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ABSTRACT 

 

THE MODULATION OF INFLAMMATORY ADIPOKINES BY N-3 AND N-6 

POLYUNSATURATED FATTY ACIDS USING IN VITRO MODELS THAT MIMIC 

OBESE ADIPOSE TISSUE 

 

Danyelle M. Liddle                   Advisor: 
University of Guelph, 2015           Dr. Lindsay E. Robinson 
 

Obese adipose tissue (AT) is characterized by chronic low-grade inflammation, driven by 

changes in circulating endotoxin (lipopolysaccharide, LPS) and inflammatory adipokine-

mediated cross-talk between adipocytes and AT-infiltrated immune cell populations, including 

CD8+ T cells. Evidence suggests that long-chain n-3 polyunsaturated fatty acids (PUFA) are anti-

inflammatory nutrients, whereas few studies have explored the relative effects of n-6 PUFA or 

potential mechanisms underlying immunomodulation by n-3 and n-6 PUFA in conjunction with 

LPS. Findings in this thesis suggest that LC n-3 and n-6 PUFA differentially modulate 

inflammatory adipokine production within LPS-stimulated adipocytes via G protein-coupled 

120- and Toll-like receptor (TLR) 4-dependent mechanisms, respectively. In LPS-stimulated 

CD8+ T cell/adipocyte co-cultures, our findings suggest that the anti-inflammatory action of LC 

n-3 PUFA versus n-6 PUFA was dependent on, in part, reduction of secreted tumour necrosis 

factor-α; a TLR4-induced inflammatory adipokine. Overall, this thesis supports LC n-3 PUFA as 

a nutritional strategy to mitigate AT inflammation. 
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Chapter 1: Literature Review 

 

1.1 – Introduction 

Adipose tissue (AT) is the primary storage site for excess energy in the form of 

triacylglycerol (TAG) (1) and it also serves as a heterogeneous endocrine organ that secretes 

signaling proteins, collectively termed adipokines (or cytokines when not of AT-origin), which 

are involved in systemic metabolism and immune response (2-4). AT is composed of adipocytes 

and a non-adipocyte stromal-vascular fraction (SVF), including cells of the innate and adaptive 

immune systems, which are collectively engaged in the maintenance of insulin sensitivity (5-9). 

However, overnutrition induces changes in the number and activity of AT immune cell 

populations, as well as in levels of circulating endotoxin (i.e. lipopolysaccharide, LPS), which 

collectively direct the development of the obese phenotype (6, 7, 10, 11). Specifically, the 

paracrine interactions, or cross-talk, between AT-infiltrated immune cells and resident 

adipocytes lead to the increased synthesis and secretion of pro-inflammatory [e.g. monocyte 

chemoattractant protein (MCP)-1/chemokine (C-C motif) ligand 2 (CCL2), interleukin (IL)-6, 

tumour necrosis factor (TNF)-α and IL-1β] and decreased secretion of anti-inflammatory and 

insulin-sensitizing (e.g. adiponectin, IL-10) adipokines (4, 9, 12, 13). Accordingly, obese AT is 

characterized by chronic low-grade inflammation, which disrupts AT function and leads to 

whole-body insulin resistance (IR), and thus AT inflammation causally links obesity to 

metabolic diseases, such as type 2 diabetes (T2D) (2-4, 9, 13).  

Nutritional strategies for the prevention and treatment of AT dysfunction are of increasing 

importance given the prevalence of obesity and co-morbidities. Dietary fatty acids, namely the 

fish oil (FO)-derived long-chain (LC) omega-3 (n-3) polyunsaturated fatty acids (PUFA), 
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eicosapentaenoic acid (20:5n-3, EPA) and docosahexaenoic acid (22:6n-3, DHA), have been 

extensively studied as anti-inflammatory nutrients (14). Evidence suggests that EPA and DHA 

can decrease inflammatory adipokine production in adipocytes, alone or in conjunction with an 

inflammatory stimulus such as LPS or common dietary saturated fatty acids (SFA), including 

palmitic acid (16:0, PA) (15-21). Further, in an in vitro co-culture model of obese AT, we have 

shown that LC n-3 PUFA reduce the inflammatory cross-talk between adipocytes and 

macrophages (22) or cluster of differentiation (CD)8+ T cells (23) via, at least in part, down-

regulation of inflammatory adipokine synthesis and secretion. However, the potential for other 

dietary fatty acids, including shorter-chain, plant-derived n-3 PUFA or omega-6 (n-6) PUFA, to 

modulate adipokines has not been extensively studied; nor have the biological mechanisms by 

which n-3 PUFA exert anti-inflammatory action in an obese environment. Therefore, the overall 

objective of this thesis is to investigate the adipocyte response to an inflammatory stimulus 

designed to represent the microenvironment of obese AT, as well as to determine the consequent 

paracrine interactions between adipocytes and key AT immune cell populations in response to 

dietary PUFA, as such fatty acids may provide a strategy to mitigate obesity-associated AT 

inflammation prior to the development of systemic IR and T2D. 

 

1.2 – Adipose tissue as an active endocrine organ 

1.2.1 – Overview of adipose tissue biology and function  

AT plays a fundamental role in the regulation of whole-body metabolic homeostasis, 

serving as both an energy storage depot and an active endocrine organ (1, 4, 24). AT is 

heterogeneous as it is composed of mature adipocytes and a non-adipocyte SVF, which includes 

adipocyte progenitor cells and cells of the innate (e.g. macrophages) and adaptive (e.g. CD8+ T 
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cells) immune system (5-7, 9). Within AT, adipocytes share several common features with 

immune cells of the SVF, including expression of the innate pattern recognition receptors (PRR), 

nucleotide-binding oligomerization domain (NOD)-like receptors (NLR) and Toll-like receptors 

(TLR)2 and TLR4 (25-28). In response to the AT microenvironment, PRR signaling regulates 

the synthesis and secretion of a wide-range of immunomodulatory signaling proteins, 

collectively termed adipokines, which in turn influence local and systemic immunity, and fatty 

acid and glucose homeostasis (27).  

Mature adipocytes are the primary energy storage cell type within AT, and as a dynamic 

tissue, AT undergoes remodeling to adjust its storage capacity (1, 24, 29). During periods of 

excess energy, insulin stimulates adipocytes to store free fatty acids (FFA) in the form of neutral 

TAG through their esterification to glycerol (1, 30). Likewise, adipocytes manage insulin-

stimulated glucose uptake and use as a substrate for de novo lipogenesis; and finally mobilize 

these TAG stores via lipolysis for transport back into the circulation during energy deficit (1, 

30). Intracellular TAG accumulation promotes adipocyte hypertrophy, which reduces the blood 

flow and delivery of oxygen per unit of adipocyte surface (24, 29). Hypoxic adipocytes become 

necrotic and secrete inflammatory adipokines that recruit immune cells, via chemotaxis, to 

phagocytose necrotic cell debris and stimulate local angiogenesis (29, 31). Dead adipocytes are 

eventually replaced with new, smaller adipocytes, ultimately increasing the capacity of AT to 

store excess energy (29). 

 

1.2.2 – Adipose tissue dysfunction in obesity  

AT is distributed throughout the body in subcutaneous and visceral depots; the former is 

generally considered to be a safe, long-term lipid storage depot, whereas increased visceral AT is 
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associated with the metabolic complications of obesity, including systemic IR (32, 34). To 

compensate for the continuous supply of FFA during overnutrition, TAG accumulate in 

adipocytes of visceral AT, thus inducing adipocyte hypertrophy (1, 24). Large adipocytes are 

characterized by decreased sensitivity to insulin and its anti-lipolytic effects, as well as 

dysregulated adipokine synthesis and secretion (discussed below) (33, 34). Such adipocyte 

dysfunction leads to, and is exacerbated by, a ‘spill over’ of FFA, primarily of the SFA class 

(e.g. PA) (24), which may act in an autocrine or paracrine manner as ligands for inflammatory 

TLR2/4 signaling (35-43). SFA-induced TLR2/4 signaling induces a network of intracellular 

responses that further contribute to adipokine dysregulation, including activation of the nuclear 

factor-κΒ (NF-κΒ) transcription factor, generation of reactive oxygen species (ROS), and 

activation of the NLR, pyrin domain containing (NLRP)3 inflammasome (17, 27, 43-45). 

Ultimately, the autocrine and paracrine feed-forward consequences of adipocyte dysfunction (i.e. 

adipokine dysregulation, FFA release) lead to whole AT dysfunction (24). Specifically, 

dysfunctional AT cannot meet the ongoing demand for increased energy storage capacity during 

overnutrition and, coupled with its increased lipolytic activity, dysfunctional AT gives rise to 

chronically elevated circulating FFA as reported in obese and T2D patients (1, 24, 46). The 

spillover of FFA is delivered to ectopic tissues, including the liver and the primary site of 

glucose disposal, skeletal muscle, where the accumulation of TAG and abundance of 

inflammatory stimuli (e.g. inflammatory adipokines) impair insulin action (47). Thus, AT 

dysfunction causally links obesity to whole-body IR (24). As discussed herein, multiple factors 

contribute to the development of AT dysfunction in obesity, but the focus of this thesis is 

adipokine dysregulation as a potential target for intervention to mitigate the ensuing metabolic 

consequences. 
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1.3 – Adipose tissue inflammation in obesity 

1.3.1 – Metabolic endotoxemia drives AT inflammation in obesity 

AT dysfunction is regulated, in part, by circulating gut microbiota-derived LPS, a 

component of Gram-negative bacteria cell walls (11). A chronically elevated level of circulating 

LPS, a condition termed metabolic endotoxemia, has been reported in obese and T2D humans 

(48, 49), as well as rodent models of high fat diet-induced and genetic obesity (50, 52). The 

abundance of dietary fat during overnutrition facilitates the development of metabolic 

endotoxemia by altering gut barrier function to increase its permeability to newly synthesized 

LPS-containing chylomicrons (10). Then, LPS serves as a ligand for the TLR4 (discussed below) 

on the surface of adipocytes and immune cells within AT (26) to initiate adipokine dysregulation 

(discussed below) and ensuing AT and whole-body IR (31, 50, 53). For instance, in healthy 

humans, acute LPS administration increased AT production and circulating levels of MCP-1, IL-

6 and TNF-α prior to the development of systemic IR (53). Similarly, the metabolic endotoxemia 

induced in mice via continuous infusion of LPS increased visceral AT mass, immune cell (i.e. 

macrophage) infiltration, and inflammation, as well as fasting glycaemia and insulinemia to a 

similar extent as observed in high-fat diet-fed mice (50). Importantly, the metabolic 

consequences of both LPS-infusion (i.e. metabolic endotoxemia) and a high-fat diet were blunted 

in TLR4-deficient (i.e. knockout, KO) mice (50, 54). Thus, LPS is an important factor in obesity-

induced AT dysfunction and warrants inclusion in studies investigating strategies to modulate 

adipokine synthesis and secretion. 

 

 

 



	   6 

1.3.2 – Immune cell infiltration drives adipose tissue inflammation in obesity 

In lean AT, various immune cells, such as M2-polarized macrophages (F4/80+ CD11b+ 

CD11c-) and regulatory T cells [CD4+ forkhead box P3 (Foxp3)+], are engaged in the 

maintenance of insulin sensitivity, partly through their secretion of anti-inflammatory adipokines 

(5-9). However, overnutrition induces changes in the number and activity of visceral AT immune 

cell populations, which collectively direct development of the obese phenotype (8, 9). For 

instance, obese AT is characterized by marked macrophage accumulation, a greater proportion of 

which are polarized to the M1 inflammatory phenotype (F4/80+ CD11b+ CD11c+; discussed 

below) (6, 55, 56). Further, visceral AT CD4+ T regulatory cells are significantly decreased in 

high-fat diet-induced obese and insulin resistant mice (6, 7, 57), as are classically defined CD4+ 

T helper 2 cells (7). Conversely, the proportion of infiltrating B cells (58, 59), NK T cells (60), 

CD4+ T helper 1 cells (7, 61, 62), and CD8+ T cells (6, 7) are reported to increase in obese AT. 

As obesity progresses, the AT-derived FFA and inflammatory adipokines act in a 

controlled autocrine, paracrine and endocrine manner to ultimately recruit and activate immune 

cells in an attempt to repair the AT dysfunction (63). However, as the metabolic consequences of 

overnutrition persist, immune cell infiltration into obese AT becomes dysregulated (6-9). 

Specifically, FFA and LPS serve as ligands for adipocyte and immune cell TLR2/4 signaling (26, 

37, 39, 41, 50, 64, 65) (discussed below), which regulate the synthesis and secretion of 

inflammatory and chemotactic adipokines via, in part, NF-κΒ activity, intracellular ROS 

accumulation, and ensuing NLRP3 activation (9, 44, 45, 66, 67) (discussed below). Further, the 

secretion of inflammatory adipokines, including MCP-1, IL-6 and TNF-α, was increased by LPS 

stimulation in adipocytes alone (31) and in co-culture with splenic immune cells (12), suggesting 

that the cross-talk between obese AT-infiltrated immune cells and resident adipocytes yields a 
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vicious cycle that leads to a local and systemic state of chronic low-grade inflammation and IR 

(9). Though many immune cell populations contribute to the development of the obese 

phenotype, the focus of this thesis is the adipokine-mediated cross-talk between adipocytes, 

macrophages and CD8+ T cells as discussed below. 

a) Macrophages 

Among AT-infiltrating immune cells, macrophages have taken center stage as a hallmark 

of the obese phenotype since their degree of infiltration is associated with the progression of IR 

(68). Specifically, the percentage of AT macrophages within the SVF increases by 20-30% in 

obese versus lean humans and rodents (6, 7, 55). AT macrophages cluster around necrotic 

adipocytes in arrangements coined crown-like structures (CLS), which are observed more 

frequently in obese versus lean, and in visceral versus subcutaneous AT (33). Further, 

macrophage phenotype is highly plastic in response to the surrounding microenvironment, 

wherein that of obese AT induces a phenotypic switch from the M2 phenotype to the M1 

inflammatory phenotype that exacerbates the innate immune response (5, 9, 56). M1 

macrophages are characterized by increased lipid content and secretion of inflammatory 

adipokines, namely IL-6, TNF-α and IL-1β, which impair adipocyte insulin signaling and 

promote lipolysis (5, 40, 56, 68-71). The FFA released from dysfunctional adipocytes activate 

M1 macrophage inflammatory adipokine production via TLR2/4 signaling, yielding a paracrine 

loop that contributes to AT dysfunction and ensuing whole-body IR (36, 39, 68).  

b) CD8+ T cells  

The metabolic dysfunctions that are characteristic of the obese phenotype are, at least in 

part, driven by CD8+ T cell infiltration into visceral AT (6). The primary function of CD8+ T 

cells, also known as cytotoxic T cells, is to kill infected cells by producing perforin, granzymes 
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and inflammatory cytokines, namely interferon (IFN)-γ (9). To do so, CD8+ T cells recognize 

Major Histocompatibility Complex (MHC)I-presented antigens via their antigen-specific and 

MHCI-restricted T cell receptors (TCR) (9). MHCI molecules are ubiquitously expressed by all 

nucleated cells (except for red blood cells), including the adipocytes, to present endogenous 

antigen to and activate CD8+ T cells, and thus initiate the adaptive immune response (9). The 

degree of splenic CD8+ T cell activation in vitro was demonstrated to be markedly increased 

when co-cultured with obese versus lean AT (6), which complements reports in humans and 

rodents in vivo wherein the proportion of activated CD8+ T cells is increased in the SVF of obese 

versus lean AT (6, 72, 73). Further, CD8+ T cell accumulation in visceral AT was shown to 

correlate with expression of the NLRP3 inflammasome, activity of its cysteine protease domain, 

caspase-1, and ensuing secretion of IL-1β (74). Accordingly, NLRP3 KO in high-fat diet-fed 

mice blunted, among other immune cells, CD8+ T cell infiltration into obese AT, which 

coincided with reduced AT inflammation and improved whole-body insulin-sensitivity (75).  

Despite the macrophage-centric focus of the contribution of AT immune cells to the 

obese phenotype, CD8+ T cells accumulate in AT and co-localize to CLS in advance of 

macrophage accumulation in obese humans and rodents (6, 73, 76, 77). Specifically, in high-fat 

diet-fed mice, CD8+ T cells infiltrated visceral AT within 2 weeks and peaked to 10% of the SVF 

by 11 weeks of feeding, while macrophage infiltration was not observed until 6 weeks, but 

continued to increase thereafter (6). The significance of CD8+ T cells in macrophage-mediated 

metabolic dysfunctions in obesity has been elegantly demonstrated, both in vitro and in vivo (6). 

Conditioned media collected from activated CD8+ T cells contained several chemotactic and 

inflammatory cytokines (e.g. MCP-1) that induced macrophage migration and activation, as 

measured by TNF-α production. Interestingly, macrophage differentiation and proliferation were 
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dependent upon the cross-talk between CD8+ T cells and obese AT, as neither CD8+ T cells or 

AT were sufficient alone. In vivo depletion of CD8+ T cells (via neutralizing antibody) in high-

fat diet-fed mice reduced obese visceral AT mRNA expression of inflammatory and macrophage 

chemotactic adipokines, which coincided with reduced M1 macrophage infiltration and CLS 

frequency without affecting the M2 macrophage fraction. Further, CD8-specific antibody 

ameliorated the high-fat diet-induced systemic IR and improved glucose homeostasis. Likewise, 

CD8a KO mice were protected from the high-fat diet-induced AT inflammation (e.g. M1 

macrophage infiltration) and systemic IR; however, adoptive transfer of CD8a+ T cells into high-

fat diet-fed CD8a KO mice reversed this defense. 

 Taken together, CD8+ T cells play an essential role in the development of AT 

inflammation and whole-body IR in obesity. It is suggested that obese AT activates CD8+ T 

cells, which propagate AT inflammation and contribute to systemic IR by, in part, promoting the 

recruitment and M1-polarization of macrophages (6). Thus, investigation into the cross-talk 

between CD8+ T cells and adipocytes as a potential target for dietary intervention to mitigate 

obesity-induced AT inflammation and ensuing metabolic consequences is warranted.  

  

1.3.3 – Adipokine dysregulation in obese adipose tissue 

Adipokine synthesis and secretion from adipocytes and cells of the SVF is essential for 

normal AT function as a central regulator of whole-body immunity and metabolism (1, 78). 

However, the constant demand to increase energy storage capacity during overnutrition leads to 

AT dysfunction and consequent FFA release and adipokine dysregulation (3, 13, 24, 41, 79); a 

process that is exacerbated by paracrine interactions between AT cell types, such as adipocytes 

and the immune cell populations discussed above (8, 9, 12). The adipokine profiles of obese 
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subcutaneous and visceral AT depots differ wherein that of the latter is associated with the 

metabolic complications of obesity (13, 33). Ultimately, obese visceral AT is characterized by a 

state of chronic low-grade inflammation owing, in part, to increased secretion of inflammatory 

adipokines, including MCP-1, IL-6, TNF-α and IL-1β; and decreased secretion of anti-

inflammatory and insulin-sensitizing adipokines, including adiponectin and IL-10 (2-4 13). 

While an increasing number of adipokines are implicated in the development of the obese 

phenotype, the focus of this thesis is MCP-1, IL-6, TNF-α and IL-1β, key AT-derived proteins 

that contribute to AT inflammation in obesity. 

a) Monocyte chemoattractant protein-1  

MCP-1, also known as CCL2 in humans, is a potent chemoattractant that recruits 

circulating monocytes and macrophages to the site of inflammation (i.e. obese AT) via binding 

the cell membrane CCL2 receptor (CC2R) (80). AT and circulating levels of MCP-1 are 

increased in obese humans (3, 81), and in rodent models of high-fat diet-induced and genetic 

obesity (41, 82). Visceral AT secretes more MCP-1 than subcutaneous, and while controversy 

exists, adipocytes are reported to be the main cellular source (12, 81, 83) with increased MCP-1 

gene expression and secreted protein from adipocytes isolated from obese versus lean humans (3, 

28). The cross-talk between co-cultured murine 3T3-L1 adipocytes and splenic immune cells, 

representative of cells of the SVF within AT, has been shown to increase MCP-1 secretion (12), 

which we have confirmed in co-cultures of 3T3-L1 adipocytes and RAW 264.7 macrophages 

(22) or splenic CD8+ T cells (23). Thus, adipocyte-immune cell cross-talk may play a crucial role 

in the recruitment of macrophages to obese AT, the degree of which correlates with adiposity, 

adipocyte size and ultimately, measures of AT and whole-body inflammation and IR (3, 29, 55) 



	   11 

AT production of MCP-1 is induced by circulating stimuli that are reported to be elevated 

in the obese state, including LPS and insulin (84). For instance, in healthy humans acutely 

administered with LPS to mimic metabolic endotoxemia, AT production and circulating levels of 

MCP-1 increased prior to the development of whole-body IR (53). Further, MCP-1 synthesis and 

secretion was upregulated in PA and LPS-treated human and 3T3-L1 adipocytes in vitro (31, 85, 

86), but blunted by antagonizing TLR4 signaling or NF-κΒ activity (26, 42). MCP-1 is also an 

insulin-responsive gene that remains sensitive in an insulin resistant state, as demonstrated in 

vitro in 3T3-L1 adipocytes induced to be insulin resistant, and in vivo in ob/ob mice (87). In turn, 

MCP-1 further contributes to the development of IR as MCP-1 treatment was shown to impair 

3T3-L1 adipocyte insulin-stimulated glucose uptake and the expression of several adipogenic 

genes, including peroxisome proliferator-activated receptor (PPAR)-γ (87).  

The significance of MCP-1 in the pathology of obesity-induced metabolic dysfunctions 

has been further demonstrated in MCP-1 and CCR2 KO mouse models fed a high-fat diet. In 

brief, the KO mice were partially protected from the high-fat diet-induced increase in adiposity, 

and exhibited reduced AT macrophage accumulation and inflammatory adipokine (e.g. MCP-1, 

IL-6, TNF-α, IL-1β) production (82, 88). Further, MCP-1/CCR2-deficiency increased 

adiponectin expression, and improved systemic glucose homeostasis and insulin sensitivity; an 

effect that was mirrored by acute CCR2 antagonism in mice with established high-fat diet-

induced obesity (88). Taken together, the metabolic endotoxemia and hyperinsulinemia that are 

characteristic of the obese phenotype may contribute to AT inflammation through, in part, the 

macrophage chemotactic function of adipocyte-derived MCP-1. 
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b) Interleukin-6 

Circulating levels of the IL-6, an inflammatory adipokine, are positively correlated with 

adiposity, circulating FFA, and IR in humans (89, 90), and accordingly, increased circulating IL-

6 is predictive of the development of T2D (91). Characteristics of the obese phenotype, including 

metabolic endotoxemia, induce AT-derived IL-6 production, as demonstrated in healthy humans 

and mice administered with LPS (50, 53). Approximately 15-35% of systemic IL-6 is secreted by 

AT (92), and an in vitro comparison suggested that obese visceral AT secretes more IL-6 than 

subcutaneous (89). Further, IL-6 concentrations in the interstitial fluid of AT were reported to be 

100-fold higher compared to circulating levels in the same participants (93), highlighting the 

significance of AT IL-6 secretion and its local action within obese AT.  

LPS has been shown to dose-dependently increase IL-6 gene expression and secretion 

from human (31, 94) and 3T3-L1 adipocytes in vitro (26, 86) via an NF-κΒ-dependent 

mechanism. However, adipocytes secrete only about 10% of total AT-derived IL-6 (89), and thus 

the cells of the SVF, including M1-polarized macrophages, are the primary source (3, 56, 95). 

Nonetheless, adipocytes express the IL-6 receptor (IL-6R) (89, 93), suggesting a role for IL-6 in 

the cross-talk between adipocytes and immune cells within AT. Indeed, IL-6 secretion was 

increased in co-cultured adipocytes and splenic immune cells, representative of cells of the SVF 

within AT (12), which we have confirmed in co-cultures of 3T3-L1 adipocytes and RAW 264.7 

macrophages (22) or splenic CD8+ T cells (23).  

Upon binding IL-6, adipocyte IL-6R activates Janus kinase tyrosine family members, 

leading to the activation of transcription factors of the signal transducers and activators of 

transcription family (96). Adipocyte IL-6-signalling, in general, leads to dysregulated adipokine 

production and impaired insulin action. For instance, in vitro treatment with IL-6 advanced 
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adipocyte IL-6 synthesis and secretion in a feed-forward manner (97), and decreased expression 

of the insulin-sensitizing adipokine, adiponectin (93). IL-6 also induces its negative regulator, 

suppressor of cytokine signaling (SOCS)3, which has been shown to interfere with the insulin 

receptor substrates (IRS)-1 and -2 in 3T3-L1 adipocytes (98). Accordingly, AT IL-6 was 

inversely correlated with insulin-stimulated adipocyte glucose uptake in vitro (90), which 

coincides with reduced IRS-1, glucose transporter 4, and PPAR-γ gene expression in cultured 

adipocytes treated with IL-6 (93, 97, 99, 100). Thus, IL-6-mediated adipocyte dysfunction and 

adipokine secretion may potentiate the cross-talk between adipocytes and immune cells within 

AT to contribute to its characteristic chronic low-grade inflammatory state in obesity.  

c) Tumor necrosis factor-α  

 TNF-α is a potent inflammatory adipokine that is overexpressed in human (101, 102) and 

rodent (6, 103, 104) AT in the obese state, and likewise, circulating levels of TNF-α are 

increased in obese humans (105) and correlate with markers of IR (106). TNF-α is synthesized as 

a 26-kDa transmembrane monomer that undergoes proteolytic cleavage to yield a 17-kDa soluble 

TNF-α molecule; both of which are biologically active and are increased in human obese versus 

lean AT (107, 108). Characteristics of the obese phenotype, including metabolic endotoxemia, 

induce AT synthesis and secretion of TNF-α as evidenced by acute LPS administration in 

healthy humans (53). Similarly, acute TNF-α infusion in healthy humans has been shown to 

induce systemic IR (109). The significance of TNF-α in the pathology of obesity-induced 

metabolic dysfunctions has been further demonstrated in high-fat diet-fed and genetically obese 

rodent models wherein TNF-α KO or neutralization attenuated the development of whole-body 

IR (103, 110).  
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Obese visceral AT expresses more TNF-α than subcutaneous, as do cells of the SVF 

compared to adipocytes (36, 55, 102). While TNF-α gene expression is increased in adipocytes 

isolated from obese versus lean humans (28), and in cultured human and 3T3-L1 adipocytes 

treated with LPS (31, 111), this effect is not consistent across similar in vitro models (94), and 

M1-polarized macrophages are suggested to be the primary cellular source (36, 55, 68). 

Nonetheless, adipocytes express the TNF-α receptors (TNFR)1 and 2 (102), suggesting a role for 

TNF-α in the cross-talk between adipocytes and immune cells within AT. The ligand-binding 

extracellular domains of TNFR1 and 2 are highly homologous, unlike the intracellular domains 

which activate divergent signaling pathways (112). The majority of evidence suggests that 

TNFR1 mediates the effects of TNF-α on AT dysfunction (102, 112-114). Indeed, neutralization 

of TNFR1 but not TNFR2 down-regulated the gene expression of inflammatory adipokines in 

human adipocytes cultured in SVF-conditioned media (102). Nonetheless, TNFR2 is suggested 

to co-operate with TNFR1 to regulate TNF-α signaling in chronic inflammatory conditions, such 

as obesity (108, 112), and accordingly, only TNFR2 gene expression is reported to increase in 

obese versus lean human adipocytes (102, 115).  

Adipocyte TNF-α signaling is reported to induce inflammatory adipokine production and 

lipolysis via, in part, an NF-κΒ-dependent mechanism (36, 40), and further, TNF-α impairs 

insulin action by inhibiting the normal tyrosine phosphorylation of IRS-1 (114, 116). Indeed, we 

have demonstrated that TNF-α secretion increases in co-cultured 3T3-L1 adipocytes and RAW 

264.7 macrophages (22), coinciding with increased adipocyte gene expression of MCP-1, IL-6 

and TNF-α, as well as increased FFA release in a similar model (36). In turn, the adipocyte-

derived SFA, PA, stimulated macrophage TNF-α gene expression (36), thus creating a vicious 

cycle that promotes AT dysfunction. These inflammatory effects were cell contact-independent 
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as the adipocytes and macrophages were co-cultured using a trans-well system whereby the cell 

types were separated by a permeable membrane (22, 36). Importantly, the increase in adipocyte 

inflammatory adipokine production and lipolysis were attenuated by a TNF-α neutralizing 

antibody to a similar degree as a NF-κΒ inhibitor (36, 40), which is consistent with findings in 

human adipocytes cultured in SVF-conditioned media (102). Similarly, the inflammatory cross-

talk between adipocytes in contact with splenic immune cells, representative of cells of the SVF 

within AT, was demonstrated to be dependent upon TNF-α signaling and NF-κΒ activity (12). 

