):___________________________________________________________________________________________  

             

             

             

   
Name of Phlebotomist:     

  

DAY   1      
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Data Collection and Monitoring Forms 

 

SECTION 4: BLOOD COLLECTION (continued) 
 
 

 

Date (Month Day, Year) _______________________ Time (HH:MM) _____________ 
 
Fasted over last 12 hours?      Yes ___   /  No ___       
 
Caffeine in last 12 hours?    Yes ____  / No ___       If Yes, when _______________    
 
Alcohol in last 48 hours?          Yes ____ /  No ____ If Yes, when _______________    
 
Arm  Right ____  /  Left____ 
 
Collect:   2 X 7.5 ml serum (red/grey SST tube)     _____   (day 1, 2, 41, 42) 

2 X 4 ml plasma heparin (green top)        _____   (day 1, 2, 41, 42) 
2 X 4 ml plasma EDTA (purple top)          _____   (day 1, 2, 41, 42) 
  

Have all blood samples been obtained?    Yes ___  / No** ____ 
 
** If No, please state reasons why: ______________________________      

              

              

              

 

Ease of Blood Draw:   Excellent ____   Good ____  Difficult _____  Very Difficult _____     
 
Comments (Anything which could impact blood draw results? i.e., Are you feeling stressed? How 

did you sleep last night? Has anything out of the ordinary happened over the past 48 

hours?):___________________________________________________________________________________________  

             

             

             

   
Name of Phlebotomist:     

  

DAY   2      
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Data Collection and Monitoring Forms 

 
SECTION 4: BLOOD COLLECTION (continued) 
 
 

 

Date (Month Day, Year) _______________________       Time (HH:MM) _____________ 
 
Fasted over last 12 hours?        Yes ___   /  No ___          
 
Caffeine in last 12 hours?      Yes ____  / No ___         If Yes, when _______________    
 
Alcohol in last 48 hours?            Yes ____ /  No ____      If Yes, when _______________   
 
Deuterium water provided?*  Yes ____ / No ____  *Only required on day 41 of each phase 
 
Arm  Right ____  /  Left____ 
 
Collect:   2 X 7.5 ml serum (red/grey SST tube)     _____   (day 1, 2, 41, 42) 

2 X 4 ml plasma heparin (green top)        _____   (day 1, 2, 41, 42) 
2 X 4 ml plasma EDTA (purple top)          _____   (day 1, 2, 41, 42) 
   

Have all blood samples been obtained?    Yes ___  / No** ____ 
 
** If No, please state reasons why: ______________________________      

              

              

              

 

Ease of Blood Draw:   Excellent ____   Good ____  Difficult _____  Very Difficult _____     
 
Comments (Anything which could impact blood draw results? i.e., Are you feeling stressed? How 

did you sleep last night? Has anything out of the ordinary happened over the past 48 

hours?):___________________________________________________________________________________________  

             

             

             

   
Name of Phlebotomist:     
  

DAY   41      
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Data Collection and Monitoring Forms 

 
SECTION 4: BLOOD COLLECTION (continued) 
 
 

 

Date (Month Day, Year) _______________________   Time (HH:MM) _____________ 
 
Fasted over last 12 hours?      Yes ___   /  No ___       
 
Caffeine in last 12 hours?    Yes ____  / No ___       If Yes, when _______________    
 
Alcohol in last 48 hours?           Yes ____ /  No ____ If Yes, when _______________    
 
Arm  Right ____  /  Left____ 
 
Collect:   2 X 7.5 ml serum (red/grey SST tube)           _____   (day 1, 2, 41, 42) 

2 X 4 ml plasma heparin (green top)              _____   (day 1, 2, 41, 42) 
2 X 4 ml plasma EDTA (purple top)                _____   (day 1, 2, 41, 42) 
1 X 2.5 ml whole blood (PAXgene tube)   _____  (day 42) 
    

Have all blood samples been obtained?    Yes ___  / No** ____ 
 
** If No, please state reasons why: 

☐ No PAXgene tube collected since genetic analysis consent not given 

☐ Other (please describe): ______________________________      

             

             

              

 

Ease of Blood Draw:   Excellent ____   Good ____  Difficult _____  Very Difficult _____   
 
Comments (Anything which could impact blood draw results? i.e., Are you feeling stressed? How 

did you sleep last night? Has anything out of the ordinary happened over the past 48 hours?) 

