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ABSTRACT 

 

 

SATURATED AND MONOUNSATURATED FATTY ACIDS DIFFERENTIALLY 

REGULATE ADIPOKINE GENE EXPRESSION AND ARE ASSOCIATED WITH 

SYSTEMIC C-REACTIVE PROTEIN LEVELS. 

 

 

Carolina Stryjecki      Advisor:  

University of Guelph, 2011                                                   Dr David M Mutch 

 

This thesis investigates the contributions of fatty acids (FA) to adipokine dysregulation 

and inflammation. Differentiated 3T3-L1 adipocytes were treated with palmitic, stearic, 

palmitoleic, and oleic acids and changes in adipokine gene expression were measured. Here it 

was determined that saturated FA (SFA) increased the expression of RANTES and 

monounsaturated FA (MUFA) decreased the expression of RANTES and IL-6; demonstrating 

that FA differentially regulate adipokine expression. Relationships between plasma levels of 

SFA, MUFA and C-reactive protein (CRP) were also identified in a human observational study, 

further demonstrating the link between FA and inflammation Moreover, an association was also 

found between stearoyl-CoA desaturase 1 (SCD1) activity and CRP, demonstrating that SCD1 

activity contributes to the inflammatory state. Genetic variation in SCD1 was also found to alter 

plasma FA and CRP levels, thus contributing to systemic inflammation. Taken together, these 

results demonstrate that SFA and MUFA influence adipokine dysregulation and systemic 

inflammation. 
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Obesity is a growing health concern worldwide. In 2008, the World Health Organization 

estimated that approximately 1.5 billion adults aged 20 years and older were overweight and of 

these, over 200 million men and 300 million women were considered obese (1). Childhood 

obesity is also on the rise at an alarming rate; it has tripled in the last 25 years and it is estimated 

that 17% of all children and adolescents in the United States are obese (2). Obesity is associated 

with many comorbidities, with the risk of developing them increasing with body weight. For 

example, the risk for developing type 2 diabetes increases by 25% for each additional unit of 

body mass index (BMI, kg/m
2
) >22, while women with a BMI >27 had a 75% increased risk for 

a stroke. Furthermore, about 2.8 million adults die each year due to complications stemming 

from being overweight or obese. The economic burden of obesity is also huge; in 2008, the 

Canadian healthcare system spent $4.6 billion dollars to provide treatment to obese adults. 

However this sum is believed to be an underestimate of the economic burden of obesity, as it 

only takes into account adult obesity (3). 

In attempts to reduce the incidence of obesity, several preventative and management 

programs have been put in place. Preventative measures involve educating the public about 

healthy dietary choices, such as increasing daily fruit and vegetable consumption, and 

encouraging at least an hour of physical activity a day for children and youth (4). Numerous 

weight management options are also available ranging from diet and exercise programs to more 

drastic options such as bariatric surgery. However, it has become evident that maintaining a 

healthy weight is not always as simple as dieting and exercising. Also, a particular weight loss 

solution may be effective for one person but ineffective for another. This is not surprising when 

considering that obesity is a complex, multifactorial condition that stems from numerous 

environmental and lifestyle interactions which contribute to the heterogeneity of the disease. 
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Furthermore, numerous diet-gene interactions have also been identified, adding to the 

complexity of this disease and its prevention and treatment.  

Simply stated, obesity is the result of an energy imbalance between increased energy 

intake and decreased energy expenditure. This results in a positive energy balance and the body 

converts the excess energy into fat. Fat is stored in white adipose tissue (WAT), a specialized 

connective tissue that can be roughly divided into two fractions: the adipocyte fraction (AF) and 

the stroma vascular fraction (SVF). The AF is composed of mature adipocytes cells that are 

primarily involved in lipid storage; thereby having a major role in the regulation of whole-body 

energy homeostasis (5). In contrast to the cellular homogeneity of the AF, the SVF is composed 

of numerous cell types, including preadipocytes, undifferentiated mesenchymal stem cells, 

macrophages, and endothelial cells (6). The SVF serves as a reservoir for stem cells that can 

differentiate into osteoblasts, chondrocytes, myocytes, and adipocytes (7). The various cell-types 

in the SVF, primarily macrophages, also play an important role in regulating inflammation. In 

lean individuals, macrophages have been characterized as M2 or “alternatively activated” 

macrophages, which display an anti-inflammatory phenotype (8). It is believed that these 

macrophages are present in WAT to scavenge debris from apoptotic cells (8). In contrast, M1 or 

“classically activated” macrophages are present in WAT of obese individuals and are responsible 

for tissue destruction and inducing the expression of pro-inflammatory genes, thereby 

accelerating inflammation (8, 9).   

In the past, adipose tissue was thought to be a passive tissue involved only in the storage 

of fat. However it is now known that it is a dynamic, highly innervated organ with a highly 

organized vasculature that allows it to communicate with the rest of the body for the purpose of 

energy regulation (10, 11). It is also regarded as an endocrine organ due to its ability to release 
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adipokines, i.e. proteins produced and secreted from adipose tissue (12). To date, over 100 

adipokines have been identified with a wide range of biological functions including immunity, 

insulin sensitivity, inflammation, lipid metabolism, and appetite (13).  

In the early stages of weight gain and obesity, adipocytes in WAT undergo hypertrophy 

and increase in size in order to store surplus energy. Adipocyte hypertrophy is associated with 

altered adipokine expression and secretion, which can contribute to the progression of obesity 

and obesity-related phenotypes (14). For example, large adipocytes have been found to produce 

more leptin, relative to smaller adipocytes (14). Leptin is an adipokine involved in maintaining 

energy homeostasis by favouring energy expenditure rather than energy storage, as well as 

regulating appetite (15). High levels of leptin may seem like a beneficial result of hypertrophy, 

where feeding would decrease and energy expenditure would increase, resulting in weight loss. 

However in reality, the opposite effect is seen, where obese individuals have feelings of constant 

hunger and have difficulty losing weight (16).  It is believed that obese individuals develop 

hypothalamic leptin resistance, which prevents leptin from initiating signalling cascades in the 

brain to inhibit feeding and decrease energy expenditure (15). This results in a vicious cycle of 

hunger and lack of energy expenditure, propagating obesity. 

When an individual becomes severely obese, hyperplasia occurs, where preadipocytes are 

stimulated to differentiate into adipocytes (17). At this point, a state of chronic low grade 

inflammation, which is characteristic of obesity, exists. Although our understanding regarding 

the underlying mechanisms for this inflammatory state remain incomplete, it is believed that 

adipocyte hypertrophy, hyperplasia, hypoxia, and immune cell infiltration may all play a role (9). 
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In obesity, due to increases in adipocyte size and number, adipose tissue mass has 

undoubtedly also increased and may be compressing neighbouring tissues. At this point, 

maintaining an adequate oxygen supply to all cells in adipose tissue is compromised. If blood 

flow to cells is reduced, hypoxia, or lack of an adequate oxygen supply, can arise. In order to 

restore proper blood flow, an inflammatory response is initiated, characterized by increased 

expression of pro-inflammatory adipokines and chemoattractant proteins such as monocyte-

chemoattractant protein-1 (MCP-1) (17). The precise mechanisms by which the inflammatory 

response results in the restoration of blood flow remains to be determined (18). However, several 

pro-inflammatory cytokines such as tumour necrosis factor-α  (TNF-α) and interleukin 6 (IL-6) 

have been found to promote angiogenesis, the growth of blood vessels, and macrophages have 

been found to produce numerous pro-angiogenic factors (18). 

MCP-1 is responsible for recruiting macrophages to sites characterized by inflammation, 

such as adipose tissue. Once macrophages have infiltrated adipose tissue, they undergo a 

phenotypic switch from M2 polarization to M1 polarization, which is characterized by a pro-

inflammatory phenotype (9). M1 macrophages themselves have been found to increase the 

expression of pro-inflammatory cytokines such as IL-6 and TNF-α (9). TNF-α then binds to its 

receptors found on hypertrophied adipocytes, allowing it to signal through the nuclear factor-κβ 

(NF-κβ) pathway in adipocytes to further increase the expression of TNF-α (9). TNF-α has also 

been found to stimulate lipolysis in adipocytes, resulting in the release of saturated fatty acids 

(SFA), which are natural ligands for Toll like receptor 4 (TLR4) (9). TLR4 is found on both 

adipocytes and macrophages and when SFA bind, they signal through the NF-κβ pathway, 

further increasing the expression of TNF-α (9). This results in the dysregulation of TNF-α 

production as well as a viscous cycle of chronic low grade inflammation in the WAT. 
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The dysregulation of adipokines is an important aspect of obesity as it has been 

associated with various comorbidities associated with obesity. For example, increased levels of 

the pro-inflammatory adipokines TNF-α and IL-6 have been associated with insulin resistance 

(17). In contrast, the circulating levels of adiponectin, an anti-inflammatory adipokine, are 

reduced in obesity and have been associated with increased risk for developing atherosclerosis 

and hypertension (17). As such, understanding how and why adipokines are dysregulated in 

obesity is paramount to breaking the cycle of chronic low grade inflammation.  

In an attempt to understand how adipokines are dysregulated, researchers have turned 

their attention to dietary compounds, specifically fatty acids (FA). More specifically, saturated 

FA (SFA) were found to activate inflammatory pathways. Since then it has also been determined 

that palmitic acid (16:0) can increase both the expression and secretion of TNF-α in a dose 

dependent manner in adipocytes (19). Furthermore, SFA have been found to decrease the 

expression of anti-inflammatory adipokines such as interleukin-10 (IL-10) and adiponectin in 

adipocytes (19, 20). Taken together, these results demonstrate the pro-inflammatory roles of 

SFA. 

Polyunsaturated fatty acids (PUFA) have also been found to regulate inflammatory 

pathways. For example, eicosanoids produced from arachidonic acid (AA, 20:4 n-6) have been 

found to be involved in such processes as chemoattraction and the activation of neutrophils (21). 

n-6 PUFA can also have deleterious effects on adipokines; analysis of human plasma samples 

found an inverse relationship between γ-linolenic acid (18:3 n-6) and circulating adiponectin, 

providing further evidence for the pro-inflammatory roles of n-6 PUFA (22).  
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In contrast to the pro-inflammatory roles of n-6 PUFA, n-3 PUFA are predominantly 

associated with anti-inflammatory functions. Docosahexaenoic acid (DHA, 22:6n-3) was found 

to increase the expression and secretion of IL-10 in a dose dependent manner while 

eicosapentaenoic acid (EPA, 20:5 n-3) was found to increase the expression of adiponectin in 

both rodent and human obesity (19, 23). n-3 PUFA have also been found to decrease both the 

expression and circulating levels of TNF-α and IL-6, both in vitro and in vivo (24).  

Evidence concerning the effects of the other major FA class, i.e. monounsaturated fatty 

acids (MUFA), on adipokine regulation is limited; however, epidemiological evidence suggests 

that this is an area worth investigating. For years, the Mediterranean diet has been known for its 

positive health benefits. Consumption of this diet has been negatively associated with 

cardiovascular disease, hypertension, and type 2 diabetes; thus the Mediterranean diet appears to 

reduce the risk for comorbidities associated with obesity (25). Furthermore, it has the potential to 

regulate adipokine signalling. When obese subjects consumed a diet high in MUFA for 8 weeks, 

a decrease in IL-6 and MCP-1 receptor expression was observed in subcutaneous adipose tissue 

(26).  Taken together, MUFA may have distinct effects that are capable of counteracting 

inflammation associated with SFA. 

MUFA are not only obtained through the diet, but they can also be synthesized 

endogenously by the actions of stearoyl-CoA desaturase 1 (SCD1). SCD1 is ubiquitously 

expressed in humans, however the highest levels of expression are found in adipose tissue and 

the liver (27). SCD1 is the rate-limiting enzyme responsible for the conversion of SFA to MUFA 

and it does so by introducing a double bond at the Δ9, 10 position of the FA chain (28). SCD1 

can act on SFA obtained from the diet or through de novo lipogenesis. The preferred substrates 

for SCD1 are palmitic and stearic (18:0) acids, which are converted to palmitoleic (16:1) and 
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oleic acids (18:1), respectively (28). These MUFA can then serve as substrates for triglyceride, 

cholesterol ester, and phospholipid synthesis (28). 

SCD1 is highly regulated at both the gene and protein levels; however, perturbations in 

activity have been studied and provide valuable insight into the role of SCD1 in obesity and 

inflammation. Rodent models with deletions in SCD1 (either naturally occurring in the asebia 

mouse or transgenic knock-out mice) were found to be resistant to diet-induced obesity and are 

characterized by decreased body weight, improved insulin sensitivity, and decreased hepatic 

steatosis (29, 30). Furthermore, SCD1 deficiency in mice was reported to prevent WAT 

inflammation, as reflected by a reduced expression of pro-inflammatory genes (e.g. MCP-1 and 

IL-6) (31). In humans, the relationship between SCD1 and inflammation is incomplete; however, 

there is evidence to suggest that such a link exists. A positive correlation was found between 

plasma palmitoleic acid levels and SCD1 activity with C-reactive protein (CRP; a marker for 

inflammation) in a population of elderly Swedish adults, demonstrating that both FA and SCD1 

activity may regulate inflammation (32).  

CRP is an acute-phase protein produced by hepatocytes in response to inflammation and 

tissue damage, and serves as a sensitive marker of inflammation (33). Cytokines such as TNF-α 

and IL-6 are released from sites of inflammation and can rapidly mediate de novo hepatic 

production of CRP following an inflammatory stimulus (33). Due to the rapid increase in hepatic 

CRP production, increases in serum CRP concentrations can be detected as early as 6 hours after 

an inflammatory event (33). It has been observed that the median concentration of CRP is 

approximately 0.8mg/L in a healthy population, however this value may increase by 10 000 fold 

in response to an inflammatory stimulus (33). CRP is an ideal clinical marker for inflammation 

in relation to other inflammatory proteins, such as IL-6, because its serum concentrations are 
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relatively high and well above the lower limit of detection assays (32). Furthermore, CRP can 

also accurately reflect states of chronic inflammation; the half life of CRP remains constant 

under all conditions, thus the sole method of altering plasma concentrations is by altering the rate 

of CRP synthesis. This in turn was found to be in proportion to the intensity of the inflammatory 

stimulus and allows for CRP to reflect states of chronic inflammation (33). Taken together, CRP 

serves as an attractive marker of inflammation due to its rapid response and sensitivity to both 

acute and chronic inflammation.  

As was indicated in previous sections, obesity is a complex disease where diet-gene 

interactions can contribute to the regulation of obesity-related perturbations in signalling 

pathways, such as inflammation. Indeed, an individual‟s genetic make-up adds another level of 

complexity in our attempt to understand the molecular causes and consequences of obesity; 

hundreds of genes are associated with obesity, each of them having a minor contribution to the 

obese phenotype (24). However our lack of understanding of the numerous gene-gene 

interactions presents a challenge for developing effective preventative and therapeutic 

interventions. Single nucleotide polymorphisms (SNPs) in the genes encoding TNF-α, IL-6, and 

adiponectin can modify circulating levels of these adipokines and this genetic variation has also 

been shown to alter the influence of dietary FA on adipokine production. For example, the minor 

allele of the -11391G/A SNP in the promoter region of adiponectin was significantly associated 

with increased serum adiponectin levels in healthy women (34). Furthermore, carriers of an A 

allele were found to have a lower BMI and reduced risk for developing obesity when their 

MUFA consumption was ≥13% of energy intake (35). Such studies demonstrate that FA-SNP 

interactions can alter adipokine signalling and provide insight into the inter-individual variability 

in the obese phenotype. 
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Genetic variation in SCD1 has also been found to contribute to obesity and its 

comorbidities. Liew et al. identified a borderline significant association between the minor allele 

for the SCD1 rs41290540 SNP and risk for diabetes (36). In a subsequent study, Warensjo et al. 

found that subjects homozygous for the minor C allele in the rs7849 SNP had a smaller waist 

circumference and improved insulin sensitivity (37). Although only two studies to date have 

examined these relationships, these studies suggest that a link between SCD1 SNPs and obesity-

related comorbidities does exist. However, these interactions need to be explored further. This 

will provide more insight into how genetic variation in SCD1 can contribute to obesity and 

inflammation as well as endogenous MUFA production. 

