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ABSTRACT 

THE MODULATION OF OBESITY-ASSOCIATED INFLAMMATORY MEDIATORS AND 

SKELETAL MUSCLE FUNCTION BY DIETARY N-3 AND N-6 POLYUNSATURATED 

FATTY ACIDS: A TIME-COURSE STUDY 

 

Hannah R. Wellings                 Advisor: 

University of Guelph, 2022          Dr. Lindsay E. Robinson 

 

 

Diets high in saturated fatty acids (SFA) contribute to obesity and lead to 

functional changes in adipose tissue (AT)-immune cell populations, altered production 

and secretion of inflammatory adipokines and, ultimately, dysregulated AT and skeletal 

muscle metabolism. Evidence suggests that a high fat diet containing either long-chain 

n-6 or n-3 polyunsaturated fatty acids (PUFA) can differentially modulate AT 

inflammatory adipokine secretion and improve insulin sensitivity in obese AT and 

skeletal muscle. Our findings suggest that dietary n-3 and n-6 PUFA alter AT 

inflammatory adipokines to different extents and in a time-dependent manner. Exposure 

of L6 myotubes to conditioned media generated from AT of rats fed different diets 

further modulated insulin signaling that was dependent on lipopolysaccharide 

stimulation and length of high fat diet consumption. Overall, this thesis suggests that 

dietary n-3 and n-6 PUFA can potentially improve AT and skeletal muscle metabolic 

function over time in an obese environment.
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CHAPTER 1: Literature Review 

1.1 – Introduction 

 

 The global prevalence of overweight and obese individuals has increasingly risen 

over the past 40 years and is considered a modern global health epidemic. Not only 

does this impact metabolic functions, it also predisposes individuals to further chronic 

metabolic complications and diseases including insulin resistance (IR), hypertension, 

cardiovascular disease (CVD), certain types of cancer, liver disease, and type 2 

diabetes (T2D) (1,2). The association between obesity and the variety of associated co-

morbidities is due to maladaptive tissue-specific compensations and enhanced 

inflammatory signaling in adipose tissue (AT) and other peripheral organs (2). AT is a 

highly complex organ that is a critical regulator of energy balance and nutritional 

homeostasis in both fed and fasted states. The plasticity and dynamism of AT can 

change dramatically over the life course and in response to long-term dietary 

behaviours, including the composition of dietary fatty acids, such as high fat diets (HFD) 

enriched in saturated fatty acids (SFA). This thesis will focus on the time-course 

characteristics of adipokine and cytokine dysregulation and the efficacy of intervention 

with various types of dietary fatty acids as a means to prevent the ensuing metabolic 

consequences of HFD consumption. 
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1.2 – Adipose tissue as an active endocrine organ 

 

1.2.1 Adipose tissue biology:  Normal, healthy function 

 

AT plays an important role in the regulation of whole-body metabolic homeostasis in 

healthy and diseased states (3–5). AT serves as a primary site for excess energy 

storage as well as performing fundamental endocrine and neuroendocrine functions; 

secreting a variety of peptide hormones, cytokines (coined adipokines when secreted 

directly from adipocytes or within AT) and activated lipid species (3). AT is highly 

dynamic in response to the host environment, allowing for transient storage and 

breakdown of triglycerides (TAG) to provide energy in the form of fatty acids (FA) as 

required. Due to this dynamic behaviour and energy flux, AT has a significant metabolic 

effect on its local environment, as well as peripheral tissues including the skeletal 

muscle, liver, and pancreas. 

AT is comprised of two distinct types, brown (BAT) and white (WAT) (3,4). BAT is 

associated with a high mitochondrial content and is responsible for non-shivering 

thermogenesis, while WAT is the primary site of lipid storage in the form of TAG 

following excess energy intake and is responsible for quick mobilization of lipid stores 

when energy is required (3). WAT can be divided further into two main depots: 

subcutaneous, which corresponds to AT located under the skin and visceral, 

corresponding to AT that surrounds internal organs (6). Furthermore, the visceral depot 

consists of a mesenteric portion surrounding the intestine and an omental portion that 

covers the abdomen and is typically the focus when studying visceral AT. These 

subcutaneous and visceral depots have different molecular and cellular features that 
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lead to different effects on systemic metabolism.  Regardless of the depot, all WAT is a 

complex, heterogenous organ composed of mature adipocytes and a non-adipocyte 

stromal vascular fraction (SVF) (7–11). The SVF is comprised of pre-adipocytes, 

resident immune cell populations of both the innate and adaptive immune system, 

fibroblasts and endothelial cells (12). The SVF is metabolically active and has a critical 

role in the healthy, regulated expansion of fat pads (9–11). Alongside various immune 

cell populations in the SVF, adipocytes can perform similar actions due to expression of 

innate pattern recognition receptors (PRRs) such as Toll-like receptor (TLR)2 and TLR4 

(13–16). These receptors play an integral role in directing the synthesis and secretion of 

diverse immunomodulatory signaling proteins, such as monocyte chemoattractant 

protein-1 (MCP-1)/chemokine (C-C motif) ligand 2 (CCL2), tumor necrosis factor-α 

(TNF-α), interleukin-6 (IL-6), and IL-1β, in response to local tissue microenvironment 

(15,17,18). Overall, the entirety of AT is adaptive to both nutrient excess and deprivation 

through remodelling processes that change the storage capacity of the tissue (4,19).  

 

1.2.2 – Obese adipose tissue and associated dysfunction 

 

Lean AT and the associated SVF is primarily comprised of small, metabolically 

flexible adipocytes, regulatory T (Treg) cells, eosinophils, invariant natural killer T cells 

and alternatively activated, M2 resident macrophages (20,21). These cell types 

collectively regulate inflammation and maintain AT insulin sensitivity via secretion of 

anti-inflammatory cytokines and adipokines such as adiponectin, interleukin (IL)-10, IL-

4, IL-13, and transforming growth factor (TGF)-β and efficiently storing excess lipids 

(4,11,12,15,20). During periods of consistent overnutrition, mature adipocytes undergo 
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remodelling and compensate by accumulating excess FA in the form of neutral TAG 

and become enlarged (3,22,23). This response is important to limit the potential 

damaging effects of FFA accumulation in the circulation. AT has a limited storage 

capacity as evidenced by the resulting adipocyte dysfunction and reduced lipid buffering 

capacity from continuous stimulation of adipocyte hypertrophy in a state of excess 

calories (24,25). An increase in circulating FFA and TAG is positively associated with 

dysregulated insulin signaling and impaired glucose uptake in obesity and T2D (26,27).  

As obesity develops, AT is characterized by hypertrophic adipocytes and changes in 

the cellular composition and phenotype of the SVF cell populations (22,28). Adipocytes 

become hypertrophic due to increased TAG storage and decreased lipolysis (or lipid 

turnover) as mentioned above, essentially saturating lipid droplet stores (3,22). Further, 

there is an increased proportion of classically activated M1 macrophages, CD8+ T cells 

and Th1 CD4+ T cells that shift the AT to a largely inflammatory environment through an 

increased secretion of TNF-α, MCP-1, IL-6, interferon (IFN)-γ and IL-17 as well as 

paracrine interactions within the tissue (9,12,15,29). In particular, MCP-1 acts as a 

potent chemoattractant that plays a critical role in AT recruitment of monocytes and 

immune cell infiltration (30). Indeed, human and rodent models of obesity show an 

increase in Th1 CD4+ T cells simultaneous to a reduction in Treg cells in AT (31,32). As 

a result, obese AT displays a predominantly pro-inflammatory adipokine profile 

compared to lean AT, as outlined above. This dysregulation of lean, normal functioning 

adipocytes operates in a cyclical pattern, exacerbating the established dysfunction. The 

infiltration of such immune cells and more specifically, macrophages, is a hallmark of 

obese AT.  
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Adipocyte dysfunction is both the source of lipotoxicity and is exacerbated by its 

creation. Lipotoxicity is defined as FFA spillover from AT that results in chronically 

elevated plasma FFA concentration (5,33). FFA spillover is the result of enhanced 

lipolytic rate due to increased hormone sensitive lipase (HSL), AT triglyceride lipase 

(ATGL) and perilipin action in addition to impaired insulin-stimulated antilipolytic action 

during nutrient excess (25). Insulin cannot inhibit lipolysis appropriately, allowing an 

increase in FFA release, primarily SFA, and autocrine and paracrine signaling via 

plasma membrane receptor binding, primarily TLR expressed on the surface of 

adipocytes and infiltrated immune cells within the SVF (5,34,35). TLR4 binding (and 

TLR2 in the liver) leads to activation of  pro-inflammatory cascades and adipokine 

secretion, such as TNF-α, that interrupt proper insulin signaling and ultimately 

perpetuate the obese low-grade inflammatory state (5,35,36). These cascades include 

the inhibitor nuclear factor κB kinase β-subunit (IKKβ)/ nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB) pathway, NLR pyrin domain containing (NLRPP)3 

inflammasome, as well as the generation of reaction oxygen species (ROS) (34,35). 

Activation of the NF-κB transcription factor complex promotes gene expression of 

several inflammatory and chemokines and cytokines such as MCP-1, IL-6, TNF-α and 

IL-1β (14,37–39). 

As a consequence of autocrine and paracrine signaling, adipocyte dysfunction is 

maintained and FFA spillover in the blood becomes a systemic issue due to its 

accumulation in peripheral tissues such as the liver, pancreas, and skeletal muscle, 

known as ectopic lipid accumulation (12,40–44). The increased intracellular 

concentration of TAG and lipid intermediates and the increased inflammatory signaling 



 

6 

 

can impair proper insulin signaling in tissues such as skeletal muscle and the liver 

(43,45). Skeletal muscle is the primary site of glucose disposal in the body; impaired 

insulin signaling in this organ can quickly lead to dysregulated whole-body glucose 

metabolism (46–48). Ultimately, AT dysfunction is a critical factor that links the obese 

state to development of skeletal muscle and whole-body IR.  

1.3 - Adipose tissue inflammation in obesity 

 

1.3.1 – Metabolic endotoxemia drives adipose tissue inflammation in obesity 

 

The link between the gut microbiota and obesity was discovered when germ-free 

mice were first reported to be protected from diet-induced obesity and the associated 

metabolic abnormalities, including metabolic endotoxemia (49,50). Metabolic 

endotoxemia is described as a chronically elevated circulating level of microbiota-

derived lipopolysaccharide (LPS) (51). LPS is a component of Gram-negative bacteria 

cell walls and is continuously produced by the gut through Gram-negative bacterial cell 

death (51,52). It is absorbed from the intestinal lumen to the intestinal capillaries and 

transferred to lipoproteins, specifically chylomicrons, via circulating LPS-binding protein 

(LBP) and eventually transported to peripheral tissues (51–53). Dietary fat has been 

demonstrated to facilitate metabolic endotoxemia (51,54,55) as exemplified by Cani et 

al., where oral ingestion of LPS diluted in oil or oil alone resulted in increased 

endotoxemia, compared to ingestion of LPS diluted in water (54). This suggests that a 

lipid-rich diet is important in LPS-induced endotoxemia, due to its incorporation and 

transport via circulating lipoproteins (54). Furthermore, HFD have consistently 

demonstrated a significant alteration of gut microbiota composition and increased 
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plasma LPS concentration, which naturally alters overall energy homeostasis 

(51,54,56). Metabolic endotoxemia has been reported in humans with obesity and T2D 

in addition to HFD-induced and genetic obesity in rodent models and is considered a 

key factor in the development of obesity-associated low-grade inflammation 

(51,54,56,57). 

Once in the circulation, LPS acts as a potent ligand for TLR4 located at the surface 

of adipocyte and AT-associated immune cell membranes (14,58). Ligand binding 

activates a pro-inflammatory cascade that leads to NF-κB activation, nuclear 

translocation, and binding to the promoter region of inflammatory genes such as TNF-α 

and IL-6 (59,60). LPS infusion in healthy humans has demonstrated increased 

adipocyte production of IL-6, MCP-1, and TNF-α, which are further differentially 

regulated based on adipocyte maturation status (14,61). Overall, the TLR pathway 

provides a direct connection between adipocyte function and innate immunity (14,51). 

Thus, in healthy and unhealthy human and rodent models, LPS stimulation promotes 

dysregulated adipokine secretion that favours a pro-inflammatory milieu and leads to 

whole-body inflammation and IR.  

 

1.3.2 - Immune cell infiltration drives adipose tissue inflammation in obesity 

 

 The infiltration and subsequent accumulation of pro-inflammatory cytokine-

secreting immune cells in visceral AT is a catalyst for the systemic metabolic 

dysfunction and IR in obese environments (62). The dominant immune cell populations 

in lean AT include M2-polarized macrophages, T helper (Th)2 and regulatory T cells 

that support a responsive immune reaction and maintain insulin sensitivity through anti-
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inflammatory cytokine signaling (9–11). In response to a HFD, neutrophils are 

transiently recruited to the AT followed by a replacement of lymphocytes, namely CD4+ 

Th1 and CD8+ T cells, and macrophages, namely M1-polarized phenotype (10,62,63). 

Although T cell infiltration can precede macrophage infiltration in visceral AT of obese 

individuals and rodents (9,64) and has been suggested to be necessary for macrophage 

recruitment, pro-inflammatory M1 polarization and activation and controversy exists 

regarding the temporal sequence of T cell infiltration (9,62,64–66). For example, Lee et 

al. has demonstrated that lymphocyte-deficient mice fed a HFD display significant 

increases in AT macrophage (ATM) accumulation and an associated pro-inflammatory 

signaling (67). This suggests that lymphocytes may not necessarily be required to elicit 

and exacerbate obesity-associated chronic inflammation, though this remains to be fully 

understood. 

 Obese AT lymphocytes primarily consist of CD8+ T cells, also known as cytotoxic 

T cells, and  CD4+ Th1 cells (10,66,68,69). CD8+ T cell AT content has been shown to 

significantly increase with just 2 weeks of HF-feeding and local AT paracrine signaling 

effectively activates these cells (9). Activated CD8+ T cells promote monocyte 

differentiation and further pro-inflammatory signaling (9). Nishimura et al. demonstrated 

an improvement of obesity-associated IR in vivo with induction of CD8+ T cell deficiency 

and a HFD as evidenced by reduction in the M1 macrophage population, reduced 

crown-like structures (CLS) and decreased mRNA expression of inflammatory 

cytokines, including TNF-α and IL-6, when compared to wild-type fed HFD (9). ATM can 

also act as antigen-presenting cells (APC) for T cell subsets, as Morris et al 

demonstrated the ability of ATM to promote CD4+ T cell proliferation and production of 
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IFN-γ in in vivo and in vitro mouse models (44). CD4+ T cells play a critical role in 

upregulation of the AT pro-inflammatory milieu, primarily through increased secretion of 

interferon (IFN)-γ (62,70). Both subsets of T cells work in tandem to promote M1 

polarization and are critical players in the establishment of macrophage-mediated AT 

metabolic dysfunction (9,10,44,62).  

Macrophage infiltration is a hallmark of the obese AT phenotype (71). 

Macrophages are the predominant immune cell type that infiltrate and accumulate in 

obese adipose tissue, making up from 30-50% of the non-adipocyte cell population 

(72,73). The substantial expansion of the macrophage fraction in obese AT is primarily 

due to increased infiltration and to a lesser extent, proliferation of the established 

resident ATM (62,74). As noted above, dysfunctional adipocytes secrete MCP-1, a 

chemoattractant that recruits monocytes to the AT, and in part explains the increase in 

ATM observed in an obese environment. The extent of macrophage infiltration has been 

independently and positively correlated with adipocyte size, BMI, and IR progression, 

with the reverse observation in response to weight loss and reduced adiposity (5,72,75). 

Decreases in ATM have been associated with an improvement in whole-body IR 

(74,76,77). In obesity, macrophages primarily cluster around hypoxic, necrotic 

adipocytes in a specific arrangement, referred to as CLS (62,78,79). It is estimated that 

almost 90% of obese ATM in humans and rodents are localized to CLS (79). Further, 

CLS are observed more frequently in obese and visceral tissue compared to lean and 

subcutaneous tissue, respectively (5,11).  

In healthy AT, macrophages play a necessary role in the acute inflammatory 

response and infection sensing to facilitate wound repair and proper tissue remodelling 
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(62). The primary function of these immune cells is killing and removing infected and 

necrotic cells via phagocytosis (62,80). The macrophage population contains a diverse 

group of subtypes that express a variety of phenotypes and functions even within the 

same tissue. The alternatively activated, M2 phenotype is primarily expressed under 

healthy, basal conditions and is associated with anti-inflammatory cytokine expression 

(namely IL-10, interleukin-1 receptor agonist) and protein secretion such as arginase 

(Arg-1), an enzyme that inhibits inducible nitric oxide synthase (iNOS) activity 

(10,62,80,81). In contrast, the classically activated, M1 phenotype is associated with the 

increased expression of pro-inflammatory cytokines (namely, TNFα and IL-6) and the 

production of iNOS which plays a role in exacerbating inflammation (5,81). It is evident 

that these two phenotypes work in opposition, with an overall shift in activation state to 

M1 in response to HFD consumption and an increase in the innate immune response 

(11,62). Importantly, this shift towards a predominantly M1 phenotype, specifically within 

the CLS in AT, is due to an increase in new infiltrating monocytes and not due to 

phenotypic shift of the pre-established ATM (5). This shift alters the entire surrounding 

tissue, creating an inflammatory environment that further promotes the established 

innate immune response. 

Macrophages highly express TLR4 on their cell surface (TLR2 to a lesser extent) 

(35). This leads to a vicious cycle, as TLR4 KO studies in lean or obese rodents 

demonstrate reduced ATM accumulation, reduced AT inflammation and protection 

against IR development (34,82,83). With an increase in pro-inflammatory cytokine 

release including TNF-α, IL-1β, and IL-6 via M1 macrophages, this stimulates increased 

lipolysis and impaired insulin signalling of nearby adipocytes (5). The FFA spillover is 
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exacerbated and maintained, allowing FFA to bind the TLR2/4 on adjacent macrophage 

surfaces and promote further inflammatory cascades (35,36). The entire paracrine cycle 

independently maintains itself and contributes to the sustained AT dysfunction and 

inflammatory milieu that regulates whole-body IR. 

1.3.3 - Adipokine dysregulation in obese adipose tissue 

 

Adipokine expression and secretion play a critical role in maintaining whole-body 

energy homeostasis and immunity. The autocrine and paracrine actions of adipokines 

that occur between the multitude of AT cell types such as adipocytes and immune cell 

populations of the SVF, are responsible for this regulatory role, as mentioned above (5). 

The adipokine profile of AT depots differ markedly; where visceral AT is characterized 

by an increased secretion of inflammatory adipokines when compared to subcutaneous 

AT, regardless of obesity (84–87). As adiposity increases, the inflammatory adipokine 

profile shifts to an inflammation-promoting phenotype and FFA are increasingly 

released to exacerbate pre-existing metabolic dysfunctions (28,35,88,89). Concurrently, 

there is an observed decrease in anti-inflammatory and insulin-sensitizing adipokine 

production and secretion, including adiponectin and IL-10, which would counteract the 

effects of pro-inflammatory cytokines such as MCP-1, TNF-α, and IL-6 (5,22,62,73). The 

following are select key adipokines important in the development of an inflammatory 

obese AT environment which include MCP-1, TNF-α, and IL-6. 

MCP-1 

MCP-1 is a member of the CC chemokine family and a potent chemoattractant that 

plays a critical role in the recruitment and infiltration of monocytes into AT (5,30,90). 
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MCP-1, or CCL2 in humans, can be produced by various cell types but monocytes, 

specifically macrophages, act as the primary source (91). CCL2 trafficking effects are 

mediated through the cell membrane CCL2 receptor (CCR2) which mediates both 

inflammatory and anti-inflammatory effects that are dependent on the cell type it resides 

on such as APCs or T cells and regulatory T cells, respectively. AT expression and 

secretion of MCP-1 and its receptor, CCR2, are increased in obesity when compared to 

lean controls and this precedes the accumulation of macrophages in obese mice and 

humans (72,90,92–94). MCP-1 protein expression is positively correlated with visceral 

AT mass compared to that of subcutaneous AT. There is an observed preferential 

accumulation of macrophages in visceral versus subcutaneous AT, such that 

macrophages encompass approximately 5-10% of SVF in lean individuals versus up to 

50% of total cells in those with obesity  (72,84,95,96).  