Related to this, we recently showed that TNF-α gene expression and protein secretion increase in 

LPS-stimulated 3T3-L1 adipocytes and splenic CD8+ T cells co-cultured in direct contact, and 

coincided with increased expression of MCP-1, IL-6 and IL-1β (23), yet the role of TNF-α in this 

model remains to be elucidated. In summary, TNF-α induces adipocyte lipolysis and regulates 

NF-κΒ activity to initiate a vicious cycle between adipocytes and immune cells that is central to 

the development of AT inflammation in obesity. 

d) Interleukin-1β 

IL-1β is a potent inflammatory adipokine that is overexpressed in human and rodent AT 

in the obese state (3, 28, 117, 118), and increased circulating levels are predictive of the 

development of T2D (91). Obese visceral AT expresses more IL-1β, as well as the IL-1 cell 

membrane receptor (IL-1R), than subcutaneous, and visceral AT expression of IL-1β is reported 

to coincide with increased M1-polarized macrophage and CD8+ T cell accumulation (74, 117, 

118). Accordingly, cells of the SVF, particularly M1-polarized macrophages, are suggested to be 

the primary source of IL-1β within AT, though human and murine adipocyte IL-1β synthesis and 

secretion markedly increase in obese versus lean AT nonetheless (28, 74, 118). Regardless of the 

cell type, AT production of IL-1β is dependent upon the activation of NF-кB (119); hence, IL-1β 



	   16 

gene expression increased in cultured human and 3T3-L1 adipocytes and macrophages 

stimulated with LPS, PA and TNF-α (28, 31, 44, 120). Subsequently, IL-1β is synthesized as an 

inert pro-protein and is cleaved by the caspase-1, cysteine protease domain of the NLRP3 

inflammasome (discussed below) to yield and the mature, bioactive form of IL-1β in response to 

various obesity-induced intracellular stressors, such ROS accumulation (121, 122).  

AT-derived IL-1β acts in an autocrine or paracrine fashion to contribute to obese AT 

inflammation and dysfunction, and accordingly, ablation of IL-1β signaling in IL-1R KO mice 

attenuated the high-fat diet-induced AT and whole-body IR (117). As a ligand for the IL-1R, 

which also mediates NF-кB activity (123), IL-1β has been shown to stimulate inflammatory 

adipokine synthesis, impair insulin-stimulated glucose uptake, and induce lipolysis in cultured 

human and 3T3-L1 adipocytes (124, 125). Thus, it is conceivable that IL-1β contributes to the 

inflammatory cross-talk between adipocytes and immune cells that ultimately impairs AT 

function. Indeed, an IL-1β neutralizing antibody blunted the gene expression and secretion of 

inflammatory adipokines (e.g. MCP-1, IL-6), FFA release, and markers of IR in human 

adipocytes cultured in macrophage-conditioned media (71). Further, we have demonstrated that 

increased IL-1β gene expression coincides with increased secretion of inflammatory adipokines, 

including MCP-1, IL-6 and TNF-α, in LPS-stimulated 3T3-L1 adipocytes and CD8+ T cells in 

co-culture (23). IL-1β and TNF-α have been shown to synergistically increase AT NF-кB 

activity and inflammatory adipokine production ex vivo (117). Accordingly, TNF-α markedly 

increased 3T3-L1 adipocyte IL-1β gene expression and protein secretion (120), yet in turn, TNF-

α secretion was reduced in 3T3-L1 adipocytes co-cultured with macrophages derived from IL-1R 

KO mice, which coincided with improved adipocyte insulin-stimulated glucose uptake (117). 

Taken together, IL-1β contributes to the chronic low-grade inflammatory state that is 
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characteristic of obese AT by impairing adipocyte function and regulating NF-кB activity to 

exacerbate adipokine dysregulation.  

 

1.4 – Dietary polyunsaturated fatty acids as a strategy to modulate adipokines: potential 

mechanisms 

Strategies to modulate adipokine synthesis and secretion from AT are warranted to 

attenuate the chronic low-grade inflammation that causally links obesity to pathologies such as 

whole-body IR and T2D (2, 33, 126, 127). Since AT is adept at responding to nutritional stimuli, 

dietary PUFA may provide such a strategy by regulating the activity of receptors that are 

intrinsic to adipokine modulation in the obese state. Accordingly, the focus of this thesis is the 

underlying mechanisms by which dietary PUFA modulate adipokine production in obese AT as 

reported in vitro and in rodent models, while the effects of dietary PUFA supplementation on 

circulating adipokine dysregulation in obese humans has been reviewed elsewhere (14, 128). 

 

1.4.1 – Sources and metabolism of dietary polyunsaturated fatty acids  

PUFA contain two or more double bonds and are classified as n-3 and n-6 based on the 

location of the first double bond relative to the methyl end of the acyl chain. Non-esterified 

PUFA (i.e. FFA) can act as stimuli for specific cell membrane-bound [e.g. G protein-coupled 

receptor (GPR)120, discussed below] or intracellular (e.g. PPAR-γ) receptors to directly 

influence a cellular response, such as inflammatory adipokine production by adipocytes and 

immune cells within AT (129). Further, as important constituents of the phospholipids that form 

cell membranes, PUFA influence membrane fluidity, the behavior of membrane-bound enzymes 
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and receptors, and finally, PUFA serve as substrates for the synthesis of bioactive lipid mediators 

of inflammation (129).  

The parent n-3 and n-6 PUFA, α-linolenic acid (18:3n-3, ALA) and linoleic acid (18:2n-

6, LA), respectively, are essential to obtain from the diet given that humans do not express the 

enzymes necessary for their synthesis. Instead, ALA is found in green leafy vegetables, flaxseeds 

and their oil, rapeseed oil and walnuts; while LA is abundant in popular foods of the Western 

diet, including most plant oils (e.g. sunflower, safflower, and corn oils), cereals and animal fat 

(130). ALA and LA are converted, primarily in the liver, to the respective LC n-3 and n-6 PUFA, 

EPA, DHA and arachidonic acid (20:4n-6, AA), via the same series of desaturase and elongase 

enzymes (129). Thus, the conversion of ALA and LA is a competitive process wherein an excess 

of one impedes the metabolism of the other (131).  

Conversion begins with the rate-limiting enzyme, Δ6-desaturase, which has a stronger 

affinity for n-3 versus n-6 PUFA, provided that both exist at a physiological ratio of 1:1-4, 

respectively (129). However, LA metabolism to AA is favoured within the Western diet as 

typical consumption of ALA ranges form a mere 0.5-2 g/day, yielding a n-3:n-6 PUFA ratio in 

excess of 1:15-16 (132, 133). In turn, AA is significantly more abundant in AT phospholipids of 

humans and rodents consuming a Western diet than are the LC n-3 PUFA (133, 134), and thus it 

is conceivable that AA-derived lipid mediators dominate the immune response (133). The AA-

derived lipid mediators (e.g. series 2 prostaglandins) are, in general, inflammatory, while the 

lipid mediators generated from EPA (e.g. series 3 prostaglandins, resolvins) and DHA (e.g. 

resolvins, protectins) are less biologically active and may even oppose the synthesis and activity 

of those derived from AA (133). Further, EPA and DHA incorporation into phospholipids 

disrupts inflammatory signaling by interfering with the formation of lipid rafts, SFA and 
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cholesterol-rich subdomains of cell membranes that facilitate ligand-induced signal transmission 

by co-localizing the necessary protein components (129, 135, 136). Importantly, the fatty acid 

composition of AT phospholipids can be modified by diet (133, 134), and thus the recommended 

dietary n-3:n-6 ratio is approximately 1:4 to allow for adequate conversion of ALA to EPA and 

DHA (137).  

However, even with increased ALA intake, it is estimated that only 0.2-8% is converted to 

EPA, and 0.05-4% is converted to DHA in humans (138, 139). To compensate, intake of 

preformed sources of EPA and DHA, such as fatty fish (e.g. mackerel, salmon) or FO 

supplements (130), is often recommended considering that EPA and DHA intake dose-

dependently increases AT incorporation of these LC n-3 PUFA (140). Alternatively, the 

conversion of stearidonic acid (18:4n-3, SDA), the intermediate between ALA and EPA, to EPA 

is superior to that of ALA at 17-30%, likely because the conversion of SDA to EPA does not 

require the rate-limiting Δ6-desaturase enzyme (141). SDA is naturally present in seafood and 

plant oils, such as echium oil (142), while genetically modified soybeans have been developed to 

contain up to 20% (of total fatty acid content) SDA as a sustainable and cost-effective source of 

n-3 PUFA (142, 143), although not yet commercially available and the potential health effects of 

SDA have not been extensively studied. 

 

1.4.2 – Adipokine modulation by polyunsaturated fatty acids in vitro 

In vitro investigations into adipokine modulation by n-3 PUFA are primarily focused on 

the effects of EPA and DHA, with the majority of evidence supporting their anti-inflammatory 

action in adipocytes and immune cells, in both the unstimulated and LPS-stimulated conditions. 

The ability of dietary PUFA to modulate adipokines in the presence of LPS is significant in light 
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of the contribution of metabolic endotoxemia (i.e. increased circulating LPS) to AT 

inflammation in obesity. For instance, In cultured human and 3T3-L1 adipocytes, EPA and DHA 

blunted the unstimulated (15-17, 19, 144) and LPS-induced (104, 145) increase in inflammatory 

adipokine secretion (e.g. MCP-1, IL-6, TNF-α and IL-1β). The ability of EPA and DHA to 

inhibit the LPS-stimulated increase in inflammatory adipokine secretion has also been 

demonstrated in cultured macrophages (18, 104, 146, 147). In the unstimulated condition, EPA 

and DHA markedly reduced the ratio of M1:M2-polarized macrophages (148), which coincides 

with our findings of decreased inflammatory adipokine secretion from co-cultured macrophages 

and adipocytes treated with EPA and DHA (22). Interestingly, the anti-inflammatory effects of 

DHA have repeatedly been demonstrated to be more potent than those of EPA in both the 

absence and presence of LPS (22, 146, 148).  

In contrast to EPA and DHA, few studies have investigated the ability of plant-derived n-

3 PUFA, ALA and SDA, or n-6 PUFA, LA and AA, to inhibit inflammatory adipokine 

production in adipocytes and immune cells. In fact, the evidence for adipokine modulation by 

ALA is conflicting between cultured adipocytes and macrophages, as ALA did not affect 

adipokine secretion from 3T3-L1 adipocytes in the unstimulated condition, but in the presence of 

LPS, ALA increased IL-6 secretion form adipocytes (149) and decreased TNF-α production in 

RAW 264.7 macrophages (150). Further, though SDA was demonstrated to blunt IL-6 

expression and secretion from adipocytes, in both the absence and presence of LPS, no other 

reports of adipokine modulation by SDA exist in vitro. Likewise, the relative effects of LA are 

not well-known, but the existing evidence suggests that LA is inert in adipocytes (149) or anti-

inflammatory in macrophages (151). Finally, AA has been shown to both blunt (17) and increase 

(20, 152) the synthesis and secretion of inflammatory adipokines in adipocytes, including MCP-
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1, which coincided with increased macrophage chemotaxis in vitro (152), but the relative effects 

of LPS stimulation were not investigated in this model. Interestingly, the inflammatory effects of 

AA in 3T3-L1 adipocytes were dose-dependently attenuated by co-treatment with EPA (20), 

suggesting that the LC n-3 and n-6 PUFA differentially modulate inflammatory adipokine 

production within obese AT. Related to this, we recently showed that inflammatory adipokine 

synthesis and secretion, and consequent macrophage chemotaxis, were down-regulated in LPS-

stimulated co-cultures of 3T3-L1 adipocytes and dietary LC n-3 PUFA (i.e. FO)-enriched murine 

splenic CD8+ T cells compared to co-cultures containing n-6 PUFA (i.e. safflower oil)-enriched 

CD8+ T cells (23). In summary, there is confusion surrounding the potential of dietary n-3 and n-

6 PUFA to modulate adipokines in the obese state owing to, in part, the contradictory findings, 

diversity of models, and the lack of evidence in the LPS-stimulated condition among the reports 

discussed herein. Thus a direct comparison between n-3 and n-6 PUFA in an in vitro model of 

obese AT is warranted to elucidate their underlying mechanisms of adipokine modulation.  

 

1.4.3 – TLR2/4 and downstream NF-κB-dependent regulation of adipokines  

Within AT, adipocytes and immune cells share several features of the innate immune 

system in common, including expression of the PRR, TLR2 and TLR4 (25, 26, 153), which 

respond to pathogen-associated molecular patterns (PAMPs) and contribute to the development 

of AT inflammation and IR in the obese state (27). LPS is a well-established ligand for TLR4 

within AT(26, 50), owing to its lipid A moiety (i.e. its PAMP) that contains a mono- or 

biphosphorylated disaccharide backbone acetylated with fatty acids (154). The major fatty acids 

that comprise LPS are of the saturated class (154), and accordingly, SFA (e.g. PA) are reported 

to be ligands for both TLR2 and TLR4 (37, 39, 40, 54), though controversy exists (19, 42). A 
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consequence of TLR2/4 stimulation is the activation of the NF-κB transcription factor complex 

(26). Specifically, the stimulation of TLR2/4 induces myeloid differentiation primary-response 

protein (MyD)88/interleukin-1 receptor-associated kinase (IRAK)1 signaling, which leads to the 

phosphorylation and activation of transforming growth factor-β activated kinase (TAK)1 by 

promoting its association with the TAK1 binding protein (TAB)1 (104, 155). Active TAK1 

promotes NF-κB activation by phosphorylating and activating the inhibitor of κB (IκB) kinase 

complex to downregulate IκB and allow NF-κB to translocate to the nucleus (104, 155). In turn, 

NF-κB regulates the expression of inflammatory and chemotactic adipokines (e.g. MCP-1, IL-6, 

TNF-α and IL-1β) (26, 66, 156), and thus plays a pivotal role in the innate and adaptive immune 

responses within obese AT. Accordingly, the expression of TLR2 and TLR4, as well as the 

activity of NF-κB, are increased in obese and T2D patients (49, 157, 158), and in rodent models 

of high-fat diet-induced obesity (37, 65, 159, 160).   

The significance of TLR2/4 signaling in the pathology of obesity-induced metabolic 

dysfunctions has been demonstrated in vitro and in KO mouse models fed a high-fat diet. For 

instance, a substantial amount of evidence supports that LPS induces NF-κB activity and 

production of inflammatory adipokines (e.g. MCP-1, IL-6, TNF-α and IL-1β), and impairs 

insulin signaling in cultured human and 3T3-L1 adipocytes (31, 36, 42, 49, 157); all of which 

was inhibited by co-treatment with an antibody against TLR4 (26). TLR2 and TLR4-dependent 

NF-κB activity and inflammatory adipokine production have also been demonstrated in 

adipocytes and macrophages treated with FFA; primarily the SFA, PA (35-43). Interestingly, in 

vitro TLR4 signaling was demonstrated to increase TLR2 expression in adipocytes (37), and co-

culture of adipocytes with TLR4-deficient macrophages significantly attenuated inflammatory 

adipokine gene expression and adipocyte lipolysis, suggesting that TLR2/4 signaling contributes 
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to the adipocyte/immune cell inflammatory cross-talk in obese AT (40). Indeed, we recently 

demonstrated that LPS increases inflammatory adipokine expression and secretion in co-cultured 

adipocytes and murine splenic CD8+ T cells (23). In vivo, TLR2 and TLR4 KO mice were 

protected against the high-fat diet-induced increase in visceral AT mass, NF-κB activity, and 

gene expression of inflammatory adipokines, which coincided with reduced circulating levels of 

MCP-1 and ensuing AT accumulation of M1-polarized macrophages (37, 54, 65). Further, 

ablation of TLR2 and TLR4 signaling during a high-fat diet maintained markers of glucose 

homeostasis and insulin-sensitivity (37, 54, 64); an effect that was also demonstrated in TLR4 

KO mice infused with lipids (37) and infused with LPS to induce metabolic endotoxemia (50). 

Taken together, TLR2 and TLR4 play a crucial role in modulating adipokines in response to 

circulating LPS and SFA, and therefore represent potential targets for dietary intervention during 

the development of the obese phenotype.  

a) Modulation by dietary polyunsaturated fatty acids 

During the progression of obesity, dietary LC n-3 PUFA, EPA and DHA, may attenuate 

AT inflammation by antagonizing LPS- and SFA-induced TLR2/4 signaling in adipocytes and 

immune cells, whereas the relative effects of plant-derived n-3 PUFA, ALA and SDA, and n-6 

PUFA, LA and AA, have not been extensively studied. LC n-3 PUFA are suggested to block the 

ligand binding sites of TLR2 and TLR4, as demonstrated in cultured macrophages wherein the 

LPS- and SFA-induced, but not the MyD88-induced, activation of NF-κB was inhibited by EPA 

and DHA (35, 161). In the same model, the n-6 PUFA, LA and AA, also inhibited the SFA-

induced activation of NF-κB, but were less effective in comparison to EPA (35, 161). Moreover, 

the incorporation of LC n-3 PUFA, EPA and DHA, into cell membranes disrupts the formation 

of lipid rafts that are necessary for TLR4 signaling (129, 135, 136, 162, 163). In cultured 
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macrophages, DHA inhibited the LPS and SFA-induced recruitment of TLR4 and MyD88 to 

lipid raft fractions, which coincided with reduced ROS accumulation and NF-κB activity (136). 

Similarly, we recently showed that NF-κB activity and inflammatory adipokine (e.g. MCP-1, IL-

6, TNF-α and IL-1β) production is blunted in LPS-stimulated co-cultures of 3T3-L1 adipocytes 

and dietary LC n-3 PUFA (i.e. FO)-enriched murine splenic CD8+ T cells relative to co-cultures 

containing n-6 PUFA (i.e. safflower oil)-enriched CD8+ T cells (23). It is conceivable that the 

TLR4 response to LPS was perturbed in LC n-3 PUFA-enriched CD8+ T cell/adipocyte co-

cultures in a lipid raft-dependent manner, but the underlying mechanisms remains unknown (23). 

TLR2 activation may also be dependent upon lipid raft formation to promote TLR2 dimerization 

with cell membrane-bound TLR1 or TLR6 (27), and accordingly, DHA was reported to inhibit 

TLR2 signaling and subsequent inflammatory adipokine production in adipocytes and 

macrophages in vitro (43, 104, 164). Though the role of n-6 PUFA in lipid raft formation is not 

well-understood, the synthesis of inflammatory lipid mediators derived from AA of cell 

membrane phospholipids was dependent upon TLR2/4 signaling, but inhibited by EPA and 

DHA, in cultured adipocytes and macrophages (35, 152). Thus, this evidence suggests that LC n-

3 and n-6 PUFA differentially modulate TLR2/4 signaling and NF-κB activation to regulate 

inflammatory adipokine production within obese AT; however, the contradictory reports warrant 

a direct comparison in a model of obese AT. Further, the relative effects of the shorter-chain n-3 

and n-6 PUFA, ALA, SDA and LA, respectively, are unknown but warrant investigation as the 

more common dietary PUFA of the obesogenic Western diet.  
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1.4.4 – GPR120-dependent regulation of adipokines 

GPR120 is highly expressed in adipocytes and macrophages and plays a pivotal role in 

the mitigating AT inflammation and IR in the obese state (104). Interestingly, though GPR120 

expression is increased in human obese versus lean visceral AT, its dysfunction is associated 

with the development of the obese phenotype (165). Accordingly, in high-fat diet-fed mice, 

GPR120-deficiency (KO) increased body weight and AT mass compared to WT (165). Further, 

the degree of M1 macrophage accumulation in visceral AT was greater in high-fat diet-fed 

GPR120 KO versus WT mice, which coincided with a greater degree of whole-body IR (165). 

While GPR120-deficiency did not affect body weight and AT mass in chow-fed mice, insulin-

sensitivity and glucose tolerance were significantly impaired compared to WT (104), thus 

highlighting the role of GPR120 in the maintenance of metabolic homeostasis.  

GPR120 responds to dietary fatty acids, and the most potent GPR120 ligands are n-3 

PUFA (e.g. ALA, EPA, DHA), while SFA exert no effects (104, 147, 166, 167). The n-6 PUFA, 

AA, is also reported to induce GPR120 signaling, but AA is a less potent ligand compared to 

EPA and DHA (168). Ligand-stimulated GPR120 promotes the association of GPR120 and β-

arrestin2, an adaptor protein that mediates GPR120 internalization and signaling (104). The 

GPR120-β-arrestin2 complex then interrupts TLR2/4 and TNFR signaling by associating with 

TAB1 to block the association between TAB1 and TAK1, and therefore block TAK1 

phosphorylation/activation and downstream NF-κB activation (104). Thus, GPR120 may 

represent a link between dietary PUFA and the modulation of inflammatory adipokines in 

obesity.  
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a) Modulation by dietary polyunsaturated fatty acids 

The role of GPR120 in mediating the anti-inflammatory effects of dietary PUFA has 

primarily been interpreted from EPA and DHA-treated macrophages in vitro, and in GPR120 KO 

mice fed a high-fat diet enriched with n-3 PUFA (104, 147). For instance, EPA and DHA 

attenuated the LPS- and TNF-α-induced gene expression and protein section of inflammatory 

adipokines (e.g. IL-6, TNF-α and IL-1β) in cultured macrophages via a GPR120 and β-arrestin2-

dependent mechanism (104, 147, 169). Specifically, the anti-inflammatory actions of EPA and 

DHA in vitro mimicked those induced by a selective GPR120 agonist, GW9508, and were lost in 

macrophages isolated from GPR120 and β-arrestin2 KO mice (104, 147). Though the ability of 

n-3 PUFA to modulate NF-κB activity and inflammatory adipokine production via GPR120/β-

arrestin2 signaling has not been extensively studied in adipocytes, GPR120 is reported to 

regulate adipocyte function as DHA increased basal and insulin-stimulated glucose uptake in 

3T3-L1 adipocytes, but the effect was abrogated by GPR120 knockdown (104).  

Similarly, in high-fat diet-fed mice, the insulin-sensitizing effects of EPA and DHA 

supplementation were lost as a result of GPR120 KO, which coincided with increased M1 

macrophage accumulation and inflammatory adipokine gene expression (e.g. MCP-1, IL-6, TNF-

α and IL-1β) in obese visceral AT (104, 147). Importantly, the change in MCP-1 expression was 

specific to adipocytes, and both MCP-1 and adipocyte conditioned media promoted macrophage 

chemotaxis in vitro (104); an effect that was blunted by macrophage pre-treatment with DHA, 

but not in macrophages isolated from GPR120-deficient mice (104), suggesting the potential for 

GPR120 to mediate the anti-inflammatory action of n-3 PUFA on adipocyte-immune cell cross-

talk within obese AT. Indeed, we have shown that EPA and DHA attenuate the expression and 

secretion of inflammatory adipokines in co-cultured adipocytes and macrophages (22), and 
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likewise in LPS-stimulated co-cultures of 3T3-L1 adipocytes and dietary LC n-3 PUFA (i.e. 

FO)-enriched murine splenic CD8+ T cells versus co-cultures containing n-6 PUFA (i.e. 

safflower oil)-enriched CD8+ T cells (23). While the underlying mechanisms remain unknown, it 

is conceivable that GPR120 negatively regulated macrophage-derived TNF-α- (22) and LPS-

induced (23) inflammatory signaling in our co-culture models. In summary, GPR120 mediates 

the anti-inflammatory action of dietary n-3 PUFA, but further investigation into the role of 

GPR120 in adipocytes is warranted, as are the relative effects of AA, or precursor n-3 and n-6 

PUFA, ALA, SDA and LA, respectively, considering the lack of existing evidence.  

 

1.4.5 – NLRP3 inflammasome-dependent regulation of adipokines 

During the progression of obesity, the NLRP3 inflammasome regulates the innate 

immune response within AT (121, 122). Inflammasomes are multi-protein complexes comprised 

of a danger-sensing intracellular PRR from the family of NLR, such as NLRP3; the cysteine 

protease, caspase-1; and the adaptor protein, apoptosis-associated speck-like protein containing a 

caspase-recruitment domain (PYCARD) (121, 122). The NLRP3 inflammasome assembles in 

response to stimuli such as viruses, bacteria or certain endogenous obesity-induced metabolites, 

including the accumulation of ROS (169-171), to promote activation of the caspase-1 subunit 

and consequent release of inflammatory adipokines, including IL-1β (121, 122). In turn, IL-1β 

impairs AT insulin signaling (71, 117, 125), and thus increased circulating levels of IL-1β are 

predictive of the development of T2D (91).  

The ability of the NLRP3 inflammasome to respond to metabolic stress credits the innate 

immune system for more than simply discriminating ‘self’ from ‘non-self’, and emphasizes the 

significance of innate immunity in the pathology of obesity-induced IR. In humans, adipocyte 
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but not SVF expression of NLPR3 inflammasome components, and activation of the caspase-1 

domain, correlate with adiposity (28), suggesting that hypertrophic and dysfunctional adipocytes 

dominate the NLRP3 inflammasome-mediated response in obesity. Accordingly, the expression 

and activation of the NLRP3 inflammasome are increased in obese versus lean (28, 75, 118, 

173), and visceral versus subcutaneous AT (74), which coincides with increased IL-1β secretion 

form obese visceral AT ex vivo (74, 118). Further, NLRP3 inflammasome (i.e. caspase-1) 

activity correlates with increased M1 macrophage and CD8+ T cell accumulation in visceral AT 

of obese humans (74, 118). Related to this, we recently showed that the gene expression of 

NLRP3 inflammasome components, as well as IL-1β, are increased in co-cultures of 3T3-L1 

adipocytes and murine splenic CD8+ T cells relative to adipocytes alone (23), highlighting the 

significance of adipocyte/immune cell cross-talk in the activation of the NLRP3 inflammasome. 

Accordingly, NLRP3 KO mice were protected against the high-fat diet-induced immune cell 

(e.g. macrophages, CD8+ T cells) infiltration into visceral AT, which coincided with reduced AT 

inflammation and improved whole-body insulin-sensitivity (75, 174).  

NLRP3 inflammasome activity is regulated by two signals; an initial priming signal to 

induce the gene expression of NLRP3 and pro-IL-1β, and a second signal to activate the multi-

protein complex to promote caspase-1 activity (121, 122). Priming of the NLRP3 inflammasome 

is potently induced by inflammatory signals that activate the NF-κB transcription factor to 

regulate NLRP3 and IL-1β expression, such as inflammatory adipokines (e.g. TNF-α) or those 

transmitted via TLR2/4 (i.e. LPS, SFA) to induce MyD88/IRAK1 signaling (43, 66, 67, 175). In 

addition to priming, the MyD88/IRAK1 signaling axis directly links TLR2/4 signaling to 

activation of the NLRP3 inflammasome (176) perhaps, in part, via a ROS-dependent mechanism 

as SFA (e.g. PA) and LPS have been shown to prime and activate the NLRP3 inflammasome in 
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cultured adipocytes and macrophages, yet the effects were blunted by pre-treatment with an 

antioxidant (17, 43-45). Thus, ROS accumulation may be a crucial intermediate in TLR2/4-

mediated NLRP3 inflammasome activity and IL-1β secretion in obese AT. Importantly, secreted 

IL-1β, can act in an autocrine or paracrine fashion as a ligand for IL-1R, which also induces 

MyD88/IRAK1 signaling (123) and has been demonstrated to prime the NLRP3 inflammasome 

in cultured adipocytes (28). Therefore, the NLRP3 inflammasome mediates a vicious cycle 

within obese AT that contributes to adipokine dysregulation and whole-body IR, and thus 

warrants investigation as a potential target for dietary intervention.  

a) Modulation by dietary polyunsaturated fatty acids 

Recent evidence suggests that dietary n-3 PUFA can suppress the activation of the 

NLRP3 inflammasome within obese AT and mitigate the development of whole-body IR, while 

the relative ability of n-6 PUFA remains controversial. For instance, DHA supplementation 

reduced NLRP3 inflammasome (i.e. caspase-1) activity and IL-1β production in the AT of high-

fat diet-fed mice, which coincided with improved systemic insulin sensitivity to a similar degree 

as observed in NLRP3 KO mice consuming a high-fat diet (147). In contrast, supplementation 

with the n-6 PUFA, dihomo-γ-linolenic acid (20:3n-6, DGLA) exerted no effect, while that of 

LA and AA were not investigated (147). Interestingly, the effects of DHA were lost in NLRP3 

KO mice, suggesting that anti-inflammatory and insulin-sensitizing effects of DHA during a 

high-fat diet are dependent upon the inhibition of NLRP3 inflammasome activity (147). 