Taken together, obesity is a complex disease that researchers are only now beginning to 

understand. Numerous interactions exist between lifestyle, diet, and genetics, resulting in a 

heterogeneous disease phenotype. Elucidating the precise molecular pathways linking FA and 

adipokines is far from complete; however, these mechanisms need to be determined in order to 

clarify how both dietary and endogenous FA can contribute to the chronic low grade 

inflammation associated with obesity.  
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RATIONELE 

Obesity is a growing health concern worldwide because it is associated with many 

comorbidities, such as type 2 diabetes and cardiovascular disease (3). Simply stated, obesity is 

the result of an energy imbalance between increased energy intake and decreased energy 

expenditure. However, evidence now suggests that the causes of obesity are multifactorial, 

involving complex interactions between diet, genetics, and one‟s environment. Obesity is 

associated with a number of perturbations, including altered insulin and adipokine signalling, as 

well as the presence of chronic, low grade inflammation (24, 38). Although the causes of these 

perturbations are incompletely understood, researchers are now focusing on understanding those 

factors that regulate inflammation. One factor that has garnered considerable interest recently is 

FA, as SFA in particular were reported to activate inflammatory signalling pathways and 

decrease the production of anti-inflammatory adipokines such as adiponectin (9, 19). This 

imbalance in adipokines has been associated with various obesity-related comorbidities. For 

example, increased levels of TNF-α are associated with insulin resistance, while decreased levels 

of adiponectin are associated with the development of atherosclerosis (17). In contrast to the pro-

inflammatory roles of SFA, MUFA have been found to have an anti-inflammatory role by down-

regulating inflammatory pathways, such as the IL-6 and NF-κβ signalling pathways (26). 

However, the effects of commonly consumed SFA and MUFA on adipokine gene expression 

have not been thoroughly examined. As such, the aim of this thesis was to provide a better 

understanding of how these dietary FA can differentially regulate adipokine expression.  

MUFA can also be produced endogenously by SCD1 and rodent models suggest a role 

for SCD1 in obesity and inflammation; where the complete absence of SCD1 activity protects 

the animals from diet-induced obesity and inflammation (30, 31). However, the relationships 
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between SCD1 activity and inflammation are incompletely understood in humans (32). 

Furthermore, SNPs in SCD1 have been identified and shown to contribute to obesity and its 

comorbidities; however these interactions are also poorly understood (36, 37). As such, the 

second goal of this thesis was to examine whether SCD activity and / or genetic variation can 

influence the relationship between FA and inflammation. This will provide a better 

understanding of how genetic variation in key genes in lipid metabolism can contribute to low 

grade inflammation.  

RESEARCH OBJECTIVES 

The main objective of this thesis was to determine if palmitic, stearic, palmitoleic, and 

oleic acids can contribute to the dysregulation of adipokines associated with obesity-related 

inflammation.  

The objective of Chapter 3 was to provide a comprehensive overview of the current (yet 

limited) state of knowledge with regards to adipokine dysregulation by FAs in obesity. 

Specifically, the goals of this chapter were to outline 1) how the dysregulation of TNF-α, IL-6, 

and adiponectin can contribute to the chronic, low grade inflammation, 2) to examine how 

genetic variation can alter adipokine expression and signalling with regards to inflammation, and 

3) to summarize the currently known interactions between TNF-α, IL-6, and adiponectin and 

dietary FA as well as how genetic variation can alter these relationships.  

Chapter 4 continued the theme of studying the interactions between FA and adipokine 

dysregulation where the objective was to determine the effects of the SFA (palmitic and stearic 

acids) and their MUFA chain length counter-parts (palmitoleic and oleic acids) on the expression 

on TNF-α, IL-6, IL-10, adiponectin, and RANTES in a murine adipocyte cell culture model. 
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Chapter 5 moves from a cell culture model to the context of a human observational study 

in order to determine if the relationships between FA and inflammation are relevant in a 

population of young Caucasian and Asian male and female adults. Here the objectives were to 

determine the relationships between the FA studied in Chapter 4 (palmitic, palmitoleic, stearic, 

and oleic) and CRP, as well as if changes in SCD1 enzymatic activity are associated with whole 

body inflammation. Furthermore, genetic variation in SCD1 was also examined to determine if it 

can alter SCD1 activity which can subsequently alter plasma levels of the above mentioned FA 

and CRP.   

HYPOTHESES 

My overall hypothesis for my thesis was that structurally distinct FA will differentially 

regulate inflammation, both locally in adipocytes and at a whole-body level.  

In Chapter 4 I examined the relationship between FA and adipokine gene expression. I 

hypothesized that treating cultured adipocytes with SFA will increase the expression of pro-

inflammatory adipokines such as TNF- α, IL-6, and RANTES. In contrast, I hypothesize that 

MUFA will increase the expression of the anti-inflammatory adipokines, IL-10 and adiponectin.  

In Chapter 5 I switched from a cell culture model to a human cohort. I hypothesized that 

the relationships between FA and inflammation identified in Chapter 4 would hold true in a 

human population. Specifically, I hypothesize that plasma levels of SFA and MUFA will be 

significantly associated with altered states of inflammation (as reflected by circulating levels of 

CRP). Furthermore, I believe that SCD enzyme activity and genetic variation may mediate these 

relationships by altering plasma levels of SFA and MUFA. 
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Chapter III Summary 

It is now recognized that the low-grade inflammation observed with obesity is associated 

with the development of a wide range of downstream complications. As such, there is 

considerable interest in elucidating the regulatory mechanisms underlying the production of 

inflammatory molecules in order to improve the prevention and treatment of obesity and its co-

morbidities. White adipose tissue is no longer considered a passive reservoir for storing lipids, 

but rather an important organ influencing energy metabolism, insulin sensitivity and 

inflammation via the secretion of proteins, commonly referred to as adipokines. Dysregulation of 

several adipokines, such as TNF-α, IL-6, and adiponectin, contributes to the low-grade 

inflammation that is a hallmark of obesity. Evidence now suggests that FA represent a class of 

molecules that can modulate adipokine production, thereby influencing inflammatory status. 

Although the precise molecular mechanisms by which dietary fats regulate adipokine production 

remain unclear, recent findings indicate that diet-gene interactions may have an important role in 

the transcriptional and secretory regulation of adipokines. SNPs in the genes encoding TNF-α, 

IL-6, and adiponectin can modify circulating levels of these adipokines and, subsequently, 

obesity-related phenotypes. This genetic variation can also alter the influence of dietary FA on 

adipokine production. Therefore the current review will demonstrate that it is paramount to 

consider both genetic information and dietary fat intake in order to unravel the inter-individual 

variability in inflammatory response observed in intervention protocols targeting obesity.  
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INTRODUCTION 

Obesity is a chronic low-grade inflammatory state that is associated with an increased 

risk for cardiovascular disease, diabetes, metabolic syndrome, and a number of cancers (17). 

While trends suggest the obesity epidemic may have plateaued in Western countries, our 

understanding of the genetic and molecular network underlying this metabolic disease remains 

incomplete (39). Hundreds of genes are known to have minor contributions in defining the obese 

phenotype; however, our current lack of understanding of the numerous gene-gene and gene-

environment interactions underlying obesity poses one of the major obstacles for the 

development of effective preventative and therapeutic intervention strategies. Additionally, 

lifestyle factors such as diet and exercise also have important roles in modifying the onset, 

development, and severity of obesity and obesity-related complications. Therefore the observed 

clinical and molecular heterogeneity in the obese phenotype that can vary both within and across 

populations stems from both genetic, lifestyle, and behavioural factors.  

Simply stated, obesity is characterized by the accumulation of lipid in WAT. The WAT is 

a specialized connective tissue composed of a number of different cell types each with specific 

functions. Adipose tissue can be roughly divided into two fractions: the AF and the SVF. The AF 

is composed of mature adipocyte cells that are primarily involved in lipid storage; thereby having 

a major role in the regulation of whole-body energy homeostasis (5). In contrast to the cellular 

homogeneity of the AF, the SVF is composed of numerous cell types, including preadipocytes, 

mesenchymal stem cells, macrophages, endothelial cells, and fibroblasts - all of which can play a 

role in regulating adipose tissue inflammation (6).  
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Indeed, obese WAT was previously shown to be infiltrated by numerous types of 

inflammatory cells, and may promote the increase in extracellular components and fibrotic 

regions seen in adipose tissue biopsies from obese patients (40, 41). Furthermore, it is now 

appreciated that WAT is an important endocrine organ, where both the AF and SVF secrete 

molecules, referred to as adipokines. It is worth mentioning that the term adipokine was 

originally proposed to describe proteins secreted specifically from the adipocyte (13); however, 

as many cell-types in adipose tissue have been found to secrete proteins, the term adipokine is 

now widely used to describe proteins secreted from adipose tissue (12). The present manuscript 

considers adipokines using the latter definition. Adipokines have been shown to influence a 

wide-range of biological functions, such as immunity, insulin sensitivity, inflammation, blood 

pressure, lipid metabolism, energy homeostasis, and appetite (13). To date, over 100 adipokines 

have been catalogued and more adipokines continue to be discovered using new technologies 

and innovative approaches (42-44). 

 Due to the influence of adipokines throughout the biological system, identifying factors 

that regulate their secretion has become a primary interest in obesity research (12). Dietary FA 

are one class of compounds that have garnered considerable attention for their ability to regulate 

adipose tissue metabolism and secretory function (45). Although the molecular mechanisms by 

which dietary fats regulate adipokine production remain unclear, one proposed link between 

dietary FA and inflammation may be via the TLR4 pathway; a link recently discussed in a 

review by Fessler et al. (46). Briefly, TLR4 is expressed in both omental and subcutaneous AT, 

and has been shown to be activated by SFA, inducing inflammatory cytokine production and 

signalling (46). This results in a localized inflammation in adipose tissue that propagates an 

overall systemic inflammation (47, 48). WAT inflammation in general is associated with the 
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development of obesity-related co-morbidities, such as cardiovascular disease and type 2 

diabetes. More specifically, enlarged adipocytes coupled with macrophage infiltration result in 

the increased secretion of pro-inflammatory adipokines that favour lipolysis leading to ectopic 

lipid accumulation as well as a disruption in glucose and insulin signalling pathways throughout 

the body (49-51).  

The goal of this review is to outline the current state of knowledge regarding the 

interactions between dietary FA and three adipokines that mediate obesity-related inflammation: 

TNF-α, IL-6, and adiponectin. It is important to recognize that a large number of inflammation-

related adipokines have been identified to date, including but not limited to complement-like 

factors, chemokines, acute phase proteins, and adhesion factors (50); however, the current review 

will focus on the three aforementioned adipokines as proof-of-principle examples demonstrating 

the link between FA-gene interactions, adipokines, and obesity. Emerging research now 

demonstrates that dietary FA and SNPs in the genes encoding TNF-α, IL-6, and adiponectin can 

interact to regulate their production and secretion; thus adding an additional level of complexity 

in the study of obesity. Taken together, this review will illustrate that nutrigenomics research can 

provide a more thorough understanding of how changes in dietary FA intake may contribute to 

the inter-individual variability in inflammatory status observed in intervention protocols.   
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TUMOUR NECROSIS FACTOR – α 

TNF- α and Obesity  

TNF-α is a pro-inflammatory cytokine whose expression and circulating levels are 

increased with obesity and decreased with weight loss (17). TNF-α has numerous effects in 

adipose tissue, including the regulation of apoptosis, adipogenesis, lipid metabolism, and insulin 

signalling (52, 53). The primary cell-type responsible for the production of TNF-α are 

macrophages in the SVF (13). It is hypothesized that TNF-α is produced by macrophages in 

response to chemoattractant signals released by dying adipocytes. Evidence suggests that TNF-α 

triggers a signalling cascade that induces cell apoptosis, which may be one mechanism by which 

TNF-α regulates adipose tissue mass (52, 54). Another TNF-α mediated mechanism that may 

work in parallel to regulate adiposity involves the regulation of key transcription factors (PPAR-

γ2 and C/EBPα) controlling adipogenesis (54). While such effects suggest that increases in TNF-

α may be beneficial, TNF-α has also been shown to induce inflammatory pathways and 

contribute to obesity-related insulin resistance. 

An increase in TNF-α promotes the secretion of other pro-inflammatory cytokines and 

reduces anti-inflammatory cytokines; resulting in an overall pro-inflammatory state. For 

example, a study conducted by Wang and Trayhurn found that treating human adipocytes with 

TNF-α for 24hrs led to significant decreases adiponectin expression and increases in IL-6 and 

TNF-α expression (55). TNF-α has also been found to increase the production of plasminogen 

activator inhibitor-1, an adipokine linked to cardiovascular disease (56). Taken together, these 

examples demonstrate that TNF-α is a powerful regulator of inflammatory molecules, favouring 

an overall inflammatory state (55). 
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Increased TNF-α also promotes insulin resistance via the inhibition of the insulin receptor 

substrate 1 (IRS-1) signalling pathway. It is believed that TNF-α interferes with insulin 

signalling by deregulating protein kinases, which subsequently affects the phosphorylation status 

of IRS-1, leading to an inability of IRS-1 to associate with the insulin receptor (57, 58). 

Antibody neutralization studies with TNF-α resulted in a significant increase in glucose uptake in 

response to insulin (59). Moreover, whole-body deletions of TNF-α or its receptors were found 

to increase insulin sensitivity and glucose tolerance (60). Taken together, these works 

demonstrate a critical role for TNF-α in the regulation obesity-related pathways. 

Genetic Variation affecting TNF-α Signalling 

 Recent evidence suggests that individual SNPs in the genes encoding TNF-α, TNF-α 

receptor 2, and TNF-α converting enzyme (TACE) can modify an individual‟s risk for obesity 

and obesity-related complications. One aspect that has not yet been studied is whether a 

haplotype consisting of SNPs in the three aforementioned genes will have an additive or 

synergistic effect on these complications.  

Several polymorphisms have been identified in the promoter region of TNF-α. A recent 

meta-analysis by Sookoian and colleagues described the impact of the best characterized TNF-α 

polymorphism (-308G/A; rs1800629) on obesity (61). The -308G/A polymorphism was shown to 

increase the transcriptional activity and production of TNF-α (62).  Sookoian et al. examined 

data from 31 observational studies and concluded that the -308G/A variant was positively 

associated with obesity (odds ratio of 1.23). Moreover, fasting insulin concentrations were 

significantly higher in A carriers than in homozygotic GG carriers (61). Another promoter SNP 

(-238G/A; rs361525) may also be associated with body fat, insulin resistance, and circulating 
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free fatty acids (FFA) (63). Although the mechanisms by which these promoter variants affect 

circulating TNF-α levels remain unclear, their significant association with obesity and insulin 

levels reinforce the importance of conducting further studies. 