:_______________________________________________________________________________________    

             

             

           

  
Name of Phlebotomist:      

DAY   42      
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Data Collection and Monitoring Forms 

 
SECTION 5: DXA 
 
 

 

 

 

Date (Month Day, Year) ___________________  Time of scan (HH:MM): _______________ 

Since screening has the volunteer had any radiation exposure  
(e.g. x-rays, radiotherapy, CT scan)?                Yes ___  / No ___ 
 
Date & details: _______________________________________________________________    

             

              

 
FEMALES OF CHILDBEARING AGE ONLY:   
Possibility of being pregnant     Yes ___ / No ___ 

Has a pregnancy test been offered?   Yes ___ / No ___ 

Has a test been taken? Yes ___ / No*** ___               Test Results (circle):   Negative / Positive 

  

Result Confirmation: 

Participant signature:_____________________ Study staff signature:___________________ 

***If no pregnancy test taken please explain why: 

_______________________________________________________________________________________________________________

_________________________________              

  

 Check:         

Jewelry removed (including glasses):  Yes ___  / No ___ 

Spine straight:     Yes ___  / No ___  

Comments:____________________________________________________________________________________________________

________________________________________________________       

            

 
Staff Initials:________________ 
 

To be completed by study staff: 

BASELINE DXA, DAY:   1     2     3     (please circle one) 
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Data Collection and Monitoring Forms 

 
SECTION 5: DXA (continued) 
 
 

 

 

 

Date (Month Day, Year): ___________________  Time of scan (HH:MM): _______________ 

Since screening has the volunteer had any radiation exposure  
(e.g. x-rays, radiotherapy, CT scan)?                Yes ___  / No ___ 
 
Date & details: _______________________________________________________________    

             

              

 
FEMALES OF CHILDBEARING AGE ONLY:   
Possibility of being pregnant    Yes ___ / No ___ 

Has a pregnancy test been offered?   Yes ___ / No ___ 

Has a test been taken? Yes ___ / No*** ___               Test Results (circle):   Negative / Positive 

  

Result Confirmation: 

Participant signature:_____________________ Study staff signature:___________________ 

***If no pregnancy test taken please explain why: 

_______________________________________________________________________________________________________________

_________________________________              

  

 Check:         

Jewelry removed (including glasses):  Yes ___  / No ___ 

Spine straight:     Yes ___  / No ___  

Comments:____________________________________________________________________________________________________

________________________________________________________       

            

 
Staff Initials:________________ 
  

To be completed by study staff: 

ENDPOINT DXA, DAY:   40    41    42   (please circle one) 
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Data Collection and Monitoring Forms 

 
SECTION 6: ACTIVITY MONITORS 
 

☐ Consent given to participate in activity monitoring 
 

☐ No consent given to participate in activity monitoring 
 
Contact Dylan Mackay (Dylan.Mackay@umanitoba.ca) for assistance in set-up and 
programming of the activity monitors. 
 
Instructions 

 The ActigGraph GT3X+ activity monitors need to be charged using the USB cables until the 
green LED light has stopped blinking. 

 The monitors then need to be programed using the ActiLife 6 software. Each monitor will be 
programed for a 7 day period of measurement, starting at 12:00 am on day 29 of each dietary 
period and running until 12:00am on day 36. With a 30 hz epoch sample rate and triaxial (3 
axis enabled) monitoring. 

 The monitors will be programmed with the participant code, height, weight, gender, race and 
date of birth. The serial number of the monitor used for each participant will be recorded in an 
Excel sheet so that the same monitor can be used by each participant throughout the study. 

 The monitors will be given to the participants on day 28 of each study period and collected 
from the participants on or after day 36. 

 The “Instructions for Activity Monitors” sheet should be given and explained to participants 
each time they are starting to wear the activity monitors.   

 After collection the monitor data will be offloaded and saved in the ActiLife data vault, the 
data files will be named by participant code and the date of day 36 of the dietary period for 
which the activity data was collected. ie. C212 (2014-02-07).gtx (year-month-day).  