In a mouse model of AT-specific MCP-1 overexpression, there was a significant 

increase in monocyte infiltration and exacerbation of established obesity-associated IR 

(90,97). These results are further confirmed using MCP-1 and CCR2 KO and deficiency 

mouse models (93,98). Using a CCR2 KO model, Weisberg et al. showed that mice are 

partially protected from a HFD-induced adiposity, which was associated with an 

increase in insulin sensitivity and significantly reduced AT macrophage infiltration, 

despite a larger adipocyte size, and decreased inflammatory adipokine expression 

(TNF-α and IL-1β) when compared to adiposity-matched obese counterparts (90,93). 

This suggests that together MCP-1 and CCR2 are critical in the recruitment of 

monocytes to the AT during the development of obesity and act as part of the initial 

trigger for the development of macrophage-dependent inflammation (90,93,97). 
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Finally, MCP-1 is reported to increase early in obesity before the development of 

whole-body IR and is secreted in response to other early markers of obesity including 

inflammatory cytokines TNF-a and IL-6 as well as increased circulating LPS and insulin 

(14,94,96,99,100). Specifically, LPS stimulates increased adipocyte MCP-1 production 

in vitro by signaling through its receptor TLR4 (14,99). Inflammatory cytokine TNF-α 

activates PI3K and downstream targets, Akt/PKB, which activates NF-κB to stimulate a 

variety of inflammatory cytokine expression, including MCP-1 (101,102). Finally, IL-6-

stimulated MCP-1 expression is mediated through Janus kinase (JAK)2 and p44/42 

mitogen activated protein kinase (MAPK) signaling (103). Synergistic increases in 

macrophage MCP-1 expression has been demonstrated through combined LPS and 

palmitic acid (PA) action at macrophage TLR4 (104). This provides evidence that 

multiple cell types (i.e. adipocytes and macrophages) and associated cytokines within 

the AT support the continuous promotion of macrophage infiltration and pro-

inflammatory signaling via increased circulating PA and LPS that is consistent in obesity 

(14,104). Further investigation with 3T3 L1 adipocytes and human muscle cells reveals 

that stimulation with MCP-1 leads to impaired glucose uptake through altered insulin 

action (96,100). Importantly, while MCP-1 impairs insulin sensitivity and glucose 

homeostasis, being an insulin-responsive gene, it remains insulin-sensitive in an insulin 

resistant state. This characteristic is implicated in the pathogenesis of IR as a 

macrophage-independent outcome of increased MCP-1 that influences the 

exacerbation of obesity-induced inflammation and IR (84,96,100).  
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IL-6 

IL-6 is a multifunctional cytokine that is expressed by a variety of different cell types 

including immune cells, fibroblasts, endothelial cells, myocytes, adipocytes, and a 

variety of endocrine cells (86,105,106). IL-6 is often referred to as an ‘inflammatory 

cytokine’ due to its regulatory effects on acute-phase proteins and immune responses, 

where its effect can be inflammatory or anti-inflammatory (107,108). IL-6 is an important 

regulator as both a circulating hormone and through local autocrine and paracrine 

actions between adipocytes and AT infiltrated immune cells. The inflammatory IL-6 

signaling outcome is highly variable and considered to be time-, tissue-, stimulus, and 

diet-dependent (107–110). Adipocyte and AT SVF cell IL-6 signaling and cross-talk can 

lead to impaired adipocyte differentiation, dysregulated adipokine secretion pattern, and 

increased serum FFA (86,111). IL-6 signaling in AT can impair adipocyte differentiation 

and reduce TG storage capacity, in part explaining the observed positive association 

between increased plasma IL-6 concentration and circulating FFA levels (111–113). 

Importantly, metabolic endotoxemia is shown to induce AT IL-6 secretion and signaling 

in human and mouse models (54,105,114). LPS activation of IL-6 gene expression is 

dependent on TLR-mediated NF-κB activation; therefore, increased AT IL-6 production 

is due primarily to infiltrated immune cells of the SVF and less-so by adipocyte TLR 

signaling (86,115). Evidently, in individuals with IR, IL-6 serum levels correlate positively 

with the number of SVF cells per tissue weight (112). These cellular populations also 

express the IL-6 receptor (IL-6R), providing a means for impactful exacerbated cross-

talk between adipocytes and immune cells within the AT (108,115,116). 
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IL-6 signals via a heterodimeric receptor complex that consists of a ligand binding 

subunit, IL-6R, that is present in both a membrane and soluble form (sIL-6R), and a 

signal transducing subunit, gp130. (108,109,112). IL-6 signaling through sIL-6R binding, 

also known as ‘trans-signaling’, is suggested to impart the pro-inflammatory effects of 

IL-6 (108,117). Trans-signaling can result in macrophage recruitment to AT (118). 

Pharmacological therapies and transgenic mouse models blunting IL-6 trans-signalling 

have demonstrated reduced or complete amelioration of AT macrophage recruitment as 

a result (108,117,118). However, despite this promising reduction in ATM, these effects 

were not protective for obesity-induced IR.  

IL-6 is also considered an important regulator of T cells, primarily CD4+ Th1, through 

promoting differentiation, activation, infiltration and memory (115,119). Tissue-specific 

insulin sensitizing effects have been observed in T cell IL-6R KO mouse models 

consuming HFDs compared to WT mice (115). The range of insulin sensitizing effects 

include decreased pro-inflammatory cytokine expression (i.e. IL-6, TNF-α, MCP-1), 

improved AT inflammatory environment via significant reductions in AT CLS and 

secreted IFN-γ, and overall restored AT glucose and lipid handling (115). Blunting IL-6 T 

cell action can alter infiltrated T cell populations, but this protective effect is overcome 

with prolonged HFD (115,119).  

Overall, IL-6 is a dynamic cytokine that can promote pro-inflammatory signaling in 

adipocytes as well as the infiltrating immune cells of the AT and compromise TG 

storage capacity through alteration in adipocyte biology and enzyme regulation. IL-6 

mediated AT dysfunction exacerbates detrimental cross-talk between adipocytes and 
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AT immune cells to further contribute to the chronic low-grade inflammatory state of 

obesity and whole-body IR. 

TNF-α 

TNF-α is a key inflammatory cytokine that contributes to obesity-associated chronic, 

low-grade inflammation (3,5). It is predominantly synthesized and secreted by the SVF, 

namely M1 macrophages, among a variety of other cell types including adipocytes 

(3,5,120,121). The key link between TNF-α, inflammation, and IR was established in 

1993, by Hotamisligil et al. with the use of genetically obese rodents, including db/db 

and ob/ob mice and fa/fa rats, that showed an increase in TNF-α within the WAT was 

associated with impaired insulin action (122). Further, through TNF-α neutralization, the 

disrupted insulin signaling was mitigated. Now it is well established that TNF-α is 

overexpressed in the AT of obese humans and rodents and this expression pattern is 

directly correlated to development of IR (3,61,89,120).  

TNF-α treatment in cultured cells, rodents, and human models shows decreased 

insulin sensitivity through inhibition of insulin signalling transduction (123,124) and 

increased turnover of adipogenesis transcription regulator, PPARγ, thus impairing 

proper adipogenesis and mature adipocyte maintenance at a transcriptional level 

(3,5,125). These actions impact metabolic homeostasis through impaired insulin action 

locally in AT and in peripheral tissues, namely the skeletal muscle (5,125). In contrast, 

anti-TNF-α neutralization and TNF-α KO models improve hyperinsulinemia and restore 

subsequent insulin sensitivity while protecting against inflammation and dysregulated 

insulin signaling associated with HFD-induced obesity (3,124–127). Metabolic 

endotoxemia in in vivo and ex vivo human models show increased TNF-α synthesis and 
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secretion in response to LPS treatment (61). Collectively, this evidence shows that TNF-

α is a critical player in obesity-associated inflammation and ensuing adipocyte 

dysfunction. 

TNF-α functions through two transmembrane receptors, TNF-α receptor (TNFR)1 

and TNFR2, and expression is increased in adipocytes isolated from obese humans 

when compared to lean (5,16). TNF-α binding results in activation of pro-inflammatory 

signaling of IKKβ/NF-κB, p38 MAPK, and JNK/MAP4K4 cascades (125,128). Activation 

of these signaling cascades induces further inflammatory adipokine production as we 

have demonstrated in a co-culture of 3T3 L1 adipocytes and RAW 264.7 macrophages 

wherein increased TNF-α secretion coincided with increased adipocyte expression of 

MCP-1, IL-6 and TNF-α (129). Additionally, increased activation of these signaling 

cascades results in direct dysregulation of proximal insulin signaling and insulin-

stimulated glucose uptake (89,130). Not only does this emphasize the increased TNF-α 

secretion via macrophage-adipocyte cross-talk and its contribution to dysregulated AT 

biology in obesity, but further demonstrates the vicious cycle that TNF-α can perpetuate 

in dysfunctional AT. 

It is postulated that obesity-associated M1 macrophages are primarily responsible 

for the increased TNF-α levels observed in obese AT (125,131), wherein TNF-α levels 

are observed to decrease following weight loss with a simultaneous decrease in M1 

macrophage content of AT (132). Our lab has shown amelioration of M1 macrophage 

recruitment and polarization via adipocyte-CD8+ T cell cross-talk and reduced adipocyte 

dysfunction via TNF-α neutralization (133). Stimulation of RAW 264.7 macrophages with 

palmitate, the adipocyte-derived SFA, led to a dose-dependent increase in TNF-α gene 
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expression, demonstrating the feed-forward inflammatory propagation that TNF-α can 

cause within AT (88). (3,89,125). Similarly, inflammatory cross-talk has been shown to 

be dependent on TNF-α signaling and NF-κB activation when occurring between 

adipocytes and splenic immune cells, representing the SVF within AT (134). This body 

of evidence shows that TNF-α is important in multiple recruitment, polarization and 

maintenance steps of both the innate and adaptive immune cells, particularly when 

challenged with DIO (9,135). Ultimately, the increased TNF-α production in obesity 

results in sustained immune cell infiltration and stimulation of inflammatory cytokine 

production, such as INF-γ, which further stimulates immune cells to produce more TNF-

α that can bind to TNFR1 on adipocytes to continue the cycle (9). 

1.4 - The role of adipokines in skeletal muscle inflammation and 

insulin sensitivity 

 

Skeletal muscle is the primary tissue responsible for insulin-stimulated glucose 

uptake and utilization. Similar to AT, it is regarded as metabolically flexible in response 

to changes in nutritional condition and host environment. Proper metabolic functioning 

of skeletal muscle is integral to maintaining insulin sensitivity; however, literature shows 

that skeletal muscle is prone to inflammation in obesogenic environments where 

muscular flexibility is diminished (46). AT expansion and the associated increased 

circulating AT-derived SFA (e.g. palmitic acid, PA, 16:0) and adipokines interfere with 

myocyte lipid metabolism and insulin signaling, which can contribute to whole-body IR 

(47,48,136). Ectopic lipid accumulation is considered a driving force behind peripheral 

and more specifically, skeletal muscle inflammation and whole-body metabolic 

impairment. Lipid-induced IR has been demonstrated in vitro and in vivo in rat skeletal 
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muscle after increased plasma FFA and only three weeks of a HFD, respectively 

(137,138). Notably, skeletal muscle immune cell infiltration is observed in obesity and is 

exacerbated by circulating adipokines as well as secreted myokines (139).  

Humans and rodents consuming a HFD show increased intramuscular 

triglyceride (IMTG) storage that is positively correlated with the development and 

degree of IR in skeletal muscle. However, storage of FA in this form is regarded as inert 

and instead a useful marker of cytosolic lipid accumulation (140–142). In environments 

of excess FA availability at the muscle, FA can increasingly be partitioned into reactive 

lipid species including, long-chain fatty acyl CoA (LCFA-CoA), diacylglycerol (DAG), and 

ceramide (137,141,143,144). Importantly, LCFA-CoA and acylcarnitine conjugates are 

shown to increase in serum and muscle samples from obese rodents and humans 

(136,145,146). Each of these lipid metabolites interact with the insulin signaling pathway 

at distinct steps that ultimately result in blunted GLUT4 translocation to the plasma 

membrane and impair insulin-stimulated glucose uptake. (136,137,141,143,144). 

Specifically, LCFA-CoA and DAGs can activate protein kinase C (PKC) isoforms (α, β, 

δ, ε) which interfere with serine and threonine IRS-1 phosphorylation and inhibit proper 

functioning and ceramides inhibit Akt-2/protein kinase B directly (146–148). SFA-

induced skeletal muscle IR has been shown in cultured L6 and human myotubes 

(149,150), isolated muscle strips from individuals with obesity (151), and in mice in 

response to a high SFA diet (152). Furthermore, in mouse and human models, 

upregulation of diacylglycerol O-acyltransferase 1 (DGAT1), a critical enzyme in 

triglyceride synthesis, improved insulin sensitivity in skeletal muscle (153,154). This 
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suggests that increased partitioning of FA into TG prevented lipid intermediate-induced 

dysregulation of insulin signalling.  

Simultaneous impairment of skeletal muscle-associated AT depots and skeletal 

muscle itself occurs in obesity (140). In individuals with obesity and HFD-fed rodents, 

infiltrated immune cell content and associated pro-inflammatory myokine secretion is 

increased in inter- and peri-muscular AT fat pads (45,46). Similar to obese AT, Khan et 

al. demonstrated a significantly elevated CD4+ Th1 and CD8+ T cell population in the AT 

depots of rat skeletal muscle after only 4 weeks on HFD (140). This increased infiltration 

is further evidenced through elevated levels of gene expression, including TNF-α, IL-1β 

and IFN-γ, and a simultaneous decrease in anti-inflammatory IL-10 in skeletal muscle 

(46,140,155). Muscle-infiltrated immune cells, including both macrophages and T cell 

subpopulations, primarily localize to CLS within the perimuscular AT (140). This 

increased recruitment has been positively correlated with the expansion of 

subcutaneous and visceral AT depots (46,140). Thus, the phenotype of AT-depots of 

the skeletal muscle can change in a similar pattern to peripheral AT in response to 

obesity. Further, obesity-associated inflammatory changes in the perimuscular AT are 

more closely correlated to obesity and metabolic dysfunction compared to skeletal 

muscle directly, which is important when analyzing the potential cross-talk between AT-

secreted factors and myocyte inflammation and IR development over time 

(46,140,156).   

The altered skeletal muscle myokine expression exacerbates adipose-derived 

functional impairments of skeletal muscle. Evidence shows that myocytes can express a 

variety of pro-inflammatory cytokines when stimulated by inflammatory stimulants, 
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especially free FA (45,46,140,156). This effect may result in a negative feedback loop 

that propagates inflammatory obese environments within the host and at specific organ 

systems. For example, increased secretion and concentration of inflammatory 

cytokines, such as TNF-α, are observed in obese individuals, as well as differentiated 

myocytes isolated from obese individuals with IR or T2D compared to lean participants 

(139,157,158). Notably, TNF-α signaling has been shown to induce IR and 

mitochondrial dysfunction in myocytes (46). Sell et al. observed sustained alteration in 

skeletal muscle functioning, as evidenced by IL-8 and MCP-1 secretion and 

downregulation of myogenin, in response to adipocyte conditioned media coculture, 

even post- conditioned media removal (91).  Indeed, MCP-1 is associated with a range 

of skeletal muscle inflammatory markers across both in vitro and in vivo models of 

skeletal muscle inflammation and T2D in mice models and humans (91,139,156). It is 

suggested that during peripheral IR MCP-1 expression specifically, is an important early 

driving force for macrophage infiltration, which is understood to precede T-cell infiltration 

of skeletal muscle (140). Fink et al. (2014) showed that HFD-induced increase in 

muscle and ATM were prevented in an MCP-1 knockout model, providing further 

evidence for a crucial role of MCP-1 in the early stages of obesity-associated 

inflammatory development (159). This suggests that skeletal muscle experiences both 

autocrine and endocrine effects of pro-inflammatory signalling in an obese environment.  

 Literature investigating the timing of obesity-associated IR of the skeletal muscle 

is just beginning. Some studies suggest that obesity-associated muscle FA oxidation 

impairment occurs over time, after obesity has progressed significantly (142,160–163). 

Isolated muscle strips and mitochondria from moderately obese individuals showed 
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either unchanged or increased rates of FA oxidation; however, individuals with severe 

obesity (BMI > 39 kg/m2) have demonstrated reduced rates of oxidation in the muscle 

(160–164). This suggests that alterations in FA metabolism may be pre-emptive of the 

development of skeletal muscle IR and contribute to its onset. It is also understood that 

adipocyte-derived factors can lead to disturbances in skeletal muscle development and 

dysregulated myokine secretion from skeletal muscle. As obesity progresses, the 

infiltrated immune cells will continue to secrete inflammatory chemokines that maintain 

low-grade inflammation in addition to the established adipokine and myokine pool (46). 

Investigating the timing of inflammation-associated skeletal muscle metabolic 

impairment is critical as skeletal muscle is the primary source of glucose uptake and 

utilization. 

1.5 - Dietary polyunsaturated fatty acids as a strategy to modulate 

inflammation 

 

Diet is important in the regulation of the immune system. In particular, the structural 

and functional diversity of lipids allows for a wide range of effects when metabolized that 

can both support and hinder many biological systems, including the immune system 

(165). Indeed, alterations in n-6 and n-3 polyunsaturated fatty acid (PUFA) intake may 

be one strategy to modulate the state of chronic, low-grade inflammation that is 

characteristic of obesity and is linked to pathologies including whole-body IR and T2D. 

Considerable evidence supports that replacement of dietary SFA with PUFA can 

promote beneficial metabolic functioning and amelioration of SFA-induced adverse 

metabolic complications (143,166). 
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1.5.1 - Sources and metabolism of dietary polyunsaturated fatty acids 

 

The 18 carbon n-3 and n-6 PUFA are essential FA meaning that they must be 

consumed through the diet as the body cannot produce them naturally due to lack of 

desaturase enzymes(167). The essential n-6 FA, linoleic acid (LA), is abundant in 

nature and present in most foods consumed in a typical Western diet, including the 

majority of plant oils (corn, olive, and sunflower oils), cereals and animal fat (167). The 

essential n-3 FA, α-linoleic acid (ALA), is found primarily in plant foods, specifically 

vegetable oils (rapeseed, soybean, flax), seeds (flax, chia) and walnuts (167–169). 

Once consumed in the diet, both of the essential FA are metabolized in the liver to 

longer-chain fatty acids via a series of elongases, desaturases and β-oxidases 

(170,171). LA is converted to γ-linolenic acid (GLA), dihomo-γ-linolenic acid (DGLA), 

and arachidonic acid (AA) and ALA is converted to EPA and DHA through increased 

chain length and addition of double bonds to the carboxyl end. The metabolism of ALA 

into its LC constituents is dogmatically referred to as limited or inefficient, but this is 

often without reference to the relative abundance of LA substrate in comparison to ALA 

present in a typical Western diet (131,167,168). 

Due to modern agriculture and the ensuing rapid change in dietary 

habits, the consumption of lipids, specifically n-6 PUFA, has significantly 

increased. Importantly, the ratio of n-6 to n-3 PUFA consumption is dramatically higher 

in those consuming today’s typical Western diet, compared to the balanced ratio that 

existed in much earlier times (131). According to anthropological and epidemiological 

data, the ratio of n-6 to n-3 PUFAs consumed in the Paleolithic Era was approximately 

1:1, due to the abundance of n-3 FA in all foods consumed including wild meat marine 
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sources, vegetables, and nuts (131,167). More recently, diets naturally rich in n-3 

PUFA, particularly those consumed by Icelandic populations and Inuit Indigenous 

people (1-8 g/day of n-3 PUFA via oily fish and sea mammals), are linked to lower 

incidence of diseases such as obesity, T2D, and CVD (131,167,172). 

The current recommended dietary n-6 to n-3 PUFA ratio is 1-4:1; however, the 

PUFA ratio of a typical Western diet is 15-20:1 (167,173,174). Moreover, a large 

proportion of people consume a PUFA balance (i.e. percentage of n-3 PUFA out of total 

PUFA consumed) of approximately 9.5%; while it has been shown that a PUFA balance 

<10% can result in dramatic elevations in muscle n-6 phospholipid content and 

simultaneous reduced n-3 content, which can have negative metabolic implications as 

described in more detail below (175). Therefore, it is recommended that much of the 

population consume EPA and DHA directly, either through fatty fish and oils or 

supplementation in order to adequately increase n-3 PUFA levels (176).  