TNF-α interacts with two cell-surface receptors: TNF-α receptor 1 and receptor 2 

(TNFR1 and 2, respectively). The TNFR2 is associated with obesity, as shown by the increase in 

TNFR2 gene expression and its positive correlation with TNF-α expression as body weight 

increases (64). Furthermore, TNFR2 is located in a chromosomal region previously linked with 

obesity-related phenotypes (65). The first study exploring the effect of genetic variation in 

TNFR2 was recently performed in individuals from Caucasian nuclear families. Twelve SNPs 

were examined and one SNP (rs5746059) was associated with obesity-related parameters. 

Individuals with the A allele had a 4.6% higher fat mass and a 2.5% increase in percentage fat 

mass in relation to non-carriers (66). These associations were subsequently replicated by the 

authors in a different ethnic population (the Chinese Han), suggesting that the association 

between TNFR2 and body weight is independent of ethnicity. Future work should focus on 

determining whether genetic variation in TNF-α receptors can modify TNF-α signalling and its 

downstream functions. 

 ADAM17 encodes the TACE protein, which is responsible for cleaving and releasing 

TNF-α from cells (67). Similar to the TNF-α and TNFR2 genes, the expression of ADAM17 and 

the secretion of its protein product are increased with obesity (68). Recently, six SNPs were 

genotyped in subjects participating in the Genetics of Lipid Lowering Drugs and Diet Network 

(GOLDN) study and two SNPs, ADAM17_m1254A>G (rs11684747) and 

ADAM17_i33708A>G (rs10495563), were associated with obesity related phenotypes (69). 

Carriers of the G allele in m1254A>G exhibited a higher risk of obesity and had higher insulin 
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levels. Individuals homozygous for the A allele in i33708A>G had a higher risk of obesity and a 

higher waist circumference than GG carriers (69).  

 Taken together, genetic variation can modify TNF-α signalling and subsequently alter 

obesity-related phenotypes including body fat mass, insulin sensitivity, and potentially the 

secretion of other adipokines. Moreover, genetic variation in the various players involved in 

TNF-α signalling may provide a partial explanation regarding the high degree of inter-individual 

variability observed with obesity-related phenotypes.  

TNF- α and Dietary Fatty Acids 

 Research using in vitro and in vivo mouse models have demonstrated that TNF-α 

expression is differentially regulated by FA (Table 1). Using 3T3-L1 adipocytes, palmitic acid 

was found to increase TNF-α gene expression and protein secretion in a dose dependent manner 

(19). In contrast, oleic and DHA had no affect on TNF-α expression or secretion (19). Mice that 

consumed a high fat diet for 5 weeks showed increases in TNF-α expression; however, the 

concomitant administration of EPA prevented this increase (70). In another study, mice fed 

menhaden fish oil showed a reduced expression of TNF-α in kidneys (71). When considered 

altogether, these studies indicate that SFA increase and n-3 PUFA decrease TNF-α expression 

and/or secretion.  

Importantly, these murine results appear to translate to humans (Table 2). Subjects 

consuming a fish oil supplement showed a significant decrease in TNF-α production; however, 

levels of TNF-α returned to baseline upon cessation of the supplements (72). This was confirmed 

in another study where subjects who ingested α-linolenic acid (ALA; 18:3n-3) for 4 weeks had a 

30% reduction in TNF-α production. When these subjects were further supplemented with fish 
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oil, TNF-α synthesis was inhibited by up to 70% (73). Finally, men who consumed fish oil 

supplements for 12 weeks showed differential decreases in TNF-α production in accordance with 

their pre-supplementation levels (74).  

In addition to the independent influences of genetic variation and different FA on the 

TNF-α signalling pathway, research discovering diet-gene interactions offers a further 

explanation for the inter-individual variability observed with obesity-related inflammatory status 

(Table 3). For example, Grimble et al. found that men with one A allele at the -308 loci and who 

were in the highest tertile for TNF- α production had the most significant reduction in TNF-α 

production after supplementation with fish oil in comparison to homozygotic G/G men. No 

conclusions could be made about -308A/A individuals due to the small sample size (74). 

Junyent et al. found that the association between the A allele in ADAM17_i33708A>G 

and obesity was only seen in individuals with a low n-6 PUFA intake (69). In another study by 

Fontaine-Bisson and El-Sohemy, a low n-6 PUFA intake in subjects who were homozygous for 

G at the -238 loci and had at least one A (i.e. GA or AA) at the -308 loci had an increased risk of 

developing obesity (75); however, another study found that carriers of at least one A allele at -

308G/A who had a large intake of n-6 PUFAs had an increased risk of developing obesity (75, 

76). Taken together, these newly discovered diet-gene interactions that affect TNF-α signalling 

are an important point to consider in future intervention studies targeting obesity-related 

inflammation.  
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INTERLEUKIN-6 

IL-6 and Obesity 

 IL-6 is an inflammatory cytokine produced and secreted from WAT (77).  In obesity, 

circulating concentrations of IL-6 are elevated and weight loss leads to a decrease in its levels 

(78, 79).  Approximately 30% of circulating IL-6 is derived from adipose tissue (53). While 

adipocytes are capable of producing and secreting IL-6, it is believed that they only contribute a 

fraction of the IL-6 produced by adipose tissue (77). Indeed, it has been shown that cells of the 

adipose tissue SVF secrete more IL-6 than fully differentiated adipocytes (80). The primary 

source of circulating IL-6 are the macrophages that have infiltrated WAT, which contribute up to 

50% of the IL-6 produced by adipose tissue (77). Other sources of IL-6 include activated 

leukocytes and endothelial cells (80).  

Functionally, IL-6 is involved in the regulation of inflammation, haematopoiesis, immune 

responses, and host defence mechanisms (77). Furthermore, it is capable of regulating both body 

weight and lipid metabolism (81). Both in vitro and in vivo studies have confirmed that IL-6 is 

capable of suppressing lipoprotein lipase activity, leading to a decrease in adipose triglyceride 

accumulation (82). IL-6 and its receptors are also expressed in several regions of the brain, such 

as the hypothalamus, and have been shown to contribute to the regulation of appetite and energy 

intake (83). Taken together, this demonstrates that IL-6 has important roles in the regulation of 

whole-body energy homeostasis and inflammation. 

Genetic Variation Affecting IL-6 Signalling 

 Several studies have reported associations between IL-6 gene variants and obesity-related 

phenotypes, such as adiposity, insulin resistance, and dyslipidemia; however, much of the 
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existing data is conflicting. The -174G/C SNP (rs1800795), located in the IL-6 promoter region, 

is the most commonly studied polymorphism and has been shown to influence IL-6 expression 

and secretion levels (84).   

As discussed in the preceding section, IL-6 expression and circulating levels are 

increased in obesity; however, studies examining the association between IL-6 polymorphisms 

and BMI have generated inconsistent results. A meta-analysis by Huth et al. provided the most 

comprehensive and recent report regarding the association between the -174G/C SNP and BMI 

(85). Integrating data from 15 studies conducted in Caucasian populations (corresponding to 

~24,000 subjects) revealed no statistically significant association between this promoter SNP and 

BMI. This study confirmed an earlier meta-analysis by Qi et al., who examined over 26,000 

subjects from across 19 studies to examine the association between the -174G/C SNP and BMI 

(86). Although 6631 subjects were in common between the two meta-analyses, both studies 

failed to associate the -174G/C allele with BMI. However, the study by Qui et al. examined an 

additional 5 SNPs in IL-6 (rs2069827, rs1800797,
 
rs1554606, rs2069861, and rs1818879) and 

identified a haplotype that was significantly associated with both waist circumference and BMI; 

suggesting that genetic variability in the IL-6 gene may affect adiposity (86).  

Interestingly, smaller studies suggest that variance in the -174G/C SNP may partially 

explain the inter-individual variability reported in various parameters measured during weight 

management protocols. For example, Poitou et al. genotyped 65 obese subjects for the -174G/C 

SNP, and measured circulating IL-6 levels before and one year after gastric banding surgery. 

Patients homozygous for the C allele had increases in IL-6 levels post surgery, while G-carriers 

had decreases (87). In an alternate study of weight loss following gastric banding surgery, 

homozygous carriers of the G-allele lost significantly more weight than GC or CC subjects (88). 
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This suggests that GG carriers may respond more favourably to gastric surgery interventions (i.e. 

better decreases in both body weight and inflammation). Goyenechea et al. found that subjects 

who regained less that 10% body weight in the year following a weight loss period were 

predominantly carriers of the C allele; suggesting that variation in IL-6 may also influence 

successful weight maintenance (89). Finally, Klipstein-Grobusch et al. found that subjects 

homozygous for the C allele reported “significantly larger recalled weight gain from age 25 to 

study enrolment” compared to homozygous G-allele subjects in the EPIC-Potsdam Study (90). 

Because the -174G/C SNP was not associated with adiposity in the aforementioned meta-

analyses, it is highly possible that the results of these smaller studies may be insignificant when 

examined in larger cohorts. Nevertheless, these studies suggest that it is important to clarify 

whether variability in the IL-6 gene is associated with adiposity and whether this may play a role 

in optimizing personalized weight management programs. 

IL-6 signalling pathways are triggered upon interaction with the ubiquitously expressed 

gp130 receptor and the IL-6 receptor alpha (IL-6Rα). While genetic variation in IL-6Rα has not 

yet been specifically studied in the context of obesity, recent studies examining the association 

between SNPs in IL-6Rα and type 2 diabetes suggest that such research is warranted. The IL-6Rα 

gene maps to a region that has been consistently linked with type 2 diabetes (91). Focused 

studies suggest that genetic variation in IL-6Rα is capable of modulating diabetes risk. Hamid et 

al. determined that the non-synonymous IL6R+48867C/A (rs8192284) SNP, which leads to an 

Asp358Ala variant, was associated with diabetes risk (92); however, Qi et al. found that while 

this variant was significantly associated with plasma IL-6 levels, they did not find an association 

with diabetes risk (93). Although evidence linking type 2 diabetes to the aforementioned SNP is 

conflicting, it demonstrates that variation in IL-6Rα may influence the development of diabetes 
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and should be further examined. Further examination of the rs8192284 SNP in relation to IL-6 

levels is also required. 

These results demonstrate that SNPs in IL-6 and/or IL-6Rα can affect circulating levels of 

IL-6, obesity, and obesity-related complications. Therefore elucidating the impact of genetic 

variation in the IL-6 signalling pathway may lead to improved strategies for health management 

in obese individuals. 

IL-6 and Dietary Fatty Acids 

The ability of n-3 PUFA to attenuate inflammatory responses is widely recognized; 

however, details regarding the modulation of IL-6 levels remain unclear. In vitro studies revealed 

that treatment of 3T3-L1 adipocytes with palmitic acid increased IL-6 mRNA and protein levels 

in culture media (Table 1), and induced NF-κβ activity; while DHA and lauric acid (DLA, 12:0) 

had no effect (94). Interestingly, when adipocytes were simultaneously treated with DHA and 

palmitic acid, NF-κβ activation was attenuated without affecting IL-6 mRNA abundance; 

suggesting that independent mechanisms may mediate the DHA-regulation of NF-κβ activation 

and IL-6 production (94). Similarly, the pre-treatment of human macrophages with either EPA or 

DHA decreased lipopolysaccharide (LPS)-stimulated IL-6 mRNA levels and production (95). 

Furthermore, both EPA and DHA led to a significant reduction in NF-κβ activity; implying that 

pathways triggered by n-3 PUFAs may vary between the different cell-types in adipose tissue. 

Several studies using mouse models have reinforced cell culture observations (Table 1). 

When mice were fed one of two high fat diets consisting of either soybean oil or palmitic acid, 

the mice that consumed palmitic acid showed a threefold increase in IL-6 expression in adipose 

tissue (96). These results parallel another study in which adipocytes from rats were analyzed 
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following the consumption of a SFA-enriched diet and were found to release the most IL-6 (97). 

In contrast, rats fed a MUFA diet released the least amount of IL-6 from adipocytes, 

demonstrating that dietary FA can differentially regulate both IL-6 expression and secretion in 

vivo. The conclusions made from cell culture and animal studies appear to apply to humans as 

well. 

A cross-sectional study conducted in men from the Multi-Ethnic Study of Atherosclerosis 

cohort revealed that increased n-3 PUFA intake and fish consumption was associated with 

decreased plasma concentrations of IL-6 and other inflammatory markers (98) (Table 2). Such 

results were similarly observed by Ferrucci et al., who found that lower levels of AA and DHA 

were associated with higher levels of IL-6 (99). Interestingly, different classes of FA appear to 

have distinct effects on IL-6 production and/or signalling pathways. The 8-week consumption of 

a SFA-enriched diet resulted in a pro-inflammatory phenotype; which was not observed 

following the consumption of a MUFA-enriched diet. Furthermore, microarray analysis in 

adipose tissue found that the SFA diet up-regulated 17 and 20 genes related to the IL-6 and NF-

κβ signalling pathways, respectively (26). This significant enrichment of inflammatory gene 

signalling was not observed in the adipose tissue of subjects who consumed the MUFA diet. 

While, to our knowledge, no studies as of yet have examined the interactions between IL-

6 polymorphisms and FA intake, and their impact on obesity-related phenotypes, a recent study 

of Crohn's disease suggests that such research will generate important insight for understanding 

whether diet can modulate the obese phenotype in relation to IL-6 variation. Guerreiro et al. 

examined the role of the IL-6 -174G/C SNP, fat intake, and the risk of developing Crohn‟s 

disease (100). Individuals homozygous for the C-allele had a six-fold higher risk for Crohn‟s 

disease. Furthermore, these individuals also showed an interaction between SFA and MUFA 
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consumption and disease risk. This result suggests that dietary fat intake may interact with IL-6 

variants to affect the low-grade inflammation characterizing obesity. 

ADIPONECTIN 

Adiponectin and Obesity  

 Adiponectin is an anti-inflammatory adipokine expressed solely in mature adipocytes and 

is the most abundantly secreted protein from adipose tissue (11, 101). In humans, adiponectin 

gene expression is lower in visceral adipose tissue compared to subcutaneous adipose tissue, 

regardless of body weight, suggesting that the latter fat depot plays a predominant role in 

regulating circulating adiponectin levels (11). 

Adiponectin regulates lipid and glucose metabolism, stimulates FA oxidation, suppresses 

gluconeogenesis, increases insulin sensitivity, protects against chronic inflammation, and 

regulates food intake and body weight (102). The biological effects of adiponectin are mediated 

by two receptors, adiponectin receptor 1 and adiponectin receptor 2 (ADIPOR1 and ADIPOR2, 

respectively). The ADIPOR1 gene is ubiquitously expressed, while ADIPOR2 is expressed 

mainly in skeletal muscle and the liver in humans (103). Despite the ADIPORs being widely 

expressed, the liver is believed to be the primary site of adiponectin bioactivity where it: 1) 

increases FA oxidation through the activation of AMP-activated protein kinases, and 2) 

decreases hepatic glucose output by down-regulating enzymes involved in gluconeogenesis (104-

106). 