 
 

  

mailto:Dylan.Mackay@umanitoba.ca
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Data Collection and Monitoring Forms 

 
SECTION 7: WEEKLY MONITORING FORMS 

 

 
 

1. In the past week has your exercise level changed?                          ☐ Yes      ☐No 

If Yes, was it:     ☐ More Active     ☐ Less Active    ☐ No Exercise  

  *Please remember to keep your exercise level constant throughout the study. 

 

2. Have you taken any prescription or non-prescription drugs in the past week?                         ☐ Yes      ☐No 

If Yes, specify: 

                Name                      Dosage     Frequency                           Reason                                         Start Date  End Date 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

 

3. Have you taken any vitamins, minerals or other supplements in the past week?                       ☐ Yes      ☐No 
  

If Yes, specify: 

                Name                      Dosage     Frequency                           Reason                                         Start Date  End Date 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

 

4. Have you had any changes in a medical condition, new illness or injury in the past week?    ☐ Yes      ☐No 

If Yes, describe: __________________________________________________________________________________________________________ 

                                        

5. If you were ill in the past week, did your eating change as a result?                           ☐ Yes      ☐No 

If Yes, describe: __________________________________________________________________________________________________________ 

 

6. Have you eaten any foods outside of the study diet?                           ☐ Yes      ☐No 

If Yes, describe: __________________________________________________________________________________________________________ 

 

7. Any specific comments regarding study food:______________________________________________________________________ 

_____________________________________________________________________________________________________________________________ 

_____________________________________________________________________________________________________________________________ 

_____________________________________________________________________________________________________________________________ 

WEEK 1 
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Data Collection and Monitoring Forms 

 
SECTION 7: WEEKLY MONITORING FORMS (continued) 
 

 

 

1. In the past week has your exercise level changed?                          ☐ Yes      ☐No 

If Yes, was it:     ☐ More Active     ☐ Less Active    ☐ No Exercise  

  *Please remember to keep your exercise level constant throughout the study. 

 

2. Have you taken any prescription or non-prescription drugs in the past week?                         ☐ Yes      ☐No 

If Yes, specify: 

                Name                      Dosage     Frequency                           Reason                                         Start Date  End Date 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

 

3. Have you taken any vitamins, minerals or other supplements in the past week?                       ☐ Yes      ☐No 
  

If Yes, specify: 

                Name                      Dosage     Frequency                           Reason                                         Start Date  End Date 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

 

4. Have you had any changes in a medical condition, new illness or injury in the past week?    ☐ Yes      ☐No 

If Yes, describe: __________________________________________________________________________________________________________ 

                                        

5. If you were ill in the past week, did your eating change as a result?                           ☐ Yes      ☐No 

If Yes, describe: __________________________________________________________________________________________________________ 

 

6. Have you eaten any foods outside of the study diet?                           ☐ Yes      ☐No 

If Yes, describe: __________________________________________________________________________________________________________ 

 

7. Any specific comments regarding study food:______________________________________________________________________ 

_____________________________________________________________________________________________________________________________ 

_____________________________________________________________________________________________________________________________ 

_____________________________________________________________________________________________________________________________ 

WEEK 2 
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Data Collection and Monitoring Forms 

 
SECTION 7: WEEKLY MONITORING FORMS (continued) 
 

 

 

1. In the past week has your exercise level changed?                          ☐ Yes      ☐No 

If Yes, was it:     ☐ More Active     ☐ Less Active    ☐ No Exercise  

  *Please remember to keep your exercise level constant throughout the study. 

 

2. Have you taken any prescription or non-prescription drugs in the past week?                         ☐ Yes      ☐No 

If Yes, specify: 

                Name                      Dosage     Frequency                           Reason                                         Start Date  End Date 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

 

3. Have you taken any vitamins, minerals or other supplements in the past week?                       ☐ Yes      ☐No 
  

If Yes, specify: 

                Name                      Dosage     Frequency                           Reason                                         Start Date  End Date 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

 

4. Have you had any changes in a medical condition, new illness or injury in the past week?    ☐ Yes      ☐No 

If Yes, describe: __________________________________________________________________________________________________________ 

                                        