1.5.2 – Polyunsaturated fatty acids and inflammatory action 

 

Due to their incorporation into cell membrane phospholipids, PUFA influence 

aspects of both cell structure and function, including lipid raft formation and signaling, 

membrane fluidity, membrane-bound enzymatic and receptor behaviour, and lipid 

mediator synthesis (177,178). Eicosanoids are a specific type of oxylipin and represent 

the primary biologically active lipid mediators generated via PUFA metabolism 

(169,177). Eicosanoids are important regulators of the severity and length of an 

inflammatory response among other biological functions (169,177,179). It is generally 

accepted that the n-6 PUFA, specifically LA and AA, are key precursors to pro-
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inflammatory mediators, in contrast to n-3 PUFA, ALA, EPA, and DHA, which are 

regarded as anti-inflammatory precursors that work to mitigate the inflammatory 

response. However, assigning physiological effects as either strictly negative or 

beneficial is oversimplified and requires more nuanced contextual information. 

1.5.3 – n-6 PUFA and inflammation 

 

A wide range of cell membranes, including those from skeletal muscle, brain, liver, 

and immune cell populations can have an average AA content of 16-25% of total FA in 

adult human phospholipids (169,179). Thus, AA is the predominant n-6 PUFA 

incorporated into cell membrane phospholipids due to dietary LA and AA consumption 

(169). Once incorporated into cell membranes, AA is involved in inflammation-

associated eicosanoid production by acting as a substrate for cyclooxygenase (COX), 

lipoxygenase (LOX) and cytochrome P450 enzymes to form even series prostaglandins 

(PG), leukotrienes (LT), thromboxanes (TX), and lipoxins (LXs) (167,177,179). These 

mediators are regarded as pro-inflammatory and highly potent when compared to EPA-

derived (odd series PGs, LTs, and TXs) and DHA-derived (resolvins and lipoxins) lipid 

mediators (177). This understanding, in addition to the idea that LA intake is directly 

correlated to increased AA content in the blood and host tissues (180), is the most often 

used case for n-6 PUFA as the inflammation promoting LC PUFA. In the presence of 

inflammatory stimuli, such as the low-grade, chronic inflammatory obese environment, 

AA is released from cell membranes and metabolized into inflammatory eicosanoid lipid 

mediators such as PGD2, PGE2 and LTB4  (169). Both LC n-6 PUFA and AA specifically 

can increase PGE2 secretion in AT and adipocytes via an NF-κB-dependent mechanism 

that is attenuated by EPA treatment (181,182). In 3T3-L1 adipocytes incubated with AA 
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and LPS (10 ng/mL), gene expression and secretion of MCP- and IL-6 increased in 

addition to increased COX-2 expression (183). Importantly, the treatment combination 

showed a synergistic effect on pro-inflammatory mediator secretion, which suggests a 

key exacerbation potential in an inflammatory obese environment (183). Further, PGE2 

and LTB4 have been shown to induce inflammatory cytokine production in macrophages 

such as TNF-α, IL-6 and IL-1β (184–186). Indeed, some literature suggests in a 

pathological state, n-6 PUFA, and specifically biologically active AA, can have 

inflammation-promoting outcomes that worsen obesity-associated low-grade 

inflammation (181–183). 

In contrast, studies show that high LA intake is not associated with comparable 

increases in AA cellular content and has actually been correlated with reductions in 

inflammatory status (187–189). Bjermo et al. conducted a randomized controlled trial in 

adults with obesity to examine n-3 and n-6 PUFA effects on local and systemic 

inflammation and metabolic dysregulation wherein participants consuming a high LA 

diet compared to high SFA diet had decreased liver fat and systemic inflammation and 

improved insulin concentrations (187). Further, there is little evidence of direct AA 

supplementation stimulating an immune cell response or increased inflammatory 

markers (190,191). Indeed, AA metabolism can elicit inflammation-resolving actions. 

AA-derived eicosanoids PGE2, the commonly regarded ‘potent pro-inflammatory 

mediator’, can induce 15-LOX activity, an enzyme responsible for the synthesis of pro-

resolving mediators such as LXs (192). PGE2 has also been shown to reduce LPS-

induced TNF-α production in cultured whole human blood (193). A cross-sectional study 

investigating the modulation of circulating inflammatory markers and adiponectin in 
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relation to n-3 and n-6 PUFA intakes showed that higher LA erythrocyte content was 

associated with lower C-reactive protein (CRP) and higher adiponectin plasma 

concentrations in both sexes (194). Importantly, these positive or neutral effects of n-6 

PUFA have been observed in only a few human studies, with varying lengths and 

doses; thus, the health benefits or drawbacks of n-6 PUFA consumption remain 

controversial. Under healthy conditions, the inflammatory AA-derived eicosanoids are 

important for homeostatic regulation for the promotion and resolution of key 

inflammatory events (195). Due to the unbalanced n-6:n-3 PUFA consumption in the 

Western diet, there may be an overall shift to primarily AA-derived inflammatory 

signaling and production of an exacerbated and sustained inflammatory response that 

supports inflammation-associated disease development (195).  This is demonstrated in 

the FAT-2 mouse model (genetically engineered to have elevated n-6 PUFA tissue 

levels and high n-6:n-3 PUFA tissue ratio), mice displayed increased abdominal fat 

mass, elevated serum LPS, and increased serum inflammatory cytokines (e.g. TNF-α, 

IL-6, and MCP-1) compared to the wildtype (WT) (196). In contrast, those obesity and 

inflammatory markers were reduced in the FAT-1 and FAT-1+2 (genetically engineered 

to produce a 1:1 ratio of n-6:n-3 in tissues) mice compared to the WT despite 

consuming the same diet type and amount (196). Collectively, these findings suggest 

that n-6 PUFA dichotomy into a pro-inflammatory molecule is oversimplified and ignores 

the consideration of low levels of EPA and DHA available in cell membranes. 

1.5.4 – n-3 PUFA and inflammation 

Many studies have shown that increased intakes of n-3 PUFA, primarily EPA and 

DHA, contribute to anti-inflammatory processes and inflammation-resolving outcomes 
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(169,175). Beneficial anti-inflammatory effects of n-3 PUFA are due in part to the 

replacement of AA with EPA and DHA in phospholipid membranes, which alters 

membrane fluidity, lipid raft formation and associated signal transduction efficiency 

(169,195,197). n-3 PUFA can also directly influence adipocyte and AT-associated 

immune cell polarization and inflammatory adipokine production through stimulation of 

membrane-bound and intracellular receptors (197). Further, n-3 PUFA can serve as 

substrates for bioactive lipid mediator synthesis and exert influence on inflammatory 

signaling (198). 

 LC FA derivatives of n-3 and n-6 PUFA compete for the 

same desaturases and elongases as well as the sn-2 position for incorporation into 

membrane phospholipids (i.e., increased EPA and DHA consumption lower AA content 

in cell membrane due to increased competition) (37,195,198). EPA and DHA 

phospholipid incorporation interferes with lipid raft organization in a variety of human 

and rodent cell membranes, including sub-varieties of T-cells and macrophages (170). 

This interference results in altered signaling platform organization which affects 

membrane bound enzymes and receptor activity. In cultured macrophages, LPS- and 

SFA-induced TLR4 lipid raft recruitment was inhibited by DHA treatment, which was 

associated with reduced NF-κB activity(199). Thus, n-3 PUFA disruption of TLR lipid 

raft-localization can alter LPS signaling initiation and improve obesity-associated 

inflammatory signaling (170,198,200).  

Adipocyte-immune cell cross-talk contributes significantly to obese AT inflammatory 

milieu. Many studies show LC n-3 PUFA supplementation in a HFD results in improved 

inflammatory adipokine profile, increased systemic insulin sensitivity, and reductions in 
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visceral AT M1 macrophage content (201–206). n-3 PUFA have been shown to 

decrease AT M1 macrophage accumulation by promoting M2 macrophage polarization 

in obese rodent models (202,207). This consequently reduces inflammatory mediator 

production and subsequent systemic inflammatory exacerbation to promote systemic 

insulin sensitivity (197,208–210). Utilizing a co-culture model of 3T3-L1 adipocytes and 

primary splenic CD8+ T cells that mimicked the obese AT microenvironment, our group 

showed LC n-3 PUFA-enriched co-cultures reduced the activation of inflammatory 

transcription factors (NF-κB and STAT3) and decreased macrophage chemotactic 

adipokine secretion (MCP-1, MCP-3, and MIP-1β) (133,178,211). This was functionally 

confirmed through overall reduced macrophage chemotaxis in conditioned media from 

fish oil-enriched CD8+ T cell/adipocyte co-culture (211) .In other T-cell subsets such as 

CD4+ T cells, n-3 PUFA treatment in adipocyte co-cultures resulted in greater Th2 

polarization and reduced inflammatory Th1 polarization markers and inflammatory 

cytokines such as IL-6, IL-1β and MCP-1 (212,213). Further, dietary n-3 PUFA 

modulate adipokine expression and secretion in both unstimulated and LPS-stimulated 

conditions, which is significant given the role of LPS in metabolic endotoxemia and the 

associated AT inflammation in obesity (197). DHA supplementation to a HFD has been 

shown to increase IL-10 expression in rodent AT while simultaneously decreasing MCP-

1 (202). 

Mechanistically, cell culture studies demonstrate attenuated M1 macrophage 

polarization and associated decreases in inflammatory adipokine expression to be 

dependent, in part, on PPAR-γ activation and adiponectin production. For example, n-3 

PUFA-mediated activation of PPAR-γ activity can blunt NF-κB-stimulated expression of 
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inflammatory cytokines (37). Notably, the expression of TLR2/4 and NF-κB activity is 

upregulated in obese and individuals with T2D when compared to healthy populations 

(60,214,215) as well as rodent models of high-fat diet-induced obesity (36,216,217). 

Further, n-3 PUFA have been shown to attenuate inflammatory mediator secretion, in 

part through reduced NOD-like receptor family pyrin domain containing 3 (NLRP3) 

inflammasome gene expression and caspase-1 activity (208,218). EPA and DHA 

treatment of macrophages as well as human and 3T3-L1 adipocytes blunted 

unstimulated and LPS-induced increases in inflammatory cytokine secretion such as 

MCP-1, IL-6, TNF-α and IL-1β and reduced M1:M2 macrophages polarization ratio 

(209,213,219–222).  Overall, n-3 PUFA can reduce inflammatory adipokine secretion 

and interrupt the ongoing AT immune cell recruitment that otherwise maintains systemic 

IR and chronic inflammation in obesity.  

An increased n-3 PUFA intake results an overall increase in n-3-derived lipid 

mediators that have anti-inflammatory effects with a simultaneous decrease in 

inflammation-promoting AA-derived eicosanoids (169,198). By competing for COX and 

LOX enzymes shared with AA metabolism and reducing AA available to be released 

from cell membranes, n-3 PUFA-derived lipid mediators, such as resolvins and 

protectins, can reduce immune cell chemotaxis, promote macrophage phagocytosis and 

M2 polarization and blunt T-cell differentiation and activation directly (170,171,198). For 

instance, AA-associated IL-6 and MCP-1 secretion were dose-dependently reduced in 

3T3-L1 adipocytes when co-treated with EPA (181).  

Overall, dietary FA composition can have a significant impact on the immune 

response. n-3 PUFA represent a potential dietary intervention to mitigate obesity-
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induced inflammation and metabolic dysfunction done, in part, by stimulating an 

opposing anti-inflammatory cytokine expression while reducing n-6 PUFA-derived 

proinflammatory gene expression and signaling.  

1.5.5 – n-6 and n-3 PUFA and skeletal muscle health 

 It has been well established that dietary lipid changes are reflected in skeletal 

muscle lipid composition (137). This supports dietary PUFA interventions to be a 

potential mitigator of obesity-associated development of skeletal muscle IR and whole-

body metabolic impairment. The replacement of SFA for n-6 and n-3 PUFA in a HFD 

has been shown to attenuate reductions in skeletal muscle insulin-stimulated glucose 

disposal, in addition to reducing the accumulation of LCFA-CoA and ceramide species 

in rats (143,223). The effects of these PUFA vary to different extents and differential 

effects on skeletal muscle insulin action proteins have been observed (224). A number 

of human, animal and cell culture studies provide evidence to support a protective effect 

of n-3 PUFAs to reverse or reduce skeletal muscle metabolic dysregulation and may 

potentially reduce HFD-induced metabolic defects in multiple peripheral organs 

(143,225,226). The beneficial effects of n-6 PUFA on metabolic outcomes such as 

insulin-stimulated glucose uptake and inflammatory environment are inconsistent 

compared to n-3 PUFA. Interestingly, positive outcomes are observed when n-6 PUFA 

are consumed as an addition to n-3 PUFA-rich diets (224,227). 

Research suggests that a protective, or blunting effect of n-6 and n-3 PUFA on 

inflammation and insulin signaling, may be due to alteration at multiple different cell 

signaling pathways. A beneficial effect of both n-6 and n-3 PUFA may be due to 

reductions in reactive lipid content from increased partitioning of FA into complex lipids 
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such as TAG and phospholipids, instead of β-oxidation, thus increasing protection 

against potential lipotoxicity (223,228,229). In fact, Wensaas et al. observed a more 

robust partitioning effect of FA in EPA-treated myotubes isolated from obese individuals 

with T2D, compared to obese control participants (230). However, alteration of lipid 

content by n-6 and n-3 PUFA has been contested and alternatively, it has been 

suggested that tissue-specific fatty acid composition of TAG, DAG and phospholipid 

membranes are modulated to different extents based on n-6 or n-3 PUFA incorporation 

(231). Therefore, remodelling of the FA profile of lipid species can contribute to 

beneficial cell signaling that supports insulin-stimulated glucose uptake in obese 

environments (231). The n-3 PUFA insulin sensitizing effect is also associated with 

reduced inflammatory action, as well as exercise-mimicking effects. For example, EPA, 

and DHA to a lesser extent, are ligands for PPAR-γ, which act to suppress NF-kB 

activity followed by reduced TNF-α gene expression (111,137,232,233). TNF-α can 

impair insulin signaling through phosphorylation of IRS-1 on serine 307, similar to 

reactive lipid species (234). Notably, EPA has been shown to effectively reduce TNF-α 

gene expression (137,234,235). Further, the n-6 PUFA, LA, has been shown to 

enhance skeletal muscle insulin sensitivity through elevated Akt- and ERK-associated 

insulin signaling both alone and in combination with palmitic acid (236). It is suggested 

that inflammation is not the primary contributor to the development of skeletal muscle 

IR; nonetheless, the increased inflammatory milieu exacerbates the established 

metabolic dysfunction, which is improved by n-3 PUFA (176). In fact, n-3 PUFA 

concentrations in skeletal muscle membrane phospholipids are positively associated 

with insulin sensitivity in human and rodent models (224,228,237). Positive results in 
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cell culture and rodent models remain promising, but more work is required to 

understand the feasibility of PUFA supplementation on the prevention of HFD-induced 

inflammation and associated skeletal muscle IR. 

1.6 Conclusion 

Obesity prevalence has dramatically increased over the past 50 years as a result 

of behavioural shifts, including changes in physical activity and dietary habits. The 

obesogenic environment is characterized by infiltration of immune cell populations into 

AT and skeletal muscle and increased synthesis and secretion of pro-inflammatory 

adipokines. This disrupts the regulatory role of AT in metabolic homeostasis, promotes 

inflammatory signaling and accumulation of lipid species and impaired metabolic 

functioning in peripheral organs, such as skeletal muscle. We currently have a limited 

understanding of the development of obesity-related processes over time, particularly 

how the timing of inflammation development is related to skeletal muscle metabolic 

impairment. Given that changes in dietary n-3 and n-6 PUFA intake may be a relatively 

accessible strategy to modulate adipokine synthesis and secretion in obese AT, 

intervention with dietary n-3 and n-6 PUFA over the time course of obesity development 

should be investigated to determine their potential preventative and/or protective effects 

on inflammatory status, cytokine synthesis and immune cell accumulation in key 

metabolic tissues, such as AT and skeletal muscle.  
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CHAPTER 2: Thesis rationale, objectives, and hypotheses 

 

AT behaves dynamically by responding to local energy flux as well as metabolic 

demands of peripheral tissues, namely liver and skeletal muscle (3). 

Consistent overnutrition and specifically diets high in SFA can result in functional 

changes in AT-immune cell populations, altered production and secretion of 

inflammatory adipokines and, ultimately, dysregulated AT metabolism. AT-infiltrated 

inflammatory immune cells such as M1 macrophages, CD4+ T helper 1 and CD8+ T 

cells play a central role in the development of local inflammation and IR via paracrine 

interactions (i.e. cross-talk) with adipocytes; however, timing of inflammatory 

development in obesity as well as cross-talk between AT and other tissues is poorly 

understood (3–5,73). Further, the timing at which dietary interventions may confer 

protective and/or regenerative roles has yet to be thoroughly studied. 

Previous work from our lab has shown that LC n-3 PUFA, EPA and DHA, blunt 

inflammatory cross-talk between adipocytes and macrophages (129), CD4+ T cells 

(213) or CD8+ T cells (133,178), and promote insulin-stimulated glucose uptake in 

skeletal muscle challenged with SFA (238). Lanza et al. showed decreased LCFA-CoA 

accumulation and improved glucose tolerance in mice fed a HF-fish oil supplemented 

diet for 10 weeks (143). Importantly, body mass and IMTG accumulation were not 

significantly different between the control HFD and HF-fish oil diet. Identifying the timing 

of the functional and mechanistic shifts that occur in response to a systemic 

inflammatory environment on periphery organs such as the skeletal muscle can be 

helpful to underscore best practices for intervention timing and methods to do so.  
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The overall objective of this thesis was to better understand the timing of 

inflammatory development in the AT and how this can alter L6 myotube metabolic 

function. Specifically, our objectives were to assess 1) diet-induced changes in the AT 

inflammatory environment over 12 weeks and 2) how such diet-induced AT 

inflammatory changes alter L6 myotube inflammatory status and insulin action. We 

hypothesized that n-3 and n-6 PUFA would differentially modulate HFD-induced 

immune cell infiltration into AT and adipokine synthesis and secretion and in a time-

dependent manner with subsequent effects on L6 myotube function. 
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CHAPTER 3: Dietary n-3 and n-6 polyunsaturated fatty acids 

differentially modulate adipose tissue-derived 

mediators and skeletal muscle glucose uptake: a time 

course study in high-fat diet fed rats 

 

3.1 – Introduction 

Adipose tissue (AT) plays a fundamental role in the regulation of glucose and 

lipid metabolic homeostasis as it is the primary site for excess energy storage and 

functions as an active endocrine organ (3–5). In an obese environment, AT is 

characterized by chronic, low-grade inflammation driven, in part, by increased 

circulating lipopolysaccharide (LPS) from intestinal bacteria and infiltration of immune 

cells, such as macrophages and T cells into AT and peripheral organs, such as skeletal 

muscle (9). Further, the immune cell populations that make up the AT stromal vascular 

fraction (SVF) begin to shift into pro-inflammatory phenotypes and lipid metabolism 

becomes dysregulated and dysfunctional (5,54). Both adipocytes and AT immune cells 

secrete a diverse range of inflammatory mediators, including adipokines such as TNF-α, 

IL-6, and MCP-1 and anti-inflammatory and/or insulin-sensitizing adipokines such as 

adiponectin, IL-10 and TGF-β in response to dynamic energy and metabolic demands of 

the immediate environment and peripheral organs (3,239).   

Skeletal muscle is the primary tissue responsible for insulin-stimulated glucose 

uptake and utilization primarily due to its relative tissue mass and metabolic demands 

(240). In healthy skeletal muscle cells, insulin binds its cell surface receptor to induce 

glucose uptake primarily through phosphorylation events, and thus, eventual activation, 

of insulin receptor substrate-1 (IRS-1), phosphatidylinositol-3 kinase (PI3K) and 
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Akt/Protein kinase B (241,242). However, in obesity, the increased circulating AT-

derived SFA (e.g. palmitic acid, PA, 16:0) and cytokines interfere with myocyte lipid 

metabolism and insulin signaling, eventually leading to whole-body insulin resistance 

(IR) (47,136).  Notably, skeletal muscle immune cell infiltration is observed in obesity 

and is exacerbated by circulating adipokines as well as secreted myokines (139). 