 Adiponectin levels are reduced in animal models of obesity and insulin resistance (107); 

and weight loss has been shown to increase adiponectin levels (108). The reduction of 

adiponectin is also associated with a decrease in lipid oxidation, increased triglycerides, and a 
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suppression of insulin-dependent signalling in the liver and muscle, all of which can contribute 

to insulin resistance and obesity (109). Human studies show that hypoadiponectinemia is 

associated with insulin resistance, hyperinsulinemia, and the possibility of developing type 2 

diabetes, independent of fat mass (107). Furthermore, the expression of both ADIPORs was 

shown to be significantly decreased in the skeletal muscle of diabetic subjects, suggesting that in 

obesity and diabetes, a reduction in ADIPOR will further diminish adiponectin`s actions (110). 

Genetic Variations Affecting Adiponectin Signalling  

Adiponectin is found on chromosome 3q27, a region that has been linked to susceptibility 

for the metabolic syndrome, type 2 diabetes and cardiovascular disease (34). Adiponectin is 

highly polymorphic, with associations having been found between SNPs, circulating levels of 

adiponectin, obesity, and obesity-associated co-morbidities (Table 3). Kyriakou et al. reported 

that the +276G/T (rs1501299) SNP in the adiponectin gene is significantly associated with 

elevated fasting serum adiponectin levels in two independent cohorts of healthy, Caucasian 

females (34). Further investigation is required to determine whether this association holds true in 

males, since adiponectin plasma levels differ significantly between men and women (111). 

Conversely, Kondo et al. and Razquin et al. demonstrated a negative association between the 

+276G/T SNP, adiponectin plasma levels, and BMI. Homozygotic carriers of the G allele with a 

high BMI had lower adiponectin plasma levels, while homozygotic carriers of the T allele 

displayed higher weight gain in response to a Mediterranean-style dietary intervention (112, 

113). Additionally, it was shown that obese homozygote carriers of the G allele had decreased 

serum adiponectin levels relative to obese G/T and T/T carriers (114). Razquin et al. also 

demonstrated that another SNP in the adiponectin gene, +45T/G (rs2241766), is associated with 
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body weight, where individuals with the GG genotype gained the most weight over the study 

period (113).  

The +276G/T SNP is also believed to be associated with some of the risk factors for 

obesity and the metabolic syndrome. A negative association was found between adiponectin 

levels and waist-to-hip ratios, abdominal diameter, triglycerides, and insulin resistance (114). 

These results suggest that SNPs in the adiponectin gene are potential markers for predicting 

obesity and its complications; however, results are conflicting. For example, some studies 

suggest that the +45T/G and +276G/T SNPs can act as markers for type 2 diabetes, while other 

research reports that these SNPs are poor or weak markers for the disease. A European study 

determined that only the +45T/G SNP was associated with type 2 diabetes and the +276G/T SNP 

was only associated with type 2 diabetes in subjects who were also obese (115). As such, the 

researchers concluded that adiponectin SNPs are poor markers for predicting the development of 

type 2 diabetes (115). 

 Genetic variation in the adiponectin promoter region has also been shown to influence 

circulating adiponectin levels and body weight. The major allele of the -10066G/A (rs182052) 

SNP and the minor alleles of -11391G/A (rs17300539) and -7734C/A (rs16861209) were 

significantly associated with elevated fasting serum adiponectin levels in healthy females (34). 

Similar associations were found in the GOLDN study; adiponectin concentrations were found to 

be higher in the -11391A individuals but lower in -11377G (rs266729) individuals (35). A 

significant association was found between the -11391G/A SNP and obesity traits, where -

11391A carriers had significantly lower weight, BMI and waist and hip circumferences (35). 

Goyenechea et al. also found significant associations between the -11391G/A SNP, adiponectin 

levels, and body weight (116). 
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 Variation in ADIPORs has also been associated with obesity-related complications, such 

as type 2 diabetes and insulin resistance. In a study involving type 2 diabetic patients and non-

diabetic controls, the T allele of +219A/T (rs11061971) and the A allele of +795G/A 

(rs16928751), both located in ADIPOR2, were independently associated with an increased risk 

for type 2 diabetes (110). In contrast, the haplotype consisting of the +219A allele and the 

+795G allele was associated with a decreased risk of type 2 diabetes (110). Double homozygous 

diabetic patients (A/A and G/G) in this study had increased insulin sensitivity and decreased 

serum triglycerides, suggesting that this particular haplotype offers protection from the 

development and progression of type 2 diabetes (110). However, other studies have found 

contradictory results regarding the associations between ADIPOR and type 2 diabetes. Another 

study found no association between SNPs in ADIPOR1 and type 2 diabetes and only a mild 

association between SNPs in ADIPOR2 and type 2 diabetes (117). These conflicting results 

indicate that there are other interactions, both genetic and environmental, which are influencing 

an individual‟s risk for type 2 diabetes. 

Adiponectin and Dietary Fatty Acids 

 Rodent models have demonstrated the effects of FA on adiponectin expression and 

protein levels (Table 1). When Zucker diabetic fatty rats were fed a diet enriched with a mixture 

of conjugated linoleic acid (CLA) isomers, an increase in both WAT adiponectin mRNA and 

plasma adiponectin levels was seen (118). An increase in adiponectin expression and plasma 

levels were detected in the mature adipocytes of mice fed ad libitum a high fat diet enriched with 

EPA and DHA (119). A recent study by Bueno et al. also demonstrated that not only can 

adiponectin levels be influenced by FA, but that FA concentration can also affect depot specific 

adiponectin expression (20). More specifically, mice were fed one of four high fat diets enriched 
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with soybean oil, fish oil, coconut oil, or lard for either 2 or 60 days. After two days of 

consuming the high fat diets, increased serum adiponectin levels were reduced in all high fat diet 

groups, but to a lesser extent in the fish oil group (20). Adiponectin expression was also reduced 

in retroperitoneal WAT in all dietary groups after 2 days. In mice consuming the diets for 60 

days, a reduction in adiponectin expression was observed in epididymal adipose tissue of mice 

fed the soybean and coconut oil diets (20). When 3T3-L1 adipocytes were treated with palmitic 

acid, linoleic acid (LA, 18:2 n-6), EPA, and DHA, a decrease in adiponectin was also observed 

after 48hrs (20).  

In humans, circulating adiponectin levels have been associated with plasma FA 

composition. For example, a negative association was observed between palmitic acid and 

adiponectin levels (Table 2), suggesting that increased SFA plasma concentrations are associated 

with a decrease in circulating adiponectin (22). This decrease in adiponectin may in turn coincide 

with the pro-inflammatory affects of SFA (22). Furthermore, individuals with increased 

circulating levels of γ-linolenic acid (GLA; 18:3 n-6) had decreased levels of plasma adiponectin 

(22). In contrast, individuals with the highest proportions of n-3 PUFA, in particular DHA, had 

the highest levels of circulating adiponectin (22). This result is parallel to other human studies 

showing that supplementation with DHA and EPA decreased cytokine production, thus 

providing evidence for the anti-inflammatory properties of both n-3 PUFA and adiponectin (22). 

Moreover, these findings demonstrate the differential response of mice and humans in response 

to n-3 PUFA. 

 In the GOLDN study, associations between the -11391G/A SNP, BMI, and obesity risk 

were modified by MUFA intake (35). Carriers of the -11391A variant who had a MUFA intake 

exceeding the median MUFA intake (i.e. ≥ 13% of energy intake) had a lower BMI and reduced 
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risk for developing obesity (35); however, this association was not seen in individuals with a 

MUFA intake less than 13% (35). Similar results were obtained by a Spanish group who wanted 

to determine the effects of a Mediterranean-style diet on adiponectin SNPs and weight changes 

over a three year period (113). As mentioned previously, the +45G/G and +276T/T genotypes 

were associated with higher weight gain over a three year period; however, the Mediterranean 

diet reversed these effects (113). Currently, the mechanisms by which dietary fats affect 

adiponectin levels are unclear; however it is hypothesized that it may be through the activation of 

PPAR-γ. FA such as EPA and DHA are ligands for PPAR-γ, which subsequently up-regulate 

adiponectin expression and circulating levels (120, 121). These results demonstrate that 

particular classes of FA affect adiponectin levels, influencing an individual‟s predisposition for 

obesity and obesity-related inflammation.  

CONCLUDING REMARKS 

Obesity is a highly heterogeneous phenotype, both at the clinical and the molecular 

levels. The various distinct stages in weight evolution (weight gain, weight loss, and weight 

maintenance) will differentially affect an individual‟s risk for developing obesity-related 

complications. As demonstrated with CRP (a common diagnostic marker for measuring 

inflammatory status), factors such as gender, age, fat distribution (i.e. visceral AT versus 

subcutaneous AT), and lifestyle factors (e.g. smoking, diet, and exercise) are all able to 

independently and collectively influence the inflammatory state (122-125). As such, the 

inflammatory status associated with the obese phenotype can be highly heterogeneous. 

As evidenced in the preceding sections, the interactions between dietary lipids and genes 

coding for adipokines may help to further unravel the inter-individual variability that exists 
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regarding the obese phenotype. Although the precise molecular mechanisms linking FA and 

inflammation remain unclear, research with TLR4 suggests that the various classes of dietary FA 

(SFA, MUFA, and PUFA; n-3, n-6, and n-9) most probably do not act via a single pathway. For 

example, Davis et al. found that SFA were able to induce TNF-α and IL-6 production in TLR4-

null animals (96); despite the fact that TLR4-null mice had an overall improvement in 

inflammatory status. This suggests that dietary FA can affect the innate immune response, but 

that the molecular pathways linking dietary FA and adipokine production remain elusive.  

 While elucidating the precise molecular pathways linking FA and adipokine production is 

not definitively resolved, the evidence discussed in the current review reinforces the importance 

of unravelling these mechanisms in order to better understand the variability that exists with 

regards to inflammation in obese individuals, especially when one considers that WAT 

inflammation has been linked with obesity co-morbidities such as cardiovascular disease and 

type 2 diabetes. The present review has focused on only three of the most commonly studied 

adipokines related to inflammation, however evidence suggests that dietary FA may also affect 

other well characterized adipokines such IL-10, serum amyloid A, and MCP-1 (19, 32, 126). 

More than 100 adipokines have been characterized and their sensitivity to dietary FA has, for the 

most part, not been studied. As the physiological roles of these newly discovered adipokines 

become better understood and the variability in the genes underlying these secreted proteins is 

studied, the field of nutrigenomics is well positioned to begin clarifying how dietary FA can 

contribute to the chronic and mild inflammatory state associated with obesity.
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Table 1: Summary of the effects of fatty acids on adipokine expression and synthesis in animal models (cell culture and 

rodents).  

Model System FA Examined 
Effect on Adipokine Gene 

Expression 

Effect on Adipokine 

Plasma Levels 
Reference 

TNF-α     

3T3-L1 adipocytes 

 SFA (PA) ↑ ↑  

 24hr and 48hr incubation with 50 or 500uM FA MUFA (OA) No effect No effect (19) 

 MUFA (OA) No effect No effect  

Rodent feeding studies 

Male Wistar rats, high fat cafeteria diet, 1g/kg/day of 

EPA, 5 weeks 
n-3 PUFA (EPA) Prevent over-expression Not examined (70) 

Lupus-prone NZB/NZW F1 (B/W) female mice, 10% fat, 

fed ad lib for          lifespan 
n-3 PUFA ↓ Not examined (71) 

IL-6     

3T3-L1 adipocytes 

 SFA (PA) ↑ ↑  

24hr incubations with 250uM FA SFA (DA) No effect No effect (94) 

 n-3 PUFA (DHA) No effect No effect  

Rodent feeding studies     

Male C57BL/10ScN mice fed ad lib either high fat 

control diet (soybean oil) or   a high PA diet, 16weeks 
SFA (PA) ↑ Not examined (96) 

 
SFA (coconut oil) Not examined 

↑ IL-6 release from 

adipocytes 
 

Male Sprague-Dawley rats fed ad lib one of three diets: 

SFA diet, MUFA diet, PUFA diet, 4weeks 
MUFA (olive oil) Not examined 

↓ IL-6 release from 

adipocytes 
(97) 

 PUFA (sunflower 

oil) 
Not examined 

Moderate IL-6 release from 

adipocytes 
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Table 1 Continued

Model System FA Examined 
Effect on Adipokine Gene 

Expression 

Effect on Adipokine 

Plasma Levels 
Reference 

Adiponectin     

3T3-L1 adipocytes     

 SFA (PA) ↓ Not examined  

48hr incubation with 250uM FA n-6 PUFA (LA) ↓ Not examined (20) 

 n-3 PUFA (EPA + 

DHA) 
↓ Not examined  

Mice feeding studies     

Male C57Bl6 mice fed ad lib 1 of 4 high fat diets 

enriched with either 17.5% (by weight) n-6 PUFA 

(soybean oil), n-3 PUFA (fish oil), SFA (coconut oil), or 

MUFA (lard) for either 2 days (acute treatment) or 60 

days (chronic treatment) 

 

High fat diets 

 

↓ in WAT in acute treatment 

groups with all diets 

↓ in WAT in n-6 PUFA and 

SFA chronic treatment groups 

↓ in all high-fat diet groups 

for acute treatment 

↓ in n-6 PUFA, SFA and 

MUFA chronic treatment 

groups 

 

(20) 

 

Male C57BL/6J mice fed ad lib EPA/DHA concentrate 

containing 6% EPA and 51% DHA, 5 weeks 

n-3 PUFA (EPA + 

DHA) 
↑ in mature adipocytes ↑ (119) 

Rat feeding studies     

Zucker diabetic fatty (fa/fa) rats fed CLA diet supp. with 

5% corn oil and 1% CLA (46.0% of 9c,11t; 47.3% of 

10t,12c; 3.2% of 9c,11c/10c,12c; and 0.4% of 

9t,11t/10t,12t.), 8 weeks 

n-6 PUFA (CLA) 

 

↑ 

 

↑ 

 

(118) 
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Table 2: Dietary fatty acids and adipokine production in humans.  

Study Design Study Details 
Number and Ethnicity 

of Study Cohort 
FA Examined Effect on Adipokine Production Reference 

TNF-α 

Intervention 

Study 

Supp. normal diets with 18g of fish oil 

concentrate per day for 6 weeks 
N=9 Caucasians n-3 PUFA ↓ (72) 

Intervention 

Study 
Supp. with 6g/d of fish oil for 12 weeks N=111 Caucasians n-3 PUFA 

↓ in subjects with ↑ levels of 

TNF-α prior to supp. (74) 

↑ in subjects with ↓ levels of 

TNF-α prior to supp. 
 