Unfortunately, this is the only in vivo report investigating the ability of dietary PUFA to 

modulate the NLRP3 inflammasome in the obese state. However, related to this, we recently 

established an in vitro co-culture model of obese AT and showed that n-3 PUFA decrease 

NLRP3 inflammasome priming in LPS-stimulated co-cultures of 3T3-L1 adipocytes and splenic 
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CD8+ T cells isolated from mice fed a LC n-3 PUFA (i.e. FO)-enriched compared to n-6 PUFA 

(i.e. safflower oil)-enriched diet (23). In this model, dietary n-3 PUFA blunted NF-κB activity 

relative to n-6 PUFA (23), but the mechanism upstream of NF-κB remains to be elucidated. 

In vitro evidence supports that n-3 PUFA inhibit the NLRP3 inflammasome, and 

provides insight into the underlying mechanisms, while the relative ability of n-6 PUFA remains 

controversial. For instance, In cultured macrophages, pre-treatment with EPA, DHA and, to a 

lesser extent, ALA inhibited the LPS-induced priming of the NLRP3 inflammasome and 

activation of the caspase-1 domain, which coincided with reduced IL-1β secretion (147). While 

the n-6 PUFA, LA and AA, were not included in this investigation, pre-treatment with other n-6 

PUFA failed to inhibit LPS action on the NLRP3 inflammasome (147). Interestingly, the ability 

of EPA and DHA to inhibit NLRP3 inflammasome activation was not dependent upon their 

enzymatic metabolism to lipid mediators (e.g. reslovins), but was, in part, dependent upon a 

GPR120-mediated interaction between β-arrestin2 and NLRP3 (147), and inhibition of NF-κB 

activation (168). GPR120 signaling was only partially responsible for the n-3 PUFA-induced 

inhibition of NLRP3 inflammasome activity (147), suggesting that another mechanism is 

involved. Accordingly, in a similar in vitro model, DHA disrupted the PA-induced recruitment of 

MyD88 to lipid rafts, which inhibited TLR2/4 activation, downstream ROS accumulation, and 

IL-1β secretion from macrophages (43).  

Similarly, in cultured macrophages, the n-6 PUFA, LA, blunted the PA-induced 

activation of the NLRP3 inflammasome and secretion of IL-1β (151). LA also attenuated the PA-

induced increase in IL-1β secretion from LPS-primed macrophages (151), but the effects of LA 

were not attributable to reduced NF-κB activity or expression of IL-1β, suggesting that LA does 

not influence NLRP3 inflammasome priming; only its subsequent activation, but the mechanisms 
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remains unknown (151). Unfortunately, the ability of AA to modulate NLRP3 inflammasome 

activity is also unknown due to, in part, the controversy surrounding the influence of AA on the 

activation of NF-κB (17, 20) and accumulation of ROS (17, 152) that are implicated in NLRP3 

inflammasome priming and activation, respectively.  

Taken together, the mechanisms underlying n-3 PUFA inhibition of NLRP3 

inflammasome activity overlap those disrupting TLR2/4- and TNFR signaling (described above) 

(104), highlighting the potential for n-3 PUFA to mitigate the inflammatory synergy between 

these mediators in obese AT. However, these mechanisms have largely been interpreted from 

work in macrophages, and thus investigation into the ability of n-3 PUFA to modulate the 

NLRP3 inflammasome is warranted, as are the relative effects of n-6 PUFA considering the 

controversy that exists.  

 

1.5 – Conclusion 

Dietary n-3 and n-6 PUFA may differentially modulate the cross-talk between adipocytes 

and infiltrated immune cells within obese AT by regulating the synthesis and secretion of 

inflammatory adipokines arising from specific AT-derived cell types. Specifically, the LC n-3 

PUFA, EPA and DHA, may down-regulate the production of MCP-1, IL-6, TNF-α and IL-1β 

(15-20, 43, 104, 144, 145, 147, 172) and thereby mitigate the vicious cycle between adipocytes 

and immune cells that contributes to the chronic low-grade inflammation and IR that are 

characteristic of obese AT (22, 23, 148). While adipocytes are the primary cellular source of 

MCP-1 within obese AT (12, 81, 83), the M1-polarized macrophages that infiltrate AT in 

response to MCP-1 are the primary cellular source of IL-6, TNF-α and IL-1β (55), though 

adipocytes contribute to some extent (31). Interestingly, CD8+ T cell accumulation in obese AT 
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precedes and is essential for M1 macrophage infiltration and inflammatory adipokine production 

(6). Thus, understanding the adipokine-mediated cross-talk between adipocytes and specific AT 

immune cell populations represents a potential target for intervention with dietary PUFA to 

attenuate obese AT inflammation.   

Metabolic endotoxemia (i.e. increased circulating levels of LPS) also contributes to AT 

inflammation in obesity (11, 50), and thus the ability of dietary PUFA to modulate adipokines in 

the presence of LPS requires investigation. Potential mechanisms by which dietary PUFA may 

down-regulate inflammatory adipokine production in obese conditions include direct antagonism 

of TLR2/4 to inhibit the downstream activation of the NF-κB transcription factor and NLRP3 

inflammasome (35, 43, 66, 136, 161); or indirect antagonism of TLR2/4 signaling by stimulating 

GPR120 to interfere with the signaling cascade that links TLR2/4 to NF-κB and NLRP3 

inflammasome activity (104, 147, 172). Though dietary LC n-3 PUFA have established anti-

inflammatory action in obesity (14), the underlying mechanisms have not been extensively 

investigated in adipocytes, alone or in co-culture with key AT immune cell populations, and 

evidence is considerably lacking for the relative effects of shorter-chain n-3 PUFA, ALA and 

SDA. Further, the evidence for adipokine modulation by dietary n-6 PUFA is also lacking, and 

thus remains controversial. Therefore, an understanding of the ability of PUFA to modulate 

adipokines in adipocytes and immune cells, with and without LPS stimulation, is necessary to 

evaluate the effectiveness of dietary PUFA as a nutritional approach to resolving the AT 

inflammation that is characteristic of the obese phenotype. 
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Chapter 2: Rationale, objectives, and hypotheses  
 

The chronic low-grade inflammation that characterizes obese visceral AT is driven by 

changes in circulating LPS and AT-infiltrated immune cell populations (6, 7, 9, 11). The cross-

talk between AT-infiltrated immune cells and resident adipocytes leads to dysregulated synthesis 

and secretion of inflammatory adipokines (12, 22, 23) that contribute to the development of 

systemic IR and metabolic diseases, such as T2D (2, 8, 9). Specifically, the production of MCP-1 

(81, 82), IL-6 (89, 90), TNF-α (101-103, 105) and IL-1β (28, 117, 118) is increased in obesity, 

and each such adipokine plays a fundamental role in the development of AT inflammation. Thus, 

the restoration of normal adipokine synthesis and secretion is essential to mitigating the 

metabolic consequences that are associated with obese AT inflammation.  

Adipocytes are the primary cellular source of MCP-1 within obese AT (12, 81, 83, 12), 

and though adipocytes contribute to the production of IL-6, TNF-α and IL-1β production (31), 

the primary cellular source of these pro-inflammatory mediators is the M1-polarized 

macrophages that infiltrate AT in response to secreted MCP-1 (55, 68, 69). Interestingly, CD8+ T 

cell accumulation in obese AT precedes, and is essential for, macrophage infiltration and 

activation (6). Therefore, the adipokine-mediated cross-talk between adipocytes and CD8+ T 

cells represents a potential early target for intervention to attenuate obesity-associated AT 

inflammation. 

 Dietary PUFA have been investigated in vitro as a potential nutritional strategy to 

mitigate adipokine dysregulation in obese AT, with the majority of evidence suggesting a 

beneficial effect of the FO-derived LC n-3 PUFA, EPA and DHA (15-20, 43, 104, 144, 145, 147, 

148, 168). Indeed, we have shown that EPA and, to a greater extent, DHA reduce inflammatory 

adipokine synthesis and secretion from 3T3-L1 adipocytes and RAW 264.7 macrophages co-
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cultured in direct contact or separated in a trans-well system (22), suggesting that LC n-3 PUFA 

exert anti-inflammatory action via both contact-dependent and contact-independent mechanisms. 

Further, LC n-3 PUFA reduced the expression of MCP-1 in adipocytes isolated from the trans-

well systems, which coincided with the decreased expression of markers of M1-polarization in 

macrophages (22). Thus, it is conceivable that the cross-talk between adipocytes and AT-

infiltrated immune cells potentiates the adipocyte inflammatory response to further promote 

immune cell accumulation and activation in obese AT. Related to this, we established an in vitro 

co-culture model of obese AT and demonstrated that LC n-3 PUFA attenuate inflammatory and 

macrophage-chemotactic adipokine synthesis and secretion from 3T3-L1 adipocytes in direct 

contact with splenic CD8+ T cells isolated from mice fed a LC n-3 PUFA (i.e. FO)-enriched 

compared to n-6 PUFA (i.e. safflower oil)-enriched diet (23). However, the adipocyte-specific 

response to cross-talk with CD8+ T cells, and the mechanisms underlying dietary LC n-3 PUFA 

anti-inflammatory action remain to be elucidated.  

Moreover, in light of the synergy between a high fat diet and metabolic endotoxemia (i.e. 

increased circulating LPS) to promote AT inflammation (11, 50), the ability of dietary PUFA to 

modulate adipokines in the presence of LPS requires investigation. Potential mechanisms by 

which LC n-3 PUFA have been shown to down-regulate LPS-induced inflammatory adipokine 

production include direct antagonism of TLR2/4 to inhibit the downstream activation of the NF-

κB transcription factor and NLRP3 inflammasome (35, 43, 66, 136, 161) and indirect 

antagonism of TLR2/4 signaling by stimulating GPR120 to interfere with the signaling cascade 

that links TLR2/4 to NF-κB and NLRP3 inflammasome activity (104, 147, 172). However, these 

mechanisms have primarily been established in macrophages, and warrant investigation in 

adipocytes. Of particular interest are the relative effects of more commonly consumed dietary n-
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3 PUFA, such as the plant-derived ALA and SDA, and the n-6 PUFA, LA and AA, especially 

considering current controversy in the literature with regard to the pro/anti-inflammatory action 

of n-6 PUFA. 

Thus, the overall objective of this thesis was to investigate the role of n-3 and n-6 PUFA 

in the modulation of adipokine production in 3T3-L1 murine adipocytes alone or in co-culture 

with splenic CD8+ T cells, and with or without LPS stimulation to mimic the obese AT 

inflammatory microenvironment. To this end, two studies were conducted: 

 

The specific objectives of study one were: 

1) To examine the modulation of inflammatory adipokine synthesis and secretion by plant-

derived and LC n-3 and n-6 PUFA in cultured 3T3-L1 adipocytes, in the absence or presence of 

LPS at a concentration that mimics the circulating level reported in obesity.  

2) To determine whether adipokine modulation by n-3 and n-6 PUFA occurs through 

mechanisms involving TLR2/4- or GPR120 signaling to regulate downstream NF-κB activity 

and priming of the NLRP3 inflammasome.  

 

The overall hypotheses of study one were: 

LC n-3 PUFA, EPA and DHA, will exert the most potent anti-inflammatory effect on adipokine 

production in unstimulated and LPS-stimulated adipocytes in comparison to plant-derived n-3 

PUFA, ALA and SDA, or n-6 PUFA, LA and AA. Further, the underlying mechanism will 

involve GPR120 signaling and antagonism of TLR2/4 signaling to inhibit NF-κB activity and 

priming of the NLRP3 inflammasome. 
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The specific objectives of study two were: 

1) To determine whether dietary LC n-3 PUFA incorporation into an n-6 PUFA-rich diet 

modulates paracrine interactions between splenic CD8+ T cells isolated from lean and obese 

mice and 3T3-L1 adipocytes in vitro, and potential mechanisms by which this occurs. 

2) To determine whether modulation of CD8+ T cell/adipocyte inflammatory cross-talk by 

dietary LC n-3 PUFA subsequently affects RAW 264.7 macrophage polarization status.  

 

The overall hypotheses of study two were: 

Dietary LC n-3 PUFA will attenuate the LPS-stimulated inflammatory cross-talk between 

adipocytes and CD8+ T cells in the lean and obese conditions via a mechanism involving the 

down-regulation of TNF-α signaling. Further, the anti-inflammatory action of dietary LC n-3 

PUFA on CD8+ T cell/adipocyte cross-talk will, in turn, blunt macrophage mRNA expression of 

M1 polarization markers. 
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Chapter 3: Long-chain n-3 and n-6 polyunsaturated fatty acids differentially modulate 
LPS-stimulated adipokine production in 3T3-L1 adipocytes in vitro 
 

As published with minor revisions: 

Cranmer-Byng MM*, Liddle DM*, De Boer AA, Monk JM, and Robinson LE. Pro-

inflammatory effects of arachidonic acid in a lipopolysaccharide-induced inflammatory 

microenvironment in 3T3-L1 adipocytes in vitro. 2015 Feb;40(2):142-154. 

* Co-first authors contributed equally to the published manuscript 

 

3.1 – Introduction: 

Adipose tissue (AT) is an active endocrine organ that secretes a plethora of proteins, 

collectively called adipokines, which play a critical role in modulating systemic metabolism and 

inflammation (177). However, obese AT is typically characterized by dysfunctional synthesis 

and secretion of adipokines, leading to increased monocyte chemoattractant protein (MCP)-

1/chemokine (C-C motif) ligand (CCL)2, interleukin (IL)-6, and tumour necrosis factor (TNF)-α 

(13, 91, 178, 179). Such inflammatory mediators contribute to development of the chronic AT 

inflammation that is associated with pathologies, such as insulin resistance (IR) (180). Although 

the underlying mechanisms are not completely understood, metabolic endotoxemia, or elevated 

circulating concentrations of lipopolysaccharide (LPS) derived from intestinal bacteria (11, 50), 

has been shown to stimulate inflammatory adipokine production in adipocytes via Toll-like 

receptor (TLR)4-mediated activation of the nuclear factor (NF)-κB transcription factor (26). 

Further, LPS has been demonstrated to increase accumulation of reactive oxygen species (ROS) 

in adipocytes (54), which, in turn, may be partially responsible for activation of both NF-κB and 

the NOD-like receptor, pyrin domain containing (NLRP)3 inflammasome (44, 45, 181), a multi-
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protein mediator of obesity-induced inflammatory adipokine (e.g. IL-1β, IL-18) secretion (122). 

Thus, LPS is an important factor in adipokine dysregulation in obesity and warrants inclusion in 

studies investigating strategies to modulate adipokine synthesis and secretion.  

Nutritional strategies designed to mitigate adipokine dysregulation include modulating 

dietary fatty acids, with the majority of evidence suggesting anti-inflammatory effects of the 

marine [e.g. fish oil (FO)]-derived long-chain (LC) n-3 polyunsaturated fatty acids (PUFA), 

eicosapentaenoic acid (20:5 n-3, EPA) and docosahexaenoic acid (22:6 n-3, DHA) (129), that 

can blunt LPS-stimulated increases in adipokines (18, 19, 144, 145, 148). Interestingly, little is 

known about the ability of other dietary fatty acids, including the plant-derived PUFA, α-

linolenic acid (18:3 n-3, ALA) and linoleic acid (18:2 n-6, LA), which are widely consumed in 

the typical Western diet; or stearidonic acid (18:4 n-3, SDA), which may become a significant 

source of dietary n-3 PUFA through high-SDA genetically modified soybeans (142) and 

Buglossoides arvensis seed oil, marketed as Ahiflower oil (182), to modulate the adipocyte-

derived inflammatory adipokine profile in response to LPS. Finally, although the n-6 PUFA 

arachidonic acid (20:4 n-6, AA) is not a major dietary fatty acid, typical intake of its precursor, 

LA, reaches up to 15-20 g/day; approximately 10% of total daily kcal (132, 183) and is a 

significant contributor to total fatty acid intake. While the ability of increased LA and AA intake 

to promote inflammation is controversial (183), AA-derived metabolites of the cyclooxygenase 

(COX) pathway are generally considered to be pro-inflammatory (184). Further, both LA and 

AA are also reported to increase ROS accumulation in adipocytes (169), yet their effects on 

adipokines and related mediators in an LPS-induced inflammatory microenvironment reflective 

of obese AT is unknown and warrants investigation. 
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Putative mechanisms implicated in the beneficial effects of LC n-3 PUFA on LPS (i.e. 

TLR4)-stimulated adipokine production may involve down-regulation of TLR2/4 signaling and 

suppression of downstream NF-κB activation (15, 17, 35), perhaps in part via the prevention of 

oxidative stress and/or activation of G-protein coupled receptor (GPR)120, a novel n-3 PUFA-

responsive cell membrane receptor present in adipocytes and macrophages (17, 104, 147). The 

activation of GPR120 by DHA in cultured macrophages inhibited intracellular signaling 

downstream of TLR4 as well as activation of the NLRP3 inflammasome by a mechanism 

involving β-arrestin2 (104, 147), but this requires further study in adipocytes, especially with 

regard to the more widely-consumed n-3 PUFA.  

 Our objective was to examine the modulation of 3T3-L1 adipocyte-derived inflammatory 

mediators by dietary plant-derived n-3 and n-6 PUFA, as well as their LC PUFA conversion 

products, in the absence or presence of an LPS-induced inflammatory microenvironment 

designed to mimic that of obese AT. Further, to elucidate the mechanisms underlying fatty acid-

specific action, we sought to investigate the potential involvement of various regulators and 

receptors that mediate inflammatory signaling in adipocytes. 

 

3.2 – Materials and Methods 

3.2.1 – 3T3-L1 cell culture and differentiation 

3T3-L1 murine pre-adipocytes [American Type Culture Collection (CL-173), USA] were 

grown and passaged according to the manufacturer’s instructions, and were maintained in a 

humidified incubator at 37 °C in 5% CO2. Pre-adipocytes were cultured in basic media 

containing Dulbecco’s Modified Eagle Medium (DMEM; HyClone, USA), plus 10% v/v low-

endotoxin fetal bovine serum (FBS; Sigma-Aldrich, USA) and 1% v/v penicillin-streptomycin 
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(HyClone), and were seeded into 6-well plates at a density of 3000 cells/cm2. Differentiation was 

induced 2 days post-confluence (designated as day 0) with basic media containing 1 µM 

dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine, and 5 mg/L insulin (Sigma-Aldrich), and 

this media was replaced with basic media containing 5 mg/L insulin on days 2, 4, and 6 post-

differentiation as described previously (22). On day 8, mature adipocytes were serum-starved for 

12 h with basic media, but containing 0% FBS, to ensure quiescence prior to experiments on day 

9. 

 

3.2.2 – Fatty acid and LPS co-incubations 

On day 9 post-differentiation, serum-starved mature adipocytes were rinsed with 1X PBS 

(Sigma-Aldrich) and treated with fatty acids ± LPS for 6 or 24 h. All treatments were performed 

in triplicate and the entire experiment was replicated independently two times without (-) LPS 

and three times with (+) LPS (i.e. n = 6-9/treatment). Fatty acids (≥98% pure; Cayman 

Chemical, USA) were prepared to equimolar stock solutions by the addition of lab-grade ethanol. 

Bovine serum albumin (BSA, ≤0.1 ng/mg endotoxin, ≤0.02% fatty acids; Sigma-Aldrich) stock 

solution was diluted to 20 µM in serum-free basic media pre-warmed to 37ºC. Treatments were 

prepared by complexing 100 µM of n-6 PUFA (LA and AA), n-3 PUFA (ALA, SDA, EPA, 

DHA), or EPA + DHA (50 µM of each) with BSA in serum-free basic media at a 5:1 molar ratio 

(i.e. 100 µM fatty acid: 20 µM BSA). 100 µM fatty acid was chosen because it is at the lower 

end of concentrations (50-500 µM) of DHA demonstrated to induce changes in secreted 

adipokines at 24 h (16, 185). While circulating PUFA levels vary in humans, 100 µM has been 

reported for DHA, with lower levels observed for ALA and EPA, but higher levels for LA and 

AA (186, 187), and thus the current dose is physiologically appropriate and achievable through 
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diet. Finally, LPS from Escherichia coli 055:B5 (Sigma-Aldrich) was dissolved in serum-free 

basic media and diluted to a final concentration of 10 ng/mL. A physiologically relevant dose of 

LPS was selected to reproduce the level of endotoxin units (EU) observed in obese humans (5-6 

EU/mL), (49, 149) and high-fat diet-induced obesity rodent models (50). A lactate 

dehydrogenase assay (Promega, USA) was performed according to the manufacturer’s 

instructions to verify that the LPS treatment was not cytotoxic. BSA (20 µM) plus lab-grade 

ethanol (added to control for fatty acids being dissolved in ethanol) at 0.00003% v/v ± LPS 

served as positive and negative controls, respectively. Post-treatment with fatty acid ± LPS cell 

culture supernatant samples were collected, and cells were lysed for RNA (described below). 

Based on preliminary data, the control, DHA and AA ± LPS treatments were performed in 

triplicate and replicated independently multiple times for analysis of cell membrane receptor-

mediated signaling (i.e. GPR120 and TLR4, described below), intracellular inflammatory 

mediators (i.e. NF-κB activity and ROS accumulation, described below) and fatty acid 

composition (described below). 

 

3.2.3 – GPR120 signaling stimulation 

To elucidate the mechanism by which DHA exerts anti-inflammatory effects in our 

model, a subset of serum-starved mature adipocytes (cultured as described above) were 

stimulated with 100 µM of the GPR120 agonist, GW9508 (R&D Systems, USA), ± LPS (10 

ng/mL) for 24 h. 100 µM of GW9508 has been shown to inhibit the LPS-induced inflammatory 

response in 3T3-L1 adipocytes and RAW264.7 macrophages in a similar manner to 100 µM of 

DHA (104). Thus, in the present study, a stock solution of GW9508 was prepared using lab-

grade ethanol and was diluted to 100 µM in serum-free basic media containing 20 µM BSA to 
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remain consistent with fatty acid ± LPS treatment conditions (described above). BSA plus lab-

grade ethanol ± LPS served as positive and negative controls, respectively. After 24 h, 

adipocytes were lysed for RNA and protein purification (described below). All treatments were 

performed in triplicate and replicated 2 separate times (i.e. n = 6/treatment). 

 

3.2.4 – TLR4 signaling antagonism 

The effect of antagonizing TLR4-mediated signaling in AA ± LPS-treated adipocytes 

was assessed by the addition of 1 µg/mL of purified neutralizing anti-mouse CD284 (TLR4) 

antibody (clone: UT41, eBioscience an Affymetrix company, USA) to each culture well. The 

following treatment conditions were designed to match the fatty acid ± LPS treatment conditions 

(described above): control (BSA plus lab-grade ethanol) + anti-TLR4 antibody; control + LPS 

(10 ng/mL) + anti-TLR4 antibody; AA (100 µM) + anti-TLR4 antibody; and AA + LPS + anti-

TLR4 antibody. 1 µg/mL of anti-TLR4 antibody was selected as the optimal dose based on 

previous work, which demonstrated that TLR4 antagonism inhibited saturated fatty acid and 

LPS-induced changes in adipokine mRNA expression and protein secretion at 24 h (42, 188). To 

control for the addition of the anti-TLR4 antibody, 1 µg/mL of anti-mouse IgG1 κ isotype 

control (P3.6.2.8.1, eBioscience) was added (instead of the anti-TLR4 antibody) under the same 

treatment conditions and, as expected, was found to be inert (data not shown). After 24 h, 

adipocytes were lysed for RNA and protein purification (described below). All treatments were 

performed in triplicate and replicated 2 separate times (i.e. n = 6/treatment). 
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3.2.5 – Secreted protein analysis 

The 24 h secreted protein concentrations of MCP-1, IL-6, TNF-α and IL-10 from fatty 

acid ± LPS-treated adipocytes were analyzed by multiplex using a Mouse Cytokine/Chemokine 

Bio-Plex Pro kit (Bio-Rad, Canada) and the Bio-Plex 200 System/ Bio-Plex Manager software, 

Version 6.0 (Bio-Rad). 

 

3.2.6 – mRNA expression analysis 

At 6 or 24 h post-treatment, supernatant samples were collected and adipocytes were 

rinsed with 1X PBS. Adipocytes were harvested using the RNeasy Kit (Qiagen, Canada) or the 

RNA/protein purification kit (Norgen Biotek Corp., Canada), and total RNA was isolated from 

lysed cells according to the manufacturers’ instructions. 2 µg of complementary DNA (cDNA) 

were synthesized using a high-capacity cDNA reverse transcription kit (Applied Biosystems, 

USA) according to the manufacturer’s instructions. Real-time PCR was performed using a 

7900HT Fast Real Time PCR system (Applied Biosystems). Primers (Appendix A) were 

designed using the Universal Probe Library Assay Design Center (Roche Applied Sciences, 

Germany) and validated primer efficiencies were between 90-105%. Samples were run in 

duplicate in 96-well plate format, and each 20 µL reaction contained 5 µL of 10 ng/µL cDNA 

template, 10 µL of 2X Power SYBR green master mix (Applied Biosystems), 0.4 µL of 10 µM 

primers, and 4.6 µL of ribonuclease (RNase)-free water. All results were normalized to 

ribosomal protein, large, P0 (RPLP0, endogenous control) mRNA expression, and the relative 

differences in mRNA expression between treatment groups and the negative control were 

determined using the ΔΔCt method. 
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3.2.7 – NF-κB p65 activation 

NF-κB activity was assessed as the ratio of phosphorylated (i.e. activated) NF-κB p65 

(Ser536) to total NF-κB as measured by ELISA (eBioscience) in cellular protein lysates from 

control, DHA and AA ± LPS-treated adipocytes after 24 h. Post-treatment supernatant samples 

were collected and adipocytes were rinsed with 1X PBS. Adipocytes were harvested using the 

RNA/protein purification kit (Norgen Biotek Corp.) and total protein was isolated from lysed 

cells according to the manufacturer’s instructions. Extra protease and phosphatase inhibitors 

(Roche Applied Sciences) were added to the lysis buffer at the recommended concentrations 

prior to use. Total cellular protein was quantified using the bicinchoninic assay (Fisher 

Scientific, Canada). An equal amount of protein/sample (10 µg) was added to each well to 

normalize cellular protein between samples. Phosphorylated NF-κB p65 (Ser536) was measured 

in control, DHA, and AA ± LPS-treated adipocytes according to the manufacturer’s instructions, 

and total NF-κB p65 was measured in control and AA ± LPS-treated adipocytes to elucidate the 

ratio of phosphorylated-p65 NF-κB (Ser536) to total p65 NF-κB as a result of these treatments.  

 

3.2.8 – Determination of ROS accumulation 

Reactive oxygen species (ROS, i.e. superoxide anion) was detected in control, DHA and 

AA ± LPS-treated adipocytes (n = 5-6/treatment) at 24 h by a nitro blue tetrazolium (NBT, 

Sigma) assay as previously described (189), with minor modification. NBT is reduced by ROS to 

formazan, a dark-blue and insoluble form of NBT. Adipocytes were incubated with 0.1% (w/v) 

NBT dissolved in 1X PBS for 1 h at 37°C in 5% CO2. After 1 h, the supernatant was aspirated 

and adipocytes were fixed with 100% methanol. The insoluble blue formazan-NBT was 

dissolved in 480 µL, 2M KOH and 560 µL DMSO, and the optical density (OD) was measured 
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in 3 wells of a 96-well plate per sample at 620 nm using a spectrophotometer. A well without 

cells but subjected to the same NBT incubation, fixing and dissolving steps (but remained 

colourless) served as a blank.  