Further, when human skeletal muscle cells are treated with LPS, there is a resulting 

increased release of TNF-α, IL-6 and MCP-1 (139). Increased circulating inflammatory 

mediators can directly regulate skeletal muscle lipid metabolism and cytokine signaling, 

which is reduced when systemic inflammation is reduced (139). This reduced 

inflammatory signaling at the muscle is further associated with improved skeletal muscle 

insulin sensitivity (139,156,164). More work is required to understand how the timing of 

inflammation development is related to skeletal muscle metabolic impairment. 

Nutrition has the potential to alter skeletal muscle function and whole-body 

metabolism. Diets high in SFA may contribute to obesity and to changes in AT-immune 

cell populations, altered production and secretion of inflammatory adipokines and, 

ultimately, dysregulated AT and skeletal muscle metabolism (47,136,149–152). In 

contrast to SFA, previous research investigating anti-inflammatory dietary interventions 

have demonstrated beneficial, insulin-sensitizing and inflammation-resolving effects of 

both n-6 and n-3 long-chain (LC)-PUFA (129,152). Supplementation with n-3 PUFA 

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

3) has been shown to blunt inflammatory cross-talk between adipocytes and 

macrophages and exert protective effects on muscle and whole-body IR (181,221,243). 

Separately, dietary supplementation with n-6 PUFA, LA and/or AA, has shown 
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contradictory inflammatory outcomes where the n-6:n-3 PUFA ratio and the established 

inflammatory environment were key determinants (195). It is suggested the 

incorporation of LC n-3 and n-6 PUFA into insulin-responsive tissues can contribute to 

restoration of insulin sensitivity (187,233,244–246). 

 In the current study, we investigated dietary n-3 and n-6 PUFA intervention in a 

time course study to further understand AT inflammatory development that occurs in 

response to a high fat diet (HFD) in rats. Subsequently, using an in vitro model aims to 

mimic skeletal muscle under physiological conditions, we cultured L6 myotubes with AT 

conditioned media (ACM) that contains secretory factors from both adipocytes and SVF 

cells to better understand the multi-tissue inflammatory cross-talk and metabolic 

dysregulation that occurs in an obese environment.  

3.2 – Materials and Methods 

 

3.2.1 – Animals and diets 

 Male Sprague-Dawley rats were obtained from Charles River Laboratories (St-

Constant, QC, Canada) at approximately 7 wk of age and weighed an average of 

217.5± 17.6 g upon arrival. The animals were housed in groups of 4 per cage with a 

reverse 12:12 h light dark cycle and had ad libitum access to food and water. Rats were 

fed standard Teklad  rodent chow diet (Teklad 2018 laboratory diet, Envigo) for 7 days, 

at which point rats were randomly assigned to be fed one of three isocaloric diets: (1) 

high-fat control diet (HF; 54% kcal lard, 6% kcal soybean oil), (2) high-fat enriched with 

n-6 PUFA (HFn-6; 45% kcal lard, 15% kcal soybean oil) or high-fat enriched with n-3 

PUFA (HFn-3; 39% kcal lard, 15% kcal menhaden fish oil, 6% kcal soybean oil) for 

either 2, 8, or 12 weeks (n = 5-12/diet/time point). Complete dietary macronutrient and 
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ingredient composition is reported in Table 3.1 and dietary fatty acid composition is 

reported in Table 3.2. All diets were purchased from Research Diets Inc. (New 

Brunswick, New Jersey, USA), stored at -20℃, and administered fresh every other day 

for ad libitum access. Body weight measurements and food intake data were collected 

twice per week. Following the diet period, all rats were fasted overnight (12 h) and 

anaesthetized with 5% isoflurane (Baxter Corp., ON, Canada) followed by euthanasia 

by CO2 asphyxiation and blood was collected by cardiac puncture following euthanasia. 

All experimental procedures were approved by the Animal Care Committee at the 

University of Guelph and followed Canadian Council of Animal Care Guidelines.   
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Table 3. 1 - Composition of experimental diets 

 

 

 

 

 

 

Macronutrient HF HFn-6 HFn-3 

 g % kcal % g % kcal g % kcal % 

Protein  26 20 26 20 26 20 
Carbohydrate 26 20 26 20 26 20 
Fat  35 60 35 60 35 60 
Total   100  100  100 
kcal/g 5.2  5.2  5.2  
       
Ingredient g/kg 

diet 
kcal g/kg 

diet 
kcal g/kg 

diet 
kcal 

Casein 200 800 200 800 200 800 
L-Cystine 3 12 3 12 3 12 
Corn Starch 0 0 0 0 0 0 
Maltodextrin 10  125 500 125 500 125 500 
Sucrose 68.8 275 68.8 275 68.8 275 
Cellulose BW200 50 0 50 0 50 0 
Soybean oil 25 225 68 612 25 225 
Lard 245 2205 202 1818 177 1593 
Menhaden oil  0 0 0 0 68 612 
Mineral mix, S10026 10 0 10 0 10 0 
Dicalcium phosphate 13 0 13 0 13 0 
Calcium carbonate 5.5 0 5.5 0 5.5 0 
Potassium citrate, 1 
H2O 

16.5 0 16.5 0 16.5 0 

Vitamin mix, V10001 10 40 10 40 10 40 
Choline bitartrate 2 0 2 0 2 0 
Colour 

Blue - HF 
Yellow – HFn-6 
Red – HFn-3 

0.05 0 0.05 0 0.05 0 

Total  773.85 4057 773.85 4057 773.85 4057 
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Table 3. 2 - Fatty acid composition of experimental diets.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1Fatty acid composition (%) of HF, HFn-3 and HFn-6 diets. Lipids were extracted from three 

individual pellets from each diet and analyzed by gas chromatography. Data were analyzed by 

one-way ANOVA. Means without a common letter differ, p≤0.05. ANOVA, analysis of variance; 

MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid.  

 

 

Fatty Acid 
(% of total) 

HF HFn-6 HFn-3 

12:0 0.1ab 0.1b 0.1a 

14:0 1.2b 1.0c 3.1a 

15:0 0.1b 0.0b 0.2a 

16:0 22.0a 20.1c 21.2b 

16:1c9 1.6a 1.3c 4.2a 

18:0 12.4a 11.0b 10.3c 

18:1c9 35.2a 32.1b 27.8c 

18:1c11 2.2b 2.1c 2.4a 

18:2n6 21.0b 27.4a 18.3c 

18:3n6 0.0b 0.0b 0.2a 

18:3n3 1.6c 2.7a 1.9b 

20:0 0.2a 0.3a 0.3a 

20:1c11 0.7b 0.6c 0.7a 

20:3n6 0.1b 0.1b 0.1a 

20:4n6 0.2b 0.2b 0.5a 

20:5n3 0.0b 0.0b 3.2a 

22:0 0.0b 0.1a 0.0b 

22:5n6 0.0b 0.0b 0.2a 

22:5n3 0.1b 0.0b 0.6a 

22:6n3 0.0b 0.0b 2.6a 

24:0 0.0b 0.0b 0.1a 

24:1 0.0b 0.0b 0.13a 

    
% SFA 36.1a 32.7c 35.4b 

% MUFA 40.0a 36.3b 35.5c 

% PUFA 23.2c 30.4a 28.5b 

% n-6 PUFA 21.4b 27.6a 19.2a 

% n-3 PUFA 1.9c 2.8b 9.3a 
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3.2.2 – HOMA-IR  

Cardiac puncture was performed to obtain terminal fasted blood samples. Blood 

was allowed to sit for 20 min at room temperature and then was centrifuged for 10 min 

at 14,000 x g. Serum was collected and stored at -80°C for analysis. Serum insulin was 

measured using a Rat/Mouse Insulin ELISA (Millipore-Sigma, ON, Canada) at 450 nm 

using a spectrophotometer and expressed as mU/mL serum insulin. Serum glucose was 

measured using a Glucose Colorimetric/Fluorometric Assay Kit (Millipore-Sigma) at 570 

nm using a spectrophotometer and expressed as mg/dL serum glucose. Homeostatic 

Model Assessment of Insulin Resistance (HOMA-IR) was calculated as (fasting glucose 

(mmol/L) × fasting insulin (ug/L))/22.5 (247).  

3.2.3 – Generation of whole AT conditioned media  

 Epididymal AT was aseptically isolated, weighed, immediately divided, and 

placed into 15 mL sterile conical tubes containing 1X PBS (HyClone, USA) or placed 

into Eppendorf tubes for further analysis as described below. AT was blotted dry, 

divided into approximately two equal portions, weighed and added to Dulbecco’s 

Modified Eagles Medium (DMEM) containing 4,500 mg/L glucose and 4.0 mM L-

glutamine (HyClone, USA), and supplemented with 0.5% (v/v) FBS (Sigma-Aldrich, 

USA) and 1% (v/v) penicillin streptomycin (Hyclone, USA). Each tissue sample was 

immediately minced using sterile scissors into ≤0.5 cm pieces to avoid tissue hypoxia 

and under sterile conditions, cultured at an optimal ratio of 500 mg AT to 15 mL DMEM 

as reported in the optimized method elsewhere (248). AT cultures were stimulated with 

or without 10 ng/mL lipopolysaccharide (LPS) from Escherichia coli 055:B5 (Sigma-

Aldrich, USA), a physiologically relevant dose that mimics the endotoxin units (EU) 
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reported in obese humans (5-6 EU/mL), (60,249), and HFD-induced obesity rodent 

models (54).  Tissue cultures were maintained in a humidified incubator for 24 h at 37℃ 

with 5% CO2. After 24 h, the ACM was collected, filtered through a 70 µm strainer and 

stored at -80 ℃ until further analysis. 

3.2.4 – L6 cell culture and differentiation 

L6 Rattus norvegicus myoblasts [American Type Culture Collection (CRL-1458), 

USA] were grown and passaged according to the manufacturer’s instructions and were 

maintained in a humidified incubator at 37ºC with 5% CO2. Myoblasts were cultured in 

basic media containing DMEM with 4,500 mg/L glucose, 4.0 mM L-glutamine, 1 mM 

sodium pyruvate (HyClone, USA) and supplemented 10% v/v low-endotoxin FBS 

(Sigma-Aldrich, Canada) and 1% v/v penicillin-streptomycin (HyClone, USA), then 

seeded into 6-well plates at a density of 4 x 104 cells/mL or 96-well plates at a density of 

13 cells/mL for experimentation. At 70-80% confluence, cells were differentiated and 

maintained as multinucleated myotubes and striated fibers using differentiation media 

that consisted of basic DMEM supplemented with 2% FBS and 1% penicillin-

streptomycin. Differentiation media was changed on days 2, 4, and 6. On day 7 the 

media was replaced with serum-reduced basic media, containing 0.25% FBS and 1% 

penicillin-streptomycin, for 12 h to ensure quiescence prior to experiments on day 8. On 

day 8, serum-reduced media was replaced with ACM (stimulated with or without 10 

ng/mL LPS) harvested from previously cultured AT and maintained in humidified 

incubator at 37ºC with 5% CO2 for 24 h. After 24 h L6 myotubes were stimulated with 

100 nM of insulin for 20 min, before harvesting the cells for further analysis.  
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3.2.5 – mRNA expression analysis 

 AT was homogenized in cell lysis buffer (Life Technologies, USA) and L6 

myotubes were lysed and harvested using the RNA/protein purification kit (Norgen 

Biotek Corp., Canada). Total RNA and protein were isolated from homogenized AT and 

lysed L6 myotubes using the RNA/protein purification kit, according to the 

manufacturer’s instructions. 2 µg of complementary DNA (cDNA) was synthesized using 

a high-capacity cDNA reverse transcription kit (Applied Biosystems, USA) according to 

manufacturer’s instructions. Real-time quantitative PCR was performed using CFX 

Connect Real-Time PCR Detection System (Bio-Rad Laboratories, Canada). 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 a 96-well plate format, and each 20 µL reaction 

contained 5 µL of 10 ng/µL cDNA template, 10 µL of PowerUp SYBR green (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). All results were normalized to the expression of the housekeeping 

gene, β-actin, and the relative differences in gene expression between groups was 

determined according to the calculation 2(40-Ct).  

3.2.6 – Secreted protein analysis 

 After 24 h, supernatant was collected from ACM that was either unstimulated or 

stimulated with LPS for analysis of secreted protein concentrations, including 

inflammatory (TNF-α, IL-6, IL-1β, IFN-γ, IL-4, and IL-10) and macrophage chemotactic 

[MCP-1 (CCL2)] adipokines using a Milliplex Map Rat Cytokine/Chemokine Magnetic 
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Bead Panel (Millipore Sigma, USA). Analysis was done using Bio-Plex 200 System/Bio-

Plex Manager software, Version 6.0 (Bio-Rad, Canada). 

3.2.7 – Cellular protein analysis  

 Protein was isolated from L6 myocytes (n=7-8/treatment) treated with ACM for 24 

h followed by stimulation with insulin (100 nM for 20 min) and used to assess the 

phosphorylation status of insulin signaling proteins: PTEN (S380), Akt (S473), GSK-3ab 

(S21/S9), p70S6K and mTOR (S2448), using a Bio-Plex Pro Cell Signaling Akt Panel kit 

(Bio-Rad, Canada) and analyzed using the Bio-Plex 200 System/Bio-Plex Manager 

software, Version 6.0 (Bio-Rad, Canada) according to the manufacturer’s instructions.   

3.2.8 – Immunohistochemistry  

AT was fixed in 10% histological formalin (Fisher, USA), embedded in paraffin, 

and sectioned at 5-µm-thick for staining. Experiments were done using two slides with 

two serial sections of AT per animal (n=5-8/diet) with staining for CD68 to identify 

macrophage accumulation. AT was deparaffinized and rehydrated with a series of 

xylene and alcohol concentrations before undergoing heat-induced antigen retrieval with 

1X Tris-EDTA Buffer, pH 9.0 (Abcam, MA, USA, ab93684) in a 95ºC water bath for 20 

min. Tissue sections were incubated with blocking solution containing 1X TBS 

supplemented with 1% BSA and 10% normal goat serum (Abcam, ab7481) in a 

humidified chamber for 2.5 h at room temperature. Sections were incubated in a 

humidified chamber overnight at 4℃ with 0.5 ug/uL dilution of anti-CD68 (Rabbit anti-rat, 

Abcam, ab125212) primary antibodies diluted in 1X TBS with 1% BSA. On day 2, 

endogenous peroxidase activity was quenched in 3% H2O2 in humidified chamber at 

room temperature for 15 min prior to incubation with a 1:1 dilution of goat anti-rabbit IgG 
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horseradish peroxidase (HRP) polymer secondary antibody (Abcam, ab2891) for 30 min 

in a humidified chamber at room temperature and detected with 3,3’ diaminobenzidine 

substrate (DAB; Abcam, ab64238) for 7 minutes. Sections were counterstained with 

hematoxylin and mounted with cytoseal (Fischer, USA). AT sections were visualized 

and imaged with an Olympus FSX100 camera (Olympus, PA, USA) at 60X 

magnification. Average adipocyte area was determined by measuring the perimeter 

around 45 adipocytes from 3 different fields (15 adipocytes/field) at 20X magnification 

using Image J software. Adipocytes surrounded by CD68+ cells were designated as 

crown-like structures (CLS) and a CLS index was calculated by #CLS/total number of 

adipocytes [90 -500 adipocytes/section (n = 5-8/group)] x 1000 (250).  

3.2.9 – Tissue fatty acid composition analysis 

 Total lipids were extracted and processed from each diet (n = 3 pellet/diet) and 

AT (0.05 g; n = 4-5/diet) as described previously (251). Briefly, AT was homogenized in 

0.1 M KCl, then homogenates were added to 2:1 v/v CHCl3:MeOH, vortexed, and stored 

at 4℃ overnight. Samples were centrifuged at 252 g for 10 min, and the lipid-containing 

CHCl3 layer was collected, dried under nitrogen and reconstituted in CHCl3 to 10 ng/mL. 

100 µL of sample was saponified at 100℃ for1 h using 0.5 M KOH in MeOH. Then, 

samples were methylated with hexane and 14% BF3-MeOH (Sigma-Aldrich, USA) at 

100℃ 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.  

AT fatty acid methyl esters were separated by gas chromatography using an 

Agilent7890A gas chromatograph (Agilent Technologies, USA) with a DB-FFAP fused-
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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). 

3.2.10 – Glucose uptake assay 

The uptake of 2-deoxyglucose (DG) by insulin-stimulated L6 myotubes following 

24 h incubation with ACM, stimulated with and without LPS, was assessed using a 

glucose uptake assay colorimetric kit (Abcam, USA), following manufacturer’s 

instructions. L6 myotubes were starved of glucose by incubating them in Krebs-Ringer-

Phosphate-Hepes (KRPH) buffer supplemented with 2% BSA for 40 min in a humidified 

incubator at 37ºC with 5% CO2. Cells were then stimulated with 1 µM insulin for 20 min, 

followed by the addition of 1µM glucose analog, 2-DG, for 20 min. Cells were lysed with 

extraction buffer and immediately snap frozen in liquid nitrogen. Cell lysates were 

thawed at room temperature and heated to 85ºC on a GeneAmp PCR System 9700 

(Applied Biosystems, U.S.) for 40 min and then cooled at 4ºC for 5 min. Lysed cells 

were neutralized and centrifuged at 30 g for 1 min and adjusted to a 1:10 dilution. 

Reaction Mix A, which was used to generate NADPH, was added and samples were 

incubated at 37ºC with 5% CO2 for 1 h. Extraction buffer was added and samples were 

heated to 90ºC for 40 min, to degrade any unused NADPH present in the samples. 

Samples were neutralized and Reaction Mix B was added amplify the oxidized NADPH 

product that will be measured. The optical density (OD) was measured for each sample 

at 412 nm, 10 min after Reaction Mix B was added and the concentration of 2-DG in 
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each sample was calculated according to manufacturer’s instructions from the standard 

curve. 

3.2.11 – Statistical analysis 

 All statistical analyses were performed using the Statistical Analysis System, 

University Edition (SAS Institute Inc., USA) with p ≤ 0.05 considered statistically 

significant. Normal distribution of data was confirmed by the Shapiro-Wilk test. Based 

on Z-score calculations, outliers were eliminated from the following data sets: fasted 

glucose, fasted insulin, HOMA-IR, AT gene expression, AT ±LPS stimulated secreted 

proteins, L6 myotube gene expression ±LPS, phosphorylated insulin signaling proteins 

±LPS and glucose uptake assay ±LPS. Data were analyzed by one- (initial body weight 

and diet fatty acid composition) and mixed procedure two-way (main effects: diet and 

time) analysis of variance (ANOVA) and followed, if justified, by Tukey’s post hoc test 

for pairwise comparisons. For the two-way ANOVA, when there was a time or diet-only 

effect, all measures within the specific timepoint or diet group were amassed within the 

umbrella group. Data are presented as means ± SEM. n=5-12 per group.   

  

3.3 – Results  
 

3.3.1 – Rat body weights, food intake, and tissue fatty acid composition 

 Initial body weight did not differ among rats that were randomly assigned to one 

of three dietary groups (p>0.05; Figure 3.1A). Body weight increased at 8 and 12 wk 

compared to 2 wk, with no difference between 8 wk and 12 wk (time main effect 

p<0.0001, p<0.0001, p<0.0001, and p>0.05 respectively; Figure 3.1B). Body weight did 
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not differ among diet groups at any time point, thus all diets led to similar weight gain 

across time as expected (p>0.05; Figure 3.1B). 

Average daily food intake demonstrated a time by diet interaction where food 

intake in rats fed HF, HFn-6 and HFn-3 diets differed across time and compared to 

other diets (time by diet effect p=0.0245; Figure 3.1C). Food intake was increased at 8 

wk, and 12 wk compared to 2 wk (time main effect p<0.0001, p<0.0001 and p<0.0001 

respectively; Figure 3.1C). Interestingly, at 12 wk, food intake was decreased compared 

to 8 wk (p=0.0004; Figure 3.1C). HF-fed rats had increased food intake at 8 wk, and 12 

wk compared to 2 wk, though 12 wk consumption was decreased compared to 8 wk 

(p<0.0001, p=0.0002, and p=0.0021 respectively; Figure 3.1C). Rats consuming the 

HFn-6 diet also had increased food intake, where 8 wk consumption was increased 

compared to 2 wk, with no differences between total kcal at 12 wk versus 2 or 8wk 

(p=0.0116, p>0.05, and p>0.05 respectively; Figure 3.1C). At 8 and 12 wk, food intake 

was increased compared to 2 wk in rats consuming a HFn-3 diet, but there were no 

differences between 8 and 12 wk (p=0.0252, p=0.0167, and p>0.05 respectively; Figure 

3.1C).  