Intervention 

Study 

Supp. normal diets with flaxseed oil (56% 

α-LNA, 18% LA) and flaxseed oil and 

butter spread (23% α-LNA, 8% LA) for 8 

weeks. At week 4 diets were supp. with 9 

fish oil capsules (1.62g EPA, 1.08g DHA) 

per day 

N= 28 Caucasians 
n-3 PUFA 

(EPA+DHA) 
↓ (73) 

IL-6 

Intervention 

Study 

8 week consumption of either a SFA rich 

diet (19% SFA and 11% MUFA) or a 

MUFA rich diet (11% MUFA and 20% 

SFA) 

N=20 Caucasians 

SFA ↑ in IL-6 gene expression (26) 

MUFA 

 

↓ in IL-6 gene expression 
 

Dietary 

Questionnaire 
Food Frequency Questionnaire 

N=5677 African 

Americans, Caucasians, 

Chinese, and Hispanic 

individuals 

n-3 PUFA ↓ levels of IL-6 (98) 

Lipidomic 

analysis 

Plasma lipid analysis using gas 

chromatography 
N=1123 Caucasians 

n-3 PUFA 

(DHA) 

low plasma levels of DHA 

associated  with ↑ levels of IL-6 
(99) 

n-6 PUFA (AA) 
low plasma levels of AA 

associated with ↑ levels of IL-6 

Adiponectin 

   SFA (PA) 
↑ plasma levels of PA, ↓ 

adiponectin 
 

Lipidomic 

analysis 

Plasma lipid analysis using gas 

chromatography N=116 Caucasians 

 

n-6 PUFA 

(GLA) 

 

↑ plasma levels of GLA, ↓ 

adiponectin 

(22) 

 

  
n-3 PUFA 

(DHA) 

 

↑ plasma levels of PUFA, ↑ 

adiponectin 
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Table 3: Diet-gene interactions affecting obesity-related clinical endpoints. This table summarizes studies performed to date 

demonstrating how variation in the genes encoding adipokines can affect the interactions with dietary fats and influence obesity-

related phenotypes.  

SNP Study Design 

Number and 

Ethnicity of 

Study Cohort 

 

 

 Cohort 

FA 

Class Effect of SNP-Fatty Acid association on obesity Reference 

TNF-α      

 

-308G/A 

(rs180062) 

Supp. with 6g/d of fish oil for 12 

weeks 

N=111 

Caucasians 

n-3 

PUFA 

GA individuals with high TNF-α levels pre-supp had 

substantial ↓TNF-α post-supp compared to GG 

individuals; not enough AA individuals to make any 

conclusions. 

(74) 

Food Frequency Questionnaire 
N=154 

Caucasians 

n-6 

PUFA 

GA or AA individuals with medium or high LA intake 

had ↑ risk of obesity (OR: 2.70 and 11.01, respectively), 

relative to GG individuals. 
(76) 

GA or AA individuals with medium or high AA intake 

had ↑ risk of obesity (OR: 9.38 and 129.02, respectively), 

relative to GG individuals. 

-238G/A 

(rs361525) and -

308G/A Haplotype 

Food Frequency Questionnaire 
N=595 Multi-

ethnic 

n-6 

PUFA 

Individuals with GG at the -238 loci and at least one A 

allele at that -308 loci with ↓ PUFA intake had ↑ BMI; no 

significant associations seen with other genotypes. 

(75) 

i33708A/G 

(rs10495563) 
Food Frequency Questionnaire 

N=936 

Caucasians 

n-6 

PUFA 

AG and AA individuals with ↓ PUFA intake had ↑ risk of 

obesity, relative to GG individuals; no significant 

association observed with ↑ PUFA intake. 

(69) 

Adiponectin      

-11391G/A 

(rs17300539) 
Food Frequency Questionnaire 

N=1083 

Caucasians 
MUFA 

GA or AA individuals with ↑ MUFA intake had ↓ BMI 

and risk of obesity (OR: 0.52), relative to GG individuals; 

no significant associations observed with ↓ MUFA intake. 

(35) 

+45T/G 

(rs2241766) 

3 month dietary intervention, either 

MD supp. with nuts or MD supp. 

with virgin olive oil 

N=737 

Caucasians 
MUFA 

GG individuals had a greater ↑ in body weight over a 3 

year period, independent of diet, relative to TT and TG 

individuals. 

(113) 

+276G/T 

(rs1501299) 

3 month dietary intervention, either 

MD supp. with nuts or MD supp. 

with virgin olive oil 

N=737 

Caucasians 
MUFA 

TT individuals had ↑ body weight relative to GG and GT 

individuals. 

TT individuals had ↑ weight gain over a 3 year period 

relative to GG and GT individuals. MD supp. attenuated 

this effect in TT individuals only. 

(113) 
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Chapter IV 

 

 

Saturated and monounsaturated fatty acids regulate adipokine gene 

expression in cultured 3T3-L1 murine adipocytes. 
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Chapter IV Summary 

Obesity is characterized by a state of chronic, low grade inflammation in the adipose. Adipokine 

expression and secretion are dysregulated in obesity although the precise mechanisms by which 

this occurs are not fully understood. Saturated FFA have been found to be increased in obese 

individuals and act as ligands for TLR4, stimulating the production of TNF-α. Thus FA represent 

a class of molecules which can regulate the expression of adipokines. The objective of this 

research project was to determine the effects of the SFA palmitic and stearic acids, and their 

MUFA chain length counterparts, palmitoleic and oleic acids on the gene expression of TNF-α, 

IL-6, IL-10, adiponectin, and RANTES in adipocytes. Differentiated murine 3T3-L1 adipocytes 

were incubated with 250uM palmitic, stearic, palmitoleic, and oleic acids for 48 hours. After 48 

hours, total RNA was extracted and changes in adipokine gene expression were measured using 

RT-PCR. Palmitic and stearic acids significantly increased the expression of RANTES by 2.8 

and 2.1 fold (p<0.01), respectively, relative to control cells treated with 2% BSA and ethanol. 

These FA did not have a significant effect on IL-6 or adiponectin expression. Palmitoleic and 

oleic acids significantly decreased the expression of RANTES by -2.7 fold and -2.2 fold, 

respectively (p<0.01). Palmitoleic and oleic acids also decreased the expression of IL-6 by -1.8 

and -1.3 fold (p<0.01), respectively. Palmitoleic acid had no effect on adiponectin expression 

while oleic acid was found to only cause a borderline significant 1.2 fold change increase 

(p=0.05) in adiponectin expression. No changes in TNF-α and IL-10 expression could be 

determined for any of the treatments due to low expression levels. In conclusion, SFA were 

found to increase the expression of RANTES which could in turn increase the recruitment of 

other inflammatory cells to the adipose. MUFA were found to decrease the expression of IL-6 

and RANTES, but increase adiponectin expression, suggesting that MUFA promotes an anti-
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inflammatory state. Taken together, these findings demonstrate that SFA and MUFA 

differentially regulate the expression of inflammation-related adipokines. 



44 

 

INTRODUCTION 

 As outlined in Chapter 1, TNF-α, IL-6, and adiponectin are dysregulated in obesity (24). 

Although the mechanisms for this are incompletely understood, it is believed that FA may play a 

role in regulating the expression and secretion of adipokines. For example, saturated FFA levels 

are increased in obese individuals and have been found to act as ligands for TLR4, which can 

signal through NF-κβ to increase the production of TNF-α (127). Furthermore, using cultured 

murine 3T3-L1 adipocytes, Bradley et al. found that treating the cells with increasing 

concentrations of palmitic acid resulted in a dose-dependent increase in both the expression and 

secretion of TNF-α (19). However, this treatment also caused a dose-dependent decrease in both 

the expression and secretion of the anti-inflammatory adipokine, interleukin-10 (IL-10) (19). In 

contrast, when cells were treated with oleic acid, no effect was seen on either TNF-α or IL-10 

expression or secretion; suggesting differential effects of SFA and MUFA on adipokine 

expression and secretion (19). Furthermore, these results demonstrated that FA can play a role in 

initiating and/or propagating an inflammatory response. 

 IL-10 is an anti-inflammatory cytokine secreted by numerous cell types including 

activated monocytes, lymphocytes, and adipocytes of the adipocyte fraction of adipose tissue 

(128). IL-10 is a potent anti-inflammatory adipokine, believed to act as a defence mechanism 

against a severe inflammatory response (129). Levels of IL-10 have been found to be elevated in 

both rodent and human obesity, and that circulating levels of IL-10 were found to be positively 

associated with weight and BMI in obese individuals (128, 130). The elevated levels of IL-10 in 

obesity are believed to counteract the inflammation seen in obesity by suppressing the ability of 

macrophages to stimulate the synthesis of TNF-α and IL-6 (129). Interestingly, low levels of IL-
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10 have been associated with the metabolic syndrome in both obese and non-obese women and 

can aid in predicting which individuals are at risk of developing the metabolic syndrome (131). 

 Relatively few studies have examined the effects of FA on IL-10, however Bradley et al. 

have found that FA can regulate both the expression and secretion of IL-10. Bradley et al. also 

found that DHA increased both the expression and secretion of IL-10 in a dose dependent 

manner in 3T3-L1 adipocytes (19). These results also appear to apply in vivo as Ferrucci et al. 

found subjects with low plasma levels of DHA to also have low levels of circulating IL-10 (99). 

Due to the few studies examining the effects of FA on IL-10, we sought to determine how SFA 

and MUFA affect IL-10 expression in adipocytes. 

RANTES is another adipokine of interest, as it too has been reported to be dysregulated 

in obesity. RANTES is predominantly produced by T-cells, epithelial cells, fibroblasts, platelets, 

and adipocytes, and is responsible for recruiting leukocytes to sites of inflammation (132, 133). 

Under normal physiological conditions, RANTES is not constitutively expressed, however its 

expression and secretion can increase within hours after an inflammatory stimulus, such as 

stimulation by TNF-α (134, 135). As such, increased levels of RANTES have been associated 

with various conditions associated with inflammation such as atherosclerosis, arthritis, asthma, 

and recently, obesity (132, 133). 

Expression of RANTES and its primary receptor C-C receptor 5 (CCR5) were found to 

be increased in both subcutaneous and visceral adipose tissue depots of obese individuals; with 

visceral adipose showing approximately a 2-fold increase in RANTES expression versus 

subcutaneous adipose tissue (136). A positive correlation was also identified between increased 

RANTES and CCR5 expression, and BMI and markers for macrophage infiltration, such as 
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CD11b (136). Furthermore, obese mice were found to have higher protein levels of RANTES in 

adipose as well as increased RANTES secretion from adipose, relative to lean control mice 

(136). Similar results were seen in human obesity. Obese individuals were found to have 

increased secretion of RANTES, with both the SVF and AF secreting approximately the same 

amount of RANTES (137). The fact that both RANTES expression and secretion are elevated in 

obesity is of concern, as high levels of RANTES have been found to activate T cells and 

monocytes, which could be responsible for initiating and propagating immune cell infiltration 

into the adipose tissue (138). 

To our knowledge, only one study has reported an effect of FA on RANTES expression. 

Microarrays were performed on subcutaneous adipose tissue samples from overweight subjects 

who consumed either a diet high in SFA or MUFA for 8 weeks (26). Microarray data analysis 

(performed in our lab by Monica Wong) identified numerous genes that were differentially 

expressed by the two diets, one of which was RANTES (unpublished data). We found that the 

SFA diet caused an increase in RANTES expression while the MUFA diet resulted in a decrease 

in RANTES expression. However this study did not determine the individual SFA and MUFA 

responsible for changes in RANTES.  

Taken together, the objective of this research project was to use a murine adipocyte cell 

model to determine how the SFA palmitic and stearic acids, and their MUFA chain length 

counterparts, palmitoleic and oleic acids affect the expression of TNF-α, IL-6, IL-10, 

adiponectin, and RANTES. These FA were selected as palmitic, stearic, and oleic acids are 

found in abundance in the diet and palmitoleic acid was recently reported to act as a signalling 

molecule in adipose tissue (139, 140). 
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MATERIALS AND METHODS 

Materials 

3T3-L1 cells were purchased from the American Type Culture Collection (Manassas, 

VA). Dulbecco‟s modified Eagle medium (DMEM, SH30022.01), fetal bovine serum (FBS, 

F1051), Penicillin-Streptomycin (PS, SV30010), and 0.25% trypsin-ethylenediamine tetraacetic 

acid (SH30042.0) solution were purchased from HyClone (Logan, UT). 3-isobutyl-1-

mexthlyxanthine (IBMX, I5879), dexamethasone (DEX, D1756), human insulin (I9278), FA free 

bovine serum albumin (BSA, A3803, ≥98%), and all FAs (16:0, P5585; 16:1, P9417; 18:0, 

S4751; and 18:1, O1383) were obtained from Sigma Aldrich (St. Louis, MO). 

Cell Culture 

3T3-L1 pre-adipocytes were seeded and maintained in Corning 75cm
2
 flasks (Corning, 

NY, 430641) at 37
o
C and 5% CO2 with basic medium, which consisted of DMEM with high 

glucose, 5% FBS, and 1% PS. Fresh basic medium was provided to pre-adipocytes every 2 days. 

To prevent the cells from becoming completely confluent, cells were passaged at 80% 

confluence.  

For FA experiments, approximately 60,000 cells were seeded per well in Corning 6-well 

plates (34.8mm bottom diameter; Corning, NY, 3506) and grown to confluence at 37
o
C and 5% 

CO2. Two days post confluence (Day 0), cells were induced to differentiate with differentiation 

medium composed of DMEM, 5% FBS, 1% PS, 1 μM DEX, 0.5mM IBMX, and 5 μg/mL insulin 

for two days. On Day 2, differentiation medium was replaced with maintenance medium 

consisting of DMEM, 5% FBS, 1% PS, and 5 μg/mL insulin. Fresh maintenance medium was 

applied to the cells every 2 days for the remainder of the differentiation protocol. Serum free 

maintenance medium was applied overnight on Day 7 and was used for the remainder of the 
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experiment. FA were applied to the cells on Day 8 and total RNA was extracted from the cells on 

Day 10 as described below. Cell culture medium was collected on Day 10, centrifuged, and 

stored at -80
o
C for future secretion analyses. 

Fatty Acid Treatments 

 Fully differentiated adipocytes were incubated in serum free maintenance medium 

overnight, beginning on Day 7. Stocks (25mM) of 16:0, 16:1, 18:0, and 18:1 were freshly 

prepared by dissolving each FA in 100% ethanol. 2% (wt/vol) FA free BSA was dissolved in 

serum free maintenance medium and served as a FA carrier. FA stock solutions were diluted 

1:100 in BSA containing serum free maintenance medium for a final FA concentration of 250μM 

before being applied to the cells. This concentration of FA was used as it is commonly reported 

in the literature and is within the physiological range for rodents and humans (19). Moreover, we 

confirmed that this dose did not have a toxic effect on adipocytes. The BSA to FA ratio was 

approximately 1:5. All treatments were applied on Day 8 for 48hrs. For each experiment, an n=6 

was performed.  

RNA Isolation and RT-PCR 

 Total RNA was extracted using the Qiagen RNeasy Mini Kit (Venlo, Netherlands) 

according to the manufacturer‟s protocol, was quantified using a Nanodrop (Fisher Scientific, 

Waltham, Massachusetts), and stored at -80
o
C until further analysis. 1 μg of total RNA was used 

to synthesis cDNA for RT-PCR using a High-Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems, Foster City, CA). Briefly, a master cDNA synthesis mixture containing 

10X RT Buffer, 25X dNTP Mix (100mM), 10X random primers, reverse transcriptase, RNase 

inhibitor, and nuclease-free water was added to a tube containing nuclease free water and RNA. 
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The mixture then underwent the following incubations: 10 minutes at 25
o
C, 120 minutes at 37

o
C, 

5 minutes at 85
o
C, and a final hold at 4

o
C. Nuclease free water was then added to make a final 

cDNA concentration of 100uM and the cDNA was stored at -20
o
C until further analysis.    