 

3.2.9 – Fatty acid composition analysis 

Lipids were extracted from control, DHA and AA ± LPS-treated adipocytes (n = 4-

6/treatment) at 24 h as previously described (190) with minor modification. Post-treatment 

supernatant samples were obtained and adipocytes were collected in 1X PBS. After 

centrifugation at 1200 rpm for 5 min, a 2:1 v/v MeOH:CHCl3 solution was added to cell pellets 

and the samples were vortexed for 5 min. Next, a 1:1 v/v CHCl3:ddH2O water solution was 

added, and samples were briefly vortexed and centrifuged at 2500 rpm for 20 min. Then, the 

lipid-containing CHCl3 phase was collected and dried down under nitrogen gas. A 1:1 v/v 

MeOH:CHCl3 solution containing 14% BF3-MeOH was added to all samples, which were then 

methylated for 90 min at 100 °C. After samples cooled, ddH2O and hexane were added and the 

samples were briefly vortexed. The hexane layer was collected, dried under nitrogen gas, and 

reconstituted in hexane. Fatty acid methyl esters were separated by gas chromatography using an 

Agilent7890A gas chromatograph (Agilent Technologies, USA) with a DB-FFAP fused-silica 

capillary column (15 m, 0.1-mm film thickness, 0.1-mm i.d.; Agilent Technologies), and fatty 

acid peaks were identified by comparing retention times of the samples with those of known 

standards (Nu-Chek-Prep Inc., USA) using EZchrom Elite version 3.2.1 software (Agilent 

Technologies). Values are expressed as a percentage of total fatty acids. 
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3.2.10 – Statistical analysis 

All data are expressed as mean ± SEM. The predetermined upper limit of probability for 

statistical significance was set at p ≤ 0.05 and analyses were conducted using SigmaPlot version 

12.5 (Systat Software Inc., USA). Data that were not normally distributed were transformed prior 

to statistical analysis, and normal distribution and equal variance was confirmed by Shapiro-

Wilk test and Levene’s test, respectively. Data were analyzed by two-way ANOVA (main 

effects: fatty acid treatment and stimulation condition) and followed, if justified, by Least 

Squared Means post-hoc test.  

 

3.3 – Results 

3.3.1 – DHA increased total PUFA content of adipocytes 

The cellular fatty acid composition of control, DHA and AA ± LPS-treated adipocytes 

was analyzed at 24 h. As expected, adipocytes treated with DHA and AA exhibited an increase 

(p<0.05) in the respective fatty acid compared to control in both the unstimulated and LPS-

stimulated conditions (Table 3.2). Adipocytes treated with DHA also had increased (p<0.05) 

total PUFA content compared to control in the unstimulated condition, and compared to both 

control and AA-treated cells in the presence of LPS (Table 3.2). Total saturated and 

monounsaturated fatty acids (SFA and MUFA, respectively) did not differ between treatments 

(p>0.05).  

 

 
 
 
 
 



	   47 

Table 3.1: Fatty acid composition of total lipids in 3T3-L1 adipocytes cultured with LPS 
and fatty acid for 24 h1 
 

Fatty acid  
(% of total)    ±LPS 

Control DHA AA 
+ - + - + - 

n-6 fatty acids       
18:2n-6 0.9 ± 0.06 0.8 ± 0.02 0.9 ± 0.04 0.9 ± 0.05 0.8 ± 0.04 0.9 ± 0.03 
20:4n-6  0.9 ± 0.07b  0.8 ± 0.04b  0.8 ± 0.03b  0.8 ± 0.05b  1.4 ± 0.11a  1.4 ± 0.03a 

 
n-3 fatty acids 

      

18:3n-3 0.2 ± 0.01 0.2 ± 0.01 0.2 ± 0.01 0.2 ± 0.02 0.2 ± 0.01 0.2 ± 0.01 
20:5n-3 0.2 ± 0.01 0.2 ± 0.02 0.1 ± 0.0 0.2 ± 0.01 0.1 ± 0.01 0.1 ± 0.0 
22:6n-3  0.4 ± 0.03b  0.5 ± 0.01b  1.5 ± 0.05a  1.6 ± 0.06a  0.4 ± 0.09b  0.4 ± 0.02b 

 
% SFA 

 
44.5 ± 2.97 

 
41.5 ± 0.33 

 
45.1 ± 1.06 

 
46.3 ± 1.84 

 
42.5 ± 1.32 

 
46.4 ± 2.24 

% MUFA 52.3 ± 3.26 55.3 ± 0.42 50.7 ± 1.09 49.4 ± 1.95 53.9 ± 1.06 49.9 ± 2.26 
% PUFA  3.1 ± 0.2b  3.1 ± 0.09b  4.2 ± 0.16a  4.3 ± 0.22a  3.6 ± 0.4b  3.7 ± 0.08b 

% n-6 PUFA  2.1 ± 0.15b  2.0 ± 0.07b  2.1 ± 0.09b  2.1 ± 0.14b  2.6 ± 0.21a  2.7 ± 0.06a 

% n-3 PUFA  0.9 ± 0.09b  0.9 ± 0.08b  2.0 ± 0.07a  2.1 ± 0.09a  0.8 ± 0.06b  0.9 ± 0.05b 

 

1 Values are percentages of total lipids and are expressed as means ± SEM; n = 4-6/treatment. 

Adipocytes were incubated with 100 µM fatty acid and 10 ng/mL LPS for 24 h. BSA ± LPS with 

100% ethanol served as control. Data were analyzed by two-way ANOVA for the effect of fatty 

acid and LPS stimulation. Means without a common letter differ, p ≤ 0.05. AA, arachidonic acid; 

BSA, bovine serum albumin; DHA, docosahexaenoic acid; LPS, lipopolysaccharide; MUFA, 

monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids 

 

3.3.2 – AA synergistically increased MCP-1 and IL-6 secreted protein in LPS-treated 

adipocytes 

The levels of secreted MCP-1 and IL-6 proteins from control and fatty acid ± LPS-treated 

adipocytes were analyzed after 24 h. In both the presence and absence of LPS, only AA 

significantly increased (p<0.05) the level of secreted MCP-1 protein relative to control and other 

fatty acids (Fig. 3.1A). Moreover, in the presence of LPS, AA further increased secreted MCP-1 

by 11.1-fold compared to the unstimulated control (Fig. 3.1A), which occurred in a synergistic 
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manner given that the amount of secreted MCP-1 protein detected after AA + LPS treatment was 

greater than the sum of that when adipocytes were cultured with either AA (+2.0-fold change, 

p<0.05) or LPS (+6.8-fold change, p<0.05) alone (Fig. 3.1A). Further, in the absence of LPS, 

AA also increased (p<0.05) the level of secreted IL-6 protein by +3.1 - 10-fold compared to 

control and other fatty acids (Fig. 3.1B) and, similar to MCP-1, secreted IL-6 protein was 

synergistically increased (p<0.05) +67.3-fold by AA + LPS compared to the unstimulated 

control, while the individual effects of AA and LPS compared to control were far less potent 

(Fig. 3.1B).  

 

3.3.3 – DHA more potently antagonized pro-inflammatory adipokine secretion from LPS 

co-treated adipocytes compared with plant derived n-3 PUFA or n-6 PUFA 

LPS stimulation increased (p<0.05) MCP-1 protein secretion in all fatty acid groups at 24 

h (Fig. 3.1A). Compared to LPS alone, EPA, DHA and EPA+DHA decreased (p<0.05) LPS-

stimulated MCP-1 secretion (-24.2%, -51.5% and 39.5%, respectively), with DHA having the 

most potent effect compared to all other fatty acids, either alone or in combination with EPA (i.e. 

EPA + DHA; Fig. 3.1A). In contrast, the plant-derived n-3 PUFA, ALA and SDA, and the n-6 

PUFA, LA, did not affect the level of secreted MCP-1 protein relative to LPS alone (p>0.05, Fig. 

3.1A). Interestingly, compared to LPS alone, SDA and EPA modestly increased (p<0.05) LPS-

stimulated IL-6 secretion by +2.7- and +2.2-fold, while ALA, DHA, EPA+DHA, and LA had no 

effect (p>0.05, Fig. 3.1B). Finally, secreted IL-10 and TNF-α protein were undetectable in cell 

culture supernatant (data not shown).  
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Figure 3.1: Modulation of secreted adipokines by LPS and fatty acids in 3T3-L1 adipocytes at 

24 h. A) MCP-1 and B) IL-6 protein secretion with and without LPS at 24 h. Cells were 

incubated with 100 µM total fatty acid with or without 10 ng/mL LPS for 24 h. BSA with 100% 

ethanol and with or without LPS served as positive and negative controls, respectively. Values 

are means ± SEM, n = 9/treatment. Data were analysed by two-way ANOVA for the effect of 

fatty acid and LPS-stimulation. Means without a common letter differ, p<0.05. ALA, α-linolenic 

acid; AA, Arachidonic acid; BSA, Bovine serum albumin; DHA, docosahexaenoic acid; EPA, 

eicosapentaenoic acid; IL, interleukin; LA, linoleic acid; LPS, lipopolysaccharide; MCP, 

monocyte chemoattractant protein; SDA, stearidonic acid. 
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3.3.4 – AA synergistically increased MCP-1 and IL-6 mRNA expression in LPS-stimulated 

adipocytes 

mRNA expression of inflammatory adipokines was measured in control and fatty acid ± 

LPS-treated adipocytes after both 6 and 24 h. LPS stimulation increased (p<0.05) MCP-1 mRNA 

expression in all fatty acid treatment groups at both time points (Fig. 3.2A). Further, AA 

increased (p<0.05) MCP-1 mRNA expression compared to control and all other fatty acids in 

either the presence or absence of LPS at both 6 and 24 h (Fig. 3.2A). Specifically, at 6 h, AA + 

LPS increased (p<0.05) MCP-1 mRNA expression +16-fold compared to the unstimulated 

control, which occurred in a synergistic manner compared to LPS (6.4-fold change, p<0.05) and 

AA (+3.7-fold change, p<0.05) individually (Fig. 3.2A). At 24 h, a similar synergistic effect of 

AA + LPS on MCP-1 mRNA expression (+23.7-fold change, p<0.05) was observed compared to 

LPS (+15.5-fold change, p<0.05) and AA (+4.5-fold change, p<0.05) alone (Fig. 3.2A), which is 

in agreement with our secreted MCP-1 protein data (described above, Fig. 3.1A). The effects of 

AA + LPS at 24 h seem to have been mediated, at least in part, by a TLR4-dependent mechanism 

since partial antagonism of TLR4 signaling via the addition of an anti-TLR4 antibody blunted (-

27.0%; p<0.05) the observed AA- and LPS-induced synergistic increase in adipocyte MCP-1 

mRNA expression (Fig. 3.3A). While LPS is an established ligand for TLR4 (26) the anti-TLR4 

antibody also attenuated (-67.8%; p<0.05) the increase in MCP-1 mRNA expression induced by 

AA alone at 24 h (Fig. 3.3A). Similarly, in the presence of LPS, DHA decreased (-43.6%; 

p<0.05) MCP-1 mRNA expression compared to LPS alone (Fig. 3.2A), which corresponds to the 

observed changes in MCP-1 secreted protein (described above, Fig. 3.1A). The inhibitory effect 

of DHA on 24 h MCP-1 mRNA expression and secreted protein in the presence of LPS may be 

mediated, at least in part, by GPR120 signaling since incubation with the GPR120 synthetic 
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agonist, GW9508, exerted a similar effect as DHA (-40.6% vs. LPS-stimulated control; p<0.05, 

Fig. 3.3B). 

 LPS also increased (p<0.05) 6 h mRNA expression of IL-6 in all fatty acid groups, except 

for ALA and EPA + DHA (p>0.05), compared to the unstimulated control (Fig. 3.2B), while 

LPS stimulation for 24 h increased (p<0.05) IL-6 mRNA expression in all treatment groups (Fig. 

3.2B). Again, in agreement with our secreted adipokine data (Fig. 3.1), incubation with AA + 

LPS for both 6 and 24 h synergistically increased (p<0.05) adipocyte IL-6 mRNA expression by 

+29.1- and +21.4-fold, respectively, compared to the unstimulated control, whereas the effect of 

LPS alone was not significant at 6 h (p>0.05) when AA upregulated (p<0.05) IL-6 mRNA 

expression 10.8-fold compared to control; and at 24 h, LPS and AA independently increased 

(p<0.05) IL-6 mRNA expression by +3.1- and +5.0-fold, respectively, compared to control (Fig. 

3.2B). Furthermore, after 24 h, only AA increased (p<0.05) IL-6 mRNA expression in both the 

presence and absence of LPS compared to control and all other fatty acids (Fig. 3.2B), but 

remained unaffected by TLR4 antagonism (p>0.05, data not shown). Interestingly, IL-6 mRNA 

expression was consistently reduced (p<0.05) by LA compared to SDA, EPA + DHA, and AA in 

both the unstimulated and LPS-stimulated conditions (Fig. 3.2B).  
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Figure 3.2: Time-course of inflammatory mediator and receptor mRNA expression by LPS and 

fatty acids in 3T3-L1 adipocytes. mRNA expression of A) MCP-1, B) IL-6, and C) TLR-2 with 

and without LPS at 6 h and 24 h. Adipocytes were incubated with 100 µM total fatty acid with or 

without 10 ng/mL LPS for up to 24 h. BSA with 100% ethanol and with or without LPS served 

as positive and negative controls, respectively. Values are means ± SEM, n = 6-9/treatment. Data 

were analysed by two-way ANOVA for the effect of fatty acid and LPS-stimulation. Means 

without a common letter differ, p<0.05. ALA, α-linolenic acid; AA, arachidonic acid; BSA, 

bovine serum albumin; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; IL, 

interleukin; LA, linoleic acid; LPS, lipopolysaccharide; MCP, monocyte chemoattractant protein; 

SDA, stearidonic acid; TLR, Toll-like receptor. 
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Figure 3.3: Modulation of 3T3-L1 adipocyte MCP-1 mRNA expression by LPS and fatty acids 

in the presence of an anti-TLR4 antibody or GPR120 agonist at 24 h. MRNA expression of 

MCP-1 in A) AA-treated adipocytes with and without LPS, and in the presence or absence of an 

anti-TLR4 antibody at 24 h, and in B) DHA or GW9508 agonist-treated adipocytes with LPS at 

24 h. Adipocytes were incubated with A) BSA with 100% ethanol, BSA with 100% ethanol + 

10ng/mL LPS, 100 µM AA, or AA + LPS, all in the presence or absence of 1 µg/mL of purified 

neutralizing anti-mouse CD284 (TLR4) antibody for 24 h, or B) 100 µM DHA or GW9508, a 

GPR120 agonist, and LPS for 24 h. BSA with 100% ethanol and with or without LPS alone 

served as positive and negative controls, respectively. Values are means ± SEM, n = 6-

9/treatment. Data were analysed by two-way ANOVA for the effect of fatty acid and LPS-

stimulation. Means without a common letter differ, p<0.05. AA, arachidonic acid; BSA, bovine 

serum albumin; DHA, docosahexaenoic acid; GPR, G-protein coupled receptor; LPS, 

lipopolysaccharide; MCP, monocyte chemoattractant protein; TLR, Toll-like receptor. 
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In LPS-stimulated adipocytes, there was no effect of any fatty acid on the 6 h mRNA 

expression of SOCS3, a negative regulator of IL-6 signaling (191), compared to LPS alone 

(p>0.05, data not shown). However, at 24 h, SOCS3 mRNA expression was increased (p<0.05) 

by SDA (+2.4-fold change), EPA (+4.0-fold change), DHA (+2.9-fold change) and most potently 

by AA (+5.1-fold change) compared to LPS alone (Fig. 3.4A). Moreover, the 6 h mRNA 

expression of another negative regulator of inflammatory adipokines, MCP1-IP (192), was 

unaffected by fatty acids in the unstimulated condition at 6 h (p>0.05, data not shown) and, in 

the presence of LPS, only AA increased (p<0.05) MCP1-IP mRNA expression (+1.6-fold 

change) compared to LPS alone, while that of ALA and EPA was reduced (-40.6% and -39.8%, 

respectively; p<0.05) compared to AA (Fig. 3.4B). Fatty acids did not affect 24 h MCP1-IP 

mRNA expression in LPS-stimulated adipocytes (p>0.05, data not shown). 
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Figure 3.4: Modulation of mRNA expression of negative regulators of inflammation by LPS and 

fatty acids in 3T3-L1 adipocytes. mRNA expression of A) SOCS3 at 24 h and B) MCP1-IP at 6 

h with LPS; Adipocytes were incubated with 100 µM total fatty acid and 10 ng/mL LPS for up to 

24 h. BSA with 100% ethanol + LPS served as control. Data were analysed by two-way 

ANOVA for the effect of fatty acid and LPS-stimulation. Means without a common letter differ, 

p<0.05. Values are means ± SEM, n = 6-9/treatment. ALA, α-linolenic acid; AA, arachidonic 

acid; BSA, bovine serum albumin; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; 

LA, linoleic acid; LPS, lipopolysaccharide; MCP1-IP, monocyte chemoattractant protein-1 

induced protein; SDA, stearidonic acid; SOCS, suppressor of cytokine signaling. 
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3.3.5 – DHA and AA differentially modulated TLR2 mRNA expression in unstimulated 

and LPS-stimulated adipocytes  

In the absence of LPS at 6 h, AA increased (p<0.05) adipocyte TLR2 mRNA expression 

+2.5-fold compared to control (Fig. 3.2C) and, although LPS alone had no effect compared to 

the unstimulated control (p>0.05), LPS + AA increased (p<0.05) 6 h TLR2 mRNA expression 

+4.4-fold compared to LPS alone; an effect that was different from all other fatty acids (p<0.05, 

Fig. 3.2C). Further, at 24 h in unstimulated cells, all fatty acids except for DHA increased 

(p<0.05) TLR2 mRNA expression (Fig. 3.2C) and, while LPS increased (p<0.05) TLR2 mRNA 

expression in control, DHA- and AA-treated cells (p<0.05), the DHA-induced increase was less 

(-56.4% and -65.8%, respectively; p<0.05) than that of LPS and AA individually (Fig. 3.2C). 

Interestingly, TLR4 mRNA expression was unaffected by fatty acids and/or LPS at 6 h (p>0.05, 

data not shown). While 24 h adipocyte TLR4 mRNA expression was also unaffected by LPS 

(p>0.05), adipocytes treated with DHA, EPA + DHA, and AA in the unstimulated condition 

showed a +1.4-, +1.6- and +1.7-fold increase (p<0.05), respectively, compared to control (Fig. 

3.5A). Further, only AA increased (p<0.05) NF-κB mRNA expression compared to control in 

both the presence (+1.3-fold, Fig. 3.5B) and absence (+1.4-fold, data not shown) of LPS at 24 h. 

Finally, cJun, a component of the activator protein 1 transcription factor that also mediates TLR-

induced inflammation, oxidative stress and insulin sensitivity in 3T3-L1 adipocytes (54), was not 

affected by LPS and/or fatty acid treatment at 24 h (p>0.05, data not shown). 
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Figure 3.5: Modulation of mRNA expression of a receptor and regulator of the pro-

inflammatory response by LPS and fatty acids in 3T3-L1 adipocytes at 24 h. mRNA expression 

of A) TLR-4 without LPS and B) NF-κB with LPS at 24 h. Adipocytes were incubated with 100 

µM total fatty acid with or without 10 ng/mL LPS for up to 24 h. BSA with 100% ethanol and 

with or without LPS served as positive and negative controls, respectively. Data were analysed 

by two-way ANOVA for the effect of fatty acid and LPS-stimulation. Means without a common 

letter differ, p<0.05. Values are means ± SEM, n = 6-9. ALA, α-linolenic acid; AA, arachidonic 

acid; BSA, bovine serum albumin; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; 

LA, linoleic acid; LPS, lipopolysaccharide; SDA, stearidonic acid. 
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3.3.6 – DHA and AA differentially modulated GPR120 and β-arrestin2 mRNA expression 

in LPS-stimulated adipocytes  

Since the anti-inflammatory effects of DHA in our model appeared to be mediated 

through GPR120 signaling (Fig. 3.3B), we assessed the effect of fatty acids ± LPS on adipocyte 

GPR120 mRNA expression. LPS stimulation did not affect GPR120 mRNA expression within 

any fatty acid treatment group at either 6 h (p>0.05, data not shown). Further, DHA increased 

(p<0.05) the 6 h GPR120 mRNA expression by +2.1 - 3.2-fold compared to control, SDA, LA 

and AA in both the presence (Fig. 3.6A) and absence (data not shown) of LPS. Based on this, 

GPR120 mRNA expression was further analysed at 24 h in control, DHA and AA ± LPS-treated 

adipocytes. Similar to the 6 h data, LPS did not affect GPR120 mRNA expression in DHA-

treated adipocytes at 24 h (p>0.05, data not shown), which was consistent with GPR120 agonism 

(p>0.05, Fig. 3.6B), albeit to a less potent degree. Further, mRNA expression of β-arrestin2 was 

not affected by fatty acids or LPS at 6 h (p>0.05, data not shown), yet at 24 h, DHA increased 

(p<0.05) β-arrestin2 mRNA expression (+1.6- and +1.5-fold) compared to control and AA in 

unstimulated adipocytes, while AA decreased (-25.9%; p<0.05) that in the presence of LPS (Fig. 

3.6C). 
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Figure 3.6: Modulation of mRNA expression of a receptor and regulator of the anti-

inflammatory response by LPS, fatty acids, and a GPR120 agonist in 3T3-L1 adipocytes. mRNA 

expression of A) GPR120 in fatty acid-treated adipocytes with LPS at 6 h, B) GPR120 in DHA 

or GW9508-treated adipocytes with or without LPS, and C) β-arrestin2 in fatty acid-treated 

adipocytes with and without LPS at 24 h. Adipocytes were incubated with 100 µM total fatty 

acid or GW9508, a GPR120 agonist, with or without 10 ng/mL LPS for up to 24 h. BSA with 

100% ethanol with or without LPS alone served as positive and negative controls, respectively. 

Data were analysed by two-way ANOVA for the effect of fatty acid and LPS-stimulation. Means 

without a common letter differ, p<0.05. Values are means ± SEM, n = 6-9/treatment. ALA, α-

linolenic acid; AA, arachidonic acid; BSA, bovine serum albumin; DHA, docosahexaenoic acid; 

EPA, eicosapentaenoic acid; GPR, G-protein coupled receptor; LA, linoleic acid; LPS, 

lipopolysaccharide; SDA, stearidonic acid.  
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3.3.7 – AA synergistically increased COX-2 and NLRP3 expression in LPS-treated 

adipocytes, while DHA reduced IL-1b mRNA expression  

Given the role of COX-2 in the synthesis of LC n-3 and n-6 PUFA-derived lipid 

mediators of inflammation, we assessed the effect of DHA and AA ± LPS on adipocyte COX-2 

mRNA expression at 24 h. In the unstimulated condition, DHA and AA increased (p<0.05) 

COX-2 mRNA expression +2.7-fold and +4.1-fold compared to control (Fig. 3.7A); an effect 

that LPS-stimulation further increased (p<0.05) in both fatty acid treatment groups, but not in 

control adipocytes (p>0.05, Fig. 3.7A). Moreover, in the presence of LPS, AA synergistically 

increased (p<0.05) COX-2 mRNA expression +18.4-fold compared to control, while DHA was 

significantly less potent (+5.0-fold change vs. control, Fig. 3.7A). Additionally, the increase in 

COX-2 mRNA expression mediated by LPS and AA individually and in combination was 

blunted (-26.2%, -62.1% and -34.1%, respectively; p<0.05) by TLR4 signaling antagonism (Fig. 

3.7B). 
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Figure 3.7: Modulation of COX-2 mRNA expression by LPS and fatty acids, and in the 

presence of an anti-TLR4 antibody in 3T3-L1 adipocytes at 24 h. mRNA expression of COX-2 

in A) fatty acid-treated adipocytes with and without LPS, and in B) AA-treated adipocytes with 

and without LPS, and in the presence or absence of an anti-TLR4 antibody at 24 h. Adipocytes 

were incubated with A) 100 µM fatty acid with or without 10 ng/mL LPS for 24 h, or B) BSA 

with 100% ethanol, BSA with 100% ethanol + LPS, 100 µM AA, or AA + LPS, all in the 

presence or absence of 1 µg/mL of purified neutralizing anti-mouse CD284 (TLR4) antibody for 

24 h. BSA with 100% ethanol and with or without LPS alone served as positive and negative 

controls, respectively. Data were analysed by two-way ANOVA for the effect of fatty acid and 

LPS-stimulation. Means without a common letter differ, p<0.05. Values are means ± SEM, n = 

5-6/treatment. AA, arachidonic acid; BSA, bovine serum albumin; COX, cyclooxygenase; DHA, 

docosahexaenoic acid; LPS, lipopolysaccharide; TLR, Toll-like receptor. 
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TL42/4 signaling primes the NLRP3 inflammasome, which, when active, regulates 

production of the active form of IL-1β (44-45, 193), and therefore we investigated the effect of 

DHA and AA ± LPS on adipocyte mRNA expression of NLRP3 inflammasome-related genes, 

NLRP3, caspase-1 and IL-1β at 24 h. In the unstimulated condition, neither DHA nor AA 

increased adipocyte NLRP3 mRNA expression compared to control (p>0.05, Fig. 3.8A), while 

LPS stimulation increased (p<0.05) that in all treatment groups (Fig. 3.8A). Once again, DHA + 

LPS was less potent (+4.5-fold change, p<0.05) than AA + LPS, which was synergistic and 

resulted in a +13.4-fold increase (p<0.05) in NLRP3 mRNA expression compared to the 

unstimulated control (Fig. 3.8A). The respective individual and combined effects of LPS and AA 

were diminished (-27.0%, -19.8% and -39.8%, respectively; p<0.05) by TLR4 signaling 

antagonism (Fig. 3.8B). Further, fatty acids did not affect adipocyte caspase-1 mRNA expression 

in either the unstimulated or LPS-stimulated conditions (p>0.05, data not shown), yet LPS 

increased (p<0.05) caspase-1 mRNA expression within AA-treated cells (data not shown). 

Moreover, in the absence of LPS at 24 h, DHA decreased (p<0.05) IL-1β mRNA expression (-

55%) compared to AA (Fig. 3.8C), and LPS stimulation increased (p<0.05) IL-1β mRNA 

expression within only AA-treated adipocytes. In the presence of LPS, DHA reduced (p<0.05) 

IL-1β mRNA expression (-60.9% and -79.4%, respectively) compared to LPS alone and in 

combination with AA (Fig. 3.8C). Finally, this anti-inflammatory effect of DHA was mirrored 

(p<0.05) by GPR120 agonism, albeit to a more potent degree (Fig. 3.8D). 
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Figure 3.8: Modulation of an NLRP3 inflammasome component and substrate mRNA 

expression by LPS and fatty acids, and in the presence of an anti-TLR4 antibody or GPR120 

agonist in 3T3-L1 adipocytes at 24 h. mRNA expression of NLRP3 in A) fatty acid-treated 

adipocytes with or without LPS, and in B) AA-treated adipocytes with and without LPS, and in 

the presence or absence of an anti-TLR4 antibody at 24 h; and mRNA expression of IL-1β in C) 

fatty acid-treated adipocytes with or without LPS, and in D) DHA or GW9508-treated adipocytes 

with LPS at 24 h. Adipocytes were incubated with A, C) 100 µM fatty acid with or without 10 

ng/mL LPS for 24 h, or B) BSA with 100% ethanol, BSA with 100% ethanol + LPS, 100 µM 

AA, or AA + LPS, all in the presence or absence of 1 µg/mL of purified neutralizing anti-mouse 

CD284 (TLR4) antibody for 24 h, or D) 100 µM DHA or GW9508, a GPR120 agonist, with LPS 

for 24 h. BSA with 100% ethanol with or without LPS alone served as positive and negative 

controls, respectively. Data were analysed by two-way ANOVA for the effect of fatty acid and 

LPS-stimulation. Means without a common letter differ, p<0.05. Values are means ± SEM, n = 

5-6/treatment. AA, arachidonic acid; BSA, bovine serum albumin; DHA, docosahexaenoic acid; 

GPR, G-protein coupled receptor; IL, interleukin; LPS, lipopolysaccharide; NLR, NOD-like 

receptor; TLR, Toll-like receptor. 