5. If you were ill in the past week, did your eating change as a result?                           ☐ Yes      ☐No 

If Yes, describe: __________________________________________________________________________________________________________ 

 

6. Have you eaten any foods outside of the study diet?                           ☐ Yes      ☐No 

If Yes, describe: __________________________________________________________________________________________________________ 

 

7. Any specific comments regarding study food:______________________________________________________________________ 

_____________________________________________________________________________________________________________________________ 

_____________________________________________________________________________________________________________________________ 

_____________________________________________________________________________________________________________________________ 

WEEK 3 
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Data Collection and Monitoring Forms 

 
SECTION 7: WEEKLY MONITORING FORMS (continued) 
 

 

 

1. In the past week has your exercise level changed?                          ☐ Yes      ☐No 

If Yes, was it:     ☐ More Active     ☐ Less Active    ☐ No Exercise  

  *Please remember to keep your exercise level constant throughout the study. 

 

2. Have you taken any prescription or non-prescription drugs in the past week?                         ☐ Yes      ☐No 

If Yes, specify: 

                Name                      Dosage     Frequency                           Reason                                         Start Date  End Date 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

 

3. Have you taken any vitamins, minerals or other supplements in the past week?                       ☐ Yes      ☐No 
  

If Yes, specify: 

                Name                      Dosage     Frequency                           Reason                                         Start Date  End Date 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

 

4. Have you had any changes in a medical condition, new illness or injury in the past week?    ☐ Yes      ☐No 

If Yes, describe: __________________________________________________________________________________________________________ 

                                        

5. If you were ill in the past week, did your eating change as a result?                           ☐ Yes      ☐No 

If Yes, describe: __________________________________________________________________________________________________________ 

 

6. Have you eaten any foods outside of the study diet?                           ☐ Yes      ☐No 

If Yes, describe: __________________________________________________________________________________________________________ 

 

7. Any specific comments regarding study food:______________________________________________________________________ 

_____________________________________________________________________________________________________________________________ 

_____________________________________________________________________________________________________________________________ 

_____________________________________________________________________________________________________________________________ 

WEEK 4 

 



 

240 
 

Data Collection and Monitoring Forms 

 
SECTION 7: WEEKLY MONITORING FORMS (continued) 
 

 

 

1. In the past week has your exercise level changed?                          ☐ Yes      ☐No 

If Yes, was it:     ☐ More Active     ☐ Less Active    ☐ No Exercise  

  *Please remember to keep your exercise level constant throughout the study. 

 

2. Have you taken any prescription or non-prescription drugs in the past week?                         ☐ Yes      ☐No 

If Yes, specify: 

                Name                      Dosage     Frequency                           Reason                                         Start Date  End Date 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

 

3. Have you taken any vitamins, minerals or other supplements in the past week?                       ☐ Yes      ☐No 
  

If Yes, specify: 

                Name                      Dosage     Frequency                           Reason                                         Start Date  End Date 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

 

4. Have you had any changes in a medical condition, new illness or injury in the past week?    ☐ Yes      ☐No 

If Yes, describe: __________________________________________________________________________________________________________ 

                                        

5. If you were ill in the past week, did your eating change as a result?                           ☐ Yes      ☐No 

If Yes, describe: __________________________________________________________________________________________________________ 

 

6. Have you eaten any foods outside of the study diet?                           ☐ Yes      ☐No 

If Yes, describe: __________________________________________________________________________________________________________ 

 

7. Any specific comments regarding study food:______________________________________________________________________ 

_____________________________________________________________________________________________________________________________ 

_____________________________________________________________________________________________________________________________ 

_____________________________________________________________________________________________________________________________ 

WEEK 5 
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Data Collection and Monitoring Forms 

 
SECTION 7: WEEKLY MONITORING FORMS (continued) 
 

 

 

1. In the past week has your exercise level changed?                          ☐ Yes      ☐No 

If Yes, was it:     ☐ More Active     ☐ Less Active    ☐ No Exercise  

  *Please remember to keep your exercise level constant throughout the study. 