Epididymal AT fat pads from HFn-6 fed rats were enriched in total n-6 PUFA 

(18:2 n-6, 18:2tt, 18:3 n-6, 20:2 n-6, 20:3 n- 6, 20:4 n-6, 22:2 n-6, 22:4 n-6, and 22:5 n-

6) and LA (18:2 n-6) at 2 and 12 wk compared to HF and HFn-3 fed rats (p<0.0001, 

p<0.0001, p<0.001, p<0.0001, p<0.0001, p<0.0001, p<0.001, and p<0.0001 

respectively; Table 3.3). Interestingly, total n-6 PUFA and LA incorporation into AT 

demonstrated time by diet interactions, such that both were reduced at 12 wk compared 

to 2 wk among each dietary group (time by diet effect total n-6 PUFA, p=0.001, HF, 
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p=0.0124, HFn-6, p=0.0122, and HFn-3, p<0.0001, time by diet effect LA, p=0.0034, 

HF, p=0.0095, HFn-6, p=0.0404, and HFn-3, p<0.0001 respectively; Table 3.3). 

Epididymal AT fat pads from HFn-3-fed rats were enriched in EPA (20:5 n-3), 

DHA (22:6 n-3) and total n-3 PUFA (18:3 n-3, 18:4 n-3, 20:3 n-3, 20:5 n-3, 22:3 n-3, 

22:5 n-3, and 22:6 n-3) at 2 and 12 wk compared to HF and HFn-6-fed rats (p<0.0001, 

p<0.0001, p<0.0001, p<0.0001, p<0.0001, p<0.0001, p<0.0001, p<0.0001, p<0.0001, 

p<0.0001, p<0.0001, and p<0.0001 respectively; Table 3.3). Enrichment of EPA and 

total n-3 PUFA demonstrated time by diet effects in the AT of HFn-3-fed rats (time by 

diet effect EPA, p=0.002 and total n-3 PUFA, p=0.0174; Table 3.3) such that there was 

a reduction at 12 wk compared to 2 wk (p<0.0001and p=0.0028 respectively; Table 3.3). 

Total SFA incorporation demonstrated a time by diet interaction, such that AT 

enrichment in in HF-fed rats was reduced at 12 wk compared to 2 wk (time by diet main 

effect p=0.0057 and p=0.0039; Table 3.3).  

At both 2 and 12 wk, HFn-3-fed rats had higher incorporation of total SFA 

compared to the AT of HF and HFn-6-fed rats (p=0.0072, p=0.0004, p<0.0001, and 

p<0.0001 respectively; Table 3.3). Total MUFA enrichment demonstrated a time by diet 

interaction, such that within each diet, MUFA incorporation was increased at 12 wk 

compared to 2 wk (time by diet main effect p=0.0034, HF, p<0.0001, HFn-6, p=0.0197, 

and HFn-3, p<0.0001; Table 3.3). MUFA incorporation into AT at 2 wk and 12 wk was 

elevated in HF-fed rats, compared to both HFn-6 and HFn-3-fed rats (p<0.0001, 

p<0.0001, p<0.0001, and p<0.0001 respectively; Table 4.3). HFn-6-fed rats had an 

increased MUFA AT enrichment compared to HFn-3-fed rats only at 2 wk (p=0.0032; 

Table 3.3). Total PUFA incorporation was elevated in HFn-6 and HFn-3-fed rat AT 
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compared to HF-fed rats at 2 wk (p<0.0001 and p<0.0001; Table 3.3). However, at 12 

wk, total PUFA enrichment between HF and HFn-3-fed rats did not differ and both were 

reduced when compared to HFn-6-fed rats (p>0.05, p<0.0001, and p<0.0001 

respectively; Table 3.3).  
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Table 3. 3 – Fatty acid composition of total lipids in epididymal AT of HF, HFn-6, or HFn-3-fed rats for 2 or 12 wk.2   

 

2Values are percentages of total lipids extracted from epididymal adipose tissue of HF, HFn-6 and HFn-3-fed rats for 2 

and 12 wk. Data were analyzed by mixed procedure two-way ANOVA at each timepoint and are expressed as means ± 

SEM; n = 4-5/diet/timepoint. Relevant pairwise comparisons were made between diets at each timepoint or between 

timepoints within a diet group when there was a significant interaction. Means without a common letter differ within 

timepoints, p<0.05. * Differ from associated 2 wk timepoint, p<0.05. ANOVA; analysis of variance, HF; high fat, MUFA; 

monounsaturated fatty acid, PUFA; polyunsaturated fatty acid, SFA; saturated fatty acid. 

Fatty acids 
(% of total) 

2 weeks 12 weeks P-value 

HF HFn-6 HFn-3 HF HFn-6 HFn-3 Diet Time Diet x 
Time 

n-6 fatty acids    

18:2n-6 21.6 ± 0.5b 26.2 ± 0.3a 20.3 ± 1.0c 20.5 ± 0.5b* 25.4 ± 0.6a* 17.5 ± 0.4c* <0.0001 <0.0001 0.0034 

20:4n-6 0.4 ± 0.1 0.6 ± 0.2 0.6 ± 0.1 0.4 ± 0.2 0.4 ± 0.3 0.5 ± 0.1 >0.05 >0.05 >0.05 

n-3 fatty acids    

18:3n-3 1.1 ± 0.1ab 0.7 ± 0.9b 1.4 ± 0.1a 0.8 ± 0.1 1.3 ± 0.1* 1.0 ± 0.1 >0.05 >0.05 0.018 

20:5n-3 0.0b 0.0b 1.4 ± 0.3a 0.0b 0.0b 0.9 ± 0.3a* <0.0001 0.0044 0.002 

22:6n-3 0.1 ± 0.05b 0.2 ± 0.1b 1.9 ± 0.5a 0.1 ± 0.03b 0.1 ± 0.1b 1.5 ± 0.6a <0.0001 >0.05 >0.05 

Total    

% SFA 29.4 ± 0.4b 28.7 ± 0.8b 31.5 ± 1.3a 27.5 ± 1.4b* 28.0 ± 0.6b 32.7 ± 0.7a <0.0001 >0.05 0.0057 

% MUFA 46.0 ± 0.4a 42.1 ± 0.7b 40.1 ± 1.0c 49.2 ± 1.0a* 43.4 ± 0.8b* 43.4 ± 1.2b* <0.0001 <0.0001 0.0314 

% PUFA 24.6 ± 0.6b 29.2 ± 1.0a 28.4 ± 1.0a 23.3 ± 0.7b* 28.6 ± 0.4a 23.9 ±1.1b* <0.0001 <0.0001 <0.0001 

% n-6 
PUFA 

22.9 ± 0.5b 27.9 ± 1.0a 22.1 ± 0.4b 21.9 ± 0.5b* 26.9 ± 0.4a* 19.1 ± 0.3c* <0.0001 <0.0001 0.001 

% n-3 
PUFA 

1.7 ± 0.2b 1.3 ± 0.9b 6.4 ± 0.9a 1.4 ± 0.2b 1.7 ± 0.1b 4.8 ± 1.2a* <0.0001 >0.05 0.0174 
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3.3.2 – Measures of serum glucose, insulin, and HOMA-IR 

Fasting serum glucose concentration demonstrated a time by diet interaction and 

an independent effect of diet (time by diet main effect p=0.0155 and diet main effect 

p=0.0329; Figure 3.1D). Post hoc analysis of pairwise comparisons showed no 

significant differences between diets as HF-fed rats were trending towards a reduced 

fasting serum glucose compared to both HFn-6 and HF-3-fed rats, though not significant 

but there was no difference between HFn-6 and HFn-3 fed rats (p=0.0.0586, 

p=0.0.0572, and p>0.05 respectively; Figure 3.1D). More specifically, while there were 

no differences between diet groups at 2 or 8 wk (p>0.05; Figure 3.1D), at 12 wk, HFn-6 

and HFn-3 fed rats had elevated fasting serum glucose concentrations by 33.3% and 

32.4% respectively, compared to HF-fed rats but there were no differences between 

HFn-6 and HFn-3 rats (p=0.004, p=0.0321, and p>0.05 respectively; Figure 3.1D). 

There was no independent effect of time on fasting serum glucose concentration. 

Fasted serum insulin concentrations were independently affected by time and 

demonstrated a time by diet interaction (p<0.0001 and p=0.0524; Figure 3.1E). Overall, 

insulin demonstrated an increase at 8 wk compared to 2 wk, followed by a decrease at 

12 wk, whereas 2 wk and 12 wk serum insulin did not differ across all rats (p<0.0001, 

p=0.001, and p>0.05 respectively; Figure 3.1E). Specifically, HFn-3-fed rats had 

increased fasted serum insulin at 8 wk compared to 2 wk, but neither differed from 12 

wk measures (p=0.0034, p>0.05 and p>0.05 respectively; Figure 3.1E). In contrast, 

fasted serum insulin in HF-fed rats decreased at 12 wk compared to 8 wk, though both 

measures did not differ from 2 wk (p=0.0216, p>0.05 and p>0.05 respectively; Figure 

3.1E) There was no time independent diet effect on fasted serum insulin concentrations. 
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Finally, HOMA-IR measures demonstrated a time by diet interaction in addition to an 

independent effect of time (time by diet main effect p<0.0001 and time main effect 

p=0.0067; Figure 3.1F). Over time, HOMA-IR was increased at 8 wk compared to 2 wk, 

with no differences in HOMA-IR between 8 and 12 wk or 2 and 12 wk (p=0.0049, 

p>0.05, and p>0.05 respectively; Figure 3.1F). HOMA-IR in HF-fed rats was decreased 

(-27.5%) at 12 wk compared to 2 wk but did not differ from 8 wk (p=0.0216 and p>0.05 

respectively; Figure 3.1F). In contrast, 8 wk HFn-3 rats’ HOMA-IR increased 2.3-fold 

compared to 2 wk HFn-3 rats but did not differ from 12 wk HFn-3-fed rats (p=0.0034 and 

p>0.05 respectively; Figure 3.1F). Unexpectedly, 12 wk HFn-6 rats’ HOMA-IR was 

elevated (39.6%) when compared to HF-fed 12 wk rats; however, HFn-3-fed rats did not 

differ from HF or HFn-6 12 wk rats (p=0.0232, p>0.05, and p>0.05 respectively; Figure 

3.1F). 
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Figure 3.1. Body weight (g) (A-B), food intake (kcal/day) (C) and measures of 
serum glucose and insulin (D-F) of rats at 2, 8, and 12 wk of diet intervention. 
Final body weight was measured prior to termination. Food intake was measured 2-3 
times per week. Values are means ± SEM; n=5-12/group. Initial body weight data were 
analyzed by one-way ANOVA. All other data were analyzed by mixed procedure two-
way ANOVA (main effects: diet and time) followed by Tukey’s post hoc test for pairwise 
comparisons. All means without a common letter differ, p≤0.05. ANOVA, analysis of 
variance; SEM, standard error of the mean. 

 

3.3.2 – Rat fat pad weights & histological analysis of epididymal AT 

 Rats in all dietary groups exhibited an increase in epididymal fat pad weight over 

time, such that AT fat pad weights were increased at 8 wk (81.6%) and 12 wk (92.3%) 

compared to 2 wk but did not differ between 8 wk and 12 wk (time main effect p<0.0001, 

p<0.0001, p<0.0001, and p>0.05 respectively; Figure 3.2A). Histological assessment of 

the epididymal AT depots at 8 and 12 wk demonstrated a trend towards an increase in 

adipocyte area at 12 wk compared to 8 wk (time main effect p=0.0554; Figure 3.2B), but 
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there were no differences among diet groups across time or at either time point (p>0.05; 

Figure 3.2B). Similar to adipocyte area results, there was an increase in CD68+ CLS 

abundance at 12 wk (17.5%) compared to 8 wk epididymal AT (time main effect 

p=0.0502; Figure 3.2C), but no independent effects of diet or time by diet effects overall 

(p>0.05; Figure 3.2C). 

 

 

 

 

 

 

 

 

 

 

Figure 3. 2. Epididymal AT fat pad weight (g) (A), adipocyte size (B), and CLS 
index (C). Epididymal AT is from rats on isocaloric HF, HFn-6, or HFn-3 diet for 2, 
8 or 12 wk. Values are means ± SEM; n = 5-12/diet/timepoint. Data were analyzed by 
mixed procedure two-way ANOVA (main effects: diet and time) followed by Tukey’s post 
hoc test for pairwise comparisons. Means without a common letter differ, p≤0.05. 
Representative adipose tissue images are shown (red scale bar = 100 µm). Positively 
stained CLS are shown with an arrow. ANOVA, analysis of variance; AT, adipose 
tissue; CLS, crown-like structure; HF, high fat; SEM, standard error of the mean.  
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3.3.3 – mRNA expression of inflammation-associated cytokines in rat epididymal 

AT 

mRNA expression of inflammatory and anti-inflammatory cytokines, chemokines 

and markers of M1 macrophage polarization were measured in unstimulated epididymal 

AT from rats fed the HFD, HFn-6 or HFn-3 diet for 2, 8 or 12 wk (Figure 3.3). Tnf-α 

gene expression changed over time (time main effect p=0.0088, Figure 3.3A), such that 

expression decreased (-31.0%) at 8 wk compared to 2 wk, but neither differed from 12 

wk (p=0.0061 and p>0.05 respectively; Figure 3.3A). However, there was no main effect 

of diet or a time-by-diet interaction. Il6 expression was trending towards a time by diet 

effect (p=0.0591) though this was not significant and there was no main effect of diet. 

mRNA expression of Il-6 changed over time (time main effect p<0.0001; Figure 3.3B) 

such that expression decreased at 8 wk (-57.2%) and 12 wk (-36.1%) compared to 2wk 

(p<0.0001, and p=0.0003 respectively, Figure 3.3B). There was also a trend towards an 

increase in Il-6 gene expression at 12 wk compared to 8 wk (p=0.0551 and p>0.05; 

Figure 3.3B). Mcp-1 expression changed over time (time main effect p<0.0001, Figure 

3.3C), where gene expression increased 2.9-fold at 8 wk and 3.3-fold at 12 wk 

compared to 2 wk (p<0.0001, and p<0.0001 respectively, Figure 3.3C). There were no 

differences between 8 wk and 12 wk Mcp-1 expression. Finally, there was an overall 

independent effect of time (time main effect p=0.0415; Figure 3.3D) on Il-1β gene 

expression, such that expression increased at 12 wk (50.9%) compared to 8 wk, but did 

not differ from 2 wk and no difference between 8 wk and 2 wk (p=0.0348, p>0.05, and 

p>0.05 respectively; Figure 3.3D). There was no main effect of diet or a time by diet 

interaction (p>0.05 and p>0.05; Figure 3.3D).  
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Inflammatory Intermediates  

Nf-κb mRNA expression demonstrated an overall change over time (time main 

effect p<0.0001) and time by diet effect (p=0.0163; Figure 3.3E). More specifically, Nf-

κb mRNA expression was decreased at 8 wk (-32.7%) compared to 2 wk, followed by 

increased (35.7%) expression at 12 wk versus 8 wk (p<0.0001 and p=0.0024 

respectively; Figure 3.3E). In HFn-3 fed rats, Nf-κb expression was reduced at 8 wk (-

42.8%) compared to 2 wk, but there were no differences in 12 wk expression compared 

to either 2 or 8 wk (p=0.0008, p>0.05, and p>0.05 respectively; Figure 3.3E). In the HFD 

group, Nf-κb mRNA expression did not change over time and there was no main effect 

of diet (p>0.05 and p>0.05 respectively; Figure 3.3E). 

 There was an overall independent effect of time on Tlr4 mRNA expression (time 

main effect p=0.0002; Figure 3.3F), such that expression decreased (-35.4%) by 8 wk 

and was trending towards an increase at 12wk compared to 8wk; however, there were 

no significant differences in expression between 2 wk and 12 wk or 8 wk and 12 wk 

(p=0.0001, p=0.0548 and p>0.05 respectively; Figure 3.3F). There was neither a main 

effect of diet nor a time by diet effect on Tlr4 mRNA expression. 

Anti-inflammatory cytokines 

Il-10 gene expression showed an independent effect of diet and time (diet main 

effect p=0.0018 and time main effect p=0.0204; Figure 3.3G and 3.3H). Overall, both 

HFn-6 and HFn-3 diets increased Il-10 gene expression by 31.4% and 38.7% 

respectively, when compared to the HFD group, with no differences between the HFn-6 
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and HFn-3 diet group (p=0.0081, p=0.0034, and p>0.05 respectively; Figure 3.3G). 

Over time Il-10 expression decreased (-23.6%) at 8 wk compared to 2 wk, with no 

differences in either time point at 12 wk (p=0.0169, p>0.05, and p>0.05 respectively; 

Figure 3.3H). There was no time by diet interaction for Il-10 expression.  

Tgf-β gene expression was independently altered by diet, time, and 

demonstrated a time by diet interaction (diet main effect p<0.0001, time main effect 

p<0.0001 and time by diet effect p<0.0001 respectively; Figure 3.3I). These overall 

effects were primarily driven by HFD- associated Tgf-β gene expression changes. 

Overall, feeding the HFD increased Tgf-β gene expression by 21.3% and 24.1% 

compared to the HFn-6 and HFn-3 diets respectively, with no differences between the 

HFn-6 and HFn-3 diets (p=0.0011, p<0.0001 and p>0.05 respectively; Figure 3.3I). Tgf-

β gene expression was increased by 61.3% and 54.0% at 12 wk compared to 2 wk and 

8 wk respectively (p<0.0001 and p<0.0001; Figure 3.3I). Specifically, over time a HFD 

increased gene expression by 2.4-fold and 97.2% at 12 wk compared to 2 wk and 8 wk 

respectively but did not differ between 2 and 8 wk (p<0.0001, p<0.0001 and p>0.05 

respectively; Figure 3.3I). At 12 wk, a HFD increased Tgf-β gene expression by 69.1% 

and 67.6% compared to both the HFn-6 and HFn-3 diets, which were not different from 

each other (p<0.0001, p<0.0001, and p>0.05 respectively; Figure 3.3I). 

Macrophage markers 

 Arg-1 gene expression, an M2 macrophage marker, demonstrated no 

independent effects of diet or time, and did not show a time by diet interaction (Figure 

3.3J). Gene expression for inos, an M1 macrophage marker, demonstrated an 

independent effect of time (time main effect p=0.0067; Figure 3.3K), such that 
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expression was elevated at 12 wk compared to 2 wk (38.0%) and 8 wk (51.3%), but 8 

wk did not differ from 2 wk (p=0.0393, p=0.0075 and p>0.05 respectively; Figure 3.3K).   
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Figure 3. 3. Time-course of inflammatory mediator (A-H) and marker (I, J) mRNA 
expression by HF, HFn-6 and HFn-3 diets in epididymal AT. Epididymal AT was 
taken from rats on isocaloric HF, HFn-6, or HFn-3 diet for 2, 8 or 12 wk. Values are 
means ± SEM; n = 6-8/group. Data for each gene were normalized to endogenous 
control, β-actin. Data were analyzed by mixed procedure two-way ANOVA (main 
effects: diet and time) followed by Tukey’s post hoc test for pairwise comparisons. 
Means without a common letter differ, p≤0.05. ANOVA, analysis of variance; ARG, 
arginase; AT, adipose tissue; HF, high fat; IL, interleukin; iNOS, inducible nitric oxide 
synthase; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; MCP, 
monocyte chemoattractant protein; SEM, standard error of the mean; TGF, transforming 
growth factor; TLR4, toll-like receptor 4; TNF, tumor necrosis factor. 
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3.3.4 – Secreted adipokines from various HFD-fed rats  

UNSTIMULATED 

We measured inflammatory and anti-inflammatory adipokines secreted from 

epididymal AT from rats fed HF, HFn-6 or HFN-3 diet for 2, 8 or 12 wk (Figure 3.4). 