 

3.3.8 – DHA reduced phospho-NF-κB protein content in LPS-treated adipocytes 

Given that ligands for TLR4- and GPR120 signaling differentially modulate NF-κB 

activity (26, 104, 194), we assessed the effect of DHA and AA ± LPS on the ratio of 

phosphorylated (i.e. activated) NF-κB p65 (Ser536) to total NF-κB protein content at 24 h as a 

measure of NF-κB activity. In the absence of LPS, there was no difference in phosphorylated-

NF-κB p65 (Ser 536) protein content between control, DHA and AA-treated adipocytes (p>0.05, 
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Fig. 3.9A). Further, LPS stimulation did not affect phosphorylated-NF-κB p65 protein content 

within any treatment group (p>0.05, Fig. 3.9A), yet that of DHA-treated adipocytes was reduced 

(-40.3%; p<0.05) compared to control, but not AA (p>0.05), in the presence of LPS (Fig. 3.9A). 

There was no difference in total NF-κB p65 protein content (p>0.05, Fig. 3.9B) or 

phosphorylated/total NF-κB p65 protein content (p>0.05, Fig. 3.9C) between AA-treated and 

control adipocytes in either the unstimulated or LPS-stimulated condition. Although total NF-κB 

p65 protein content was not measured in DHA ± LPS-treated cells, previous work in our lab (22) 

has shown that total NF-κB p65 is unaffected by 125 µM DHA in 3T3-L1 adipocytes at 12 h 

compared to control. Thus, in the present study, phosphorylated/total NF-κB p65 in DHA-treated 

adipocytes was calculated using the average of total NF-κB p65 measured in control and AA ± 

LPS-adipocytes, but there was still no difference between treatments (p>0.05, Fig. 3.9C).   
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Figure 3.9: Modulation of NF-κB activity by LPS and fatty acids in 3T3-L1 adipocytes at 24h. 

Protein expression of A) phosphorylated NF-κB p65 (Ser 536), B) total NF-κB p65, and C) 

phosphorylated/ total NF-κB p65 with and without LPS at 24 h. Adipocytes were incubated with 

100 µM fatty acid with and without 10 ng/mL LPS for 24 h. BSA with 100% ethanol with or 

without LPS alone served as positive and negative controls, respectively. Data were analysed by 

two-way ANOVA for the effect of fatty acid and LPS-stimulation. Means without a common 

letter differ, p<0.05. Values are means ± SEM, n = 5-6/treatment. AA, arachidonic acid; BSA, 

bovine Serum Albumin; DHA, docosahexaenoic acid; LPS, lipopolysaccharide; NF, nuclear 

factor. 

 

3.3.9 – LPS stimulation increases ROS accumulation 

ROS may be a critical intermediate in the TLR4-induced activation of NF-κB and the 

NLRP3 inflammasome (44, 45, 181), and therefore we investigated the effect of DHA and AA ± 

LPS on ROS accumulation in adipocytes at 24 h. LPS stimulation increased (p<0.05) ROS 

accumulation within control, DHA and AA-treated adipocytes at 24 h (Fig. 3.10), but there was 
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no difference in ROS accumulation between treatment groups in either the unstimulated or LPS-

stimulated conditions (p>0.05, Fig. 3.10).  

 

 

Figure 3.10: Modulation of ROS accumulation by LPS and fatty acids in 3T3-L1 adipocytes at 

24 h. Adipocytes were incubated with 100 µM fatty acid with or without 10 ng/mL LPS for 24 h. 

BSA with 100% ethanol with or without LPS served as positive and negative controls, 

respectively. Data were analysed by two-way ANOVA for the effect of fatty acid and LPS-

stimulation. Means without a common letter differ, p<0.05. Values are means ± SEM, n = 5-

6/treatment. AA, arachidonic acid; BSA, bovine serum albumin; DHA, docosahexaenoic acid; 

LPS, lipopolysaccharide; ROS, reactive oxygen species. 

 

3.4 – Discussion 

Since both LPS and fatty acids can modulate adipokine synthesis and secretion, studying 

their potential interaction is important for developing effective nutritional strategies to improve 
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obesity-associated inflammation. To this end, we compared the influence of various n-3 and n-6 

PUFA, in the presence or absence of a LPS dosage designed to recapitulate the circulating 

endotoxin concentration reported in obesity (49, 50, 149), on inflammatory adipokine mRNA 

expression and protein secretion from 3T3-L1 adipocytes. We showed for the first time that the 

n-6 PUFA, AA, combined with LPS exerts a strong synergistic effect on inflammatory MCP-1 

and IL-6 mRNA expression and protein secretion from 3T3-L1 adipocytes. Further, we 

demonstrated that the synergistic interaction between AA and LPS might be due, in part, to the 

upregulated mRNA expression of inflammatory mediators, COX-2 and NLRP3. As proof of 

concept demonstrating TLR4-mediated synergism between AA and LPS, we also showed that 

the individual and combined inflammatory effects of LPS and AA on MCP-1, COX-2 and 

NLRP3 mRNA expression are mediated, at least in part, through TLR4 signaling since the 

addition of a neutralizing anti-TLR4 antibody resulted in their reduced mRNA expression in AA 

+ LPS co-stimulated adipocytes compared to AA or LPS treatment alone. LPS is an established 

TLR4 agonist (26), but to the best of our knowledge, this is the first report of AA directly 

affecting TLR4 signaling in adipocytes. Interestingly, the AA precursor, LA, lacks the same 

inflammatory potential since the plant-derived n-3 and n-6 fatty acids, ALA, SDA and LA, 

which are endogenously metabolized to their LC counterparts (i.e. EPA, DHA and AA), had no 

appreciable effects on inflammatory adipokine synthesis and secretion. Lastly, we confirmed the 

anti-inflammatory action of the FO-derived LC n-3 PUFA, EPA and DHA (129), as evidenced 

by their ability to reduce MCP-1 and IL-1β in an LPS-induced inflammatory microenvironment. 

Further, we demonstrated that the anti-inflammatory effects of n-3 PUFA observed in our model 

may be mediated through GPR120 signaling to reduce NF-κB activity, suggesting that LC n-3 
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PUFA may act competitively with an inflammatory stimulus to exert potent anti-inflammatory 

effects.  

We have shown for the first time that co-treatment of adipocytes with AA + LPS induces 

a substantial additive effect on both MCP-1 and IL-6 mRNA expression at 6 and 24 h, as well as 

24 h secreted protein, suggesting a pro-inflammatory synergism between AA and LPS that may 

be important in the context of the inflammatory microenvironment that characterizes obese AT. 

While the n-3 PUFA, SDA and EPA, also increased secreted IL-6 protein in the presence of LPS 

compared to LPS alone, the effect was significantly less than that of AA (by 7.4 and 9.3-fold, 

respectively) by comparison, and such SDA and EPA effects were not apparent in the absence of 

LPS. In contrast, in the absence of LPS, AA also increased secreted MCP-1 and IL-6 levels 

compared to all other fatty acids, which is consistent with findings in 3T3-L1 adipocytes treated 

with 200 µM AA (20). Furthermore, AA + LPS synergistically increased adipocyte mRNA 

expression of COX-2, a key enzyme for the production of the AA-derived eicosanoids that are 

generally considered to be more inflammatory compared to those derived from EPA (183, 184). 

AA is preferentially released from cell membrane phospholipids in response to TLR4-

stimulation compared to EPA and DHA (195) suggesting that AA-derived eicosanoids may play 

a role in the observed pro-inflammatory synergism between AA and LPS in the present study, 

although we were unable to measure such metabolites. AA + LPS also synergistically increased 

adipocyte expression of NLRP3, a component of the NLRP3 inflammasome (122), as well as IL-

1β, an inflammatory adipokine that is a product of inflammasome activation, but this effect was 

not supported by concomitant expression of the functional component of the inflammasome, 

caspase-1, and thus further study is needed. Finally, we provided evidence that the individual and 

synergistic inflammatory effects of LPS and AA are partly governed by TLR4 signaling since the 
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respective increases in MCP-1, COX-2 and NLRP3 mRNA expression were blunted by an anti-

TLR4 antibody. Though saturated fatty acids (SFA) are understood to stimulate TLR4 in 

addition to LPS (26, 37), ours is the first report, to the best of our knowledge, supporting AA as a 

TLR4 agonist, albeit far less potent than LPS. 

Another novel aspect of our study was the inclusion of dietary essential plant-derived 

PUFA, LA and ALA, which are more prevalent in the diet than AA or marine-derived EPA and 

DHA (132), yet little is known about their ability to modulate adipokines, especially in an LPS-

induced inflammatory microenvironment designed to mimic the obese state. Further, we also 

studied SDA given that it may become a more substantial n-3 PUFA source in the future through 

consumption of high-SDA-containing oils (142, 143, 182). Also, given that SDA is more 

efficiently converted to EPA compared with ALA (141, 196), it is a novel n-3 PUFA that 

requires further study for its potential benefits in relation to obesity-associated inflammation. 

Our study is among the first to show that ALA and LA are unable to exert effects on secreted 

MCP-1 and IL-6 protein, with or without LPS stimulation, and thus, are relatively neutral fatty 

acids in this model. Notably, our finding that ALA does not affect LPS-stimulated IL-6 secretion 

is in contrast with a previous study (149), yet the difference in terms of LPS source (E. coli 

055:B5) and dosage (10-fold higher; 100 ng/mL) may explain the opposing results. Based on the 

potency of LPS (10 ng/mL) used in our study, adipocytes were incubated with LPS at 

approximately 5 endotoxin units (EU)/mL, which is a physiologically relevant level of endotoxin 

given that in the high-fat diet-induced obesity model, plasma endotoxin levels of 2-8 EU/mL 

have been reported (50, 149) and 6.94 EU/mL was reported in obese humans with type 2 

diabetes (49). Future in vitro studies designed to mimic chronic low-grade inflammation in 

adipocytes should focus on LPS dosages representative of the endotoxin units observed in 
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obesity. It is also possible that if we had incubated adipocytes with fatty acids prior to LPS 

exposure, rather than simultaneously, our findings may have concurred with other studies using 

this approach (144, 145). We selected the co-incubation model due to its similarities to an in vivo 

situation where dietary fatty acids could modulate adipokine production in the presence of the 

elevated plasma LPS that is seen in obesity (11, 49, 50, 149), but further studies manipulating the 

order or timing of treatments are warranted. 

We confirmed previous reports of the anti-inflammatory effects of FO-derived LC n-3 

PUFA, EPA and DHA (18, 19, 144, 145, 147, 148), through reductions in LPS-stimulated IL-1β 

and MCP-1 mRNA expression as well as MCP-1 secreted protein. Interestingly, our data suggest 

that DHA was primarily responsible for the reduction in LPS-stimulated MCP-1 secretion in 

cells incubated with EPA + DHA, given the significant difference in secreted MCP-1 protein 

between adipocytes incubated with EPA + DHA versus EPA alone. A more potent suppressive 

effect of DHA versus EPA has also been reported in co-cultured macrophages and adipocytes 

(148), another model relevant to obese AT. Further, n-3 PUFA are shown to inhibit NLRP3 

inflammasome activity and subsequent IL-1β secretion in macrophages (147), and although 

mRNA expression of NLRP3 inflammasome components were unaffected by DHA in our 

model, IL-1β expression was reduced in both the unstimulated and LPS-stimulated conditions, 

providing preliminary data for future study. As proof of concept demonstrating that the anti-

inflammatory effects of DHA are mediated, at least in part, through GPR120 signaling, 

stimulation of adipocytes with a GPR120 agonist at an equal dosage (100 µM) to DHA also 

resulted in reduced 24 h mRNA expression of MCP-1 and IL-1β, though perhaps to a greater 

degree. This is consistent with previous work in adipocytes and macrophages where GPR120 
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knockdown inhibited the ability of DHA to counteract the pro-inflammatory actions of LPS on 

cytokine mRNA expression and secretion (104).  

We explored putative mechanisms involved in adipokine modulation by fatty acids, LPS, 

and their interaction by measuring mRNA expression of negative regulators of inflammatory 

cytokines, such as MCP1-IP (192) and SOCS3 (191). MCP1-IP, a protein important for immune 

regulation which can act as an RNase for IL-6 and other pro-inflammatory cytokines (192), was 

induced in adipocytes incubated with fatty acids and LPS; however, MCP1-IP mRNA expression 

differed only at 24 h between adipocytes incubated with either SDA, EPA or EPA + DHA 

compared to AA, and thus levels may not correspond with those of MCP-1 levels in this model. 

mRNA expression of SOCS3, a negative regulator of IL-6 signaling (191), was increased in a 

compensatory manner in adipocytes incubated with AA + LPS. Interestingly, SDA, EPA and 

DHA also increased SOCS3 mRNA expression in the presence of LPS, which coincides with 

reduced LPS-stimulated IL-6 mRNA expression, as well as reduced secreted IL-6 protein in 

DHA-treated adipocytes, and highlights the need for further studies addressing the expression 

kinetics of adipokine negative regulators. 

To gain further insight into potential signaling pathways affected by LPS, fatty acids, and 

their interaction, we also examined ROS accumulation, adipocyte mRNA expression of TLR2/4 

and GPR120, and NF-κB expression and activity. ROS is suggested to be a critical intermediate 

in the TLR4-induced activation of NF-κB signaling and the NLRP3 inflammasome (44, 45, 181). 

While we confirmed previous findings (54) that LPS stimulation can increase ROS levels in 

adipocytes, we did not observe fatty acid-induced differences in the generation of ROS between 

DHA and AA-treated adipocytes, suggesting that ROS accumulation is likely not contributing to 

the inflammatory response in our model.  



	   74 

LPS increased TLR2 mRNA expression, but did not induce elevations in TLR4 mRNA 

expression, which may be explained by findings that TLR4, not TLR2, is constitutively present 

in the plasma membrane of 3T3-L1 adipocytes (197) and that TLR4 activation by LPS induces 

mRNA expression and protein content of TLR2 (37, 197). TLR2 mRNA expression in AA-

treated adipocytes was increased in the presence of LPS at both 6 and 24 h compared to all other 

fatty acids, indicating an ability of AA to increase the potential of adipocytes to respond to 

stimulation through TLR2. Further, the AA + LPS-induced increase in TLR2 mRNA expression 

was similar to the effects of AA and LPS co-stimulation on MCP-1 and IL-6 mRNA expression 

and secreted protein, suggesting the possible mechanistic involvement of TLR2 in our model. 

Our observed DHA-induced decrease in 24 h TLR2 mRNA expression is in agreement with 

previous findings (144) mediated by EPA and SDA in the presence of LPS; thus highlighting the 

contrasting effects of LC n-3 versus n-6 PUFA, as well as the need to further study the role of 

TLR2 in adipokine modulation by LPS and fatty acids.  

While LPS-stimulation had no effect within any treatment group, AA increased 24 h NF-

κB mRNA expression compared to control in both the unstimulated and LPS-stimulated 

conditions, and was significantly different than all other fatty acids in the presence of LPS. 

Measurement of NF-κB activity provides further insight as NF-κB activation and translocation to 

the nucleus is required to initiate transcription of inflammatory adipokines (156). Accordingly, 

the DHA-induced decrease in active (i.e. phosphorylated) NF-κB p65 (Ser 536) observed in the 

present study supports previous findings (15-17, 20, 144) wherein EPA and DHA suppress NF-

κB activity in LPS and/or fatty acid-stimulated adipocytes and, in turn, MCP-1 and IL-6 

secretion.  
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Our results also support previous work in adipocytes and macrophages showing that the 

inhibitory effects of DHA on LPS (TLR4)-induced activation of NF-κB activity (16-17) are 

perhaps through a GPR120- and β-arrestin2-dependent mechanism (104, 147). We found that 

adipocytes incubated with DHA for 6 h had greater GPR120 mRNA expression compared with 

control, LA and AA in both the unstimulated and LPS-stimulated conditions, which was 

paralleled by an increase in β-arrestin2 mRNA expression compared to both control and AA at 

24 h in unstimulated adipocytes, and finally, was mimicked in adipocytes incubated with a 

GPR120 agonist for 24 h. In contrast, in the presence of LPS, AA decreased β-arrestin2 mRNA 

expression at 24 h compared to DHA as well as LPS alone. These results provide preliminary 

insight into the kinetics of the downstream changes in mRNA expression mediated by n-3 PUFA 

through GPR120 and highlight a critical difference in the possible signaling pathways activated 

by n-3 versus n-6 PUFA. Since mRNA expression induced by a GPR120 agonist cannot 

determine the role of GPR120 in our model alone, further exploration of GPR120 protein, as 

well as the use of an inhibitor to block GPR120, would aid in determining if this receptor and 

downstream signaling pathway mediated our observed LC n-3 PUFA-induced decrease in 

inflammatory mediator mRNA expression and secretion.  

 

3.5 – Conclusion 

In summary, our findings demonstrate that the LC n-3 and n-6 PUFA, DHA and AA, 

respectively, differentially modulate the synthesis and secretion of adipocyte inflammatory 

mediators, while suggesting that plant-derived n-3 PUFA, ALA and SDA, are not as effective as 

marine-derived n-3 PUFA, EPA and DHA, in this in vitro adipocyte model. The presence of LPS 

in our system recapitulates the inflammatory microenvironment of obese AT, wherein we 
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demonstrated that LC n-3 PUFA, EPA and to a greater extent, DHA, decreased secreted MCP-1 

protein, while the n-6 PUFA, AA, acted synergistically with LPS to increase both MCP-1 and 

IL-6 mRNA expression and protein secretion. We also showed that, in the presence of LPS, 

DHA and AA differentially prime the NLRP3 inflammasome, a novel regulator of TLR4-

induced inflammation, as AA more potently induced mRNA expression of NLRP3 

inflammasome components. Our results suggest a potential role for GPR120 in the anti-

inflammatory actions of DHA, and further, we showed that the pro-inflammatory synergy 

between AA and LPS is mediated by TLR4. Accordingly, to the best of our knowledge, we are 

the first to report that AA serves as a ligand for TLR4. Taken together, our findings emphasize 

that specific fatty acids within the n-3 or n-6 PUFA class deserve further consideration in the 

development of nutritional strategies to improve the AT inflammation that characterizes obesity 

and its related pathologies. Given that such obese AT inflammation is driven by paracrine 

interactions, or cross-talk, between adipocytes and AT-infiltrated immune cells (9), the second 

study of this thesis aimed to further investigate the immunomodulatory action of LC n-3 and n-6 

PUFA on CD8+ T cell/adipocyte cross-talk as a target for dietary intervention early in obesity 

development. 
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Chapter 4: Fish oil-derived n-3 polyunsaturated fatty acids mitigate in vitro lean and obese 
CD8+ T cell/adipocyte inflammatory cross-talk, in part through a TNF-α-dependent 
mechanism 
 

4.1 – Introduction 

Chronic low-grade inflammation in obese visceral adipose tissue (AT) is driven, in part, 

by changes in circulating endotoxin, or lipopolysaccharide (LPS) (11), and AT-infiltrated 

immune cell populations (6, 7, 9). Paracrine interactions, or cross-talk, between such AT-

infiltrated immune cells and resident adipocytes lead to dysregulated production of inflammatory 

adipokines [e.g. monocyte chemotactic protein (MCP)-1/chemokine (C-C motif) ligand (CCL)2, 

interleukin (IL)-6, tumor necrosis factor (TNF)-α and IL-1β], which collectively contribute to 

the development of local AT and whole-body insulin resistance (IR) and ensuing metabolic 

diseases, such as type 2 diabetes (T2D) (2, 8, 9). Thus, the adipokine-mediated cross-talk 

between adipocytes and specific AT immune cell populations is a potential target for 

intervention to mitigate obesity-associated inflammation prior to the development of IR. 

The stromal-vascular fraction (SVF) of AT is composed of multiple cell types, including 

adipocyte progenitor cells, endothelial cells, and cells of the innate (e.g. macrophages) and 

adaptive [e.g. cluster of differentiation (CD)4+ and CD8+ T cells] immune systems (5-7, 9). In 

lean AT, M2-polarized macrophages and CD4+ regulatory T cells are engaged in the 

maintenance of insulin sensitivity via production of anti-inflammatory adipokines (5, 7, 9), 

whereas overnutrition induces changes in the number and activity of AT immune cell 

populations that collectively direct development of the obese phenotype (6, 7, 9). In particular, 

among AT-infiltrating immune cells, macrophages are regarded as the hallmark of the obese 

phenotype, wherein the percentage of macrophages within the SVF of obese AT increases by 20-

30% (6, 55). In response to the obese AT microenvironment, infiltrated macrophages polarize to 
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the M1 inflammatory phenotype (6), characterized by increased production of inflammatory 

mediators that exacerbate AT dysfunction and promote IR (56, 69, 198).  

Importantly, in obese humans and rodents, CD8+ T cells accumulate in AT in advance of 

M1 macrophage tissue accumulation (6, 73, 76, 77). Interestingly, CD8a knockout (KO) mice are 

protected against high fat diet-induced M1 macrophage infiltration into obese AT, coinciding 

with reduced AT inflammation and systemic IR; a phenotype that is reversed with CD8+ T cell 

adoptive transfer (6). Thus, CD8+ T cells may represent an earlier (i.e. prior to macrophage 

accumulation) target for nutritional intervention to mitigate obese AT inflammation. To study 

this, we recently established a novel in vitro co-culture system that reflects the cellular 

microenvironment of obese AT pathology prior to M1 macrophage infiltration, wherein splenic 

CD8+ T cells were co-cultured in direct contact with 3T3-L1 adipocytes (23) at a cellular ratio 

that mimics the degree of CD8+ T cell infiltration into obese AT [10% of SVF (6)]. In this 

model, supplementation of an n-6 PUFA-rich diet with fish oil (FO)-containing long-chain (LC) 

n-3 polyunsaturated fatty acids (PUFA), eicosapentaenoic (20:5 n-3, EPA) acid and 

docosahexaenoic acid (22:6 n-3, DHA), attenuated the inflammatory cross-talk between CD8+ T 

cells and adipocytes, which, in turn, reduced macrophage migration in vitro. Thus, building on 

our previous work, the objectives of the present study were to i) further explore the ability of 

dietary LC n-3 PUFA to alter paracrine interactions between 3T3-L1 adipocytes co-cultured with 

splenic CD8+ T cells isolated from lean as well as obese mice, and ii) to investigate possible 

mechanisms by which LC n-3 PUFA mitigate the inflammatory microenvironment in this model. 

We hypothesized that dietary LC n-3 PUFA will blunt the inflammatory consequences of CD8+ 

T cell/adipocyte cross-talk in both the lean and obese conditions via both cell contact-dependent 
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and -independent mechanisms that involve the down-regulation of inflammatory TNF-α 

signaling.  

 

4.2 – Materials and Methods 

 

4.2.1 – Animals and diets 

 Mice were housed as previously described (199) and two independent studies were 

conducted to establish the lean and obese phenotypes, wherein mice were fed ad libitum either a 

low fat (LF) or high fat (HF) n-6 PUFA-rich diet, with or without FO-derived LC n-3 PUFA 

supplementation. For the LF diet-fed lean mice, eight-week-old male and female C57BL/6 mice 

(Charles River Laboratories, USA) were fed an AIN-93G modified diet containing either 10% 

w/w safflower oil (n-6 PUFA-rich control diet, LF) or an isocaloric LC n-3 PUFA-enriched diet 

containing 3% w/w menhaden oil + 7% w/w safflower oil (LF-FO) for 4-5 wk (n = 13-15 

mice/diet), [Research Diets Inc, USA; diet compositions reported in Table 4.1 (199)]. For the HF 

diet-fed obese mice, four-week-old male C57BL/6 mice were fed one of two isocaloric HF (34% 

w/w fat) diets for 12 wk containing an equal amount of lard (23.4% w/w) plus either 10.6% w/w 

corn oil (n-6 PUFA-rich control, HF), or 7.6% w/w menhaden oil + 3% w/w corn oil (HF-FO), 

(n = 11-13/diet), (Harlan Laboratories Inc., USA; dietary composition reported in Table 4.1). All 

experimental procedures were approved by the University of Guelph Animal Care Committee. 
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Table 4.1: Diet composition 

Macronutrient LF LF-FO HF HF-FO 
g % kcal % g % kcal % g % kcal % g % kcal % 

Protein 21 20 21 20 27 21 27 21 
Carbohydrate 60 58 60 58 28 21 28 21 
Fat 10 22 10 22 34 58 34 58 
Total  100  100  100   
kcal/g 4.1  4.1  5.2  5.2  
         
Ingredient g/kg diet kcal g/kg diet kcal g/kg diet kcal g/kg diet kcal 
Casein 200 800 200 800 265 1060 265 1060 
L-Cystine 3 12 3 12 4 16 4 16 
Corn starch 336.7 1347 336.7 1347 0 0 0 0 
Maltodextrin  132 528 132 528 155.5 622 155.5 622 
Sucrose 100 400 100 400 90 360 90 360 
Cellulose 50 0 50 0 70 0 70 0 
Lard 0 0 0 0 234 2106 234 2106 
Corn oil 0 0 0 0 106 954 30 270 
Safflower oil 97 873 67.9 611 0 0 0 0 
Menhaden oil 0 0 29.1 262 0 0 76 684 
Mineral mix1 35 0 35 0 48 42.2 48 42.2 
Calcium phosphate 0 0 0 0 3.4 0 3.4 0 
Vitamin mix2 10 40 10 40 21 81.9 21 81.9 
Choline bitartrate 2.5 0 2.5 0 3 0 3 0 
Colour 0 0 0 0 0.1 0 0.1 0 
Total 966.3 4000 966.3 4000 1000 5242.1 1000 5242.1 
 

1 Mineral mix S10022G in LF and LF-FO (Research Diets Inc.); Mineral mix 94046 in HF and 

HF-FO (Harlan Laboratories Inc.).  

2 Vitamin mix V10037 in LF and LF-FO (Research Diets Inc.); Vitamin mix 94047 in HF and 

HF-FO (Harlan Laboratories Inc.). 

 

4.2.2 – Splenic CD8+ T cell isolation 

Spleens were removed aseptically, and CD8+ T cells were isolated by positive selection 

using magnetic CD8a (Ly-2) microbeads according to the manufacturer’s protocol (Miltenyi 

Biotec, USA). CD8+ T cell purity (>90%; representative histogram shown in Figure 4.1) was 

confirmed by staining with a phycoerythrin-anti-CD8a antibody (clone: 53-6.7, eBioscience an 

Affymetrix company, USA) and analyzed by using a Becton-Dickinson FACSCalibur flow 
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cytometer and BD CellQuest software. Purified CD8+ T cells were counted using a 

hemocytometer, and cell viability, which exceeded 89%, was assessed by trypan blue exclusion. 

 

 

 

 

 

 

 

Figure 4.1: Representative histogram depicting splenic CD8+ T cell purity. The stained 

population is subdivided to distinguish PE-CD8+ cells (M2) from cells not expressing this 

marker (M1), and the percentage of positive cells is shown.  

 

4.2.3 – Tissue fatty acid composition analysis 

Total lipids were extracted and processed from whole spleens (n = 4-5/diet) as described 

previously (200, 201). Briefly, spleens were homogenized in 0.1 M KCl, then homogenates were 

added to 2:1 v/v CHCl3:MeOH, vortexed, and stored at 4°C overnight. Samples were centrifuged 

at 1450 rpm for 10 min, and the lipid-containing CHCl3 layer was collected, dried under nitrogen 

and reconstituted in CHCl3 to 10 mg/mL. 100µL of sample was saponified at 100 °C for 1 h 

using 0.5 M KOH in MeOH. Then, samples were methylated with hexane and 14% BF3-MeOH 

(Sigma-Aldrich, USA) at 100 °C for 1 h, at which time ddH2O was added to stop methylation. 

