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ABSTRACT
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KNOCK-OUT MICE
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Advisor:
Dr. David M Mutch

This thesis is an investigation into the influence of two distinct n-6 PUFA, linoleic acid (LA) and
arachidonic acid (AA), on inflammatory signalling pathways in white adipose tissue (WAT)
using fatty acid desaturase 2 knock-out (Fads2-/-) mice. Delineating the independent roles of n-6
PUFA is challenging due to the continuous endogenous conversion of LA into AA. Fads2
regulates the initial rate-limiting step in this conversion. Therefore, Fads2-/- mice are unable to
convert LA into AA. Following consumption of carefully formulated low-fat diets for nine
weeks, LA and AA were highly enriched in serum and different WAT depots in both wild-type
and Fads2-/- mice; however, neither n-6 PUFA activated inflammatory gene and protein
expression. Furthermore, the outcomes were similar in both subcutaneous and visceral adipose
tissue depots. Collectively this thesis demonstrates that LA and AA do not induce WAT
inflammation when consumed as part of a low fat diet.
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CHAPTER 1
The Influence of Dietary PUFA Intake on WAT Function and Cardiometabolic Risk
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1.0. Introduction
A positive energy balance (i.e., when energy intake outweighs energy expenditure) is
regarded as a major factor contributing to white adipose tissue (WAT) hypertrophy and
hyperplasia1,2. It is widely recognized that WAT also behaves as an endocrine organ that secretes
various inflammatory protein and lipid mediators. With hypertrophy, WAT increases the
secretion of pro-inflammatory adipokines, which contribute to the “low-grade inflammation”
characteristic of many chronic metabolic diseases. As such, increased adiposity, amongst other
physiological mechanisms, appears to be closely related to the development of cardiometabolic
risk3.
Both the overall quantity and type of fat in the diet has been shown to influence WAT
function4,5. For example, it is well documented that the consumption of a high-fat (HF) diet
induces obesity and promotes inflammation2,6. However, the impact of different dietary fats on
WAT metabolism still produces conflicting results7,8. With the dramatic increase in the incidence
of obesity and related cardiometabolic risk factors, several research groups have proposed that
dietary fat composition, specifically with regards to polyunsaturated fatty acid (PUFA) intake,
can increase the risk of excessive energy storage and WAT dysfunction1,9,10. Hence, the purpose
of this literature review is to examine the relationship between dietary fat, WAT function, and
inflammatory processes.
1.1. What is Cardiometabolic Risk?
The term “cardiometabolic risk” was initially proposed in recognition that the cluster of
risk factors that define metabolic syndrome (MetS) was not sufficient for determining individual
risk for Type-2 Diabetes (T2D) and cardiovascular disease (CVD)3,11. The term ‘cardiometabolic
risk’ was suggested as a comprehensive umbrella term to describe traditional risk factors such as
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obesity, hyperglycemia, and hypertriglyceridemia, as well as more novel or ‘emerging’ risk
factors such as the gut microbiota. The central tenet being that the web of cardiometabolic risk
factors better captures the risk of both CVD and T2D (Figure 1)13.

Age

Genetics

Obesity

Metabolic
Insulin
Syndrome resistance
Altered lipid BP
metabolism
 HDL, LDL

Smoking, physical activity,
unhealthy eating
Other unrecognized/
emerging risk factors
TAG

Family history
Hypertension

Cardiometabolic risk
(MetS/CVD/T2D)

Figure 1. Traditional and emerging cardiometabolic risk factors. Cardiometabolic risk
recognizes that risk factors for T2D and CVD such as obesity, insulin resistance,
hypertriglyceridemia, dyslipidemia, and hypertension, often cluster. Further, lifestyle habits (e.g.
physical activity, diet, and smoking) are able to modulate cardiometabolic risk, and are now
recognized as critically important risk factors for MetS, CVD and T2D. Adapted from Leiter et
al.3