There were no changes in TNF-α secretion from AT fat pads across time or among 

different diets (p>0.05; Figure 3.4A). There was an independent effect of time on MCP-1 

secretion, but no independent effect of diet or a time by diet effect (p=0.0155, p>0.05 

and p>0.05 respectively; Figure 3.4B). More specifically, MCP-1 secretion was 

increased (44.5%) at 12 wk compared to 8 wk, regardless of diet (p=0.0155; Figure 

3.4B). There was a time by diet interaction for IL-6 secretion, but no independent effects 

of time or diet (time by diet main effect p=0.0412, diet main effect p>0.05 and time main 

effect p>0.05 respectively; Figure 3.4C). Post hoc analysis of pairwise comparisons 

showed no significant differences over time or between diet groups. Both IFN-γ and IL-

1β secretion changed over time but were not affected by either diet or a time by diet 

interaction (IFN-γ p=0.013, p>0.05 and p>0.05 respectively; Figure 3.4D; IL-1β 

p=0.0001, p>0.05 and p>0.05 respectively; Figure 3.4E). More specifically, there was an 

overall decrease in IFN-γ (-4.4%) and IL-1β (-31.0%) secretion at 12 wk compared to 8 

wk (IFN-γ p=0.0044; Figure 3.4D; IL-1β p=0.0003; Figure 3.4E).  Finally, IL-10 secretion 

showed a time by diet interaction as well as independent effects of diet and time 

(p<0.0001, diet main effect p<0.0001, and time main effect p=0.0011 respectively; 

Figure 3.4F). IL-10 secretion was influenced by diet such as that regardless of time 

point rats fed the HFn-3 diet had decreased IL-10 secretion compared to rats fed the 

HFn-6 (-42.8%) and HF (-35.4%) diet, with no difference between HFD and HFn-6 
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(p<0.0001, p=0.0131 and p>0.05 respectively; Figure 3.4F). Specifically, at 8 wk, rats 

fed the HFn-6 diet had increased IL-10 secretion by 88.9% and 3.5-fold compared to 

both HF and HFn-3-fed rats respectively (p<0.0001 and p<0.0001 respectively; Figure 

3.4F). IL-10 secretion changed over time, such that IL-10 secretion decreased (-24.6%) 

at 12 wk compared to 8 wk (p=0.0011; Figure 3.4F) and specifically, rats fed the HFn-6 

diet had decreased (-56.0%) IL-10 secretion at 12 wk compared to 8 wk (p<0.0001; 

Figure 3.4F). 
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Figure 3. 4. Time-course modulation of secreted adipokines from unstimulated AT 
derived from rats consuming HF, HFn-6, or HFn-3 diet for 8 or 12 wk. Epididymal 
AT were cultured in media for 24 hrs and adipose tissue conditioned media (ACM) were 
analyzed for secreted proteins. Values are means ± SEM; n = 6-8/group. Data were 
analyzed by mixed procedure two-way ANOVA (main effects: diet and time) followed by 
Tukey’s post hoc test for pairwise comparisons. Means without a common letter differ, 
p≤0.05. ANOVA, analysis of variance; AT, adipose tissue; ACM, adipose tissue 
conditioned media; HF, high fat; IL, interleukin; IFN-γ, interferon gamma; MCP, 
monocyte chemoattractant protein; SEM, standard error of the mean; TNF, tumor 
necrosis factor. 
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LPS-STIMULATED 

LPS-stimulated TNF-α secretion from AT fat pads showed an independent effect 

of diet and time, but no time by diet interaction (diet main effect p=0.0057, time main 

effect p=0.006 and time by diet main effect p>0.05; Figure 3.5A, 3.5B). Overall, AT from 

rats fed the HFn-3 and HFn-6 diets had increased TNF-α secretion compared to rats fed 

the HFD, with no difference between HFn-6 and HFn-3 rats (p=0.0053, p=0.05, and 

p>0.05 respectively; Figure 3.5A). TNF-α secretion changed over time such that it 

increased (24.3%) at 12 wk compared to 8 wk (p=0.0006; Figure 3.5B).   

LPS-stimulated AT fat pad MCP-1 secretion showed an independent effect of 

diet and time, but no time by diet interaction (p=0.0138, p=0.0316, and p>0.05 

respectively; Figure 3.5C, 3.5D). Over time, MCP-1 secretion increased by 47.0% at 12 

wk compared to 8 wk (p=0.0316; Figure 3.5C). MCP-1 secretion was increased in a 

HFn-3 (54.3%) diet compared to a HFD, but no differences between HFn-6 secretion 

and either diet (p=0.014, p>0.05 and p>0.05; Figure 3.5D).  

IL-6 and IL-10 secretion were not affected by either diet or time and there was no 

time by diet interaction (p>0.05; Figure 3.5E, 3H).  

IFN-γ secretion demonstrated a time by diet interaction and an independent 

effect of time, but no diet-only effects (time main effect p<0.0001, time by diet effect 

p=0.0022 and p>0.05 respectively; Figure 3.5F). IFN-γ secretion decreased (-8.1%) at 

12 wk compared to 8 wk (p<0.0001; Figure 3.5F). Specifically, rats fed a HFn-6 diet had 

reduced (-17.2%) LPS-stimulated IFN-γ secretion at 12 wk compared to 8 wk 

(p<0.0001; Figure 3.5F). 
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IL-1β secretion demonstrated a time by diet interaction and no independent 

effects of diet or time (p=0.0021, diet main effect p>0.05, and time main effect p>0.05 

respectively; Figure 3.5F). Post hoc analysis of pairwise comparisons showed no 

significant differences over time or between diet groups.  
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Figure 3.5. Time-course modulation of secreted adipokines from LPS-stimulated 

(1ng/mL) AT derived from rats consuming HF, HFn-6, or HFn-3 diet for 8 or 12 wk. 

AT fat pads were cultured in media for 24 hrs and then ACM were analyzed for secreted 

proteins. Values are means ± SEM; n = 6-8/group. Data were analyzed by mixed 

procedure two-way ANOVA (main effects: diet and time) followed by Tukey’s post hoc 

test for pairwise comparisons. Means without a common letter differ, p≤0.05. ANOVA, 

analysis of variance; AT, adipose tissue; ACM, adipose conditioned media; HF, high fat; 

IL, interleukin; IFN-γ, interferon gamma; LPS, lipopolysaccharide; MCP, monocyte 

chemoattractant protein; SEM, standard error of the mean; TNF, tumor necrosis factor.  
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3.3.5 – L6 myotube mRNA expression of inflammatory cytokines and 
intermediates 

To further understand the systemic effect of AT-associated inflammation in 

obesity development and the cross-talk that can occur between AT and peripheral 

organs, differentiated L6 myotubes were cultured in unstimulated or LPS-stimulated (10 

ng/mL) ACM for 24h from rats on isocaloric HF, HFn-6, and HFn-3 diet for 2, 8, and 12 

wk. 

UNSTIMULATED 

Tnf-α mRNA expression in unstimulated L6 myotubes demonstrated a time by 

diet interaction as well as independent effects of diet and time (time by diet effect 

p<0.0001, diet main effect p=0.0007, and time main effect p=0.0013 respectively; Figure 

3.6A). More specifically, Tnf-α mRNA expression in unstimulated L6 myotubes changed 

over time, such that there was an overall 16.1-fold and 47.9-fold increase in expression 

at 8 wk compared to 2 wk and 12 wk respectively, with no differences between those 

two time points (p=0.0060, p=0.0023, and p>0.05 respectively; Figure 3.6A). Further, 

HFn-6 diet ACM increased Tnf-α mRNA expression by 49.0-fold and 6.0-fold compared 

to HF and HFn-3 ACM respectively, with no differences between those two diets 

(p=0.0021, p=0.0025, and p>0.05 respectively; Figure 3.6A). At 8 wk, HFn-6 diet ACM 

increased Tnf-α mRNA expression 141.7-fold and 7.2-fold compared to HF and HFn-3 

diet ACM with no differences between those two diets (p<0.0001, p<0.0001, and p>0.05 

respectively; Figure 3.6A). Diet did not affect Tnf-α mRNA expression in unstimulated 

L6 myotubes at any other time points. 

Mcp-1 mRNA expression in unstimulated L6 myotubes demonstrated a time by 

diet interaction in addition to independent effects of diet and time (time by diet effect 



 

69 

 

p=0.0188, diet main effect p=0.0302, and time main effect p<0.0001 respectively; Figure 

3.6B). Regardless of time point, HFn-6 ACM increased Mcp-1 expression in 

unstimulated L6 myotubes by 30.2% compared to HFD ACM but did not differ from 

HFn-3 ACM (p=0.0479 and p>0.05 respectively; Figure 3.6B). This was most 

pronounced at 2 wk, where HFn-6 ACM increased expression by 2.3-fold and 2.4-fold 

compared to both HF and HFn-3 ACM (p=0.0446 and p=0.0157 respectively; Figure 

3.6B). Over time, Mcp-1 mRNA expression increased by 64.5% at 8 wk and by 88.5% at 

12 wk compared to 2 wk, but expression was not different between either of the later 

time points (p=0.0005, p<0.0001, and p>0.05 respectively; Figure 3.6B). HFD ACM 

increased Mcp-1 expression in unstimulated L6 myotubes by 2.6-fold at 8 wk compared 

to 2 wk, followed by maintenance of expression at 12 wk, where 12 wk expression did 

not differ from 2 wk or 8 wk (p=0.0066, p>0.05, and p>0.05 respectively; Figure 3.6B). 

Finally, HFn-3 diet ACM increased Mcp-1 expression in unstimulated L6 myotubes by 

2.4-fold at 8 and by 2.9-fold at 12 wk compared to 2 wk but there was no difference 

between the later two time points (p=0.0201, p=0.0004, and p>0.05 respectively; Figure 

3.6B).  

Il-6 mRNA expression in unstimulated L6 myotubes demonstrated a time by diet 

interaction as well as independent effects of diet and time (time by diet effect p=0.0009, 

diet main effect p=0.0134, and time main effect p<0.0001; Figure 3.6C). More 

specifically, HFn-6 diet ACM increased Il-6 gene expression by 31.7% in unstimulated 

L6 myotubes compared to HFn-3 diet ACM, but did not differ from HFD ACM (p=0.0117 

and p>0.05 respectively; Figure 3.6C). Over time, Il-6 mRNA expression increased by 

46.3% at 8 wk compared to 2 wk, followed by a decrease (-33.1%) in expression by 12 
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wk compared to 8 wk, where 12 wk mRNA levels were no different than 2 wk (p=0.0002, 

p=0.0001, and p>0.05 respectively; Figure 3.6C). At 8 wk specifically, HFn-6 diet ACM 

increased Il-6 expression by 49.7% and 98.5% respectively, in unstimulated myotubes 

compared to both HF and HFn-3 ACM, with no differences between diets at other time 

points (p=0.0367, p=0.0002, and p>0.05 respectively; Figure 3.6C). 

Nf-κb mRNA expression in unstimulated L6 myotubes was independently 

affected by time, with no overall effect of diet or a time by diet interaction (time main 

effect p<0.0001, diet main effect p>0.05 and time by diet effect p>0.05; Figure 3.6D). 

Over time, Nf-κb L6 myotube expression increased (22.9%) at 8 wk compared to 2 wk, 

followed by a decrease (-12.0%) at 12 wk back to comparable 2 wk measures 

(p<0.0001, p=0.0069, and p>0.05 respectively; Figure 3.6D).  

Unstimulated Tlr4 L6 myotube mRNA expression changed over time with no 

independent effects of diet or a time by diet interaction (time main effect p<0.0001, diet 

main effect p>0.05, and time by diet effect p>0.05 respectively; Figure 3.6E). Tlr4 

mRNA expression was increased by 33.6% at 8 wk compared to 2 wk followed by a 

decrease (-20.0%) at 12 wk compared to 8 wk, though not different from 2 wk 

(p<0.0001, p<0.0001, and p>0.05 respectively; Figure 3.6E).  
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Figure 3.6. Time-course of inflammatory mediator mRNA expression in 
unstimulated L6 myotubes cultured in ACM (24h) from rats on isocaloric HF, HFn-
6, or HFn-3 diet for 2, 8 or 12 wk. Values are means ± SEM; n = 6-8/group. Data were 
analyzed by mixed procedure two-way ANOVA (main effects: diet and time) followed by 
Tukey’s post hoc test for pairwise comparisons. Means without a common letter differ, 
p≤0.05. ANOVA, analysis of variance; ACM, adipose conditioned media; HF, high fat; 
IL, interleukin; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; 
MCP, monocyte chemoattractant protein; SEM, standard error of the mean; TLR4, toll-
like receptor 4; TNF, tumor necrosis factor. 
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LPS-STIMULATED 

LPS-stimulation resulted in a time by diet interaction on Tnf-α mRNA expression 

in L6 myotubes and an independent effect of diet, but no independent effects of time 

(time by diet effect p=0.001, diet main effect p=0.002, and time main effect p>0.05 

respectively; Figure 3.7A). Overall, HFn-6 ACM increased Tnf-α mRNA expression 

84.7% compared to HFn-3 ACM, with no difference compared to HF ACM (p=0.0015 

and p>0.05 respectively; Figure 3.7A). At 2 wk, HF ACM increased Tnf-α mRNA 

expression 78.2% compared to HFn-3 ACM, but neither diet differed from HFn-6 ACM-

induced gene expression (p=0.0406, p>0.05, and p>0.05 respectively; Figure 3.7A). In 

contrast, at 8 wk, HFn-6 ACM increased L6 myotube Tnf-α mRNA expression by 3.0-

fold compared to HF ACM and 2.3-fold compared to HFn-3 ACM, but HF and HFn-3 

ACM did not differ in gene expression at this time point (p=0.0078, p=0.0479, and 

p>0.05 respectively; Figure 3.7A). Only HFn-6 diet ACM changed Tnf-α mRNA 

expression over time, such that it was increased by 2.2-fold at 8 wk compared to 2 wk 

and decreased at 12 wk (-34.4%) but was not different from 2 or 8 wk measures 

(p=0.0261, p>0.05 and p=0.05 respectively; Figure 3.7A).  

LPS-stimulation resulted in a time by diet interaction on Mcp-1 L6 myotube 

mRNA expression, in addition to an independent effect of time but no overall dietary 

effect (time by diet effect p=0.0363, time main effect p<0.0001, and diet main effect 

p>0.05 respectively; Figure 3.7B). Over time, LPS-stimulated L6 myotube Mcp-1 mRNA 

expression increased by 95.8% and 87.9% at 12 wk compared to 2 wk and 8 wk 

respectively, with no differences between 2 wk and 8 wk expression (p<0.0001, 

p<0.0001, and p>0.05 respectively; Figure 3.7B). All ACM treatments demonstrated a 
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time by diet interaction, wherein all diet-specific ACM treatment showed no differences 

in Mcp-1 gene expression between 2 wk and 8 wk expression (p>0.05, p>0.05, and 

p>0.05 respectively; Figure 3.7B). HFD ACM resulted in fluctuations in Mcp-1 mRNA 

expression, such that it increased 2.0-fold and 2.7-fold at 12 wk compared to 2 wk and 8 

wk respectively, with no difference between 2 wk and 8 wk expression (p<0.0001, 

p<0.0001, and p>0.05 respectively; Figure 3.7B). HFn-6 diet ACM resulted in increased 

L6 myotube Mcp-1 mRNA expression by 2.0-fold at 12 wk compared to 2 wk, with no 

difference between 2 wk and 8 wk or 8 wk and 12 wk (p=0.0012, p>0.05, and P>0.05 

respectively; Figure 3.7B). Finally, HFn-3 diet ACM increased L6 myotube LPS-

stimulated Mcp-1 mRNA expression by 86.1% and 2.0-fold at 12 wk compared to 2 wk 

and 8 wk respectively, with no difference between 2 wk and 8 wk measures (p=0.0061, 

p=0.0012, and p>0.05 respectively; Figure 3.7B).  

LPS-stimulation resulted in a time by diet interaction on Il-6 mRNA expression in 

L6 myotubes, in addition to independent effects of diet and time (time by diet effect 

p=0.0291, diet main effect p=0.0115, and time main effect p<0.0001 respectively; Figure 

3.7C). Overall, HFn-6 ACM increased Il-6 L6 myotube mRNA expression 25.2% 

compared to HFn-3 ACM, but neither ACM-related expression differed from HF ACM 

(p=0.0117, p>0.05, and p>0.05 respectively; Figure 3.7C). Over time, Il-6 gene 

expression decreased -39.0% at 8 wk compared to 2 wk, followed by a final increase at 

12 wk by 46.0% and 2.4-fold compared to both 2 wk and 8 wk expression respectively 

(p=0.0031, p=0.0003, and p<0.0001 respectively; Figure 3.7C). All ACM treatments 

demonstrated a time by diet interaction; HF diet ACM decreased Il-6 mRNA expression 

by -57.9% at 8 wk compared to 2 wk, followed by a 2.5-fold increase at 12 wk versus 8 
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wk, but did not differ from 2 wk (p=0.0261, p=0.0189, and p>0.05 respectively; Figure 

3.7C). HFn-6 diet ACM increased Il-6 mRNA expression 95.8% and 93.6% by 12 wk 

compared to both 2 and 8 wk expression respectively, with no difference between 2 and 

8 wk (p=0.001, p=0.0012, and p>0.05 respectively; Figure 3.7C). Finally, HFn-3 diet 

ACM reduced Il-6 mRNA expression by -71.3% at 8 wk compared to 12 wk but showed 

no differences between 2 wk and 8 wk or 2 wk and 12 wk expression (p=0.0002, 

p>0.05, and p>0.05 respectively; Figure 3.7C).  

LPS-stimulation resulted in a time by diet interaction on Nf-κb L6 myotube mRNA 

expression, however, there was no independent effects of diet or time (time by diet 

effect p=0.0062, diet main effect p>0.05, and time main effect p>0.05 respectively; 

Figure 3.7D). The only time by diet interaction is between gene expression in 2 wk HFn-

6 diet ACM versus 8 wk HFD ACM (p=0.0359; Figure 3.7D). 

LPS-stimulation resulted in a time by diet interaction on Tlr4 L6 myotube mRNA 

expression, in addition to independent effects of diet and time (time by diet main effect 

p=0.0007, diet main effect p=0.0247, and time main effect p<0.0001 respectively; Figure 

3.7E). Over time, LPS-stimulated L6 myotube Tlr4 mRNA expression increased 43.0% 

and 27.1% at 12 wk compared to 2 wk and 8 wk respectively, but 2 wk and 8 wk did not 

differ (p<0.0001, p<0.0001, and p>0.05 respectively; Figure 3.7E). This overall trend 

was observed in L6 myotubes treated with HFn-3 ACM, where Tlr4 gene expression 

was increased 72.0% and 63.6% at 12 wk compared to 2 wk and 8wk respectively, but 

no differences between 2 wk and 8 wk expression p<0.0001, p<0.0001, and p>0.05 

respectively; Figure 3.7E). Overall HFn-3 ACM reduced Tlr4 gene expression by -12.1% 

compared to HFn-6 diet ACM, but neither differed from HF ACM-induced gene 
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expression (p=0.0245, p>0.05, and p>0.05 respectively; Figure 3.7E). At 8 wk 

specifically, HFn-3 ACM demonstrated a trend towards a decrease in Tlr4 gene 

expression compared to HFn-6 ACM-treated L6 myotubes (p=0.0573; Figure 3.7E). 
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Figure 3.7. Time-course of inflammatory mediator mRNA expression in LPS-
stimulated (10 ng/mL) L6 myotubes cultured in ACM (24h) from rats on isocaloric 
HF, HFn-6, or HFn-3 diet for 2, 8 or 12 wk. Values are means ± SEM; n = 6-8/group. 
Data were analyzed by mixed procedure two-way ANOVA (main effects: diet and time) 
followed by Tukey’s post hoc test for pairwise comparisons. Means without a common 
letter differ, p≤0.05. ANOVA, analysis of variance; ACM, adipose conditioned media; 
HF, high fat; IL, interleukin; NF-κB, nuclear factor kappa-light-chain-enhancer of 
activated B cells; MCP, monocyte chemoattractant protein; SEM, standard error of the 
mean; TLR4, toll-like receptor 4; TNF, tumor necrosis factor. 
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3.3.6 – Phosphorylated insulin signaling proteins from rat L6 myotubes treated ± 

LPS and exposed to ACM serum from HF, HFn-6 or HFn-3-fed rats 8 wk or 12 wk 

old 

UNSTIMULATED 

Unstimulated phosphorylated Akt (p-Akt) protein content showed a time by diet 

interaction in addition to independent effects by diet and time (time by diet main effect 

p=0.006, diet main effect p=0.0015, and time main effect p<0.0001 respectively; Figure 

3.8A). Overall, HFn-6 and HFn-3 diet ACM increased phosphorylated Akt protein 

content 52.0% and 71.8% respectively compared to HF, with no difference between 

either PUFA diet (p=0.0148, p=0.0016 and p>0.05 respectively; Figure 3.8A). 