Samples were centrifuged, the hexane layer was collected and dried under nitrogen gas, then 

reconstituted in hexane. 
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Total lipids were extracted from 2 x 106 splenic CD8+ T cells (n = 6/diet) as previously 

described (190), with minor modification. Briefly, after centrifugation at 1200 rpm for 5 min, a 

2:1 v/v MeOH:CHCl3 solution was added to cell pellets and the samples were vortexed for 5 

min. Next, a 1:1 v/v CHCl3:ddH2O water solution was added, and samples were briefly vortexed 

and centrifuged at 2500 rpm for 20 min. Then, the lipid-containing CHCl3 phase was collected 

and dried down under nitrogen gas. A 1:1 v/v MeOH: CHCl3 solution containing 14% BF3-

MeOH was added to all samples, which were then methylated for 90 min at 100 °C. After 

samples cooled, ddH2O and hexane were added and the samples were briefly vortexed. The 

hexane layer was collected, dried under nitrogen gas, and reconstituted in hexane.  

Spleen- and CD8+ T cell-derived fatty acid methyl esters were separated by gas 

chromatography using an Agilent7890A gas chromatograph (Agilent Technologies, USA) with a 

DB-FFAP fused-silica capillary column (15 m, 0.1-mm film thickness, 0.1-mm i.d.; Agilent 

Technologies), and FA peaks were identified by comparing retention times of the samples with 

those of known standards (Nu-Chek-Prep Inc., USA) by using EZchrom Elite version 3.2.1 

software (Agilent Technologies). 

 

4.2.4 – 3T3-L1 cell culture and differentiation 

3T3-L1 murine pre-adipocytes [American Type Culture Collection (CL-173), USA] were 

grown and passaged according to the manufacturer’s instructions, and were maintained in a 

humidified incubator at 37 °C in 5% CO2. Pre-adipocytes were cultured in basic media 

containing Dulbecco’s Modified Eagle Medium (DMEM; HyClone, USA), plus 10% v/v low-

endotoxin fetal bovine serum (FBS; Sigma-Aldrich) and 1% v/v penicillin-streptomycin 

(HyClone), and were seeded into 6-well plates at a density of 3000 cells/cm2. Differentiation was 
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induced 2 days post-confluence (designated as day 0) with basic media containing 1 µM 

dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine, and 5 mg/L insulin (Sigma-Aldrich), and 

this media was replaced with basic media containing 5 mg/L insulin on days 2, 4, and 6 post-

differentiation as described previously (22). On day 8, mature adipocytes were serum-starved for 

12 h with basic media, but containing 0% FBS, to ensure quiescence prior to experiments on day 

9. 

 

4.2.5 – CD8+ T cell/adipocyte co-culture conditions 

3T3-L1 adipocytes and splenic CD8+ T cells were co-cultured in 6-well plates for 24 h at 

37°C in 5% CO2, as in our previous work (23). Co-cultures were comprised of 10% CD8+ T cells 

to adipocytes, a physiological cellular ratio designed to mimic the degree of CD8+ T cell 

infiltration into obese visceral AT as reported in HF diet-fed mice (6). Where indicated, cells 

were co-cultured using two different systems: 1) direct cell-cell contact system (i.e. cell contact-

dependent mechanism), or 2) trans-well system wherein cells were separated by a porous 0.4 µm 

polyester membrane (Corning, USA), (i.e. cell contact-independent, soluble mediator-driven 

mechanism). Further, cells were co-cultured under two stimulation conditions: 1) unstimulated 

(basic media alone), or 2) stimulated with 10 ng/mL LPS from Escherichia coli 055:B5 (Sigma-

Aldrich), which reproduces the level of endotoxin units reported in obese humans and rodents (5-

6 endotoxin units/mL), (49, 50, 149). Further, to investigate the significance of FO-mediated 

reduced TNF-α secretion in CD8+ T cell/adipocyte co-cultures in our previous study (23), a 

subset of LPS-stimulated co-cultures were treated with 1 µg/mL of purified neutralizing anti-

mouse TNF-α antibody (clone: TN3-19.12, eBioscience); a dose previously shown to attenuate 

TNF-α signaling in co-cultured 3T3-L1 adipocytes and RAW 264.7 macrophages (36). To 
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control for addition of the neutralizing TNF-α antibody, 1 µg/mL of anti-rat IgG1 isotype control 

(clone: eBio299Arm, eBioscience) was added to another subset of LPS-stimulated CON co-

cultures and, as expected, was found to be inert (data not shown). Finally, to mimic the pre-

inflamed adipocyte phenotype that newly infiltrating CD8+ T cells would encounter in expanding 

AT, a subset of adipocyte cultures were pre-stimulated with LPS (10 ng/mL) for 24 h prior to co-

culture with CD8+ T cells in fresh basic media + LPS (10 ng/mL) for an additional 24 h. Pre-

stimulated adipocytes were co-cultured with 10% or 20% CD8+ T cells to simulate the 2-fold 

increase in AT CD8+ T cell accumulation between early and late-stage obesity as reported in the 

visceral AT of HFD-fed mice (6).  

 

4.2.6 – Secreted protein analysis  

After 24 h of CD8+ T cell/adipocyte co-culture, conditioned media (CM) was collected 

for multiplex analysis of secreted proteins, including inflammatory [IL-6, TNF-α, IL-1β and 

interferon (IFN)-γ] and chemotactic [MCP-1 (CCL2), MCP-3 (CCL7), MIP-1α (CCL3), MIP-1β 

(CCL4)] adipokines using the ProcartaPlex Mouse Basic kit (eBioscience) and the Bio-Plex 200 

System/ Bio-Plex Manager software, Version 6.0 (Bio-Rad, Canada). 

 

4.2.7 – mRNA expression analysis 

Cells were harvested using the RNA/protein purification kit (Norgen Biotek Corp., 

Canada), and total RNA and protein was isolated from lysed cells according to the 

manufacturer’s instructions. Extra protease and phosphatase inhibitors (Roche Applied Sciences, 

Canada) were added to the lysis buffer at the recommended concentrations prior to use. 2 µg of 

complementary DNA (cDNA) was synthesized using a high-capacity cDNA reverse transcription 
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kit (Applied Biosystems, USA) according to the manufacturer’s instructions. Real-time PCR was 

performed using a 7900HT Fast Real Time PCR system (Applied Biosystems). Primer sequences 

(Appendix A) were designed using the Universal Probe Library Assay Design Center (Roche 

Applied Sciences) and validated primer efficiencies were between 90-105%. Samples were run 

in duplicate in 96-well plate format, and each 20 µL reaction contained 5 µL of 10 ng/µL cDNA 

template, 10 µL of 2X Power SYBR green master mix (Applied Biosystems), 0.4 µL of 10 µM 

primers, and 4.6 µL of ribonuclease (RNase)-free water. mRNA amplification was recorded over 

40 cycles and the corresponding cycle thresholds (Ct) were used to calculate the relative 

differences in mRNA expression between groups according to the calculation 2(40-Ct). All results 

were normalized to ribosomal protein, large, P0 (RPLP0, endogenous control) mRNA 

expression.  

 

4.2.8 – Determination of ROS accumulation 

Reactive oxygen species (ROS, i.e. superoxide anion) accumulation was detected by a 

nitro blue tetrazolium (NBT, Sigma-Aldrich) assay as previously described (189), with minor 

modification. NBT is reduced by ROS to formazan, a dark-blue and insoluble form of NBT. 

LPS-stimulated adipocytes (n = 8) and lean CD8+ T cell/adipocyte contact-dependent co-cultures 

(n = 8/co-culture condition) were incubated with 0.1% (w/v) NBT dissolved in 1X PBS (Sigma-

Aldrich) for 1 h at 37°C in 5% CO2. After 1 h, the supernatant was aspirated and adipocytes were 

fixed with 100% methanol. The insoluble blue formazan-NBT was dissolved in 480 µL, 2M 

KOH and 560 µL DMSO, and the optical density (OD) was measured in 3 wells of a 96-well 

plate per sample at 620 nm using a spectrophotometer. A well without cells but subjected to the 

same NBT incubation, fixing and dissolving steps (but remained colourless) served as a blank.  
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4.2.9 – Caspase-1 activity assay 

Cellular caspase-1 activity was measured in LPS-stimulated adipocytes (n = 6) and lean 

CD8+ T cell/adipocyte contact-dependent co-cultures (n = 8/co-culture condition) using a 

colourimetric assay as previously described (202), with minor modification. Total cellular 

protein was quantified using the bicinchoninic assay (Thermo Fisher Scientific, USA). Briefly, 

80 µg of total cellular protein was added to each well of a 96-well plate containing 400 µM of 

the synthetic caspase-1 substrate (Ac-YVAD-pNA, Sigma-Aldrich) in 150 µL of protein elution 

buffer (with neutralizer added, pH 7.4; Norgen Biotek Corp.) containing 20% v/v glycerol. The 

reaction was conducted for 1 h at 37°C in 5% CO2, and the OD was measured at 405 nm using a 

spectrophotometer. OD was normalized to total cellular protein content and reported as OD/mg 

total protein. 

 

4.2.10 – Treatment of RAW 264.7 macrophages with LPS-stimulated CD8+ T cell/adipocyte 

co-culture CM 

 RAW264.7 macrophages [American Type Culture Collection, (TIB-71)] were maintained 

in basic media as previously described (22). 4 h prior to treatment with CM from LPS-stimulated 

adipocytes (n = 8) and lean CD8+ T cell/adipocyte contact-dependent co-cultures (n = 8-9/co-

culture condition), macrophages were split, centrifuged and resuspended in fresh basic media 

according to the manufacturer’s protocol. Cell viability, assessed by trypan blue exclusion, 

exceeded 95%. 1 x 105 macrophages were seeded into 96-well plates and allowed to adhere 

before basic media was replaced with CM. At 6 h, supernatant samples were collected and 

macrophages were lysed to isolate RNA. 
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4.2.11 – Statistical analysis 

All data are expressed as mean ± SEM. The predetermined upper limit of probability for 

statistical significance was set at p ≤ 0.05 and analyses were conducted using SigmaPlot version 

12.5 (Systat Software Inc., USA). Data that were not normally distributed were transformed prior 

to statistical analysis, and normal distribution and equal variance was confirmed by Shapiro-

Wilk test and Levene’s test, respectively. Data were analyzed by Student’s t-test (for comparison 

of two means) or one-way ANOVA (for comparison of multiple means) and followed, if 

justified, by Least Squared Means post-hoc test.  

 

4.3 – Results: 

 

4.3.1 – Mouse body weights, food intake, and tissue fatty acid composition 

Average daily food intake did not differ (p>0.05) between mice fed LF and LF-FO [as 

previously reported (23)], or between mice fed HF and HF-FO. Likewise, initial and final body 

weights did not differ (p<0.05) between LF and LF-FO, or between HF and HF-FO dietary 

groups (Table 4.2). Whole spleens and splenic CD8+ T cells isolated from mice fed LF-FO were 

enriched (p<0.05) in the LC n-3 PUFA, EPA and DHA, as well as total n-3 PUFA (18:3 n-3, 

20:3 n-3, 20:5 n-3, 22:5 n-3, and 22:6 n-3) compared to LF (Table 4.3). In contrast, the LC n-6 

PUFA, arachidonic acid (20:4 n-6, AA), as well as total n-6 PUFA (18:2 n-6, 18:3 n-6, 20:2 n-6, 

20:3 n- 6, 20:4 n-6, and 22:5 n-6) were significantly greater (p<0.05) in LF versus LF-FO 

samples (Table 4.3). Likewise, whole spleens isolated from mice fed HF-FO were enriched 

(p<0.05) in EPA and DHA as well as total n-3 PUFA, whereas HF spleens were enriched in AA 
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and total n-6 PUFA (Table 4.4). Splenic total SFA, MUFA and PUFA did not differ between 

diets within the lean and obese groups (p>0.05, Table 4.3 and 4.4, respectively). 

 

Table 4.2: Mouse initial and final body weights1 

Diet LF LF-FO HF HF-FO 
Initial body weight (g) 19.32 ± 0.75 20.13 ± 0.80 17.90 ± 0.25 17.94 ± 0.68 
Final body weight (g) 26.86 ± 1.70 26.13 ± 1.00 39.05 ± 0.99 40.42 ± 0.81 
 

1Values are means ± SEM; n = 6-10/diet. Data were analyzed by Student’s t-test. *Different from 

the respective control (LF-FO vs LF or HF-FO vs HF), p ≤ 0.05.  

 

Table 4.3: Spleen and CD8+ T cell fatty acid composition in LF- and LF-FO-fed mice1  

Fatty acid  
(% of total) 

Spleen CD8+ T cells 
LF LF-FO LF LF-FO 

n-6 fatty acids     
18:2n-6 19.5 ± 0.9 17.6 ± 0.8 19.1 ± 0.6 17.0 ± 0.7* 
20:4n-6 14.0 ± 1.2 8.7 ± 1.0* 16.4 ± 1.4 8.5 ± 0.7* 
 
n-3 fatty acids 

    

18:3n-3 0.06 ± 0.01 0.1 ± 0.01* 0.2 ± 0.04 0.3 ± 0.03 
20:5n-3 0 1.8 ± 0.2* 0 4.0 ± 0.3* 
22:6n-3 1.0 ± 0.1 6.6 ± 0.6* 1.8 ± 0.2 7.8 ± 0.6* 
 
% SFA 

 
34.2 ± 1.2 

 
37.5 ± 1.1 

 
41.3 ± 1.3 

 
41.4 ± 1.5 

% MUFA 22.7 ± 1.7 21.8 ± 1.4 14.3 ± 0.7 14.7 ± 0.3 
% PUFA 43.2 ± 2.4 40.8 ± 1.8 44.4 ± 1.7 43.8 ± 1.4 
% n-6 PUFA 42.0 ± 2.3 29.1 ± 0.7* 42.1 ± 1.6 30.0 ± 0.5* 
% n-3 PUFA 1.2 ± 0.2 11.7 ± 1.2* 2.3 ± 0.1 13.9 ± 1.0* 

 

1 Values are percentages of total lipids extracted from whole spleens and splenic CD8+ T cells of 

LF- and LF-FO-fed mice. Data were analyzed by Student’s t-test and are expressed as means ± 

SEM; n = 5-6/diet. *Different from LF, p ≤ 0.05.  
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Table 4.4: Spleen fatty acid composition in HF- and HF-FO-fed mice1 

Fatty acid  
(% of total) 

HF HF-FO 

n-6 fatty acids   
18:2n-6 17.0 ± 0.5  9.0 ± 0.4* 
20:4n-6 9.2 ± 0.1  6.5 ± 0.2* 
 
n-3 fatty acids 

  

18:3n-3 0.3 ± 0.02 0.3 ± 0.06 
20:5n-3 0.01 ± 0.01  2.2 ± 0.14* 
22:6n-3 1.4 ± 0.2  6.7 ± 0.3* 
 
% SFA 

 
33.4 ± 0.9 

 
33.6 ± 1.3 

% MUFA 37.2 ± 1.2 37.8 ± 0.04 
% PUFA 29.3 ± 1.7 29.9 ± 1.3 
% n-6 PUFA 27.0 ± 1.4  17.1 ± 0.6* 
% n-3 PUFA 2.4 ± 0.3  12.8 ± 0.7* 

 

1 Values are percentages of total lipids extracted from whole spleens of HF- and HF-FO-fed 

mice. Data were analyzed by Student’s t-test and are expressed as means ± SEM; n = 4/diet. 

*Different from HF, p ≤ 0.05.  

 

4.3.2 – LC n-3 PUFA reduce inflammatory mRNA expression and secreted protein in lean 

splenic CD8+ T cell/adipocyte co-cultures stimulated with LPS 

To address our initial aim of determining whether the in vivo phenotype (i.e. lean vs. 

obese) influenced the ability of LC n-3 PUFA-enriched CD8+ T cells to modulate the 

inflammatory milieu within the CD8+ T cell/adipocyte co-culture microenvironment, mRNA 

expression of cell membrane receptors implicated in inflammatory signal transduction (i.e. 

TLR2, TLR4, TNFR1 and TNFR2), components of the NLRP3 inflammasome (i.e. NLRP3 and 

caspase-1) and its adipokine substrates (i.e. IL-1β and IL-18), as well as mRNA expression and 

secreted protein content of inflammatory (i.e. IL-6, TNF-α, IL-1β and IFN-γ) and chemotactic 

(i.e. MCP-1, MCP-3, MIP-1α and MIP-1β) adipokines were measured in CD8+ T cell/3T3-L1 

adipocyte co-cultures. We first confirmed the anti-inflammatory action of LC n-3 PUFA on 
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CD8+ T cell/adipocyte contact-dependent cross-talk in the lean phenotype as we recently 

reported (23). Co-cultures were stimulated with a physiologically relevant dose of LPS (10 

ng/mL) (49-50, 149) to activate both cell types (31, 203). Indeed, compared to LF, LF-FO 

reduced (p<0.05) mRNA expression of TLR2 (-36.9%), TNFR2 (-40.6%), NLRP3 (-68.6%) and 

IL-1β (-57.8%), while TLR4, TNFR1, caspase-1 and IL-18 mRNA expression was unaffected by 

diet (p>0.05, Table 4.5). Further, LF-FO reduced (p<0.05) mRNA expression of IL-6 (-45.4%), 

TNF-α (-82.4%), IFN-γ (-52.5%) and MCP-1 (-51.1%) versus LF (p>0.05, Table 4.5). Finally, 

compared to CM collected from LF co-cultures, LF-FO reduced (p<0.05) secreted protein levels 

of IL-6 (-58.0%), TNF-α (-68.6%), MCP-1 (-30.2%), MCP-3 (-17.8%) and MIP-1α (-43.7%) 

(Figure 4.2), whereas secreted MIP-1β was unaffected by diet (p>0.05, data not shown).  

 

4.3.3 – TNF-α  neutralization in LF co-cultures mimics the anti-inflammatory effect of LC 

n-3 PUFA in lean splenic CD8+ T cell/adipocyte co-cultures stimulated with LPS 

Amongst the inflammatory adipokines measured, the mRNA expression and secreted 

protein level of TNF-α was most drastically blunted by LC n-3 PUFA (i.e. FO) in the LF co-

cultures of the present study, as well as within the LF co-cultures of our recent report (23). Thus, 

to investigate the efficacy of TNF-α neutralization to mimic the anti-inflammatory action of 

dietary LC n-3 PUFA on CD8+ T cell/adipocyte contact-dependent cross-talk, LPS-stimulated 

LF co-cultures were treated with a TNF-α neutralizing antibody to recapitulate the FO-induced 

co-culture phenotype. Relative to LF, LF + anti-TNF-α attenuated (p<0.05) mRNA expression 

of cell membrane receptors, TLR2 (-33.1%) and TNFR2 (-49.2%), whereas TLR4 and TNFR1 

mRNA was unaffected by TNF-α neutralization (Table 4.5). Likewise, mRNA expression of 

NLRP3 inflammasome-related genes, NLRP3 and IL-1β, was reduced (-63.2% and -46.2%, 
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respectively; p<0.05) by LF + anti-TNF-α compared to LF, though caspase-1 and IL-18 mRNA 

was unchanged (p>0.05, Table 4.5). Further, LF + anti-TNF-α attenuated (p<0.05) mRNA 

expression of inflammatory adipokines, IL-6 (-37.6%), TNF-α (-72.7%) and IFN-γ (-52.1%), 

and the chemotactic adipokine, MCP-1 (-42.5%), compared to LF (Table 4.5). Likewise, LF + 

anti-TNF-α reduced secreted protein levels of IL-6 (-27.6%), TNF-α (-55.6%), MCP-1 (-27.3%), 

and another chemotactic adipokine, MIP-1α (-36.0%) versus LF (Figure 4.2). In contrast, IL-1β, 

IFN-γ and MIP-1β secreted protein was unaffected by TNF-α neutralization (p>0.05, data not 

shown). Importantly, LF + anti-TNF-α decreased mRNA expression of cell membrane receptors 

and NLRP3 inflammasome-related genes by a similar magnitude as LF-FO compared to LF 

(p>0.05, LF + anti-TNF-α vs. LF-FO) (Table 4.5), whereas LF + anti-TNF-α was not as 

effective as LF-FO to reduce IL-6 and TNF-α mRNA (Table 4.5) and secreted protein (Figure 

4.2A) (p<0.05, LF + anti-TNF-α vs. LF-FO).  
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Table 4.5: mRNA expression in LPS-stimulated lean CD8+ T cell/3T3-L1 adipocyte co-

cultures1 

Gene LF LF-FO LF + anti-TNF-α  
TLR2  12.7 ± 0.10a  8.03 ± 0.90b  8.51 ± 0.34b 

TLR4 10.8 ± 0.73 8.09 ± 0.67 9.62 ± 0.88 
TNFR1 2.98 ± 0.17 2.53 ± 0.32 2.43 ± 0.14 
TNFR2 10.6 ± 0.59a 6.27 ± 0.78b 5.35 ± 0.40b 
MCP-1 2.42 ± 0.44a 1.18 ± 0.31b 1.39 ± 0.11b 

IL-6 5.39 ± 0.50a 2.95 ± 0.35c 3.95 ± 0.48b 
TNF-α 27.4 ± 1.59a 4.82 ± 0.18c 7.49 ± 0.29b 

IFN-γ 4.11 ± 0.24a 1.95 ± 0.18b 1.97 ± 0.21b 
NLRP3 14.6 ± 0.31a 4.58 ± 0.30 b 5.37 ± 0.30b 
Caspase-1 1.92 ± 0.24 1.57 ± 0.14 1.54 ± 0.13 
IL-1β 2.79 ± 0.52a 1.18 ± 0.23b 1.50 ± 0.28b 
IL-18 1.77 ± 0.26 1.72 ± 0.13 1.77 ± 0.16 

 

1Values are means ± SEM; n = 8-10/co-culture condition. Data were normalized to RPLP0 

mRNA expression and are presented in arbitrary units. CD8+ T cells were isolated from mice fed 

a LF or LF-FO diet and co-cultured with 3T3-L1 adipocytes for 24 h at a cellular percentage of 

10% CD8+ T cells to adipocytes. A subset of LF co-cultures were treated with 1 µg/mL of 

purified neutralizing anti-mouse TNF-α antibody, and all co-cultures were stimulated with 10 

ng/mL LPS. Data were analyzed by one-way ANOVA. Means without a common letter differ, 

p<0.05. 
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Figure 4.2: Secreted protein of A) inflammatory and B) chemotactic adipokines in LPS-

stimulated lean CD8+ T cell/3T3-L1 adipocyte co-cultures. CD8+ T cells were isolated from mice 

fed a LF or LF-FO diet and co-cultured with 3T3-L1 adipocytes for 24 h at a cellular percentage 

of 10% CD8+ T cells to adipocytes. A subset of LF co-cultures were treated with 1 µg/mL of 

purified neutralizing anti-mouse TNF-α antibody, and all co-cultures were stimulated with 10 

ng/mL LPS. Values are means ± SEM; n = 8-10/co-culture condition. Data were analysed by 

one-way ANOVA, and means without a common letter differ, p<0.05. 

  

4.3.4 – LC n-3 PUFA and TNF-α-neutralization attenuate ROS accumulation and NLRP3 

inflammasome (i.e. caspase-1) activity in lean splenic CD8+ T cell/adipocyte co-cultures 

stimulated with LPS 

 Cellular ROS accumulation and caspase-1 activity were measured in LPS-stimulated 

adipocytes and lean CD8+ T cell/adipocyte contact-dependent co-cultures to determine whether 

changes in NLRP3 inflammasome-related mRNA expression (Table 4.5) corresponded to 

changes in its activation. Compared to LPS-stimulated adipocytes (alone), ROS accumulation 

(Figure 4.3A) and caspase-1 activity (Figure 4.3B) were increased (+2.2-fold and +1.7-fold, 
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respectively; p<0.05) in LF co-cultures. However, relative to LF co-cultures, LF-FO and LF + 

anti-TNF-α attenuated (p<0.05) ROS accumulation (-48.8% and -34.9%, respectively, Figure 

4.3A) and caspase-1 activity (-69.5% and -47.6%, respectively, Figure 4.3B), though LF-FO 

was most effective (p<0.05, LF + anti-TNF-α vs. LF-FO).  

 

 

Figure 4.3: A) ROS accumulation and B) caspase-1 activity in lean splenic CD8+ T cell/3T3-L1 

adipocyte co-cultures stimulated with LPS. CD8+ T cells were isolated from mice fed a LF or 

LF-FO diet and co-cultured with 3T3-L1 adipocytes for 24 h at a cellular percentage of 10% 

CD8+ T cells to adipocytes. A subset of LF co-cultures were treated with 1 µg/mL of purified 

neutralizing anti-mouse TNF-α antibody, and all co-cultures were stimulated with 10 ng/mL 

LPS. LPS-stimulated adipocytes alone served as the negative control. Values are means ± SEM; 

n = 8-10/co-culture condition. Data were normalized to RPLP0 mRNA expression, analysed by 

one-way ANOVA, and are presented in arbitrary units. Means without a common letter differ, 

p<0.05. 
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4.3.5 – Cell contact-dependent lean CD8+ T cell/adipocyte cross-talk is a target for LC n-3 

PUFA and TNF-α  neutralization to modulate macrophage mRNA expression of M1 

polarization markers  

To investigate CD8+ T cell/adipocyte cross-talk as a target for intervention with LC n-3 

PUFA to modulate ensuing macrophage polarization status, RAW 264.7 macrophages were 

cultured in CM collected from lean cell contact-dependent co-cultures. Importantly, compared to 

CM collected from LPS-stimulated adipocytes, CM from LF CD8+ T cell/adipocyte co-cultures 

increased (p<0.05) macrophage mRNA expression of M1 polarization markers, including 

inducible nitric oxide synthase (iNOS; +1.83-fold), TNF-α (+1.79-fold) and IL-6 (+2.72-fold, 

Figure 4.4A). However, compared to LF, CM from LF-FO and LF + anti-TNF-α co-cultures, 

respectively, reduced (p<0.05) macrophage mRNA expression of iNOS (-75.8% and -74.%), 

TNF-α (-36.9% and -24.5%) and IL-6 (-53.1% and -37.9%) (Figure 4.4A). CM from LF + anti-

TNF-α co-cultures attenuated (p<0.05) macrophage iNOS and IL-6 mRNA expression by a 

similar magnitude as LF-FO relative to LF (p>0.05, LF + anti-TNF-α vs. LF-FO), whereas LF-

FO was more effective than LF + anti-TNF-α (p<0.05, LF + anti-TNF-α vs. LF-FO) to reduce 

that of TNF-α (Figure 4.4A). Likewise, LF-FO CM reduced (p<0.05) macrophage mRNA 

expression of NLRP3 (-50.0%) to a greater extent than LF + anti-TNF-α (-22.1%; p<0.05) 

versus LF (p<0.05, LF + anti-TNF-α vs. LF-FO), while LF-FO and LF + anti-TNF-α CM were 

equally as effective at attenuating (p<0.05) macrophage IL-1β mRNA expression (-65.8% and -

59.3%, respectively) compared to LF (p>0.05, LF + anti-TNF-α vs. LF-FO) (Figure 4.4B). In 

contrast, CM collected from LF + anti-TNF-α co-cultures was more effective than LF-FO at 

decreasing (p<0.05) macrophage IL-18 mRNA expression (-71.4% and -41.8%, respectively) 

compared to LF (p<0.05, LF + anti-TNF-α vs. LF-FO), while caspase-1 mRNA was unaffected 
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by diet or TNF-α neutralization (p>0.05, Figure 4.4B). Macrophage mRNA expression of IL-10, 

an anti-inflammatory cytokine associated with the M2 macrophage phenotype (69), was 

increased (p<0.05) by CM collected from LF-FO (+3.2-fold) and, though less effectively, LF + 

anti-TNF-α (+2.3-fold) versus LF co-cultures (p<0.05, LF + anti-TNF-α vs. LF-FO), while that 

of TGF-β, a regulatory cytokine (69), was increased (p<0.05) by LF-FO (+2.6-fold) and LF + 

anti-TNF-α (+2.8-fold) CM by the same magnitude (p>0.05, LF + anti-TNF-α vs. LF-FO) 

(Figure 4.4C).  
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Figure 4.4: mRNA expression of markers of A-B) M1 versus C) M2 polarization in RAW 264.7 

macrophages cultured in CM from LPS-stimulated lean CD8+ T cell/3T3-L1 adipocyte co-

cultures. 24 h CM was collected from co-cultures comprised of CD8+ T cells, isolated from mice 

fed a LF or LF-FO diet, and 3T3-L1 adipocytes at a cellular percentage of 10% CD8+ T cells to 

adipocytes. A subset of LF co-cultures were treated with 1 µg/mL of purified neutralizing anti-

mouse TNF-α antibody, and all co-cultures were stimulated with 10 ng/mL LPS. LPS-stimulated 

adipocytes alone served as the negative control. RAW 264.7 macrophages were cultured in CM 

for 6 h. Values are means ± SEM; n = 8-10/co-culture condition. Data were normalized to 

RPLP0 mRNA expression, analysed by one-way ANOVA, and are presented in arbitrary units. 