1.1.1. Cardiometabolic Disease and WAT
Obesity is a key cardiometabolic risk factor that is tightly associated with the
inflammatory status of WAT. Traditionally, the accumulation of visceral WAT was a primary
risk factor of obesity8,13,14. Yet, recent reports have highlighted strong interactions between
subcutaneous (subQ) fat deposition and inflammation, suggesting that other WAT depots
contribute to the development of cardiometabolic risk14,15,16,17,18,19. Generally, inflammation in
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WAT is triggered by an energy surplus (e.g. caloric excess) that leads to increased recruitment of
immune cells and production of signalling proteins that perpetuate a systemic inflammatory
response91,20,21,22. Thus, specific nutrients that influence these inflammatory processes are an
important factor to consider when assessing cardiometabolic risk. In particular, this has led to an
interest regarding the interplay between dietary fat and WAT inflammation.
1.2. Function of WAT
The traditional view of WAT was that it served as an energy reservoir, from which fatty
acids (FAs) could be mobilized to provide other tissues with energy when required23. However,
WAT is now recognized as a dynamic endocrine organ capable of secreting a wide array of
proteins and hormones, collectively termed "adipokines"24.
WAT is composed of two main fractions: the adipocyte fraction, and the stromal vascular
fraction (SVF)25,26. The adipocyte fraction consists of mature, spherical adipocytes that each
contains a single large lipid droplet27. The SVF comprises cells of the innate and adaptive
immune system, such as resident macrophages and leukocytes, in addition to a number of other
cell types that includes preadipocytes, fibroblasts, circulatory system components, and lymphatic
vessels25,26. WAT is surrounded by loose connective tissue, referred to as the extracellular matrix
(ECM), which is rich in structural proteins such as collagen and fibronectin. The ECM helps to
maintain WAT integrity and structure, and plays a key role in the differentiation of preadipocytes
into mature adipocytes28. Collectively, both fractions are engaged in the function and
maintenance of WAT29,30.
1.2.1. Development of an inflammatory phenotype in WAT
Increased adiposity, characteristic of obesity, is a result of the accumulation of
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triacylglycerol (TAG) in adipocytes31. Insulin stimulates lipoprotein lipase (LPL) to hydrolyze
TAG in very low-density lipoproteins or chylomicrons into non-esterified fatty acids (NEFA).
NEFA are then shuttled into adipocytes, re-esterified into TAG, and stored in lipid droplets32.
When the body needs energy, lipolysis breaks down TAG to release glycerol and up to three
NEFA, which are released into circulation and used for energy by different tissues32,33,34. Under
normal conditions, adipocytes are highly capable to balance the synthesis and breakdown of
TAG in response to physiological needs34. As excess energy accumulates, WAT undergoes a
combination of both hyperplasia and hypertrophy to store excess energy2,33,34. Hyperplasia refers
to the generation of new adipocytes, while hypertrophy refers to an increase in the size of
existing adipocytes2,19. Hypertrophy is directly associated with WAT inflammation, with positive
correlations noted between adipocyte size, the accumulation of immune cells, and increased
production of pro-inflammatory adipokines20,34,35,36,37,38.
The dynamic remodelling of WAT leads to substantial changes in the population and
activity of immune cells, most notably macrophages, mast cells, neutrophils, and T- and Blymphocytes. Simultaneously, other immune cell types such as eosinophils, and several subsets
of T lymphocytes (T helper 2 (Th2), regulatory T cells, and natural killer (NK) cells) are
reduced19,20,34,39. These alterations lie at the very core of the development of obesity-related local
and systemic low-grade inflammation19. Furthermore, elevated levels of NEFA correspond to
impaired WAT function, and act in an autocrine or paracrine manner as ligands for inflammatory
signalling pathways such as Toll-like receptor 2 and 4 (TLR2/4)19,40,41.
In macrophage and adipocyte cell models, TLR2/4 signalling leads to the activation of
various pro-inflammatory pathways, including extracellular signal-regulated kinases (ERK),
mitogen-activated protein kinases (MAPK), c-Jun N-terminal kinases (JNK), and the nuclear
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factor kappa-light-chain-enhancer of activated B cell (NF-κB) pathway42. MAPKs such as p38,
JNK, and ERK1/2 induce transcription of pro-inflammatory adipokines40,42. Moreover, the
activation of TLR2/4, and subsequent signalling of inflammatory pathways, leads to the massive
infiltration of macrophages associated with WAT hypertrophy. These macrophages are a source
of inflammatory proteins associated with impaired WAT function, such as tumour necrosis
factor-α (TNFα), inducible nitric oxide (iNOS), and monocyte chemoattractant protein-1 (MCP1)

19,20,43

. Based on the expression of different antigens and adipokines, macrophages can be