Specifically, at 12 wk, both HFn-6 and HFn-3 ACM increased Akt protein 89.7% and 

89.6% respectively compared to HF ACM (p=0.001 and p=0.001 respectively; Figure 

3.8A). Over time, p-Akt protein content increased 2.5-fold at 12 wk compared to 8wk; 

however, only HFn-6 and HFn-3 diet significantly increased phosphorylated Akt content 

over time by 2.3- and 3.4-fold respectively, with no changes over time for HF diet 

(p<0.0001, p<0.0001 and p>0.05 respectively; Figure 3.8A). 

Unstimulated phosphorylated p70 protein content changed over time, such that it 

was increased by 32.8% at 12 wk compared to 8 wk (p=0.0420; Figure 3.8C). However, 

there was no independent effect of diet or a time by diet interaction. 

Unstimulated phosphorylated BAD (p-BAD) protein content in L6 myotubes 

showed a time by diet interaction in addition to independent effects by diet and time 

(time by diet effect p=0.0002, diet main effect p=0.0131, and time main effect p<0.0001 

respectively; Figure 3.8D). Overall, HFD ACM increased p-BAD protein content (50.1%) 

in L6 myotubes compared to HFn-6 diet ACM; however, while HFn-3-induced p-BAD 
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protein content was trending towards a decrease versus HF, it remained unchanged 

compared to both HF and HFn-6 diet ACM (p=0.0146, p=0.0691 and p>0.05 

respectively; Figure 3.8D). This effect was primarily due to 8 wk phosphorylation status, 

where HFD ACM increased p-BAD protein content by 99.1% and 57.5% versus HFn-6 

and HFn-3 ACM respectively, while no differences were observed between the three 

diets at 12 wk (p<0.0001, p=0.0067, and p>0.05 respectively; Figure 3.8D). Overall, p-

BAD protein decreased -55.2% at 12 wk compared to 8 wk, such that HF and HFn-3 

diets showed independent decreases in p-BAD content at 12 wk (-48.3%) compared to 

8 wk, but no changes in HFn-6 specifically over time (p<0.0001, p<0.0001, p=0.0418, 

and p>0.05 respectively; Figure 3.8D). 

Unstimulated phosphorylated GSK-3α/β (p-GSK-3α/β) protein content showed a 

time by diet interaction in addition to independent effects by diet and time (time by diet 

effect p=0.0004, diet main effect p=0.0005, and time main effect p<0.0001 respectively; 

Figure 3.8E). Across diets, HFn-6 diet ACM decreased (-30.8%) p-GSK-3α/β protein 

content compared to HF ACM and did not differ from HFn-3 ACM (p=0.0003 and p>0.05 

respectively; Figure 3.8E). However, there were no differences in p-GSK-3α/β between 

HF and HFn-3 ACM groups (p>0.05; Figure 3.8E). This effect is clearer at 8 wk, such 

that HFn-6 diet ACM decreased p-GSK-3α/β protein content by -38.5% and -26.4% 

compared to both a HF and HFn-3 diet ACM (p<0.0001 and p=0.0101 respectively; 

Figure 3.8E). Over time, p-GSK-3α/β protein decreased (-71.5%) at 12 wk compared to 

8 wk, such that all diets demonstrated individual decreased protein content over this 

time frame (p<0.0001, p<0.0001, p<0.0001, and p<0.0001 respectively; Figure 3.8E). 
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Phosphorylated mTOR and PTEN protein content in the unstimulated treatment 

was not changed by any diet-specific ACM or over time and did not demonstrate any 

time by diet interactions (p>0.05; Figure 3.8B and 3.8F).     

  

 

Figure 3.8. Phosphorylation of insulin signalling proteins in unstimulated L6 
myotubes. L6 myotube cells were cultured in ACM collected from rats fed an isocaloric 
HF, HFn-6, or HFn-3 diet for 8 or 12 wk and stimulated with 100 nM of insulin for 20 min 
before harvesting. Values are means ± SEM; n = 6-8/group. Data were analyzed by 
mixed procedure two-way ANOVA (main effects: diet and time) followed by Tukey’s post 
hoc test for pairwise comparisons. Means without a common letter differ, p≤0.05. ACM, 
adipose conditioned media; AKT, protein kinase B, ANOVA, analysis of variance; BAD, 
Bcl-2-associated death promoter; GSK-3α/β, glycogen synthase kinase 3 alpha/beta; 
HF, high fat; IL, interleukin; MTOR, mammalian target of rapamycin; P70S6K, ribosomal 
protein S6 kinase beta-1; PTEN, phosphatase tensin homolog deleted on chromosome 
10; SEM, standard error of the mean.  
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LPS-STIMULATED 

LPS-stimulated phosphorylated Akt (p-Akt) protein content showed a time by diet 

interaction in addition to an independent effect of diet (time by diet effect p=0.01 and 

diet main effect p=0.0452; Figure 3.9A). Generally, HFn-6 diet ACM treatment increased 

p-Akt protein content by 29.9% compared to HFD ACM but did not differ from HFn-3 

phosphorylation status (p=0.0322 and p>0.05 respectively; Figure 3.9A). Overall, there 

were no differences in L6 myotube p-Akt protein levels between HF and HFn-3 ACM 

(p=0.05; Figure 3.9A). Specifically, at 12 wk, p-Akt was decreased by HFn-3 (-35.4%) 

and (-31.6%) HF ACM compared to HFn-6 ACM (p=0.0262 and p>0.05 respectively; 

Figure 3.9A). 

LPS-stimulated phosphorylated p70 (p-p70) protein content changed according 

to diet, such that a HFn-6 ACM increased (50.8%) L6 myotube p-p70 content compared 

to HF ACM, but p-p70 protein content in HFn-3 ACM treated L6 myotubes did not differ 

from HF or HFn-6 ACM (diet main effect p=0.0319, p=0.0242, p>0.05 and p>0.05 

respectively; Figure 3.9C). There was no independent effect of time or a time by diet 

interaction.  

LPS-stimulated phosphorylated BAD (p-BAD) protein content showed a time by 

diet interaction in addition to an independent effect of diet and time (time by diet effect 

p=0.0063, diet main effect p<0.0001 and time main effect p=0.0203; Figure 3.9D). 

Across diets, HFn-6 ACM increased p-BAD protein 2.3-fold and 2.5-foldcompared to 

both HF and HFn-3 ACM respectively (p<0.0001 and p<0.0001 respectively; Figure 

3.9D). Specifically, at 8 wk p-BAD was decreased (-56.8%) by HFn-3 ACM versus HFn-

6 ACM but neither differed from HF p-BAD protein content (p=0.0454, p>0.05 and 
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p>0.05 respectively; Figure 3.9D). At 12 wk, both HF and HFn-3 ACM reduced p-BAD 

protein content by -69.9% and -63.2% compared to HFn-6 ACM, with no difference 

between HF and HFn-3 ACM (p<0.0001, p<0.0001, and p>0.05 respectively; Figure 

3.9D). The L6 myotube p-BAD protein content time by diet interaction was observed 

only with HFn-6 ACM, such that p-BAD protein was elevated 72.4% at 12 wk compared 

to 8 wk (p=0.0035; Figure 3.9D). 

LPS-stimulated phosphorylated mTOR, GSK-3α/β and PTEN protein content was 

not changed by diet or over time and did not demonstrate any time by diet interactions 

(p>0.05; Figure 3.9B, 3.9E and 3.9F respectively).  
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Figure 3.9. Phosphorylation of insulin signalling proteins in LPS-stimulated (10 
ng/mL) L6 myotubes. L6 myotube cells were cultured in LPS-stimulated ACM collected 
from rats fed an isocaloric HF, HFn-6, or HFn-3 diet for 8 or 12 wk and stimulated with 
100 nM of insulin for 20 min before harvesting. Values are means ± SEM; n = 6-8/group. 
Data were analyzed by mixed procedure two-way ANOVA (main effects: diet and time) 
followed by Tukey’s post hoc test for pairwise comparisons. Means without a common 
letter differ, p≤0.05. ACM, adipose conditioned media; AKT, protein kinase B, ANOVA, 
analysis of variance; BAD, Bcl-2-associated death promoter; GSK-3α/β, glycogen 
synthase kinase 3 alpha/beta; HF, high fat; IL, interleukin; MTOR, mammalian target of 
rapamycin; P70S6K, ribosomal protein S6 kinase beta-1; PTEN, phosphatase tensin 
homolog deleted on chromosome 10; SEM, standard error of the mean. 

 

3.3.7 – Insulin-stimulated glucose uptake in ±LPS stimulated rat L6 myotubes  

UNSTIMULATED 

Insulin-stimulated glucose uptake in the unstimulated condition showed a time by 

diet interaction as well as independent effects of diet and time (time by diet effect 

p<0.0001, diet main effect p<0.0001, and time main effect p=0.0015; Figure 3.10A). 
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HFn-3 ACM generally increased insulin-stimulated glucose uptake in L6 myotubes 

compared to HF and HFn-6 ACM conditions, where HFD ACM glucose uptake was 

increased compared to HFn-6 ACM (p<0.0001, p<0.0001 and p=0.0025 respectively; 

Figure 3.10A). Specifically, HFn-3 ACM increased glucose uptake by 19.7% at 2 wk 

compared to HFn-6 ACM and by 23.4% and 33.6% at 8 wk compared to both HF and 

HFn-6 ACM respectively (p=0.0006, p<0.0001, and p<0.0001 respectively; Figure 

3.10A). There were no differences between any diets at 12 wk (p>0.05; Figure 3.10A). 

Glucose uptake fluctuated over time in response to HFn-3 ACM, such that glucose 

uptake was decreased by -17.2% and -22.5% at 12 wk compared to 2 and 8 wk, 

respectively (p=0.0003, and p<0.0001; Figure 3.10A). HF and HFn-6 ACM did not affect 

glucose uptake over time (p>0.05; Figure 3.10A). 

LPS-STIMULATED 

Insulin-stimulated glucose uptake in LPS-treated groups showed independent 

effects of diet and time with a trend towards a time by diet interaction, though not 

significant (time by diet effect p<0.0001, diet main effect p<0.0001, and time main effect 

p=0.0619; Figure 3.10B, 3.10C). Overall, HF ACM blunted glucose uptake by -21.0% 

and -13.1% compared to both HFn-6 and HFn-3 ACM; wherein, HFn-6 ACM increased 

glucose uptake to a greater extent than HFn-3 ACM (p<0.0001, p=0.002, and p=0.0009 

respectively; Figure 3.10B). Over time, glucose uptake was decreased -12.3% at 8 wk 

compared to 2 wk and then was re-established to comparable 2 wk levels by 12 wk 

compared to 8 wk, where glucose uptake between 2 and 12 wk did not differ (p<0.0001, 

p<0.0001, and p>0.05 respectively; Figure 3.10C). 
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Figure 3.10. Insulin-stimulated glucose uptake in unstimulated (A) and LPS-
stimulated (10 ng/mL) (B) L6 myotubes.  L6 myotubes were cultured in ACM with or 
without 10 ng/mL of LPS from rats on isocaloric HF, HFn-6, or HFn-3 diet for 2, 8 or 12 
wk. Values are means ± SEM; n = 6-8/group. Data were analyzed by mixed procedure 
two-way ANOVA (main effects: diet and time) followed by Tukey’s post hoc test for 
pairwise comparisons. Means without a common letter differ, p≤0.05. ACM, adipose 
conditioned media; ANOVA, analysis of variance; HF, high fat; LPS, lipopolysaccharide; 
SEM. Standard error of the mean. 

 

3.4 – Discussion  

Obesity-associated AT-derived inflammatory signaling proteins interfere with 

peripheral tissue metabolic function and contribute to whole-body IR, especially in the 

skeletal muscle (252). Skeletal muscle is a critical tissue for insulin-stimulated glucose 

uptake and metabolism and is particularly sensitive to HFD-induced inflammatory 

signaling (91,164,244). Work from our lab has shown that LC n-3 PUFA, particularly 

EPA and DHA, blunt inflammatory cross-talk between adipocytes and macrophage, 

CD4+ T cells or CD8+ T cells, and promote insulin-stimulated glucose uptake in skeletal 

muscle challenged with SFA (133,152,208,212,213). Additional work has also shown 

similar effects of DHA and AA to reduce inflammatory macrophage-myocyte cross-talk, 

which ultimately improved myocyte glucose uptake and blunted immune cell 

accumulation in skeletal muscle of HFD-induced obese rats (253,254). However, 
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investigation into the time-course of obesity-associated metabolic dysregulation in AT, 

as well as the paracrine communication and subsequent alteration of skeletal muscle 

insulin signaling and glucose uptake remain unclear. In the present study, our objectives 

were to assess 1) changes in inflammatory development in AT over 12 wk, and 2) how 

such diet-induced AT inflammatory changes alter L6 myotube inflammatory status and 

insulin action. We hypothesized that n-3 and n-6 PUFA would modulate, to different 

extents, HFD-induced AT adipokine synthesis and secretion and CLS development in a 

time-dependent manner that beneficially modulates and reduces the inflammatory 

microenvironment and cross-talk between AT and L6 myotubes.  

To achieve Objective 1, Sprague Dawley rats were fed one of three isocaloric 

HFD, enriched in either SFA, n-6 PUFA (HFn-6) or n-3 PUFA (HFn-3), to analyze the 

development of IR and the possibility of differential alteration in AT chronic inflammatory 

signaling and characteristics of obesity development at 2, 8, or 12 wk. Further, to 

achieve Objective 2, we treated L6 myotubes with unstimulated or LPS-stimulated 

culture media generated from AT of rats fed the three different diets to observe altered 

in vitro cross-talk that may arise from differential AT inflammatory environment due to 

dietary SFA or PUFA dietary consumption and its effect on insulin action and glucose 

uptake in an obesity cell culture model. 

As expected, all HFD-fed rats demonstrated an increased obese phenotype as 

evidenced by a significant increase in body and fat pad weight as well as a more 

pronounced inflammatory environment of the epididymal AT after 12 wk. More 

specifically, we showed significant CLS development across all diet groups, evidenced 

by CLS present with positive CD68 staining. Altering dietary fat composition may be a 
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relatively straight forward intervention to alter inflammatory pathways within AT and 

peripheral tissues, despite similar accumulation of fat mass. 

Regardless of the dietary fat composition, our findings demonstrated increased 

AT inflammation through modulation of adipokine gene expression and secretion at 8 

and/or 12 wk. All diets altered TNF-α, MCP-1, IL-6, IL-1β, TLR4, and IL-10 AT gene 

expression over time. TNF-α, TLR4 and IL-10 gene expression showed elevated levels 

during early obesity development followed by reduced levels at 8 wk, and then a 

rebound at 12 wk to comparably increased 2-wk measures. Both MCP-1 and IL-1β 

mRNA were increased at 12 wk, whereas MCP-1 showed an earlier increase at 8 wk 

that was maintained at 12 wk. This is in line with previous literature, where MCP-1 was 

shown to increase early in HFD-associated models of obesity, which is also known to 

precede ATM accumulation (30,94). IL-6 mRNA decreased by 8 wk and this effect was 

maintained at 12 wk. NF-κB did not show any differences between diet groups, but 

decreased at 8 wk followed by a rebound at  12 wk in HFn-3 AT. Unexpectedly, TGF-β 

expression was significantly increased by a HFD at 12 wk, which was blunted by HFn-6 

and HFn-3 diets. This increased HFD-associated TGF-β expression at 12 wk, may blunt 

an increase in NF-κB expression, which otherwise was expected in this HFD-induced 

obese rat model. Research remains controversial regarding n-6 PUFA effects on 

inflammatory signaling, where, in agreement with our findings, studies have 

demonstrated increased expression and/or activation of NF-κB in adipocytes in 

response to AA treatment in vitro and endothelial cells and intestinal cells in response to 

LA (183,255,256). In contrast to our data, research has shown that AA supplementation 

in rats consuming a HFD with streptozotocin-induced T2D or partial replacement of SFA 
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with n-6 PUFA (LA or AA) can reduce NF-κB mRNA expression activation in AT and 

macrophages, respectively (246,257). Further, our data are inconsistent with previous 

studies, as n-3 PUFA have been shown to reduce inflammatory gene expression in 

obese AT in comparison to SFA (169,175,201,202,207). Titos et al. demonstrated a 

restorative effect of DHA on AT inflammatory cytokine expression of TNF-α and IL-6 

after mice had already consumed a HFD for 12 wk (202). Further, Yan et al. 

demonstrated decreased IL-1β expression and simultaneous suppression of TNF-α and 

MCP-1 in rats fed a HFD supplemented with DHA for 10 wk (222). These discrepancies 

may be due to the different PUFA supplementation methods, such as intraperitoneal 

injection of DHA or n-3 and n-6 PUFA gavage, and therefore, a more controlled 

administration of the supplement. Although these studies may be more controlled, our 

study is more reflective of real-world scenarios and perhaps explains our variable 

inflammatory gene expression. In the current study, iNOS expression remained 

unchanged across diets until 12 wk, when it was elevated. As an M1 macrophage 

marker, iNOS gene expression may be associated with the significant CD68+ 

macrophage staining at 12 wk as mentioned above. This may illustrate a general 

increase in CLS content, typically associated with an infiltration of M1 macrophages, in 

the later stages of obesity development that was not affected by dietary composition. 

Dietary modulation of AT secreted proteins is of key interest, as this information 

is indicative of the inflammatory state at the time of analysis. These proteins are present 

and able to bind to receptors, followed by activation of signaling cascades and may 

provide a mechanistic explanation for downstream effects we observed. Unstimulated 

secreted protein analysis showed unexpected blunting of IFN-γ and IL-1β by all diets at 
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12 wk compared to 8 wk. However, MCP-1 secretion increased in all diet groups by 12 

wk. Despite decreased IL-1β secretion over time, the increase in IL-1β expression at 12 

wk may be associated with the observed increase in MCP-1 secretion given MCP-1 

production is associated with increased IL-1β expression that is further correlated with 

increased macrophage infiltration, which may be reflected in the increased CLS index in 

our study (90,208,258). While evidence has shown that in vitro n-3 PUFA 

supplementation can blunt IL-1β production, the opposite has been demonstrated in the 

AT of HFD-induced obesity (259,260).  However, it is possible that due to the relatively 

dynamic changes in mRNA expression, that an associated increase in IL-1β protein 

synthesis and secretion was missed. Interestingly, IL-10 secretion increased in AT 

isolated from HFn-6-fed rats at 8 wk but was blunted by both HF and HFn-3 diets 

followed by a comparable drop in expression among all diets in later obesity 

development. Unstimulated secreted proteins did not reflect AT gene expression very 

closely. This may be due in part to a lack of LPS-stimulation, as AT in vivo is exposed to 

LPS naturally and in this experiment, AT was essentially ‘starved’ of possible 

physiological levels of LPS for 24h prior to ACM collection and analysis. 