Means without a common letter differ, p<0.05. 

 

4.3.6 – LC n-3 PUFA attenuate inflammatory and chemotactic secreted protein in pre-

inflamed splenic CD8+ T cell/adipocyte co-cultures 

 To demonstrate the utility of our model in recapitulating key aspects of CD8+ T cell-

driven obese AT inflammation, we performed a second experiment to mimic the pre-inflamed 

adipocyte phenotype that newly infiltrating CD8+ T cells would encounter in expanding AT, 

wherein we pre-stimulated (i.e. prior to LPS-stimulated CD8+ T cell/adipocyte co-culture) 

adipocytes for 24 h with a concentration of LPS relevant to obesity (49-50, 149). Secreted 

inflammatory (i.e. IL-6 and TNF-α, Figure 4.5A) and chemotactic (i.e. MCP-1, MCP-3, MIP-1α 

and MIP-1β, Figure 4.5B) protein was measured in LF and LF-FO co-cultures containing 10% 

and 20% CD8+ T cells to adipocytes, intended to simulate the 2-fold increase in CD8+ T cell 

accumulation prior to and after M1 macrophage accumulation in obese AT (6). Interestingly, 

there was no difference in IL-6, TNF-α and MCP-1 secreted protein between 10% and 20% 
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CD8+ T cell/adipocyte LF co-cultures (p<0.05), whereas that of MCP-3, MIP-1α and MIP-1β 

was increased (p<0.05) in co-cultures containing 20% versus 10% CD8+ T cells to adipocytes 

(+1.5-fold, +1.4-fold and +1.6-fold, respectively) (Figure 4.5). Further, within 10% and 20%, 

respectively, CD8+ T cell/adipocyte co-cultures, LF-FO reduced (p<0.05) TNF-α (-28.8% and -

20.4%), MCP-1 (-24.2% and -18.4%), MCP-3 (-54.5% and -68.6%), and MIP-1β (-33.9% and -

21.8%, respectively) secreted protein versus LF, whereas MIP-1α was reduced (-21.3%; 

p<0.05) by LF-FO within 20% CD8+ T cell/adipocyte co-cultures only, and IL-6 was unaffected 

by diet (p>0.05, Figure 4.5).  

 

Figure 4.5: Secreted protein of A) inflammatory and B) chemotactic adipokines in LPS pre-

stimulated CD8+ T cell/3T3-L1 adipocyte co-cultures. 3T3-L1 adipocytes were stimulated with 

10 ng/mL LPS for 24 h prior to co-culture with CD8+ T cells isolated from mice fed a LF or LF-

FO (+ 10 ng/mL LPS) for an additional 24 h. Cells were co-cultured at a cellular percentage of 

10% and 20% CD8+ T cells to adipocytes. Data were analysed by Student’s t-test and are 

expressed as means ± SEM; n = 8-10/co-culture condition. *Different from the respective control 

(i.e. LF-FO versus LF) within 10% and 20% CD8+ T cell/adipocyte co-cultures, p<0.05.  
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4.3.7 – LC n-3 PUFA attenuate inflammatory mRNA expression and secreted protein in 

obese splenic CD8+ T cell/adipocyte co-cultures stimulated with LPS 

To determine whether the anti-inflammatory action of LC n-3 PUFA on CD8+ T 

cell/adipocyte cross-talk is maintained in the obese phenotype, CD8+ T cells were isolated from 

mice fed HF and HF-FO and co-cultured with 3T3-L1 adipocytes. Compared to HF in the 

unstimulated condition, mRNA expression of TLR2 was reduced (-28.6%; p<0.05) by HF-FO, 

while that of TLR4, TNFR1 and TNFR2 was not affected by diet (p>0.05, Table 4.6). mRNA 

expression of NLRP3 and IL-1β was also attenuated (p<0.05) by HF-FO compared to HF (-

47.8% and -39.3%, respectively), whereas mRNA expression of the other NLRP3 inflammasome 

components, caspase-1 and IL-18, did not differ between diets (p>0.05, Table 4.6). Likewise, 

mRNA expression of inflammatory adipokines, TNF-α and IFN-γ, did not differ between HF 

and HF-FO, but mRNA expression of another inflammatory adipokine, IL-6, and the 

chemotactic adipokine, MCP-1, was reduced (p<0.05) by HF-FO versus HF (-29.9% and -

51.3%, respectively) (Table 4.6).  
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Table 4.6: mRNA expression in unstimulated obese CD8+ T cell/3T3-L1 adipocyte co-

cultures1 

Gene HF HF-FO 
TLR2 7.01 ± 0.45  5.01 ± 0.39* 

TLR4 1.71 ± 0.07 1.68 ± 0.09 
TNFR1 9.18 ± 0.38 8.55 ± 1.24 
TNFR2 2.07 ± 0.20 2.19 ± 0.24 
MCP-1 13.5 ± 1.11  6.59 ± 0.47* 
IL-6 9.19 ± 0.54  6.44 ± 0.39* 
TNF-α 1.31 ± 0.07 1.20 ± 0.08 
IFN-γ 10.3 ± 1.46 9.18 ± 2.26 
NLRP3 12.6 ± 1.23  6.56 ± 0.78* 
Caspase-1 2.13 ± 0.09 1.99 ± 0.26 
IL-1β 3.57 ± 0.18 2.17 ± 0.13* 
IL-18 1.59 ± 0.05 1.61 ± 0.08 

 

1Values are means ± SEM; n = 6-8/co-culture condition. Data were normalized to RPLP0 mRNA 

expression and are presented in arbitrary units. CD8+ T cells were isolated from mice fed a HF or 

HF-FO diet and co-cultured with 3T3-L1 adipocytes for 24 h at a cellular percentage of 10% 

CD8+ T cells to adipocytes. Data were analysed by Student’s t-test. *Different from HF, p<0.05. 

 

Similar to lean CD8+ T cell/adipocyte contact-dependent co-cultures, a physiologically 

relevant dose of LPS (10 ng/mL) was added to HF and HF-FO co-cultures to further recapitulate 

the obese AT inflammatory microenvironment. Compared to the unstimulated condition, the 

expression of all genes was upregulated (p<0.05) in LPS-stimulated co-cultures independent of 

diet, with the exception of TLR4 and IL-18, which did not differ between LPS-stimulated HF 

and HF-FO co-cultures (p>0.05, Table 4.7). Compared to HF, HF-FO reduced (p<0.05) mRNA 

expression of TLR2 (-29.3%), NLRP3 (-67.6%) and IL-1β (-70.8%). In contrast, TNFR1, 

TNFR2, caspase-1 and IL-6 mRNA expression did not differ between diets (p>0.05, Table 4.7), 

although HF-FO attenuated (p<0.05) IL-6 secreted protein levels (-46.4%) versus HF (Figure 

4.6). HF-FO also attenuated (p<0.05) TNF-α mRNA and secreted protein (-83.19% and -47.7%, 
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respectively) (Table 4.7, Figure 4.6), as well as mRNA expression of MCP-1 (-55.0%) and IFN-

γ (-55.0%, Figure 4.6). IFN-γ and IL-1β secreted protein was undetectable, and chemotactic 

adipokine secreted protein was not measured in obese co-cultures. 

 

4.3.8 – TNF-α-neutralization in HF co-cultures mimics the anti-inflammatory effect of LC 

n-3 PUFA in obese splenic LPS-stimulated CD8+ T cell/adipocyte co-cultures  

To elucidate the significance of reduced TNF-α signaling in the anti-inflammatory effect 

of LC n-3 PUFA on CD8+ T cell/adipocyte contact-dependent cross-talk in the obese phenotype, 

LPS-stimulated HF co-cultures were treated with a neutralizing antibody against TNF-α. 

Compared to HF, HF + anti-TNF-α blunted (p<0.05) TNF-α mRNA expression (Table 4.7) and 

secreted protein (-70.9% and 41.6%, respectively) (Figure 4.6) as well as IL-6 secreted protein (-

32.4%), though IL-6 mRNA expression was unaffected by TNF-α neutralization (p>0.05). 

Importantly, HF + anti-TNF-α decreased IL-6 and TNF-α secreted protein by a similar 

magnitude as HF-FO compared to HF (p>0.05, LF + anti-TNF-α vs. LF-FO) (Table 4.7). 

Further, HF + anti-TNF-α reduced (p<0.05) mRNA expression of NLRP3 inflammasome-related 

genes, NLRP3 (-55.6%) and IL-1β (-58.6%), as well as the inflammatory and chemotactic 

adipokines, IFN-γ (-84.2%) and MCP-1 (-45.8%), respectively, compared to HF (Table 4.7). 

However, mRNA expression of cell membrane receptors, TLR2, TLR4, TNFR1 and TNFR2, 

and other NLRP3 inflammasome-associated genes, caspase-1 and IL-18, were unaffected by 

TNF-α neutralization versus HF (p>0.05, Table 4.7).  

 

 



	   103 

Table 4.7: mRNA expression in LPS-stimulated obese CD8+ T cell/3T3-L1 adipocyte co-

cultures1 

Gene HF HF-FO HF + anti-TNF-α  
TLR2   25.7 ± 2.51a*   18.2 ± 1.59b*  23.5 ± 1.35a 

TLR4 1.78 ± 0.32 1.71 ± 0.26 1.67 ± 0.26 
TNFR1 11.0 ± 0.82  12.3 ± 1.08* 12.2 ± 0.06 
TNFR2  7.14 ± 0.41*  7.26 ± 0.37* 7.29 ± 0.34 
MCP-1   78.2 ± 5.19a*   35.1 ± 2.40b*  42.4 ± 4.95b 
IL-6  20.2 ± 4.54*  19.5 ± 2.60* 21.8 ± 3.49 
TNF-α   15.0 ± 1.46a*   2.43 ± 0.38c*  4.38 ± 0.54b 
IFN-γ   35.6 ± 2.68a*   16.0 ± 1.85b*  5.62 ± 0.82c 
NLRP3   27.5 ± 1.69a*   8.92 ± 0.78c*  12.2 ± 1.07b 
Caspase-1 2.64 ± 0.34  2.64 ± 0.33*  2.34 ± 0.19 
IL-1β   20.2 ± 1.63a*   5.88 ± 0.65c*  8.34 ± 0.96b 
IL-18 1.59 ± 0.12 1.75 ± 0.08 1.65 ± 0.11 

 

1Values are means ± SEM; n = 6-8/co-culture condition. Data were normalized to RPLP0 mRNA 

expression and are presented in arbitrary units. CD8+ T cells were isolated from mice fed a HF or 

HF-FO diet and co-cultured with 3T3-L1 adipocytes for 24 h at a cellular percentage of 10% 

CD8+ T cells to adipocytes. A subset of LF co-cultures were treated with 1 µg/mL of purified 

neutralizing anti-mouse TNF-α antibody, and all co-cultures were stimulated with 10 ng/mL 

LPS. Data were analysed by one-way ANOVA and means without a common letter differ, 

p<0.05. For comparison to the unstimulated condition, data were analysed by Student’s t-test. 

*Within dietary groups, different from unstimulated co-culture condition, p<0.05. 
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Figure 4.6: Secreted protein of inflammatory adipokines in LPS-stimulated obese CD8+ T 

cell/3T3-L1 adipocyte co-cultures. CD8+ T cells were isolated from mice fed a HF or HF-FO diet 

and co-cultured with 3T3-L1 adipocytes for 24 h at a cellular percentage of 10% CD8+ T cells to 

adipocytes. A subset of HF co-cultures were treated with 1 µg/mL of purified neutralizing anti-

mouse TNF-α antibody, and all co-cultures were stimulated with 10 ng/mL LPS. Values are 

means ± SEM; n = 6-8/co-culture condition. Data were analysed by one-way ANOVA, and 

means without a common letter differ, p<0.05. 

 

4.3.9 –Adipocyte mRNA expression and CD8+ T cell/adipocyte secreted protein in lean 

contact-independent i.e. trans-well separated co-cultures  

To further investigate the anti-inflammatory action of dietary LC n-3 PUFA on CD8+ T 

cell/adipocyte cross-talk in the unstimulated and LPS-stimulated conditions, CD8+ T cells 

isolated from LF and LF-FO diet-fed mice were co-cultured with 3T3-L1 adipocytes, but 

separated by a trans-well membrane that inhibited direct cell contact, yet permitted cross-talk via 

soluble mediators (e.g. adipokines). This cell contact-independent system also allowed for 



	   105 

investigation into adipocyte-specific (i.e. separate from CD8+ T cells) differences in mRNA 

expression between LF and LF-FO CD8+ T cell/adipocyte co-cultures, whereas we were unable 

to acquire CD8+ T cell-specific data due to the limited cell number per co-culture. In the 

unstimulated trans-well co-culture condition, LF-FO reduced (p<0.05) adipocyte mRNA 

expression of NLRP3 (-44.9%), IL-1β (-41.7%) and MCP-1 (-77.2%) compared to LF (Table 

4.8). In contrast, adipocyte mRNA expression of TLR2, TLR4, TNFR1, TNFR2, caspase-1, IL-

18, IL-6 and TNF-α mRNA was unaffected by diet (p>0.05, Table 4.8).   

 

Table 4.8: Adipocyte mRNA expression in unstimulated lean CD8+ T cell/3T3-L1 adipocyte 

trans-well co-cultures1 

Gene LF LF-FO 
TLR2 5.20 ± 1.05 6.20 ± 0.78 
TLR4 7.25 ± 0.45 7.33 ± 0.51 
TNFR1 1.63 ± 0.09 1.76 ± 0.29 
TNFR2 3.38 ± 0.28 3.86 ± 0.35 
MCP-1 5.95 ± 0.49  1.36 ± 0.25* 
IL-6 3.06 ± 0.51 3.08 ± 0.34 
TNF-α 9.88 ± 1.44 8.67 ± 1.12 
NLRP3 16.2 ± 1.73  8.91 ± 0.99* 
Caspase-1 15.9 ± 1.87 17.4 ± 1.22 
IL-1β 14.8 ± 1.16  8.66 ± 1.21* 
IL-18 1.51 ± 0.15 1.45 ± 0.10 

 

1Values are means ± SEM; n = 8-10/co-culture condition. Data were normalized to RPLP0 

mRNA expression and are presented in arbitrary units. CD8+ T cells were isolated from mice fed 

a LF or LF-FO diet and co-cultured with 3T3-L1 adipocytes at a cellular percentage of 10% 

CD8+ T cells to adipocytes. Adipocytes were isolated from trans-well co-cultures after 24 h. Data 

were analysed by Student’s t-test. *Different from LF, p<0.05. 
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Compared to the unstimulated condition, the expression of all genes was upregulated 

(p<0.05) by LPS stimulation independent of diet in adipocytes derived from trans-well co-

cultures, with the exception of TLR4, TNFR1 and IL-18, which also did not differ between diets 

in the LPS-stimulated condition (p>0.05, Table 4.9). Compared to LF, LF-FO attenuated 

(p<0.05) adipocyte mRNA expression of cell membrane receptors, TLR2 (-39.6%) and TNFR2 

(-45.1%), and NLRP3 inflammasome-related genes, NLRP3 (-68.6%) and IL-1β (-60.5%), 

whereas caspase-1 mRNA was unaffected by diet in the LPS-stimulated condition (Table 4.9). 

LF-FO also blunted (p<0.05) adipocyte mRNA expression of IL-6 (-48.9%), TNF-α (-31.3%) 

and MCP-1 (-43.8%) versus LF (Table 4.9). Likewise, LF-FO reduced (p<0.05) secreted protein 

levels of inflammatory adipokines, IL-6 (-42.2%) and TNF-α (-23.6%) (Figure 4.7A), and 

chemotactic adipokines, MCP-1 (-23.6%) and MCP-3 (-85.4%) (Figure 4.7B), versus LF in 

trans-well co-cultures, whereas secreted MIP-1α and MIP-1β were undetectable. Interestingly, 

although LF-FO modulated secreted TNF-α, the addition of a TNF-α neutralizing antibody to 

trans-well co-cultures did not affect adipocyte mRNA expression of any genes measured 

compared to LF, with the exception of NLRP3 (-19.1%) and MCP-1 (-22.1%; p<0.05) (Table 

4.9). Given our mRNA expression data, secreted protein levels in LF + anti-TNF-α co-cultures 

were not analyzed. 
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Table 4.9: Adipocyte mRNA expression in LPS-stimulated lean CD8+ T cell/3T3-L1 

adipocyte trans-well co-cultures1 

Gene LF LF-FO LF + anti-TNF-α  
TLR2   12.5 ± 0.85a*   7.57 ± 0.80b*  12.0 ± 0.46a 

TLR4 7.52 ± 0.95 7.27 ± 0.79 7.84 ± 0.34 
TNFR1 1.95 ± 0.12 1.95 ± 0.100 1.84 ± 0.08 
TNFR2   16.3 ± 1.88a*   8.94 ± 1.0b*  15.1 ± 0.87a 

MCP-1   14.2 ± 0.97a*   7.97 ± 0.80c*  11.1 ± 0.22b 
IL-6   11.1 ± 1.30a*   5.68 ± 1.27b*  10.8 ± 1.21a 
TNF-α   20.4 ± 1.43a*   14.0 ± 0.83b*  19.3 ± 0.93a 
NLRP3  68.5 ± 5.97a*   21.5 ± 2.64c* 55.5 ± 4.18b 
Caspase-1 21.2 ± 1.52  21.2 ± 1.63* 19.0 ± 0.42 
IL-1β   41.7 ± 6.74a*   16.5 ± 4.97b*  40.1 ± 4.21a 
IL-18 1.60 ± 0.06 1.74 ± 0.10 1.63 ± 0.04 

 

1Values are means ± SEM; n = 8-10/co-culture condition. Data were normalized to RPLP0 

mRNA expression and are presented in arbitrary units. CD8+ T cells were isolated from mice fed 

a LF or LF-FO diet and co-cultured with 3T3-L1 adipocytes at a cellular percentage of 10% 

CD8+ T cells to adipocytes. A subset of LF co-cultures were treated with 1 µg/mL of purified 

neutralizing anti-mouse TNF-α antibody, and all co-cultures were stimulated with 10 ng/mL 

LPS. Adipocytes were isolated from trans-well co-cultures after 24 h. Data were analysed by 

one-way ANOVA and means without a common letter differ, p<0.05. For comparison to the 

unstimulated condition, data were analysed by Student’s t-test. *Within dietary groups, different 

from unstimulated co-culture condition, p<0.05. 
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Figure 4.7: Secreted protein of A) inflammatory and B) chemotactic adipokines in LPS-

stimulated lean CD8+ T cell/3T3-L1 adipocyte trans-well co-cultures. CD8+ T cells were isolated 

from mice fed a LF or LF-FO diet and co-cultured with 3T3-L1 adipocytes for 24 h at a cellular 

percentage of 10% CD8+ T cells to adipocytes. Co-cultures were stimulated with 10 ng/mL LPS. 

Values are means ± SEM; n = 8-10/co-culture condition. Data were analysed by Student’s t-test. 

*Different from LF, p<0.05. 

 

4.4 – Discussion: 

The accumulation of CD8+ T cells within obese AT is fundamental to the initiation and 

maintenance of local inflammatory mediator production, owing, in part, to their central role in 

macrophage recruitment and activation (6). Thus, the cross-talk between CD8+ T cells and 

adipocytes represents an early target for dietary intervention to mitigate obese AT inflammation 

prior to macrophage infiltration. We recently showed that LC n-3 PUFA enrichment of murine 

splenic CD8+ T cells modulated cross-talk with 3T3-L1 adipocytes, leading to reduced 

inflammatory adipokine production and ensuing macrophage migration compared to n-6 PUFA 

(23). However, the role of adipokines in mediating such CD8+ T cell/adipocyte cross-talk, and 
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the resultant effect on macrophage polarization are poorly understood. In the present study, we 

showed for the first time that the anti-inflammatory action of dietary LC n-3 PUFA on CD8+ T 

cell/adipocyte cross-talk in vitro is via both cell contact-dependent and soluble mediator-driven 

mechanisms; the former of which is attributable, at least in part, to the down-regulation of TNF-

α signaling regardless of whether the CD8+ T cells are derived from lean or obese mice. 

Importantly, we demonstrated, for the first time, that CD8+ T cell/adipocyte cross-talk promotes 

macrophage M1 polarization, whereas this effect is attenuated by LC n-3 PUFA enrichment of 

CD8+ T cells. Collectively, our data provide mechanistic insight into the potential for dietary LC 

n-3 PUFA to mitigate the obese AT phenotype.  	  

Consistent with our recent work (23), LC n-3 PUFA enrichment of CD8+ T cells isolated 

from lean mice attenuated mRNA expression and secreted protein levels of the inflammatory 

adipokines, IL-6 and TNF-α, and secreted levels of chemotactic adipokines, MCP-1, MCP-3 and 

MIP-1α, in LPS-stimulated CD8+ T cell/adipocyte contact-dependent co-cultures. Further, we 

confirmed previous findings from our lab and others who used co-cultures containing 

macrophages (22, 36, 148) as we demonstrated herein that inflammatory adipokine production in 

CD8+ T cell/adipocyte co-cultures is preferentially driven by direct cell-cell contact compared to 

soluble mediator-driven mechanisms. In order to discriminate between the effects attributable to 

direct cell-cell contact versus paracrine signaling, we designed a novel co-culture model wherein 

CD8+ T cells and adipocytes were separated by a trans-well membrane permeable to only 

secreted soluble mediators (e.g. adipokines). Importantly, we showed for the first time that the 

anti-inflammatory action of LC n-3 PUFA on CD8+ T cell/adipocyte cross-talk is maintained 

without direct cell contact as the secreted protein levels of both inflammatory and chemotactic 

adipokines were reduced in LC n-3 PUFA- compared to n-6 PUFA-rich trans-well co-cultures. 
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Interestingly, dietary manipulation of CD8+ T cells, in turn, modulated mRNA expression of 

MCP-1, IL-6 and TNF-α in adipocytes derived from trans-well co-cultures, emphasizing the 

fundamental role of CD8+ T cells in obesity-induced adipocyte dysfunction and the potential 

efficacy of LC n-3 PUFA to mitigate ensuing AT dysfunction.  

Our findings also show, for the first time, that LC n-3 PUFA enrichment of CD8+ T cells 

attenuates the ensuing LPS-stimulated inflammatory cross-talk with adipocytes regardless of the 

underlying lean or obese phenotype. In a confirmatory experiment, we demonstrated that LC n-3 

PUFA suppressed LPS-induced secreted levels of TNFα and chemotactic adipokines in co-

cultures containing LPS pre-stimulated adipocytes, reflective of the inflamed adipocyte 

phenotype within developing obese AT prior to CD8+ T cell infiltration. Interestingly, secreted 

TNFα did not differ between n-6 PUFA-rich co-cultures comprised of 10% and 20% CD8+ T 

cells to adipocytes, whereas secretion of macrophage chemotactic adipokines increased with 

additional CD8+ T cells, suggesting that CD8+ T cell/adipocyte cross-talk within expanding AT 

establishes an inflammatory microenvironment that is maintained during the progression of 

obesity and that favours M1 polarization of the accumulating macrophages. Collectively, these 

data highlight the preventative (204-209) and therapeutic (205-209) potential of LC n-3 PUFA to 

protect against obesity-induced AT dysfunction, yet, to our knowledge, we are the first to 

demonstrate such benefits of EPA and DHA in combination, as is most commonly consumed in 

the Western diet (132). 

The modulation of secreted TNF-α in our LPS-stimulated lean and obese CD8+ T 

cell/adipocyte co-cultures is intriguing considering that 3T3-L1 adipocytes alone do not secrete 

TNF-α (23) but it is overexpressed in human (102) and rodent (6, 104) obese AT, and further, 

amongst the inflammatory adipokines measured, secreted TNF-α was most significantly blunted 
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by LC n-3 PUFA enrichment of CD8+ T cells in cell contact-dependent co-cultures. 

Interestingly, TNF-α neutralization in n-6 PUFA-rich co-cultures mimicked the anti-

inflammatory action of LC n-3 PUFA by reducing MCP-1, IL-6 and TNF-α mRNA expression 

in lean cell contact-dependent co-cultures, and MCP-1, TNF-α and IFN-γ in obese co-cultures; 

though our secreted protein data confirmed that TNF-α neutralization was not necessarily as 

anti-inflammatory as LC n-3 PUFA. In contrast, although secreted TNF-α was modulated by LC 

n-3 PUFA enrichment of CD8+ T cells in lean trans-well co-cultures, TNF-α neutralization in n-

6 PUFA-rich co-cultures did not simulate the anti-inflammatory action of LC n-3 PUFA on 

inflammatory mediator mRNA expression in adipocytes. The contradiction in TNF-α-mediated 

inflammation between our cell contact-dependent and -independent co-culture models disagrees 

with previous findings in adipocyte/macrophage co-cultures treated with a TNF-α-neutralizing 

antibody in the trans-well system (36), yet agrees with a report in co-cultured adipocytes and 

TNF-α KO splenocytes, wherein the mixed population of immune cells was estimated to be 

dominated by CD8+ T cells (30% of total) (12), collectively suggesting that the kinetics of TNF-

α signaling are dependent on cell type, but further study is required. Nonetheless, our data 

support the reported role of TNF-α in the paracrine signaling loop between adipocytes and 

immune cells (12, 36, 102); however, to our knowledge, we are the first to demonstrate the 

significance of TNF-α signaling in the context of CD8+ T cell-mediated AT inflammation in 

obesity (6). It is conceivable that the anti-inflammatory action of LC n-3 PUFA is, in part, 

attributable to the ability to reduce secreted TNF-α, yet it is impossible to definitively make this 

conclusion using our study design, and thus investigation into TNF-a replenishment in LC n-3 

PUFA-enriched co-cultures is warranted. 
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Mechanistically, inflammatory adipokine production within our models may be 

attributable to, in part, dysfunctional adipocyte-derived saturated fatty acid (SFA)- and LPS-

induced TLR2/4 signaling (26) and TNF-α-induced TNFR1/2 signaling (102, 108, 112-114), a 

consequence of which is activation of the nuclear factor (NF)-κB transcription factor complex 

that we recently reported to be blunted in LC n-3 PUFA-enriched CD8+ T cell/adipocyte co-

cultures (23). Consistent with our inflammatory adipokine data in LPS-stimulated co-cultures of 

the present study, LC n-3 PUFA and TNF-α neutralization attenuated mRNA expression of 

TLR2 and TNFR2, but not TLR4 or TNFR1, in lean CD8+ T cell/adipocyte contact-dependent 

co-cultures, as did LC n-3 PUFA in adipocytes of contact-independent co-cultures. Likewise, LC 

n-3 PUFA enrichment of obese CD8+ T cells blunted TLR2 mRNA expression in LPS-

stimulated cell contact-dependent co-cultures, whereas TNF-α neutralization was completely 

inert. LC n-3 PUFA are suggested to block the ligand binding sites of TLR2 and TLR4 (35, 161), 

though it is also conceivable that the incorporation of LC n-3 PUFA into CD8+ T cell membrane 

phospholipids disrupted the formation of lipid rafts, SFA and cholesterol-rich membrane 

microdomains that facilitate ligand-induced TLR4 (135, 136, 162, 163) and TNFR1 (210) signal 

transmission by co-localizing the necessary protein components. Likewise, LC n-3 PUFA may 

also attenuate CD8+ T activation and subsequent inflammatory cross-talk with adipocytes in our 

system as CD8 and components of the T cell receptor (TCR) have been reported to co-localize to 

lipid rafts for efficient interaction with major histocompatibility complex (MHC) class I (211), 

though further study is required. 