Real time-PCR was used to detect changes in TNF-α, IL-6, IL-10, adiponectin and 

RANTES mRNA expression and was performed using the ABI 7900 Fast Real Time PCR 

System (Applied Biosystems, Foster City, CA) under the following conditions: 2 minutes at 

50
o
C, 10 minutes at 95

o
C, 15 seconds at 95

o
C, 60

 o
C for 1 minute, 15 seconds at 95

o
C and 15 

seconds at 60
o
C for a total of 40 cycles. Primer sequences were designed for the genes of interest 

using the Universal Probe Library Assay Design Center (Roche Applied Sciences, Penzberg, 

Germany) and their efficiency was validated in adipocytes on Day 7 of differentiation as well as 

in a sample of adipose tissue prior to use on experimental samples. Primer sequences used for 

TNF-α, IL-6, IL-10, adiponectin and RANTES are listed in the table below (Table 4). Results 

were normalized against RPLPO, which served as the endogenous reference gene. A master 

mixture of PCR reaction was prepared in order to analyze each sample in triplicate and consisted 

of cDNA, primers, nuclease free water, and 2X Power SYBER Green PCR Master Mix (Applied 

Biosystems, Foster City, CA). A total volume of 20uL of the master mixture was plated in 

triplicate per sample. 

Statistical Analysis 

All values presented are the mean ± standard error of the mean from six independent 

experiments. Differences between control and treatment samples were analysed by a Student‟s t-

test using Microsoft Excel. A p-value <0.05 was considered to be statistically significant. 
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Table 4: Primer sequences used to detect changes in TNF-α, IL-6, IL-10, adiponectin and 

RANTES mRNA expression. 

Gene Forward Primer Reverse Primer 

RPLPO actggtctaggacccgagaag tcccaccttgtctccagtct 

TNF-α catcttctcaaaattcgagtgacaa tgggagtagacaaggtacaaccc 

IL-6 aacgatgatgcacttgcaga gagcattggaaattggggta 

IL-10 ggttgccaagccttatcgga acctgctccactgccttgct 

Adiponectin tgagacaggagatgttggaatg ctttcctgccaggggttc 

RANTES tccaatcttgcagtcgtgtttg tctgggttggcacacacttg 
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RESULTS 

Effects of saturated and monounsaturated fatty acids on RANTES mRNA expression in 

3T3-L1 adipocytes. 

 Palmitic and stearic acids were found to significantly increase the expression of RANTES 

by 2.8 and 2.1 fold, respectively, relative to the control of 2% BSA and ethanol (p<0.01) (Figure 

1). In contrast, palmitoleic and oleic acids were found to significantly reduce the expression of 

RANTES by -2.7 fold and -2.2 fold, respectively, relative to the control (p<0.01). Taken 

together, SFA were found to increase the expression of RANTES, while MUFA were found to 

decrease the expression of RANTES. 

 

Figure 1: Effects of SFA and MUFA on RANTES gene expression in differentiated 

adipocytes. Cells were individually incubated with 250μM of the FA for 48 hours. Changes in 

gene expression were measured by RT-PCR. Results are represented as a fold change in gene 

expression relative to the negative control (2% FA free BSA and ethanol) ± SD for n=6. *p<0.05 

was considered to be statistically significant. 
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Effects of saturated and monounsaturated fatty acids on IL-6 mRNA expression in 3T3-L1 

adipocytes. 

 Palmitic and stearic acids were found to have no significant effect on IL-6 expression 

(p=0.274 and p=0.730, respectively) (Figure 2). Palmitoleic acid was found to reduce the 

expression of IL-6 by -1.8 fold relative to the control (p<0.01) and oleic acid decreased IL-6 

expression by -1.3 fold (p<0.01). These results demonstrate that the SFA had no effect on IL-6 

expression, while the MUFA were found to reduce the expression of IL-6. 

 

Figure 2: Effects of SFA and MUFA on IL-6 gene expression in differentiated adipocytes. 

Cells were individually incubated with 250μM of the FA for 48 hours. Changes in gene 

expression were measured by RT-PCR. Results are represented as a fold change in gene 

expression relative to the negative control (2% FA free BSA and ethanol) ± SD for n=6. *p<0.05 

was considered to be statistically significant. 
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Effects of saturated and monounsaturated fatty acids on adiponectin mRNA expression in 

3T3-L1 adipocytes. 

Palmitic and stearic acids showed no effect on adiponectin expression (p=0.652 and 

p=0.140, respectively) relative to the negative control (Figure 3). Palmitoleic acid also showed 

no effect on adiponectin expression (p=0.733) and its chain length counterpart oleic acid was 

only found to cause a borderline significant 1.2 fold change increase (p=0.05) in adiponectin, 

relative to the 2% BSA ethanol control. Taken together, these results show that only oleic acid 

may have an effect on adiponectin expression. 

 

Figure 3: Effects of SFA and MUFA on adiponectin gene expression in differentiated 

adipocytes. Cells were individually incubated with 250μM of the FA for 48 hours. Changes in 

gene expression were measured by RT-PCR. Results are represented as a fold change in gene 

expression relative to the negative control (2% FA free BSA and ethanol) ± SD for n=6. *p<0.05 

was considered to be statistically significant. 

 

Effects of saturated and monounsaturated fatty acids on TNF-α and IL-10 mRNA 

expression in 3T3-L1 adipocytes. 

 Due to the low expression of both TNF-α and IL-10 in 3T3-L1 adipocytes under our 

culture conditions, we could not accurately determine changes in gene expression due to the 

treatments (no data available). 
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DISCUSSION 

 Obesity is characterized by a state of chronic, low grade inflammation where adipokine 

expression and secretion are dysregulated. Although the precise mechanisms by which this 

occurs are not fully understood, FA represent a diverse class of molecules that have been found 

to regulate the expression of adipokines. For example, FFA are elevated in obese subjects and 

they have been found to promote systemic inflammation, possibly through TLR4 pathways 

(127). Saturated FFA have been found to be ligands for TLR4, signalling through TLR4/NF-κβ 

to increase the expression of pro-inflammatory adipokines such as TNF-α (38). This in turn can 

result in inflammation or propagate an already present inflammation (38). However, few studies 

have examined the effects of MUFA on adipokine expression in adipocytes. In particular, little is 

known about how SFA and MUFA change the expression of less commonly studied adipokines 

such as IL-10 and RANTES.  As such, the goal of this project was to study the effects of the 

SFA, palmitic and stearic acids, and the MUFA, palmitoleic and oleic acids, on the expression of 

TNF-α, IL-6, IL-10, adiponectin, and RANTES to determine if these FA can augment or 

diminish the inflammatory profile of adipocytes.  

The present study demonstrated that SFA and MUFA can cause changes in expression of 

IL-6, adiponectin, and RANTES. Results could not be obtained for TNF-α and IL-10 expression; 

however, this was not unexpected as TNF-α is mainly derived from infiltrated macrophages 

rather than adipocytes. Results could not be obtained for IL-10 as expression was too low to 

detect (141).  

Palmitic and stearic acids were found to have no effect on IL-6 expression however both 

palmitoleic and oleic acids were found to significantly decrease IL-6 expression. The MUFA 
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results are in line with human intervention studies where diets high in MUFA were associated 

with decreased expression and circulating levels of IL-6 (26, 142). IL-6 is involved in regulating 

inflammation by activating T cells, inducing chemokines, and recruiting leukocytes to sites of 

inflammation. A decrease in IL-6 expression by MUFA could therefore be beneficial in reducing 

obesity associated inflammation by decreasing the infiltration of inflammatory cells to the 

adipose.  

Only oleic acid was found to have a significant effect on adiponectin expression, where it 

was found to increase its expression. Adiponectin plays a protective role against chronic 

inflammation by decreasing NF-κβ activation by Toll-like receptors and increasing the 

production of IL-10 in macrophages, thus regulating macrophage polarization (8). M1 or 

“classically activated” macrophages are activated by stimuli such as LPS and exhibit a pro-

inflammatory phenotype by expressing molecules such as TNF-α and IL-6 (8). In contrast, M2 or 

“alternatively activated” macrophages display an anti-inflammatory phenotype characterized by 

increased IL-10 production and decreased production of pro-inflammatory cytokines (8). 

Recently, adiponectin has been found to attenuate the expression of M1 markers, but stimulate 

the expression of M2 markers in SVF cells isolated from obese human adipose tissue. This 

demonstrates that adiponectin could promote a phenotypic switch in macrophages from a pro-

inflammatory state to an anti-inflammatory state (8). Thus, if oleic acid can increase the 

expression of adiponectin, this could help to ameliorate adipose tissue inflammation by 

promoting an anti-inflammatory state in macrophages, thereby breaking the inflammatory cycle 

in adipocytes. Moreover, this anti-inflammatory state is in agreement with the reduction in IL-6 

expression caused by oleic acid. 
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Palmitic and stearic acids significantly increased the expression of RANTES while 

palmitoleic and oleic acids significantly decreased the expression of RANTES. These results are 

consistent with data from a previous microarray study by van Dijk et al.; overweight subjects 

received either a diet high in SFA or MUFA for 8 weeks after which adipose tissue samples were 

obtained from subcutaneous adipose tissue and microarrays were performed (26). In our lab, 

Monica Wong reanalyzed the data to find that the diet high in SFA resulted in an increase in 

RANTES expression while the MUFA rich diet was found to decrease RANTES expression (26). 

This study improves upon these results by demonstrating that specifically, palmitic, stearic, 

palmitoleic, and oleic acids are capable of regulating RANTES expression; however, other SFA 

and MUFA not examined may also show the same effects.  

The changes in RANTES expression observed provide valuable insight into the 

contributions of these FA on regulating the inflammatory state seen in obesity. RANTES is a 

unique protein in that, at high concentrations, it self-aggregates to form a multimer which is 

believed to be essential for RANTES ability to activate T cells and monocytes and trigger the 

release of pro-inflammatory cytokines (132). Furthermore, the multimer can also enhance 

chemotaxis by increasing the concentration gradient by which leukocytes and other 

inflammatory cells are attracted to the area of inflammation (132). Because SFA were found to 

increase RANTES expression in adipocytes, this could result in increased concentrations of 

RANTES in adipocytes, potentially leading to an increase in the formation of multimers. This 

would further increase the infiltration of inflammatory cells into adipose tissue, as well as 

increase the release of pro-inflammatory cytokines. Taken together, the increase of RANTES by 

SFA could potentially worsen adipokine dysregulation and propagate inflammation in adipose. 
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 In contrast, MUFA were found to reduce RANTES expression, which could improve the 

overall inflammatory state by reducing immune cell infiltration into the adipose. Mice deficient 

in RANTES
-/-

 were found to have impaired T cell proliferation and a decrease in macrophage 

accumulation at sites of inflammation (143). Because MUFA were found to decrease RANTES 

expression, they could help to reduce macrophage infiltration, diminishing adipose tissue 

inflammation. Furthermore, a decrease in RANTES could also help to increase levels of anti-

inflammatory adipokines. RANTES deficient mice were found to have increased expression and 

secretion of IL-10, which suggests an anti-inflammatory state in adipose tissue (136). 

Furthermore, an inverse relationship between adiponectin and RANTES was observed in 

adiponectin deficient mice (144). This relationship was also observed in the present study where 

oleic acid caused a decrease in RANTES expression but an increase in adiponectin expression. 

Taken together, these results suggest that MUFA could help to break the inflammatory cycle by 

promoting an anti-inflammatory state by increasing levels of anti-inflammatory adipokines. 

In the present study, SFA and MUFA were found to change adipokine gene expression. 

In the future, these results need to be confirmed on the level of protein secretion to determine if 

changes in gene expression coincide with changes in protein secretion (i.e. does a decrease in 

RANTES gene expression due to MUFA treatment correspond to a decrease in RANTES 

secretion). This would also provide insight into RANTES concentrations in adipocytes and the 

likelihood of it forming a multimer (i.e. if RANTES levels are in the micromolar range) (132). 

Protein secretion could also be measured at various time points during the 48 hour incubation (ie 

at 6, 12, 24, and 48 hours) to determine if there are differences in the dynamics of protein 

secretion over time.  
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In order to provide a complete understanding of the effects of FA on adipokines, the 

mechanisms by which FA exert their effects on adipokines must be examined. Although no easy 

task, it would provide valuable insight into how FA change adipokine gene expression. For 

example, TLR4 and NF-κβ activity could be measured to determine whether or not the FA can 

act as ligands for TLR4 and signal through this receptor to activate NF-κβ. Conversely, 

inhibitors, such as a TLR4 inhibitor could be applied or siRNA could be used to knock-down 

TLR4, NF-κβ, and other genes involved in this signalling pathway. Again, FA could be applied 

to this system to determine if FA act through these pathways. Subsequently, gene expression and 

protein secretion of target genes in the TLR4 NF-κβ pathway (such as TNF-α and IL-6) could be 

measured to determine if their levels are increased or decreased due to potential stimulation or 

inhibition of these pathways (127). 

 To conclude, these results demonstrate that the SFA palmitic and stearic acids increase 

the expression of RANTES, which could in turn increase the recruitment of other inflammatory 

cells to the adipose tissue thereby augmenting the inflammatory state. MUFA in turn were found 

to decrease the expression of IL-6 and RANTES, while adiponectin expression was increased; 

these results suggest that MUFA could ameliorate the inflammatory state. More work is needed 

to confirm these results on the protein level; however, these finding demonstrate that SFA and 

MUFA have differential effects on IL-6, adiponectin, and RANTES expression.  
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Chapter V Summary 

FA represent a diverse class of molecules known to regulate inflammatory pathways. Evidence 

suggests that SCD1 activity may be positively associated with inflammation. SNPs in SCD1 may 

also alter enzyme activity; however, it is unknown whether this modulates inflammatory status. 

To goal of this study was to examine the influence of plasma FA, SCD1 activity, and SCD1 

polymorphisms on CRP in young adults. FA and CRP were measured in fasted plasma samples 

from Caucasian (n=279, 198 female and 81 male) and Asian (n=249, 179 female and 70 male) 

subjects, 20-29 years old. Percent FA composition for 16:0, 16:1, 18:0, and 18:1 was determined 

with gas chromatography and SCD1 activity was estimated by the ratio of product to precursor 

(16:1/16:0; 18:1/18:0). Ten SCD1 SNPs were genotyped in all subjects. Positive associations 

were identified between CRP levels and 16:0, 16:1, and SCD1 activity (p<0.02) in Caucasian 

and Asian females, while 18:0 was inversely associated with CRP levels (p<0.01) in both groups. 

The rs2060792 SNP was associated with 16:0 (p<0.01) and 18:0 (p<0.05) in Caucasian females, 

and was also associated with CRP in both groups of females (p<0.01). Only a single weak 

positive association was found between SCD1 activity [16:1/16:0] and CRP levels in Asian men 

(p=0.04).  Overall, SCD1 activity and genetic variation has an important role in the relationship 

between FA and inflammation in young adults.  
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INTRODUCTION 

Changes in both the quantity and proportion of FA in the diet are thought to contribute to 

the development of the low-grade inflammation associated with common metabolic disorders, 

such as obesity, type-2 diabetes, and cardiovascular disease (145). Although the molecular 

mechanisms are not fully understood, it is believed that FA are involved in regulating 

inflammatory processes by inducing the production and signalling of cytokines through various 

pathways, such as the TLR4 pathway (24). This increase in pro-inflammatory cytokines is 

thought to create a localized inflammatory state that in turn propagates overall systemic 

inflammation (24). 