 

2. Have you taken any prescription or non-prescription drugs in the past week?                         ☐ Yes      ☐No 

If Yes, specify: 

                Name                      Dosage     Frequency                           Reason                                         Start Date  End Date 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

 

3. Have you taken any vitamins, minerals or other supplements in the past week?                       ☐ Yes      ☐No 
  

If Yes, specify: 

                Name                      Dosage     Frequency                           Reason                                         Start Date  End Date 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

___________________________  ___________   ____________   ______________________________________________  ___________  ___________ 

 

4. Have you had any changes in a medical condition, new illness or injury in the past week?    ☐ Yes      ☐No 

If Yes, describe: __________________________________________________________________________________________________________ 

                                        

5. If you were ill in the past week, did your eating change as a result?                           ☐ Yes      ☐No 

If Yes, describe: __________________________________________________________________________________________________________ 

 

6. Have you eaten any foods outside of the study diet?                           ☐ Yes      ☐No 

If Yes, describe: __________________________________________________________________________________________________________ 

 

7. Any specific comments regarding study food:______________________________________________________________________ 

_____________________________________________________________________________________________________________________________ 

_____________________________________________________________________________________________________________________________ 

_____________________________________________________________________________________________________________________________ 

WEEK 6 
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Data Collection and Monitoring Forms 

 

ADVERSE EVENT REPORTS  

Description Start  
Date 

Intensity* Outcome Date  
Ended 

Diet 
 Related? 

 

 

 

     

 

 

 

     

 

 

 

     

 

 

 

     

 

 

 

     

 

 

 

     

*Mild: An event that is easily tolerated by the volunteer, causing minimal discomfort and not interfering with everyday 
activities       
Moderate: An event that is sufficiently discomforting to interfere with normal everyday activities                                                    
Severe: An event which is incapacitating and prevents normal everyday activities 
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Data Collection and Monitoring Forms 

 
STUDY COMMENTS & PROTOCOL DEVIATIONS 

 

Date  

(Month Day, Year) 

 

Comments 

Study Personnel 
Initials 
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Appendix II:  

Participant Status Summary 

 
STATUS SUMMARY 

 
 

    Participant completed the study 
 

    Participant withdrew from the study                    Date of withdrawal: _______________ 
 
 
 
REASON FOR WITHDRAWAL.  Tick appropriate box(es): 
 

    Informed consent withdrawn by the participant 

    Failure to comply with study requirements 

    Investigator decision to withdraw participant 
 
 
Provide rationale for withdrawal (if applicable): 
 
_____________________________________________________________________  
 
_____________________________________________________________________ 
 
_____________________________________________________________________ 
 
_____________________________________________________________________ 
 
 

    Participant’s final results sent 
 

    Statement supplier form completed 
 
 
Investigator Initials __________ 
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Appendix II  

Instructions for blood sample processing used for samples handling corresponding to Chapters III, IV, V, 

VI 

 

COMIT II blood sample processing and collection instructions 

Sample Blood 

collection 

tube 

Tube 

volume 

Processing instructions Aliquoting instructions Study 

days 

Serum Red/grey 

SST tube 

2 x 7.5 mL 1. Invert 5 times 

2. Room temp for 30 min 

3. Spin for 10 min @ 1000 x g 

1. Aliquot serum into 

cryovials1 with brown2 caps 

(0.5mL/tube) 

2. Store at -80ºC 

1,2,41,42 

Plasma 

heparin  

Green top 

(lithium 

heparin) 

2 x 4 mL 1. Invert 8 times 

2. Spin immediately for 10 min 

@1300 x g 

1. Aliquot plasma into 

cryovials with green3 caps 

(0.5mL/tube) 

2. Aliquot WBC (buffy coat) 

into 1 (one) Cryo.s™(RNase 

and DNase free vials)4  

3. Aliquot RBC into cryovials 

with red5 caps (0.5mL/tube) 

4. Store all fractions at -80ºC 

1,2,41,42 

Plasma 

EDTA 

Purple top 

(K2 

EDTA) 

2 x 4 mL 1. Invert 8 times 

2. Spin immediately for 10 min 

@ 1300 x g 

1. Aliquot plasma in cryovials 

with purple6 caps 

(0.5ml/tube) 

2. Aliquot WBC (buffy coat) in 

1 (one) Cryo.s™( RNase and 

DNase free vials)4  

3. Aliquot RBC into cryovials 

with red5 caps  (0.5mL/tube) 