TLR2/4-mediated and TNF-α-induced activation of NF-κB also primes activation of the 

NLRP3 inflammasome and, ultimately, production of IL-1β and -IL-18 (43, 66, 67, 122). SFA 

and LPS have been shown to prime and activate the NLRP3 inflammasome via a ROS-dependent 
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mechanism in cultured adipocytes and macrophages (44-45), suggesting that ROS, an 

intracellular byproduct of AT dysfunction (169), may be a crucial intermediate in TLR2/4-

mediated NLRP3 inflammasome activity within obese AT. Accordingly, NLRP3 inflammasome 

expression and activity is increased in obese human and HF diet-fed rodent visceral AT (28, 75, 

174) and is reported to correlate with CD8+ T cell and M1 macrophage accumulation therein (28, 

74, 75, 118, 173), whereas NLRP3 KO mice are protected against the HF diet-induced obese AT 

phenotype (75). Herein, we confirmed our previous findings in LPS-stimulated lean CD8+ T 

cell/adipocyte contact-dependent co-cultures (23) and showed, for the first time, that the LC n-3 

PUFA-mediated attenuation of NLRP3 and IL-1β mRNA expression can be re-produced by 

TNF-α neutralization in n-6 PUFA-rich co-cultures, and in co-cultures containing obese CD8+ T 

cells. In humans, adipocyte expression of NLPR3 inflammasome-related genes, and activation of 

the caspase-1 domain, correlate with adiposity (28), and thus, importantly, we demonstrated that 

LC n-3 PUFA enrichment of lean CD8+ T cells, in turn, blunted NLRP3 and IL-1β mRNA 

expression in adipocytes derived from contact-independent co-cultures, whereas TNF-α 

neutralization was inert in this model. Further, we showed for the first time that LPS-stimulated 

lean CD8+ T cell/adipocyte contact-dependent cross-talk drives NLRP3 inflammasome (i.e. 

caspase-1) activity, coinciding with increased ROS accumulation compared to adipocytes alone; 

processes attenuated by LC n-3 PUFA enrichment of CD8+ T cells, as well as TNF-α 

neutralization in n-6 PUFA-rich co-cultures, though the former was most effective. These data 

support previous work in adipocytes wherein the TNF-α-induced increase in secreted IL-1β was 

blunted by caspase-1 inhibition (120); however, to our knowledge, we are the first to 

demonstrate the significance of TNF-α in modulating NLRP3 inflammasome activity in the 

context of adipocyte/immune cell cross-talk. In this connection, our data suggest that reduced 
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TNF-α signaling underlies the mechanism by which LC n-3 PUFA attenuated NLRP3 

inflammasome priming and activation in our CD8+ T cell/adipocyte co-culture model. These 

findings are in line with previous reports in cultured macrophages treated with EPA and DHA 

(43, 147, 172), and provide mechanistic insight into the in vivo scenario wherein, interestingly, 

the anti-inflammatory effect of LC n-3 PUFA on the obese AT phenotype in HF diet-fed mice 

was demonstrated to be dependent on inhibition of NLRP3 inflammasome activation (147).  

The capacity for LC n-3 PUFA to mitigate the obese AT phenotype is underscored by 

reduced macrophage infiltration into obese AT of humans (212) and HF-fed rodents (104, 204, 

213). Further, in response to the obese AT microenvironment, infiltrated macrophages polarize 

to the M1 phenotype (6), characterized by increased IL-6, TNF-α and IL-1β (56, 118, 198), 

whereas LC n-3 PUFA promote an M1 to M2 phenotypic switch that coincides with reduced AT 

inflammation (104, 213). The fundamental role of CD8+ T cells in macrophage recruitment to 

obese AT has been elegantly demonstrated, both in vitro and in vivo, wherein CD8+ T cell 

accumulation within obese AT correlated with that of M1 macrophages (6). We recently 

demonstrated that LC n-3 PUFA attenuated macrophage migration in CM collected from lean 

CD8+ T cell/adipocyte contact-dependent co-cultures (23), and we expanded on this in the 

present study by showing, for the first time, that compared to CM collected from LPS-stimulated 

adipocytes, the inflammatory cross-talk between n-6 PUFA-rich CD8+ T cells and adipocytes, in 

turn, increased mRNA expression of M1 polarization markers, including iNOS, TNF-α and IL-6. 

CD8+ T cell/adipocyte CM also primed activation of the NLRP3 inflammasome within 

macrophages, as evidenced by increased NLRP3, IL-1β and IL-18 mRNA expression, 

collectively suggesting that the paracrine interactions between CD8+ T cells and adipocytes drive 

M1 macrophage polarization, a critical link between the obese AT cellular composition and 
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development of IR (6, 118). Importantly, we demonstrated a relevant functional outcome for the 

anti-inflammatory action of LC n-3 PUFA versus n-6 PUFA on LPS-stimulated CD8+ T 

cell/adipocyte cross-talk wherein the consequent macrophage mRNA expression of M1 

polarization markers, including NLRP3 inflammasome-related genes, was reduced with a 

concomitant increase in that of anti-inflammatory and regulatory mediators, IL-10 and TGF-β, 

respectively, that are associated with the M2 phenotype (69). Further, TNF-α neutralization 

within LPS-stimulated n-6 PUFA-rich CD8+ T cell/adipocyte co-cultures mimicked the anti-

inflammatory effects of LC n-3 PUFA on ensuing macrophage mRNA expression, suggesting 

that the ability of LC n-3 PUFA to modulate macrophage polarization is dependent on, at least in 

part, the down-regulation of TNF-α signaling, though further study is required. Obese AT has 

previously been shown to activate splenic CD8+ T cells in vitro, and in a separate experiment, 

CM collected from activated CD8+ T cells induced macrophage migration and TNF-α production 

(6). However, to our knowledge, we are the first to provide evidence that the accumulation of 

M1 macrophages in obese AT may be largely attributable to the paracrine interactions between 

CD8+ T cells and adipocytes, and in this connection, our findings further support CD8+ T 

cell/adipocyte cross-talk as a target for dietary LC n-3 PUFA to mitigate M1 macrophage-

mediated AT inflammation. 

 A potential limitation of the current study was our use of splenic-derived CD8+ T cells, 

yet this CD8+ T cell source satisfied our intention to mimic CD8+ T cell infiltration (i.e. 

originating from a non-AT source) into expanding AT. The spleen is an immunological organ 

that filters circulating immune cells, and thus represents systemic CD8+ T cell status. While 75% 

of CD8+ T cells within obese AT of HF diet-fed mice exhibit an activated effector phenotype 

(i.e. CD44+, CD62L-) (6, 77), the activation status (i.e. naive vs. effector/memory) of splenic 
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CD8+ T cells was unknown in our models. It is conceivable that dietary LC n-3 PUFA modulated 

the splenic CD8+ T cell population in vivo (214), which, in turn, affected their activity in vitro, 

and thus future studies will consider CD8+ T cell phenotype prior to and after co-culture with 

adipocytes. Related to this, mRNA expression in our cell contact-dependent co-cultures, which 

best represents the in vivo scenario, was measured in CD8+ T cells and adipocytes combined, and 

although mRNA expression was measured in adipocytes derived from cell contact-independent 

co-cultures, the cellular source of inflammatory mediators within our models cannot be 

definitively discerned without comparison to CD8+ T cell data. Future studies will investigate the 

dominant cellular source of soluble mediators that drive CD8+ T cell/adipocyte inflammatory 

cross-talk, but assuming that anti-obesity therapies are not cell-specific, neutralization of 

secreted TNF-α in co-cultures of the current study was the most physiologically relevant 

approach to assessing its potential as an intervention target. Another limitation relates to our 

inability to draw comparisons between our lean and obese co-cultures due to differences in oil 

composition between our LF and HF diets. However, we met our objective to determine if our 

initial findings in lean CD8+ T cell/adipocyte co-cultures (23) could be reproduced in the obese 

co-cultures that they represent. 

 

4.5 – Conclusion 

In summary, our results suggest that inflammatory adipokine-mediated paracrine 

interactions between adipocytes and CD8+ T cells represent a pivotal target for intervention with 

dietary LC n-3 PUFA to mitigate development of obese AT inflammation. Despite the 

macrophage-centric focus of the contribution of immune cells to obese AT inflammation, CD8+ 

T cell infiltration precedes and drives that of macrophages. Using novel in vitro models that 
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recapitulate the kinetics of CD8+ T cell infiltration into expanding AT, we showed that dietary 

LC n-3 PUFA enrichment, at the expense of n-6 PUFA, in splenic CD8+ T cells isolated from 

lean and obese mice attenuates LPS-stimulated inflammatory adipokine synthesis and secretion 

in co-culture with 3T3-L1 adipocytes. Our findings suggest that, mechanistically, the anti-

inflammatory action of LC n-3 PUFA on CD8+ T cell/adipocyte cross-talk is attributable, at least 

in part, to reduced TNF-α signaling and downstream activation of inflammatory mediators, 

including the NLRP3 inflammasome. Importantly, we demonstrated a relevant functional 

outcome for immunomodulation of CD8+ T cell/adipocyte cross-talk wherein LC n-3 PUFA 

blunted macrophage mRNA expression of M1 polarization markers compared to n-6 PUFA. 

Collectively, our data support LC n-3 PUFA as a potential dietary strategy to mitigate CD8+ T 

cell/adipocyte inflammatory paracrine interactions prior to M1 macrophage-driven aspects of 

obesity and related pathologies. 
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Chapter 5: Integrative discussion 
 

The overall objective of this thesis was to investigate the role of n-3 and n-6 PUFA in the 

modulation of inflammatory adipokine production using novel in vitro models that recapitulate 

early changes in development of the obese AT phenotype. Our in vitro models were designed to 

be physiologically relevant representations of the paracrine interactions between dysfunctional 

adipocytes and AT-infiltrated CD8+ T cells (6). In expanding AT, adipocytes are a significant 

source of inflammatory adipokines that mediate such cross-talk with CD8+ T cells, as well as 

chemotactic adipokines (31) that promote ensuing macrophage infiltration and M1 polarization 

(3, 31, 41); the hallmark of the obese AT phenotype. Extensive evidence suggests that FO-

derived LC n-3 PUFA, EPA and DHA, are anti-inflammatory nutrients (14) that attenuate 

adipocyte production of inflammatory mediators, alone or in conjunction with an inflammatory 

stimulus, such as LPS (15-17, 19, 104, 144, 145). In contrast, few studies have explored the 

potential for plant-derived n-3 PUFA, ALA and SDA, or n-6 PUFA, LA and AA, to modulate 

adipocyte-derived inflammatory mediator production, and conflicting results amongst the 

diversity of in vitro models confused the anti-inflammatory versus pro-inflammatory stereotype 

of n-3 versus n-6 PUFA, respectively. This thesis built on previous work to establish a direct 

comparison between the abilities of essential n-3 and n-6 PUFA and their respective LC 

conversion products to modulate the adipocyte response to an LPS-stimulated inflammatory 

microenvironment that mimics that of obese. 

 The ability of PUFA to modulate adipokines in the presence of LPS is significant in light 

of the contribution of metabolic endotoxemia (i.e. increased circulating LPS) to AT 

inflammation in obesity (11, 50, 53). Mechanistically, LPS induces TLR4 signaling to promote 

inflammatory adipokine production within adipocytes and immune cells via, in part, activation of 
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the NF-κB transcription factor (26), which, in turn, primes activation of the NLRP3 

inflammasome (66). In contrast, LC n-3 PUFA have been shown to inhibit the TLR4 signaling 

cascade via a GPR120-dependent mechanism (104, 147). However, prior to this thesis, the 

interplay between TLR4 and GPR120 signaling and potential for modulation by n-3 and n-6 

PUFA had not been investigated in adipocytes.  

We recently demonstrated that LPS exacerbated inflammatory paracrine interactions 

between adipocytes and dietary n-6 PUFA-enriched CD8+ T cells co-cultured at the cellular ratio 

reported in obese AT (6), whereas the LPS-induced consequences, including in vitro macrophage 

migration, were attenuated by dietary LC n-3 PUFA enrichment of CD8+ T cells (23). However, 

prior to this thesis, the significance of secreted adipokines in the anti-inflammatory action of LC 

n-3 PUFA on CD8+ T cell/adipocyte cross-talk could not be discerned from the effects mediated 

by direct cell-cell contact. Further, though CD8+ T cells play a fundamental role in M1 

macrophage accumulation within obese AT (6), prior to this thesis, CD8+ T cell/adipocyte cross-

talk had not been investigated as a target for dietary manipulation to regulate the ensuing 

polarization status of migrated macrophages.    

 

5.1 – Summary of results     

 a) Study 1 

The first study of this thesis challenged the anti- versus pro-inflammatory dogma of n-3 

versus n-6 PUFA, respectively, in 3T3-L1 adipocytes. Consistent with our hypothesis, LC n-3 

PUFA, EPA and DHA, exerted anti-inflammatory effects compared to their LC n-6 PUFA 

counterpart, AA, in the LPS-stimulated condition. In fact, we demonstrated, for the first time, 

that AA acts synergistically with LPS to increase inflammatory adipokine production and prime 
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the NLRP3 inflammasome. Interestingly, TLR4 neutralization blunted the individual and 

synergistic inflammatory action of LPS and AA on inflammatory mediator mRNA expression. 

Though LPS is an established TLR4 agonist (26), to our knowledge this is the first report of AA 

directly affecting TLR4 signaling in adipocytes. In contrast, our results suggest that EPA and, 

more potently, DHA inhibit the TLR4 signaling cascade via a GPR120-dependent mechanism to 

blunt NF-κB activation and subsequent inflammatory adipokine gene expression. In contrast to 

our hypothesis, the plant-derived n-3 and n-6 PUFA, ALA, SDA and LA, respectively, lacked 

the same immunomodulatory potential as their LC metabolites (i.e. EPA, DHA and AA) with no 

appreciable effects on inflammatory adipokine production, thus emphasizing that the n-3 versus 

n-6 PUFA dogma is fatty acid-specific.  

  

b) Study 2 

Given that dysregulated adipokine production is driven by paracrine interactions between 

adipocytes and immune cells within obese AT (9), the second study of this thesis aimed to 

further investigate LC n-3 PUFA as a dietary strategy to mitigate the CD8+ T cell/adipocyte 

inflammatory cross-talk that precedes M1 macrophage accumulation (6). Consistent with our 

hypothesis, the anti-inflammatory action of LC n-3 PUFA on the mRNA expression and secreted 

protein level of inflammatory adipokines was evident in LPS-stimulated co-cultures containing 

CD8+ T cells isolated from lean and obese mice. Further, regardless of the in vivo phenotype, LC 

n-3 PUFA attenuated NLRP3 inflammasome priming in CD8+ T cell/adipocyte co-cultures, 

which we demonstrated, for the first time, to coincide with its reduced (caspase-1) activity in 

lean co-cultures. Also consistent with our hypothesis, we demonstrated, for the first time, that 

TNF-α neutralization mimicked the anti-inflammatory effects of LC-n-3 PUFA in lean and obese 
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co-cultures, though not consistently as potently. In contrast, the anti-inflammatory action of LC 

n-3 PUFA was maintained in cell contact-independent co-cultures, whereas that of TNF-α 

neutralization was lost. Importantly, we are the first to report that CD8+ T cell/adipocyte cross-

talk promotes macrophage polarization towards the M1 inflammatory phenotype; a defining 

characteristic of the obese AT phenotype that dietary LC n-3 PUFA supplementation attenuated 

in our in vitro model.  

 

5.2 – Strengths, limitations and future directions 

a) Study 1 

The physiologically relevant cell culture models of obese AT established in this thesis 

allowed for a comprehensive investigation into the immunomodulatory potential of n-3 and n-6 

PUFA, as well as their respective mechanisms of action therein. The first study of this thesis 

aimed to use a consistent model to draw comparisons between individual n-3 and n-6 PUFA on 

the adipocyte response to an inflammatory microenvironment; conclusions that, prior to this 

thesis, were made based on findings from a combination of in vitro work. To optimize the 

physiological relevance of our model, 3T3-L1 adipocytes were treated with a dosage of n-3 and 

n-6 PUFA achievable through diet. While circulating PUFA levels vary in humans, 100 µM has 

been reported for DHA, with lower levels observed for ALA and EPA, but higher levels for LA 

and AA (186, 187). Accordingly, though we opted to maintain the same dosage for all PUFA 

treatments, it is recognized that a typical diet is not as uniform. In fact, typical Western 

consumption of n-3 versus n-6 PUFA is in excess of 1:15-16 (132). In this connection, it is also 

recognized that a typical diet is composed of a combination of PUFA. Though our combined 

EPA + DHA treatment represented commercially available fish oil supplements, future studies in 
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3T3-L1 adipocytes should investigate the immunomodulatory effects of various n-3:n-6 PUFA 

ratios, perhaps in the presence of SFA to best reflect human consumption.  

To further recapitulate the in vivo scenario, we also stimulated 3T3-L1 adipocytes with a 

LPS dosage (10 ng/mL) that reproduces the level of circulating endotoxin units (5-6 endotoxin 

units/mL) reported in obese humans (49, 149) and in HF diet-induced obese rodent models (50). 

Adipocytes were treated with PUFA and LPS concomitantly to simulate dietary intake during the 

progression of obesity, however, future studies should investigate the potential for PUFA, 

particularly LC n-3 PUFA, to prevent and rescue LPS-induced dysregulated adipokine 

production. While LC n-3 PUFA supplementation and endogenous production are reported to 

attenuate consequences of the HF diet-induced obese AT phenotype (204-209), investigations 

into the ability of LC n-3 PUFA to attenuate consequences downstream of established obesity are 

promising but scarce (205-207, 209), and to our knowledge, no study has investigated the 

remedial effect of EPA and DHA in combination, as is most commonly consumed in the Western 

diet (132). 

Finally, a major strength of study one was the investigation into mechanisms underlying 

adipokine modulation by LC n-3 and n-6 PUFA, including GPR120 and TLR4 signaling, 

respectively. We used a neutralizing antibody against TLR4 to demonstrate, for the first time, 

that AA stimulates the TLR4 signaling cascade, whereas we cannot confirm that DHA acted via 

GPR120 in our model without its antagonism. Related to this, future work should explore other 

potential mechanisms underlying LC n-3 and n-6 PUFA immunomodulatory action, in particular 

the role of their biologically active metabolites, including eicosanoids, resolvins and protectins 

(184), considering our observed changes in COX-2 mRNA expression.   
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b) Study 2  

To further explore the ability of n-3 and n-6 PUFA to modulate adipokines, in the second 

study of this thesis we advanced our LPS-stimulated 3T3-L1 adipocyte model to include CD8+ T 

cells in an effort to recapitulate the cellular microenvironment that is reflective of early changes 

in obese visceral AT, prior to macrophage infiltration (6). To optimize the physiological 

relevance of our model, co-cultures comprised 10% CD8+ T cells to adipocytes to mimic the 

degree of CD8+ T cell accumulation reported in the obese AT of HF diet-fed mice (6), and 

further, co-cultures were stimulated with the same physiological dosage of LPS (10 ng/mL) as in 

study one. However, CD8+ T cells were isolated from the spleens as opposed to visceral AT of 

lean and obese mice. Using the spleen as our CD8+ T cell source satisfied our intention to 

simulate CD8+ T cell infiltration (i.e. originating from a non-AT source) into expanding AT. The 

spleen is an immunological organ that filters circulating immune cells, and therefore it is 

representative of systemic CD8+ T cell status. Nonetheless, the activation status (i.e. naive vs. 

effector/memory) of splenic CD8+ T cells was unknown in our models, whereas 75% of CD8+ T 

cells within obese AT of HF diet-fed mice exhibit an activated effector phenotype (i.e. CD44+, 

CD62L-) (6, 77). We confirmed spleen and CD8+ T cell enrichment of LC n-3 PUFA, thus it is 

conceivable that FO supplementation modulated the activation status of splenic CD8+ T cells in 

vivo (214), which, in turn, affected their activity in vitro, and therefore future studies will 

consider CD8+ T cell phenotype prior to and after co-culture with adipocytes.  

 Though LC n-3 PUFA exerted anti-inflammatory action in lean and obese co-cultures, 

comparisons cannot be drawn between the respective dietary groups due to differences in oil 

composition. Specifically, the n-6 PUFA source within the LF and HF diet was safflower oil and 

corn oil, respectively, and LC n-3 PUFA provided 1.9% and [an estimated (185)] 4.6% of total 
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kcal within the LF-FO and HF-FO diets, respectively. In humans, 1.9% of total kcal from LC n-3 

PUFA corresponds to 4.2 g included in a 2000 kcal/day diet; a physiological dosage 

demonstrated to reduce circulating inflammatory mediators in obesity (14). However, 4.6% of a 

2000 kcal/day diet corresponds to 10.2 g, and thus our HF-FO diet contained a 

supraphysiological dosage of LC n-3 PUFA. In order to compare lean to obese CD8+ T 

cell/adipocyte cross-talk, future studies should utilize LF and HF diets comprised of the same n-6 

PUFA source and supplemented with a matched percentage of total kcal from LC n-3 PUFA. 

Nonetheless, our experimental design satisfied our objective to confirm that dietary LC n-3 

PUFA supplementation of a n-6 PUFA-rich diet attenuates CD8+ T cell/adipocyte inflammatory 

cross-talk regardless of the in vivo phenotype from which CD8+ T cells were derived. Besides, 

the cellular composition of our lean and obese co-cultures (i.e. 10% CD8+ T cells to adipocytes) 

remained stable, which does not reflect the in vivo scenario wherein the percentage of CD8+ T 

cells within the SVF of lean visceral AT is reported to increase 2-fold in HF diet-fed obese mice 

(6). Thus, our experiment in LF co-cultures comprising 10% and 20% CD8+ T cells to 

adipocytes allowed for investigation into the immunomodulatory potential of a physiological 

dosage of LC n-3 PUFA in lean versus obese AT.  

 In study two, TNF-α neutralization acted comparably to LC n-3 PUFA, suggesting that 

the anti-inflammatory action of LC n-3 PUFA is dependent on the ability to reduce secreted 

TNF-α. However, it is impossible to definitively make this conclusion using our study design, 

and thus investigation into TNF-a replenishment in LC n-3 PUFA-enriched co-cultures is 

warranted. Our cell contact-independent co-cultures allowed for investigation in adipocyte-

specific effects of CD8+ T cell/adipocyte cross-talk, however the cellular source of inflammatory 

adipokines within our models cannot be definitively discerned without comparison to CD8+ T 
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cell data. Future studies will investigate the dominant cellular source of soluble mediators that 

drive CD8+ T cell/adipocyte inflammatory cross-talk, but neutralization of secreted TNF-α in our 

co-cultures was the most physiologically relevant approach to assessing its potential as a target 

for intervention. In this connection, future work should discern the role of other critical 

inflammatory mediators in the paracrine interactions between CD8+ T cells and adipocytes, 

including dysfunctional adipocyte-derived SFA that stimulate TLR4 signaling and downstream 

activation of NF-κB (40); a consequence of CD8+ T cell/adipocyte cross-talk attenuated by LC 

n-3 PUFA (23). Likewise, in study two of this thesis, we showed that the anti-inflammatory 

action of LC n-3 PUFA on CD8+ T cell/adipocyte cross-talk, in turn, attenuated mRNA 

expression of M1 polarization markers in RAW 264.7 macrophages. These findings highlight a 

major strength of our work in demonstrating a relevant functional outcome for CD8+ T 

cell/adipocyte inflammatory cross-talk as a target for dietary intervention with LC n-3 PUFA to 

mitigate development of the obese AT phenotype. Nonetheless, future studies should confirm 

macrophage polarization status by analyzing cell surface markers and secreted factors.   

 

5.3 – Significance: Implications of findings regarding immunomodulatory potential of n-3 

versus n-6 PUFA in development of obese AT inflammation 

Dysregulated adipokine production within obese AT is driven by paracrine interactions 

between adipocytes and immune cells, and contributes to the chronic low-grade inflammatory 

state that causally links obesity to systemic IR, the precursor to T2D (2, 8, 9). Despite the 

macrophage-centric focus of the contribution of immune cells to obese AT inflammation, CD8+ 

T cell accumulation precedes and drives that of macrophages, yet paracrine interactions between 

adipocytes and CD8+ T cells is a poorly understood characteristic of the obese AT inflammatory 
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phenotype. Given the increasing prevalence of obesity and associated pathologies, strategies to 

mitigate obese AT inflammation are warranted. The in vitro work presented in this thesis 

strongly suggests that increased consumption of FO-derived LC n-3 PUFA, EPA and DHA, in 

conjunction with reduced n-6 PUFA intake is a promising dietary approach.  

This thesis provides new knowledge regarding the anti- versus pro-inflammatory dogma 

of dietary n-3 versus n-6 PUFA, respectively, within the context of obesity-induced AT 

inflammation. ALA and LA are the primary n-3 and n-6 PUFA within the obesogenic Western 

diet, yet were relatively neutral stimuli in our adipocyte model of obese AT inflammation. 

Nonetheless, a fraction of dietary ALA is endogenously converted to the LC n-3 PUFA, EPA 

and DHA, and LA to the LC n-6 PUFA, AA, which we demonstrated herein to differentially 

modulate inflammatory adipokine production. Our findings emphasize fatty acid-specific effects 

amongst n-3 and n-6 PUFA, but provide support for increasing the dietary n-3:n-6 PUFA ratio as 

a strategy to mitigate development of the obese AT phenotype. In this connection, we also 

demonstrated that dietary incorporation of LC n-3 PUFA at the expense of n-6 PUFA attenuates 

inflammatory adipokine-mediated paracrine interactions between adipocytes and CD8+ T cells 

to, in turn, mitigate M1 macrophage polarization; the hallmark of obese AT inflammation. 

Therefore, the work presented in this thesis supports and provides mechanistic insight into CD8+ 

T cell/adipocyte cross-talk as a pivotal target for dietary intervention with LC n-3 PUFA early in 

development of the obese AT phenotype to halt the progression of ensuing pathologies.  

 

5.4 – Concluding remarks 

In conclusion, this thesis highlights the immunomodulatory potential of n-3 and n-6 PUFA 

to direct the development of obese AT inflammation. Given the increasing prevalence of obesity 
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and associated pathologies, such as IR and ensuing T2D, strategies to mitigate adipokine 

dysregulation within expanding AT are warranted. Though further study is required, the work 

presented in this thesis suggests that the modulation of inflammatory adipokine production via 

changes in intracellular mediator activity represents a target by which LC n-3 PUFA may impact 

the kinetics of obese AT inflammation. Thus, our findings advocate for LC n-3 PUFA 

supplementation to increase the dietary n-3:n-6 PUFA ratio as a nutritional strategy to mitigate 

obesity-associated pathologies. 
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Appendix A 

RT-PCR primer sequences 

Gene Forward primer (5’-3’) Reverse primer (5’-3’) 
RPLP0 actggtctaggacccgagaag tcccaccttgtctccagtct 
MCP-1 gcctgctgttcacacagttgc caggtgagtggggcgtta 
IL-6 aacgatgatgcacttgcaga gagcattggaaattggggta 
TNF-α catcttctcaaaattcgagtgacaa tgggagtagacaaggtacaaccc 
IFN-γ atctggaggaactggcaaaa ttcaagacttcaaagagtctgaggt 
SOCS3 atttcgcttcgggactagc  aacttgctgtgggtgaccat 
MCP1-IP ccccaagccttccactcta  ccttgttcccatggctca 
TLR2 ggggcttcacttctctgctt agcatcctctgagatttgacg 
TLR4 agaaaatgccaggatgatgc ctgatccatgcattggtaggt 
GPR120 ttggtgttgagcgtcgtg ccagcagtgagacgacaaag 
β-arrestin caccccttctttttcacgat caaagtctactccacaagccttc 
NF-κB gagaccggcaactcaagac ctcaggtccatctccttgggt 
cJun ccagaagatggtgtggtgttt ctgaccctctccccttgc 
NLRP3 cccttggagacacaggactc gaggctgcagttgtctaattcc 
Caspase-1 cccactgctgatagggtgac gcataggtacataagaatgaactgga 
Il-1β agttgacggaccccaaaag agctggatgctctcatcagg 
IL-18 caaaccttccaaatcacttcct tccttgaagttgacgcaaga 
COX-2 gggagtctggaacattgtgaa gtgcacattgtaagtaggtggact 
iNOS tcctgttgtttctatttcctttgtt catcaaccagtattatggctcct 
Il-10 ggttgccaagccttatcgga acctgctccactgccttgct 

	  

	  

 

 

 

 