Considerable evidence demonstrates that n-6 PUFA tend to have pro-inflammatory roles, 

while n-3 PUFA have been found to diminish both localized and systemic inflammation (146); 

however, less research has examined the contributions of MUFA. MUFA are obtained either 

through the diet or produced endogenously via the action of SCD1, a delta-9 desaturase. This 

desaturase is rate limiting for the conversion of SFA, specifically palmitic acid and stearic acid, 

to MUFA, palmitoleic acid and oleic acid, respectively (28). SCD1 can act on both SFA obtained 

from the diet and through de novo lipogenesis to produce MUFA that serve as substrates for 

triglyceride, cholesterol ester, and phospholipid synthesis (28, 36). 

The crucial role of SCD1 in regulating lipid metabolism is well documented (28); 

however, recent data suggests that SCD1 may also contribute to inflammation (31). Much of our 

current understanding of SCD1 function comes from research using the natural Scd1-deficient 

asebia and transgenic knock-out mouse models. These mice were found to be resistant to diet-

induced obesity and are characterized by decreased body weight, improved insulin sensitivity, 
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and decreased hepatic steatosis (29, 30). Recently, Scd1 deficiency in mice was reported to 

prevent white adipose tissue inflammation, as reflected by a reduced expression of pro-

inflammatory genes (e.g. MCP-1 and IL-6) (31). In humans, the relationship between SCD1 and 

inflammation is incomplete; however, there is evidence to suggest that such a link exists. A 

positive correlation was found between plasma palmitoleic acid levels and SCD1 activity with 

CRP in a population of elderly Swedish adults, demonstrating that both FA and SCD1 activity 

may regulate inflammation (32).  

Furthermore, a previous study suggested that SNPs located both within and near the 

SCD1 gene are associated with obesity-related parameters and potentially altered desaturase 

activity. More specifically, Warensjo et al. found that subjects homozygous for the minor C 

allele in the rs7849 SNP had a smaller waist circumference and improved insulin sensitivity (37). 

While only borderline significant associations were found between SCD1 SNPs and SCD1 

enzyme activity, this study suggested that such a link may exist and therefore warrants continued 

examination (37).  

The objective of the present study was to investigate the relationships between plasma 

FA profiles, SCD1 activity and plasma CRP levels in a population of young Canadian adults. We 

subsequently investigated the influence of SNPs in SCD1 on the aforementioned endpoints in 

order to further our understanding of the genetic basis of the relationship between SCD1 and 

inflammation. 
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MATERIALS AND METHODS 

Study Participants 

Subjects participating in the Toronto Nutrigenomics and Healthy study were used for the 

present study (147, 148). Subjects were excluded from the analysis if they met one of the 

following criteria: 1) a body mass index >30 kg/m
2
, 2) plasma CRP > 10 mg/L, 3) plasma CRP > 

3mg/L and a recorded inflammatory event (e.g. a piercing or a fever) 2 weeks prior to providing 

a blood sample, or 4) had taken an analgesic in the month prior to providing a blood sample. 

Participants were Caucasian (n= 279) and Asian (n=250) men and women, 20-29 years of age, 

recruited from the University of Toronto campus between October 2004 and June 2009. Subjects 

were assigned to subgroups based on ethnicity and sex. The subgroups consisted of 198 

Caucasian women and 81 Caucasian men, and 179 Asian women and 70 Asian men. The study 

protocol was approved by the Research Ethics Boards at the University of Toronto and the 

University of Guelph. Written informed consent was obtained from all participants. 

Anthropometric and clinical measurements 

Anthropometric measurements were recorded and subjects completed general health and 

lifestyle questionnaires, including a food frequency questionnaire (147). A physical activity 

score, which is representative of the number of hours a week one spends doing light, moderate, 

and vigorous activities and sleeping and/or lying down, was determined from questionnaire data, 

as previously described (149). Following a 12hr overnight fast, biomarkers of glucose and lipid 

metabolism (glucose, insulin, total- and HDL-cholesterol, triglycerides, and FFA) and 

inflammation (CRP) were measured from plasma samples using standard clinical procedures.  
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Analysis of plasma lipids using gas chromatography 

Total lipid extraction and subsequent gas chromatography were used to determine plasma 

FA content from fasted blood samples, as previously described in Merino et al. (150). FA of 

interest were expressed as percent FA composition: palmitic, palmitoleic, stearic, and oleic acids. 

Desaturase activity was estimated by calculating the ratio of product FA to precursor FA 

([16:1/16:0] and [18:1/18:0]) and takes into account both dietary and endogenous product and 

precursor FA (151).  This is an established approach for estimating SCD1 activity and provides 

an accurate estimate of true SCD1 activity (152). Furthermore, this estimate of SCD1 activity is 

reflective of total body SCD1 activity.  

SNP selection and genotyping 

SNP‟s in SCD1, including 10kb up-and downstream flanking regions, were identified 

with the International HapMap Project SNP database using the NCBI B36 assembly – HapMap 

Genome Browser Data Rel 24, phase II, build 126. Tag SNPs (tSNPs) were selected with the 

Tagger feature in Haploview V4.2 using a minor allele frequency (MAF) > 5% and pairwise 

tagging (r
2 

≥ 0.8). 10 tSNPs were identified and accounted for 96.7% of the genetic variability in 

this region. Genotyping was performed on blood samples using the Sequenom MassARRAY 

platform, which is based on detection through matrix-assisted laser desorption/ionization time-

of-flight mass spectrometry (MALDI-TOF MS) (Mass Array, Sequenom, San Diego, CA). 

Twenty-nine DNA samples were randomly selected for replication and 100% concordance was 

achieved. Three individuals without genotype data for one or more of the SNPs were excluded 

from further analyses. 
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Statistical analyses of plasma FA, SCD1 activity, and CRP 

All data was analyzed with JMP Genomics software V5 (SAS Institute, Cary, NC). The 

normal distribution of variables was determined using the Shapiro Wilk‟s test. A student‟s t-test 

was used to identify differences in anthropometric, bio-clinical, and FA measurements. 

Correlations between plasma FA, estimates of SCD1 activity, and plasma CRP were determined 

using a Pearson‟s correlation analysis. Linear regression models were subsequently used to 

identify individual associations between plasma FA, SCD1 activity, and plasma CRP and were 

adjusted for BMI, age, physical activity, energy intake, and dietary fat intake (as a percentage of 

total energy intake); factors which have been previously reported to influence CRP levels (33, 

153). Separate analyses were performed for each ethnicity and sex. A p-value <0.05 was 

considered statistically significant.  

Statistical analyses of Single Nucleotide Polymorphisms 

Deviations from Hardy-Weinberg Equilibrium (HWE) were tested for each SNP using a 

chi-square test. Linear regression models were used to identify associations between plasma FA, 

SCD1 activity, SCD1 SNPs, and plasma CRP and were adjusted for BMI, age, physical activity, 

energy intake, and dietary fat intake (as a percentage of total energy intake). Separate analyses 

were performed for each ethnicity and gender.  Post-hoc testing was performed using a student‟s 

t-test to identify differences in plasma FA, SCD1 activity, and CRP between genotypes. In order 

to ensure adequate numbers, we combined heterozygous with minor homozygous subjects. A p-

value <0.05 was considered statistically significant.  
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RESULTS 

Study population characteristics 

The anthropometric and bio-clinical characteristics of Caucasian and Asian groups are 

presented in Table 5, energy and dietary fat intake in Table 6, and plasma lipid compositions in 

Table 7. No smokers or diabetics were present in our study population. Caucasian males and 

females were significantly different with regards to fasting glucose, insulin, total cholesterol, and 

HDL-cholesterol, as well as total energy intake. Caucasian females were also found to have 

higher levels of CRP than males. Male and female Caucasians also differed with regards to 

circulating levels of palmitoleic and stearic acids. Furthermore, females were found to have a 

higher [16:1/16:0] desaturation index compared to males. Asian males and females only differed 

significantly with regards to BMI, fasting glucose, HDL-cholesterol, and total energy intake. 

There were no differences in plasma FA composition or estimates of SCD1 activity between 

Asian males and females. 

Relationships between plasma fatty acids and CRP 

In Caucasian females (Figure 4), positive correlations were identified between CRP and 

circulating levels of palmitic acid (p<0.01), palmitoleic acid (p<0.01), and the [18:1/18:0] 

desaturase index (p<0.01), while an inverse correlation was found between stearic acid and CRP 

(p<0.01). A borderline significant positive correlation was also found between CRP and the 

[16:1/16:0] desaturase index (p=0.06); however, no relationship was found between CRP and 

oleic acid. In the population of Asian females (Figure 5), similar associations were identified; 

i.e. positive correlations were found between CRP and the circulating levels of palmitic acid 

(p<0.01), palmitoleic acid (p=0.01), oleic acid (p=0.01), and the [18:1/18:0] desaturase ratio 
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(p<0.01). Again, an inverse correlation was found between stearic acid and CRP (p<0.01). 

Similar to Caucasian women, only a borderline positive correlation was observed between CRP 

and the [16:1/16:0] desaturase index (p=0.06). No other significant associations were present in 

either population of females. No significant associations were found between plasma FA 

profiles, SCD1 activity, and CRP in Caucasian males. In Asian males, only a weak association 

was identified between palmitic acid and CRP (p=0.05; correlation not shown). 

CRP levels can be independently influenced by a number of factors (33, 153); therefore, 

we subsequently performed linear regression analyses in which we adjusted for age, BMI, 

physical activity, total energy intake, and dietary fat intake (Table 8). The relationships 

previously identified between CRP and circulating levels of palmitic acid, palmitoleic acid, 

stearic acid, and the [18:1/18:0] desaturase ratio remained highly significant in both Caucasian 

and Asian females after adjusting for the aforementioned factors (p≤0.01). The positive 

correlation found in Asian women between oleic acid and CRP no longer met our statistical cut-

off for significance when adjusted for confounding variables (p=0.07). The relationship between 

the [16:1/16:0] desaturase ratio and CRP in Asian males was also found to be significant after 

adjusting for covariates (p=0.04).   
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Table 5: General characteristics of Caucasian and Asian study populations.  

  Caucasians   Asians  

 Males Females p-value Males Females p-value 

Population Size 81 198  70 179  

Age (yrs) 23.0±2.5 22.9±2.4 0.75 22.1±2.4 22.2±2.2 0.46 

BMI (kg/m
2
) 23.1±2.7 22.5±2.7 0.10 22.3±2.8 21.0±2.5 <0.01 

HOMA-IR 1.2±0.7 1.4±0.7 0.08 1.4±0.7 1.4±0.8 0.70 

Glucose 

(mmol/L) 
4.8±0.3 4.7±0.3 <0.01 4.9±0.4 4.7±0.3 <0.01 

Insulin (ρmol/L) 40.5±21.5 47.4±24.8 0.03 45.9±22.8 46.6±23.7 0.82 

Total Cholesterol 

(mmol/L) 
3.9±0.7 4.4±0.8 <0.01 4.2±0.8 4.3±0.7 0.18 

HDL-cholesterol 

(mmol/L) 
1.4±0.3 1.7±0.4 <0.01 1.5±0.3 1.7±0.4 <0.01 

LDL-cholesterol 

(mmol/L) 
2.1±0.6 2.2±0.7 0.12 2.3±0.7 2.2±0.6 0.23 

Triglycerides 

(mmol/L) 
0.9±0.4 1.0±0.4 0.63 0.9±0.4 1.0±0.4 0.67 

FFA (μmol/L) 413.5±216.6 494.1±235.1 0.01 465.4±221.1 501.5±252.4 0.29 

CRP (mg/L) 0.60±0.56 1.17±1.38 <0.01 0.49±0.51 0.60±0.99 0.38 

Statistical differences between males and females for each ethnicity were determined using a 

Student‟s t-test. Data are represented as mean ± SD. 

 

Table 6: Energy intake and dietary fat intake in Caucasian and Asian study populations. 

  Caucasians   Asians  

 Males Females p-value Males Females p-value 

Population Size 81 198  70 179  

Energy intake 

(kcal) 
2300.1±674.3 1963.5±607.9 <0.01 1993.0±719.4 1815.5±572.1 0.04 

SFA intake  

(% energy) 
9.8±2.3 9.5±2.5 0.34 9.6±1.8 9.6±2.2 0.99 

MUFA intake 

(% energy) 
12.2±3.9 12.0±3.7 0.81 11.6±2.7 11.1±2.7 0.26 

PUFA intake  

(% energy) 
5.3 ± 1.6 5.8 ± 2.0 0.08 5.3 ± 0.98 5.6 ± 1.5 0.09 

Dietary fat intake is represented as a percent of total energy intake. Statistical differences 

between males and females for each ethnicity were determined using a Student‟s t-test. Data are 

represented as mean ± SD. 
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Table 7: Plasma fatty acid levels and estimated desaturase activity in Caucasian and Asian 

study populations.  

  Caucasians   Asians  

 Males Females p-value Males Females p-value 

Population Size 81 198  70 179  

16:0 (%) 21.67 ± 1.92 22.18 ± 2.26 0.07 21.23 ± 1.41 21.40 ± 1.65 0.52 

16:1 (%) 1.49 ± 0.68 1.95 ± 0.86 <0.01 1.53 ± 0.60 1.68 ± 0.69 0.11 

18:0 (%) 7.11 ± 0.83 6.74 ± 0.82 <0.01 7.12 ± 0.71 7.08 ± 0.82 0.71 

18:1 (%) 19.69 ± 2.26 19.32 ± 2.07 0.19 18.90 ± 2.02 18.64 ± 2.34 0.43 

[16:1/16:0] 0.07 ± 0.03 0.09 ± 0.03 <0.01 0.07 ± 0.02 0.08 ± 0.03 0.09 

[18:1/18:0] 2.82 ± 0.53 2.92 ± 0.54 0.15 2.69 ± 0.44 2.68 ± 0.54 0.96 

Statistical differences between males and females for each ethnicity were determined using a 

Student‟s t-test. Data are represented as mean ± SD. 
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Figure 4: Relationships between plasma lipid levels, SCD1 activity, and CRP in Caucasian females. Correlations between CRP 

and the following parameters: (A) palmitic acid, 16:0; (B) palmitoleic acid, 16:1; (C) SCD1 activity estimated by [16:1/16:0]; (D) 

stearic acid, 18:0; (E) oleic acid, 18:1; and (F) SCD1 activity estimated by [18:1/18:0]. A p-value <0.05 was considered statistically 

significant.
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Figure 5: Relationships between plasma lipid levels, SCD1 activity, and CRP in Asian females. Correlations between CRP and 

the following parameters: (A) palmitic acid, 16:0; (B) palmitoleic acid, 16:1; (C) SCD1 activity estimated by [16:1/16:0]; (D) stearic 

acid, 18:0; (E) oleic acid, 18:1; and (F) SCD1 activity as estimated by [18:1/18:0]. A p-value <0.05 was considered statistically 

significant.  
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Table 8: Associations between plasma fatty acids, SCD1 activity, and CRP in Caucasian 

and Asian males and females.  

 Caucasians Asians 

Males Females Males Females 

 R
2
 p-value R

2
 p-value R

2
 p-value R

2
 p-value 

16:0 (%) 0.09  0.71  0.22  <0.01 0.21  0.15  0.22  <0.01 

16:1 (%) 0.09  0.44  0.09  0.01 0.20  0.09 0.17 0.01 

18:0 (%) 0.10  0.43  0.22  <0.01 0.23  0.06  0.17  0.01  

18:1 (%) 0.10 0.35  0.06  0.17  0.16  0.78  0.16 0.07 

[16:1/16:0] 0.10  0.41  0.09  0.06 0.24  0.04  0.16 0.08 
[18:1/18:0] 0.09  0.66  0.18  <0.01 0.20  0.27  0.18 <0.01 

Linear regression models were adjusted for age, BMI, physical activity, energy intake, and 

dietary fat intake. 