4. Store all fractions at -80ºC 

1,2,41,42 

Whole 

blood  

PAXgene 

tube7 

1 x 2.5 mL 1. Invert 8 times 

2. Store tube upright at room 

temp for 2 hours 

 

1. Store at -20 ºC for 24hr, then 

transfer to -80ºC 

42 

1 Cryovials: Microtubes, 0.5ml with skirted base, without screw cap, bag of 500, Sarstedt #72.730.007 
2 Brown cap: Screw cap for microtubes, color coded, brown, bag of 500, Sarstedt #65.716.009                                           
3 Green cap: Screw cap for microtubes, color coded, green, bag of 500, Sarstedt #65.716.005 
4 RNase and DNase free vials: Cryo.s™ Cryogenic Storage Vials, Polypropylene, Sterile, Greiner Bio-One, 2ml, case 

of 500, VWR #82050-206.   
5 Red cap: Screw cap for microtubes, color coded, red, bag of 500, Sarstedt #65.716.003 
6 Violet cap: Screw cap for microtubes, color coded, violet, bag of 500, Sarstedt #65.716.008 
7 PAXgene Blood RNA tube, 2.5 mL, Qiagen Product #762165 
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Appendix III 

Information relation to treatments and diet provided in Chapters III, IV, V, VI 
 

Appendix III: Data sheet of high-oleic canola oil  
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Appendix III: Data sheet of high-oleic canola oil 
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Appendix III: Data sheet of regular canola oil  
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Appendix III: Data sheet of regular canola oil 
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Appendix III: Data sheet of regular canola oil 
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Appendix III  

Preparation instructions of the low-MUFA high-SFA oil blend (control) treatment  

 
 
 

COMIT II: Composition of control oil 

 
 

Amount for 60g shake (3000kcal) 

 Oil Grams (g) 

Safflower oil obtained from eSutras 20.94 

Butter oil/Ghee, Verka brand obtained from Real Canadian Superstore  21.6 

Coconut oil obtained from eSutras 9.6 

Flaxseed oil from Shape Foods 7.86 

Total 60 

 
 

1. Add specific 0.87696 kilograms (kg) of safflower oil into 20L pail 

2. Add specified 0.42185 kg of flaxseed oil into same pail 

3. Add specified 1.48176 kg of Ghee into same pail 

4. Add specified 0.24343 kg of coconut oil into same pail 

5. Blend using industrial immersion blender in pail 

6. Cap and label as control treatment and date of mixing 
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Appendix III 

Fatty acid composition of the low-MUFA high-SFA oil blend (control) treatment  

 

 

 

 

Fatty acid Amount in shake % 

Saturated fatty acids 40.2 

Long-chain fatty acids 22.1 

Medium-chain fatty acids (C10:0-C15:0) 18.1 

Monounsaturated fatty acids 22.0 

Polyunsaturated fatty acids less alpha-linolenic acid 29.6 

Alpha-linolenic acid 8.2 
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Appendix III 

Diet sheet/sample menu provided for participants as the background diet 

 

Based on 3000 kcal: 35% fat, 50% carbohydrate, and 15% protein of total energy 

PARTICIPANT   

BREAKFAST gm 

English muffin, whole grain 90 

Egg substitute 75 

Canadian bacon 38 

American cheese 28 

Shake 330 

    

LUNCH   

Chicken salad:   

Chicken, cooked, diced 75 

Scallions, chopped 6 

Grapes, halved 45 

Light Mayo 16 

Non fat sour cream  16 

Lemon juice 6 

Lettuce, shredded 35 

Tomatoes 35 

Pita bread, whole wheat  105 

Melon balls, frozen 285 

Crackers, whole wheat, low fat  42 

    

DINNER   

Jambalaya 220 

Chicken breast, cooked 120 

Turkey sausage 40 

Lettuce, romaine 85 

Tomatoes 62 

Carrots, grated 55 

Reduced fat Italian dressing 30 

Dinner roll  55 

Margarine 8 

Applesauce (1 container=112g) 112 

    

SNACK   

Banana muffin (1 muffin = 43 g) 86 

Shake 330 

 