To mimic an obese, inflammatory micro-environment in vitro, we challenged AT 

organ cultures with LPS to produce physiologically relevant ACM. LPS stimulation 

resulted in an inflammatory effect compared to changes in unstimulated cytokine 

secretion from AT. Similar to unstimulated secretion, LPS-stimulated IFN-γ decreased 

at 12 wk compared to 8 wk, though this was primarily due to HFn-3 ACM treatment in 

the LPS-stimulated group. Otherwise, secreted TNF-α was increased from HFn-6 and 

HFn-3associated AT at 12 wk compared to HF. LPS treatment blunted the increased IL-
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10 expression at 8 wk by HFn-6 PUFA, such that IL-10 secretion was the same across 

timepoints and diets. IL-6 was trending towards an increase in the HFn-3 diet group 

compared to both the HFn-6 and HFD groups but remained insignificant. These findings 

are inconsistent with other studies, where n-3 PUFA treatment of 3T3-L1 adipocytes 

and macrophages, specifically EPA and DHA, has been shown to blunt LPS-induced 

increases in inflammatory adipokine secretion (e.g. TNF-α, IL-6, and MCP-1) 

(207,210,233,261). However, in vitro evidence has shown increased IL-6 secretion from 

adipocytes treated with ALA + LPS, which was prevented in unstimulated conditions 

(262). Many studies agree that IL-6 is a key mediator of visceral AT-associated 

reductions in L6 myotube insulin-stimulated glucose uptake (85,263–265). However, in 

the current study, IL-6 gene expression did not show a strong relationship across 

measures such as AT secreted IL-6 protein, IL-6 L6 myotube gene expression, and L6 

myotube glucose uptake in both unstimulated and LPS-treated conditions. In human 

myotubes treated with ACM from differentiated mammary adipocytes, IL-6 secretion 

was significantly decreased for 24h post-treatment and was recovered by 48h (91). This 

provides further evidence that AT-associated paracrine interactions can modulate 

inflammatory skeletal muscle characteristics. The obesity-associated inflammatory 

response that occurs primarily in visceral AT due to a HFD has been shown to be 

reduced or prevented by both inclusion of and replacement by n-3 PUFA in the diet 

(166,201,266–268). However, our findings suggest that inclusion of n-3 PUFA at the 

beginning of obesity development and within a HFD consisting of 60% fat may not 

provide the same inflammation-resolving effects observed in other rodent obesity 

models. 
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Investigating paracrine interactions between AT and peripheral insulin-sensitive 

tissues, particularly the skeletal muscle, is critical to in order to understand potential 

intervention targets and time points to prevent the development of whole-body 

development IR. To gain insight into paracrine communication between AT and skeletal 

muscle, we treated L6 myotubes with unstimulated and LPS-stimulated ACM to observe 

the influence of AT secreted factors on skeletal muscle function in vitro. In unstimulated 

conditions, NF-κB and TLR4 L6 myotube expression increased at 8 wk, followed by a 

rebound decrease at 12 wk. HFn-6 ACM increased MCP-1 expression in L6 myotubes 

at 2 wk compared to HF and HFn-3 ACM, followed by an increase in TNF-α and IL-6 at 

8 wk, with HF and HFn-3 ACM continuing to blunt inflammatory expression. 

Interestingly, at 12 wk, mRNA expression of TNF-α and IL-6 were reduced in L6 

myotubes and did not differ among diet groups. The observed increase in TLR4 and 

NF-κB expression at 8 wk may be indicative of ongoing promotion of TLR4 signaling. 

TLR4 ligand binding stimulates downstream NF-κB activation, which further promotes 

inflammatory cytokine synthesis, as observed at 8 wk in the HFn-6 diet groups (e.g. 

TNF-α, IL-6 and MCP-1) (14,61). However, this does not explain the other blunted 

inflammatory cytokine expression in L6 myotubes in HF and HFn-3 diet ACM groups. 

Further, the increased IL-10 concentration in unstimulated HFn-6 ACM does not appear 

to exert a functional suppression of inflammation. Lam et al. demonstrated an increase 

in IL-6 secretion from visceral ACM that is associated with impairment of insulin 

signaling and skeletal muscle glucose uptake (269). Insulin signaling impairment is 

completely ameliorated by neutralizing NF-κB activation, but only partially blunted by 

anti-IL-6 antibody. This contrasts with our findings, which show differential dietary 
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modulation of L6 cytokine expression, but an overall time impact on NF-κB expression. 

Overall, our data suggest that in the absence of further inflammatory stimuli, 8 wk HFn-6 

ACM may promote an initial inflammatory environment that is not maintained after 12 

wk. Previous work by Tishinsky et al. showed similar results in rat skeletal muscle after 

4 wk of HF and HFn-3 diets, where TNF-α, IL-6 and MCP-1 gene expression did not 

differ between rats consuming a high SFA and high n-3 PUFA diet (152). Similar to 

unstimulated conditions, LPS stimulation resulted in significant time by diet interactions 

to L6 myotube inflammatory mediator gene expression. HFn-6 ACM increased TNF-α 

expression in L6 myotubes at 8 wk, which is blunted by HF and HFn-3 ACM, but this 

difference was lost by 12 wk. IL-6 expression was elevated in L6 myotubes for all ACM 

at 12 wk compared to 8 wk. HF and HFn-3 ACM increased MCP-1 expression at 12 wk 

compared to both 2 and 8 wk, whereas HFn-6 ACM resulted in a more gradual increase 

by 12 wk. Finally, TLR4 expression was suppressed by HFn-3 ACM until 12 wk, where 

expression was increased for HFn-6 and HFn-3 ACM compared to early obesity 

measures. This shows that different PUFA-associated ACM modulated alterations in 

cytokine mRNA expression in L6 myotubes to different extents. HFn-3 ACM buffered an 

increase in inflammatory gene expression, until later obesity development, where all 

diet-associated ACM promoted increased inflammatory expression such as TNF-α, IL-6, 

MCP-1 and TLR4. This may suggest that dietary n-3 PUFA-associated changes in AT 

can buffer an increased inflammatory paracrine environment for a limited period of time. 

To our knowledge, there are limited studies observing L6 myotube inflammatory gene 

expression in response to LPS-stimulated ACM, and further, differential PUFA-
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associated ACM. More work is needed to fully understand the significance of these 

LPS-stimulated temporal and dietary changes in vitro.   

To illustrate the effect of AT-derived cytokines on muscle glucose uptake ability, 

we measured total phosphorylated insulin signaling proteins and utilized a glucose 

uptake assay to understand the functional effects in L6 myocytes. Activation of key 

insulin signaling proteins showed variable changes in response to dietary ACM as well 

as LPS stimulation. In the unstimulated ACM condition, p-P70S6K was increased from 

12 wk ACM across all diets compared to 8 wk ACM. Phosphorylated BAD (p-BAD) and 

GSK-3αβ(p- GSK-3αβ) were increased at 8 wk by HFD ACM, which was blunted by 

HFn-6 and HFn-3 for BAD, but only by HFn-6 ACM for GSK-3αβ. These differences 

were ameliorated at 12 wk, where all diets had comparable decreased levels of p-BAD 

and p-GSK-3αβ compared to 8 wk. Phosphorylation of these two proteins is considered 

protective of proper skeletal muscle insulin signaling. Unphosphorylated BAD protein 

limits cell growth and survival, while free GSK-3αβ inhibits glycogen synthase action, 

preventing adequate glucose storage (270). Finally, in agreement with many studies, we 

observed that HFn-6 and HFn-3 ACM increased p-Akt, whereas HFD ACM prevented 

this increase (91,271). Despite our findings showing inconsistent anti-inflammatory 

effects of HFn-3 diet in AT and associated ACM, glucose uptake in unstimulated L6 

myotubes was improved in HFn-3 ACM-treated cells at 2 wk compared to HFn-6 

treatment and at 8 wk compared to both HF and HFn-6 ACM, followed by a loss in 

improvement by 12 wk. Studies similar to our dietary, time-course, model are limited; 

however, Aas et al. have shown that EPA treatment of L6 myotubes in vitro resulted in 

increased glucose uptake in both basal and insulin-stimulated conditions when 
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compared to palmitate treatment (229). Promotion of increased sequestration of 

reactive lipid species into neutral TAG storage is suggested to be a primary beneficial 

effect of n-3 PUFA consumption or treatment on skeletal muscle insulin signaling 

(228,229,272). This FA partitioning effect was not investigated in this study and could 

perhaps shed light on the elevated glucose uptake observed in L6 myotubes cultured in 

HFn-3 ACM. The decrease in p-BAD and p-GSK-3αβ at 12 wk for all diets likely plays a 

role in the blunted n-3 PUFA effect for glucose uptake at that time point, perhaps 

overcoming the increase p-Akt in HFn-6 and HFn-3 ACM-treated L6 myotubes. 

In contrast, LPS-stimulation ameliorated many diet-related differences in 

phosphorylated insulin signaling proteins, reducing much of the beneficial capacity of 

PUFA ACM. HFn-6 ACM increased p-Akt at 12 wk, which was blunted by HF and HFn-3 

ACM treatment. HFn-6 also promoted increased p-BAD content, which was blunted by 

HFn-3 ACM at 8 wk and by both HF and HFn-3 ACM + LPS at 12 wk. With this in mind, 

we observed an overall increase of glucose uptake in L6 myotubes cultured in LPS + 

HFn-6 ACM, which was blunted by HF and HFn-3 ACM, though HFn-3 ACM-associated 

glucose uptake was increased when compared to HF ACM treatment. We saw a 

decreased in glucose uptake across all diets at 8 wk compared to 2 wk, followed by a 

rebound at 12 wk comparable to 2 wk glucose uptake. There was a trend towards a 

time by diet interaction, primarily driven by increased glucose uptake in HFn-6 ACM + 

LPS treated L6 myotubes, though this was not significant. This beneficial effect in HFn-6 

ACM treatment groups may be explained in part by the increased abundance of key 

phosphorylated insulin signaling proteins at 12 wk. However, anti-inflammatory IL-10 

secretion was ameliorated in HFn-6 ACM with LPS in addition to the subsequent 
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observed increase in TNF-α L6 myotube expression. Previous research demonstrates a 

protective effect of LA alone and in combination with SFA, palmitate on glucose uptake 

in L6 myotubes (272,273). Modified from the ACM model utilized in our study, Lam et al. 

utilized L6 myotubes incubated with DHA and LA, with and without PA, for 18h, followed 

by another 6 h with the addition of ACM from human visceral AT (273). Regardless, 

ACM reduced glucose uptake compared to ACM-free treatments; however, DHA and LA 

showed maintenance of some glucose uptake ability when PA was added alongside, 

compared to PA treatment alone (273). Interestingly, Sell et al. demonstrated that 

removal of ACM can lead to recovery of lost or inhibited insulin signaling proteins (91). 

Removal can be considered a relatively ‘drastic’ alteration to ACM; however, this 

rebound response is promising in that it suggests that skeletal muscle metabolic 

regulation remains sensitive to alterations of the ACM environment. 

Findings from the current study provide evidence to suggest that n-6 PUFA in a 

HFD may provide some metabolically protective benefits as evidenced by modulation of 

the AT inflammatory environment, namely increased IL-10 secretion, and preserved 

glucose uptake capacity during an LPS-challenge in L6 myotubes. n-6 PUFA, and 

specifically AA, are dogmatically characterized as inflammatory FA that should be 

limited in Western diets (274). This leaves little room for nuance or complexity. For 

example, in a group of young, active men, supplementation with 1.5g/day of AA for 4 wk 

resulted in overall reduced circulating monocyte number and reduced gene expression 

of immune cell surface markers with no evidence of increased basal systemic or 

intramuscular inflammation (275). Further, participants showed increased myogenic 

regulatory factors that promote muscle growth and function. This suggests that the 
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context of n-6 PUFA consumption bears important consideration. Perhaps those 

predisposed to an inflammatory tissue environment, such as sedentary or obese 

individuals, may be susceptible to the potential inflammatory outcomes of n-6 PUFA 

consumption compared to individuals with increased cellular machinery to utilize or 

buffer unwanted inflammatory outcomes of n-6 PUFA metabolism. Clinical trials in 

sedentary populations have also observed negligible effects of n-6 PUFA 

supplementation on circulating blood leukocyte abundance or inflammatory markers 

(190,276). In fact, Muka et al. found that elevated intakes of primarily n-6 PUFA were 

inversely correlated with a reduction in chronic systemic inflammation, shown by lower 

C-reactive protein levels in 4,707 individuals aged 55 years or older (277). Our data 

provide further evidence to suggest that in an inflammatory environment (as mimicked 

by LPS stimulation in our model), dietary n-6 PUFA consumption can influence 

paracrine interactions and potentially be protective against LPS-induced reductions in 

skeletal muscle glucose uptake. 

 Notably, the n-6 HFD utilized in our study contained a marginal amount of n-3 

PUFA as well, which may contribute to the observed changes in IL-10. Barros et al. 

illustrated the efficacy of a mixed PUFA diet in improving inflammatory gene expression 

in the colon by specifically increasing IL-10 expression (278). In rats with induced colitis, 

a different but relevant chronic inflammatory environment, consumption of a mixed fish 

(n-3 PUFA) and soybean oil (n-6 PUFA) diet and a fish oil only diet increased IL-10 

expression; however, the mixed diet increased IL-10 significantly more so than a fish oil 

only diet (278). This suggests that a more balanced PUFA ratio is more advantageous 

to inflammatory regulation in chronic inflammatory states than either PUFA alone in the 
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diet. Pischon and colleagues observed a strong inverse relationship between soluble 

circulating TNF receptors, a strong predictor of inflammatory processes in clinical 

settings, and n-3 PUFA intake that was further dependent on n-6 PUFA consumption in 

the form of LA (279). Individuals in the quartile with the highest n-6 PUFA intake and the 

lowest n-3 PUFA had the highest concentrations of inflammatory markers. This 

relationship was reversed when n-6 PUFA remained high, but n-3 PUFA was increased 

in tandem (279). This provides evidence to suggest that the marginal or at least neutral 

anti-inflammatory effects of n-6 PUFA on AT inflammatory adipokines may be due in 

part to the combination of n-6 and n-3 PUFA consumed in the soybean diet. 

Our results also did not show compelling evidence to suggest a robust protective 

effect of dietary n-3 PUFA consumption on AT inflammation or paracrine cross-talk 

associated insulin action and glucose uptake in an obese environment. These results 

are in contrast to the majority of evidence in the literature demonstrating inflammation-

resolving effects or at least neutral results of a n-3 PUFA diet. This may be due in part 

to the unexpected decrease in proportion of total n-3 PUFA enrichment in the 

epididymal AT of rats on a HFn-3 diet at 12 wk when compared to those at 2 wk. 

Further, 12-wk HFn-3-fed rats showed an elevated proportion of total SFA in the 

epididymal AT compared to HF and HFn-6 fed rats at 2 and 12 wk. Importantly, we 

analyzed the proportion of individual FA or total FA subtype in AT and did not measure 

specific proportions within different phospholipid fractions or cellular locations, which 

may provide important information related to cellular function. Yang et al. demonstrated 

an inhibition of TNF-α-induced lipolysis in 3T3-L1 adipocytes when adipocyte 

phospholipids were enriched in DHA and EPA (280). Further, Chorner et al. showed 
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increased plasma membrane fatty acid translocase (FAT/CD36) content of rat skeletal 

muscle in addition to increased palmitate transport rates and skeletal muscle TAG 

content in response to ALA supplementation of a HFD (281). Although some effects are 

investigated in skeletal muscle and not AT, these results collectively suggest the 

potential for dietary n-3 PUFA to prevent inflammatory mediator-stimulated adipocyte 

lipolysis and subsequently stimulate increased uptake and inert storage of SFA as 

opposed to release into the circulation. Thus, an increase in SFA proportion at the 

expense of total n-3 PUFA may not necessarily have a negative functional outcome 

depending on the location of SFA incorporation. However, such effects require further 

study and cannot be confirmed in the current study. Regardless, our results were 

unexpected and may be partly because each time point consisted of a different cohort 

of rats. This reduced n-3 PUFA enrichment and increased SFA proportion maintained 

across time may explain, in part, the similarities in AT inflammation end points between 

HF and HFn-3-fed rats, but this requires further study. 

3.4.1 – Strengths, Limitations and Future Directions 

This study had various strengths and limitations that require mention. Firstly, we 

utilized L6 cells, a rat skeletal muscle cell line, in order to take advantage of its 

increased sensitivity and responsiveness to insulin stimulation compared to primary 

human myotubes (269,282). Studies have shown that the effect of insulin on increasing 

glucose uptake is reasonably reproducible in contrast to human myotubes, where 

individual variability is a major differentiating factor along with variable insulin-stimulated 

glucose uptake (283). Secondly, for development of the ACM, we utilized only visceral 

AT, as Lam et al. demonstrated in vitro an important depot-specific effect of AT on 
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insulin responsiveness in skeletal muscle (269). Using an ACM treatment more closely 

recapitulates a physiological in vivo scenario due to the multitude of paracrine 

communication signals that occur in normal tissue function. Lastly, we utilized an LPS 

dose (10 ng/mL) that reproduces the physiological level of circulating endotoxin units (5-

6 endotoxin units/ML) observed in humans with obesity and HFD-induced obese rodent 

models (54,60,249).  

Although the use of ACM treatments was a strength of this study, it is important 

to note that the secreted mediators within the cultured ACM would not be physiologically 

equivalent to the concentration that reaches the skeletal muscle in vivo. These 

mediators would likely be decreased in a true in vivo scenario due to mediator half-life 

and binding to peripheral targets other than the skeletal muscle. Another potential 

limitation of the current study is the use of separate cohorts of rats for each time point. 

In doing so, inter-time point differences are more variable and leave room for error in 

comparison and decreased extrapolation ability. For instance, the transient increase in 

inflammatory expression and secretion of several adipokines after 8 wk of dietary 

intervention, followed by changes after 12 wk that were often comparable to 2-wk 

measures may be due to cohort differences, and not necessarily a time effect. However, 

the use of separate cohorts of rats for each time point is a common method utilized in 

animal studies due to the logistics of tissues required at each time point for desired 

analyses. More specifically, to analyze the desired endpoints, it would have been 

difficult and unethical, to remove enough AT at each time point without severely altering 

the rat quality of life. Additionally, the potential impact of repeated surgeries on systemic 
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and local inflammation would have confounded results considerably and thus was not 

feasible. 

In this study we did not assess oxidative stress, a key metabolic function that is 

also involved in the pathophysiology of metabolic diseases. It is possible that some 

unexplained outcomes or endpoints could be further elucidated through analysis of the 

oxidative landscape of the AT and L6 myotube cells given that excessive production of 

reactive oxygen species negatively effects insulin responses (284,285). Finally, the 

HFn-6 diet contained a significant proportion of n-3 PUFA, which may be responsible, in 

part, for the observed blunting of increased inflammation and maintenance of insulin-

stimulated glucose uptake. As mentioned above, a mixed PUFA diet has been shown to 

be optimal in reducing inflammation in rodent and human models compared to either n-

6 or n-3 PUFA alone. This makes sense considering both PUFA species are essential 

for separate and proper homeostatic metabolic function. 

3.5 – Conclusion 

Characterization of the sequence of events that lead to the development of 

obesity-associated complications, such as IR, remain to be completely illustrated. 

Moreover, the tissue-specific metabolic challenges that occur in obesity and IR require 

further study. These gaps are due to a multitude of reasons such as insufficient animal 

models used in addition to a lack of time-course analysis of the multiple organ systems 

working in tandem that lead to metabolic dysregulation observed in HF-diet-induced 

obesity. Instead, many studies provide data for a single snapshot in time or specific 

disease stage. It is important to understand the characteristics of obesity development 

and the onset of IR, specifically the gradual accumulation of defects in insulin-stimulated 
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glucose transport at the level of the skeletal muscle, in order to prevent the 

development of metabolic impairments at its earliest stages. Research has 

demonstrated that skeletal muscle can show signs of IR after only hours of a lipid 

infusion, suggesting that muscle is a key organ that must be attended to and protected 

to restore whole body metabolic regulation.  

Overall, our data support the hypothesis that n-6 and n-3 PUFA can differentially 

modulate the inflammatory AT environment associated with the consumption of a HFD 

and glucose transport at the level of the insulin signaling pathway in ACM-treated L6 

myotubes. Replacing 15% of dietary SFA with n-3 PUFA-rich fish oil marginally reduced 

inflammation and altered glucose uptake in L6 myotubes compared to an SFA-rich diet 

and a HFD supplemented with n-6 PUFA. 
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Appendix A: Real-time PCR primer sequences 

 

Gene Forward primer (5’-3’) Reverse primer (5’-3’) 

b-actin accgagcatggctacagcgtcacc gtggccatctcttgctcggagtct 
TNF-a ccactccagctgctcctct gcccagaccctcacactc 
Il-6  acaacatcagtcccaagaagg cccttcaggaacagctatgaa 
Il-10 tcatggccttgtagacacctt agtggagcaggtgaagaatga 
Il-1b gggttccatggtgaagtcaac cacctctcaagcagagcacag 
MCP-1 ggatcatcttgccagtgaatg cgtgctgtctcagccagat 
Arg-1 acatcggcttgcgagatgtg gccaattcccagcttgtcca 
iNos tcctgccaccttggagttca tggtcacctccagcacaaga 
Ifn-g ttcaagacttcaaagagtctgagata atctggaggaactggcaaaa 
Tgf-β cggagagccctggataccaccta gccgcacacagcagttcttctct 
Nf-kb cacggatgacagaggcgtgtataagg ggcggatgatctccttctctctgtctg 
Tlr4 ggcatcatcttcattgtccttg agcattgtcctcccactcg 

 

 

 

 

 

 