 

Relationships between SCD1 SNPs and plasma fatty acids 

Ten tSNPs in SCD1 were selected and genotyped in all subjects. All SNPs were found to 

be in HWE in both sexes in both Caucasian and Asian populations. Associations between SNPs 

and parameters of interest (plasma FA and CRP levels) were examined by regression analysis.  A 

single SNP (rs2060792; HWE data indicated in Table 9) was found to be significantly associated 

with plasma FA and CRP levels. Therefore, all subsequent gene associations were focused on the 

rs2060792 (A/G) SNP.  

Significant associations between rs2060792 and plasma FA were identified in Caucasian 

females, where carriers of the common G allele exhibited decreased circulating levels of palmitic 

acid (p=0.0056) relative to females with the AA genotype (Figure 6). Interestingly, carriers of 

the G allele had increased levels of stearic acid (p=0.0379) in comparison to the AA genotype. 

The same trends for levels of palmitic and stearic acids were observed in both populations of 

males although these results did not reach statistical significance (data not shown). Results for 

Asian females with regards to levels of palmitic and stearic acids also did not reach significance 

although a reverse trend was observed, where carriers of the G allele were found to have 
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increased levels of palmitic acid and decreased levels of stearic acid relative to females with the 

AA genotype (data not shown). No significant associations were found between rs2060792 and 

MUFA of interest (i.e. palmitoleic and oleic acid) in either population (data not shown). While 

we did not identify a significant association between the rs2060792 SNP and estimates of SCD1 

activity ([16:1/16:0] and [18:1/18:0]) in Caucasian women (Figure 6), we observed a trend in 

both ethnicities and sexes where carriers of the minor allele (GA + GG) tended to have lower 

SCD1 activity compared to carriers with the AA genotype. 

Table 9: Genotype frequencies for the SCD1 SNP, rs2060792 and respective HWE values in 

Caucasian and Asian study participants. 

 
Population 

Size (AA) 

Population 

Size 

(GA+GG) 

Major Allele 

(A) Frequency 

Minor Allele (G) 

Frequency 
HWE 

Caucasians 

Males 46 34 0.74 0.26 0.47 

Females 91 107 0.68 0.32 0.75 

Asians 

Males 27 43 0.69 0.31 0.96 

Females 91 86 0.73 0.27 0.94 

 

Relationship between rs2060792 and CRP levels  

A significant inverse association between the rs2060792 SNP and CRP levels was 

identified in both Caucasian (p=0.0083) and Asian (p=0.0112) females. In both ethnicities 

carriers of the minor allele (GA + GG) were found to have lower levels of CRP relative to 

females with the AA genotype (Figure 6). This relationship was not observed in either 

Caucasian or Asian men. 
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Figure 6: Associations between the rs2060792 SNP, plasma fatty acids and CRP levels, and 

estimated SCD1 activity.  Associations between SCD1 rs2060792 and plasma levels of (A) palmitic 

acid, 16:0; (B) stearic acid, 18:0; SCD1 desaturase activity estimated by (C) [16:1/16:0]; and (D) 

[18:1/18:0]; and CRP in (E) Caucasian women and (F) Asian women after adjusting for age, BMI, 

physical activity, caloric intake, and dietary fat intake. „A‟ represents the major allele and „G‟ 

represents the minor allele. In Caucasian females, 91 females had the AA genotype and 107 females 

had the GA/GG genotypes. In Asian females, 91 females had the AA genotype and 86 females had the 

GA/GG genotypes. Genotypes not connected by the same letter are significantly different from each 

other. Numbers inside the bars indicate mean ± SE values. A p-value <0.05 was considered statistically 

significant.

E F 
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DISCUSSION 

To our knowledge, this is the first study to examine the relationships between plasma FA 

and CRP levels in relation to both SCD1 activity and genetic variation. Results demonstrate that 

plasma palmitic and palmitoleic acids, as well as estimates of SCD1 activity, are positively 

associated with CRP. Interestingly, plasma levels of stearic acid were found to be inversely 

associated with CRP levels. Few studies have previously examined the relationship between 

polymorphisms in the SCD1 gene and enzyme activity (37). Moreover, this is the first study to 

identify a relationship between a SNP in the SCD1 gene region, and plasma FA and CRP levels. 

This suggests that genetic variation in SCD1 may play a role in regulating plasma FA levels and, 

consequently, inflammation. 

Positive associations between CRP levels and plasma palmitic and palmitoleic acids were 

identified in females of both Caucasian and Asian descent and remained significant after 

adjusting for factors known to independently influence CRP levels (e.g. age, BMI, energy intake, 

etc), demonstrating that both palmitic and palmitoleic acids are independently associated with an 

inflammatory state. These results are in agreement with previous findings demonstrating that 

increased concentrations of palmitic acid up-regulate both the expression and synthesis of pro-

inflammatory markers in vitro and in vivo (19, 154). The increased plasma concentrations of 

palmitoleic acid most probably reflect its endogenous production from palmitic acid, as there are 

few dietary sources of palmitoleic acid (31). Furthermore, increased plasma concentrations of 

palmitoleic acid and SCD1 activity were previously associated with both obesity and increased 

CRP levels (32, 155). 
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Strong inverse associations between stearic acid and CRP were found in both ethnic 

populations of females and remained significant after adjusting for covariates. These results 

demonstrate that decreased levels of stearic acid, which is in line with an increased SCD1 

activity, are associated with an elevated inflammatory status. Similar results were found in a 

mouse model, where stearic acid was found to induce the expression of SCD1; thereby 

decreasing levels of stearic acid and increasing levels of oleic acid (139). Although inflammatory 

markers were not measured, stearic acid was found to induce the expression of lipogenic genes 

(139). This promotes fat storage and can eventually lead to obesity, a condition typically 

characterized by a state of chronic, low-grade inflammation.  

While only a trend for a positive association between oleic acid and CRP was found in 

Caucasian women, oleic acid was found to be significantly associated with CRP in Asian 

females; however, this relationship was less significant after adjusting for covariates. This is 

consistent with a previous study performed in a population of elderly Swedish adults, where the 

authors also reported a significant positive correlation between oleic acid and CRP levels, but 

were unable to confirm this relationship when adjusting for known covariates (32). The fact that 

both studies were unable to confirm a relationship between oleic acid and CRP levels after 

adjusting for covariates is most probably because plasma levels of this FA are highly dependent 

on both dietary sources and SCD1 activity, resulting in a potentially important confounder that is 

difficult to account for (32). Oleic acid is a predominant FA in the diet; as such, inter-individual 

differences in dietary habits in combination with misreporting food consumption in dietary 

records may be clouding the direct relationship between oleic acid and CRP levels. This is in 

contrast with palmitoleic acid, for which there are few dietary sources (31). 
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In the present study, despite the significant associations between CRP levels and both 

palmitic and palmitoleic acids, there was only a borderline positive association between the 

[16:1/16:0] desaturase ratio and CRP in both populations of females. There was, however, a 

highly significant relationship between the [18:1/18:0] desaturase ratio and CRP in both 

populations of females. These results indicate that the increase in SCD1 activity was 

significantly associated with an increase in CRP levels. The [16:1/16:0] estimate of SCD1 

activity was not as statistically significant as the [18:1/18:0] estimate; however, we attribute this 

to the fact that the preferred substrate for SCD1 is stearic acid and not 16-carbon FA (156). 

While we recognize that our results do not determine causality between SCD1 activity and 

systemic inflammation, previous mechanistic work in cell culture and rodent models lends 

considerable support for such a relationship (31). 

Results from the current study also suggest that genetic variation in SCD1 may contribute 

to changes in SCD1 activity, which can subsequently influence whole-body inflammation 

through the regulation of plasma FA levels. Caucasian females with the AA genotype for the 

rs2060792 SNP were found to have increased levels of palmitic acid and decreased levels of 

stearic acid relative to carriers of the G allele. In contrast, Asian women with the AA genotype 

were found to have slightly lower levels of palmitic acid but higher levels of stearic acid, relative 

to carriers of the G allele. Although the relationship in Asian women was not significant, this 

trend may underlie an ethnic difference in SCD1 regulation of plasma FA.  No significant 

associations were found between the rs2060792 SNP and MUFA plasma levels, although trends 

suggest that carriers of the G allele have slightly lower levels of palmitoleic and oleic acids. 

Moreover, a trend in the data also suggests that Caucasian women with the AA genotype have 

increased SCD1 activity, as reflected with both estimates of desaturation. This trend in altered 
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SCD1 activity corresponds with the observed changes in FA levels, i.e. increased [18:1/18:0] 

activity corresponds to decreased levels of stearic acid. The results for [16:1/16:0] are less clear 

since we observed an increase in both [16:1/16:0] activity and palmitic acid levels in Caucasian 

women with the AA genotype. However, we attribute this possible discrepancy to the fact that 

the preferred substrates of SCD1 are 18-carbon FA. Furthermore, Caucasian and Asian women 

with the AA genotype were also shown to have significant increases in CRP levels, indicating 

that the rs2060792 SNP in SCD1 may play a significant role in regulating enzyme activity, which 

correspondingly affects plasma FA profiles and, consequently, whole body inflammation.  

Despite the crucial role of SCD1 in lipid metabolism, and its association with obesity and 

its related phenotypes, it is perhaps surprising that only a handful of studies have examined the 

relationship between genetic variation in SCD1 and obesity to date. Warensjo et al. reported a 

significant association between a SNP (rs7849) in the 3‟-untranslated region with body weight 

and waist circumference (37). We used SNAP software to determine that linkage disequilibrium 

between rs7849 and rs2060792 was less than 0.1; suggesting that these SNPs are independently 

associated with different obesity-related phenotypes, i.e. rs7849 with body weight parameters 

and rs2060792 with inflammation. Targeted experiments to elucidate the precise functional roles 

of these SNPs will generate a better understanding of how distinct polymorphisms in proximity 

to SCD1 may be related to obesity-related phenotypes, including inflammation.  

No associations between plasma FA, SCD1 polymorphisms and CRP were found in 

males in either ethnicity, and only a single weak association was found between CRP and the 

[16:1/16:0] desaturase index in Asian men. While it is possible that this is due to the smaller 

sample sizes available for men in both populations, it could be suggestive of sex-specific 

differences in SCD1 activity. Of relevance to the current study, females have been previously 



79 

 

shown to have significantly higher SCD1 activity (157); something that we also observed in the 

Caucasian population studied here. Furthermore, females have been shown to have higher 

circulating CRP levels relative to their male counterparts (158); again this trend was observed in 

our Caucasian population. As a result, the increased SCD1 activity and CRP levels observed in 

females, which provided a greater dynamic range within our dataset, may provide a partial 

explanation as to why significant relationships were predominantly detected in women compared 

to men. 

In conclusion, we have shown that individual plasma FA and estimates of SCD1 activity 

are associated with whole body inflammation in young female Caucasian and Asian adults. 

Furthermore, we have identified a trend in SCD1 activity that suggests that the rs2060792 SNP 

may play a role in the regulation of enzyme activity and thus warrants further examination and 

replication in an alternate study population. The results further demonstrate that the rs2060792 

SNP is associated with plasma levels of both individual SFA and CRP. Taken together, this work 

demonstrates that genetic variation in SCD1 is associated with altered plasma FA levels, which 

in turn can contribute to the regulation of systemic inflammation. This reinforces the relevance 

for continued examination of SCD1 as a regulator of inflammatory processes. 
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In conclusion, the objectives set forth for this thesis were met and the results support my 

hypotheses. Using an adipocyte cell culture model and data from a human cross-sectional study, 

it was determined that SFA (palmitic and stearic) and MUFA (palmitoleic and oleic) can 

contribute to obesity-related inflammation.  

The aim of the cell culture work was to determine the effects of the above mentioned FA 

on the expression of TNF-α, IL-6, IL-10, adiponectin, and RANTES. Treating cells with palmitic 

and stearic acid led to significant increases in the expression of RANTES only. In contrast, 

palmitoleic and oleic acids were found to decrease the expression of both RANTES and IL-6. 

Oleic acid was also found to increase the expression of adiponectin. These results reveal that 

SFA and MUFA have differential effects on the expression of inflammation-related adipokines, 

where SFA induced a pro-inflammatory state and MUFA an anti-inflammatory state. This 

research provides further evidence supporting the beneficial roles of MUFA-enriched diets, such 

as the Mediterranean diet. The consumption of the Mediterranean diet is widely recognized to 

decrease the risk of cardiovascular disease, type 2 diabetes, and obesity. My research with 

isolated adipocytes suggests that MUFA may exert their beneficial roles by decreasing the 

expression of pro-inflammatory genes (IL-6 and RANTES) produced in adipose tissue. 

In order to determine if the relationships between FA and inflammation are also evident 

at the whole-body level, I examined the relationship between plasma levels of palmitic, 

palmitoleic, stearic, and oleic acids with CRP levels in young adults. Furthermore, I was 

interested in examining whether SCD1 plays a role in modulating the relationship between FA 

and CRP. In this study, I reported significant associations between palmitic, palmitoleic, and 

stearic acids, SCD1 activity and CRP. A polymorphism near SCD1 was found to influence the 

relationship between plasma FA and CRP levels. These results demonstrate that plasma FA, 
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endogenous MUFA production, and genetic variation can modulate systemic inflammation in 

young adults. This research demonstrates that both dietary and endogenously produced FA, as 

well as genetic variation, can alter one‟s inflammatory profile. Furthermore, this study identifies 

a novel genetic variant near SCD1 that alters circulating levels of FA. Thus, both of these sources 

of FA and genetic variation need to be taken into account when creating dietary interventions. 

Although the mechanisms by which FA dysregulate adipokines were not studied, this thesis 

provides the basis and direction for future mechanistic studies. For example, future studies need 

to address how FA interact with genes encoding adipokines and if these interactions are specific 

to one class of FA. Also, understanding the mechanisms by which FA regulate adipokine 

expression will help to elucidate the underlying causes of adipokine dysregulation and 

inflammation seen in obesity. This could help to determine if altered circulating levels of FA, 

such as increased levels of SFA, initiate the cycle of adipokine dysregulation by altering gene 

expression or if FA further augment the dysregulation initially caused by hypertrophy, 

hyperplasia, and macrophage infiltration. By understanding the mechanisms by which dietary 

and endogenous FA contribute to chronic low grade inflammation associated with obesity, we 

will have a better understanding of how to treat this disease more effectively. For example, 

Mediterranean type diets, high in MUFA, but low in SFA, could be encouraged for obese 

individuals due to the ability of MUFA to diminish the inflammatory state by altering adipokine 

expression. This in turn could help to reduce the risk for developing comorbidities associated 

with obesity such as type 2 diabetes and cardiovascular disease, both of which are associated 

with inflammation. SCD1 SNPs could also be used to identify individuals pre-disposed to low 

grade inflammation; these individuals could then be advised to avoid diets high in SFA as this 

would worsen the inflammatory state. Taken together, this thesis serves as a foundation for 
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developing more effective dietary interventions to treat obesity associated inflammation using 

diets customized to one‟s genome. 
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