generally divided into two subpopulation types – the classically activated M1 phenotype and the
alternatively activated M2 phenotype4,19,20. The M2 phenotype occurs under the influence of
anti-inflammatory adipokine secretion including interleukin (IL) -4, IL-13, and IL-1019. WAT
hypertrophy leads to the decreased expression of these factors, while simultaneously increasing
the expression of pro-inflammatory antigens such as F4/80, CD11b and CD11c integrins, as well
as adipokines such as TNFα, IL-6, and nitric oxide synthase 2 (NOS2)19. This results in a shift
from the anti-inflammatory M2 phenotype to a pro-inflammatory M1 phenotype44,45,46,47. This
shift is partially induced by the transformation of resident M2 macrophages, but moreso by the
increased recruitment of circulating monocytes and their differentiation into M1 macrophages19.
Ultimately, the development of dysfunctional WAT is multifactorial, but the progression of
impaired WAT function is largely dictated by the inflammatory adipokine and immune cell
profile.
1.2.2. Differences between WAT depots in response to inflammation
WAT is generally classified as subQ or visceral (which includes omental and mesenteric)
depots, where visceral WAT is widely thought to be more responsive to changes in metabolism
than subQ48. Alvehus et al. demonstrated Mcp-1 gene expression was highest in visceral WAT
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and contributed strongly to the discrimination between visceral and subQ depots49. These results
are supported by higher Mcp-1 gene expression50 and IL-6 secretion51 in obese, human visceral
WAT compared to subQ. This was similarly observed in cultured human adipocytes with the
production and release of IL-852 and MCP-150,53. Furthermore, adiponectin, an anti-inflammatory
adipokine, was found to be ~33% lower in visceral WAT from lean human subjects, and 28%
lower in visceral WAT from obese subjects compared to subQ WAT54. Taken together, these
results indicate that visceral WAT has a stronger pro-inflammatory gene expression and
adipokine secretion profile compared to subQ WAT.
1.3. Regulation of WAT inflammatory signalling pathways by dietary fats
The Western diet is characterized by high n-6 PUFA, saturated fatty acids (SFA), and
trans fatty acid intake, and low levels of monounsaturated fat (MUFA) and n-3 PUFA55. This
pattern of dietary fats has been strongly associated with a significant increase in the prevalence
of a number of chronic inflammatory diseases including autoimmune pathologies and most
notably obesity55,56,57. Therefore, considering the influence of dietary fats on inflammatory
signalling pathways is critical to better appreciate their impact on WAT function58,59.
1.3.1. Regulation of inflammatory processes in WAT by SFA
The U.S. department of Agriculture suggests that SFA comprise <10% of total calories
per day60. However, in the Western diet up to 15% of total calories comes from SFA61. SFA
consumed in the diet are primarily obtained from meat and dairy products such as beef, lamb,
butter and cheese. In general, SFA induce inflammation in WAT via the TLR4 signalling
pathway41. Shi et al. demonstrated potent effects of specific SFA - myristic acid (MA, 14:0) and
stearic acid (SA, 18:0) - on TLR4 expression, which activated NF-ĸβ and JNK pathways and
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resulted in increased IL-6 and Tnfα gene expression62. Shaw et al. demonstrated that chemokine
ligand 5 (Ccl5) expression, which is implicated in the recruitment of leukocytes, was upregulated
by both palmitic acid (PA, 16:0) and SA63. This suggests that SFA activate immune cells and
promote pro-inflammatory adipokine secretion. This is further supported by studies that have
reported an increase in Mcp-1 gene expression in adipocytes64, and Tnfα and Il-6 expression in
the RAW264.7 macrophage cell line following treatment with PA62. Similarly, PA activated NFĸβ in 3T3-L1 adipocytes, as well as MAPK signalling, leading to IL-6 and TNFα production65.
Van Dijk et al. reported that in obese men and women, an eight week dietary intervention
high in SFA was correlated with upregulated expression of genes related to immune cell
(leukocytes, T cells, and macrophage) receptor signalling, as determined using a microarray
analysis66. Further, adiponectin expression was decreased in both plasma and subQ WAT of
subjects consuming a high SFA diet. In visceral WAT of mice, Enos et al. demonstrated that HF
diets differing in their total SFA content (6%, 12% and 24%) increased fat pad weight, adipocyte
size, and Mcp-1, Tnfα, F4/80, and Tlr2 gene expression compared to control mice67. Taken
together, this suggests SFA affects WAT function and inflammatory signalling pathways in both
subQ and visceral WAT depots.
1.3.2. Regulation of inflammatory processes in WAT by MUFA
Fatty acids that possess one double bond in the carbon chain, termed monounsaturated
fatty acids (MUFA), have well-established benefits in the prevention of cardiometabolic
risk68,69,70,71. MUFA intake in the Western diet is ~11% of total calories, compared to the
recommended intake of up to 25%61. The predominant dietary sources of MUFA are vegetable
oils, with the most common being olive oil70,71. Oleic acid (OA, 18:1n-9) is the predominant
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MUFA in the diet, accounting for up to 90% of total MUFA intake, followed by palmitoleic acid
(PMO, 16:1n-7).
Van Dijk et al. reported in obese men and women, that an eight-week dietary intervention
rich in MUFA resulted in a reduced pro-inflammatory gene expression profile in subQ WAT
using a microarray analysis66. Further, they reported increased adiponectin, and reduced Ccl5
gene expression compared to a diet rich in SFA. However, it is difficult to distinguish whether
the beneficial effects observed following the MUFA dietary intervention are due to increased
MUFA content, decreased SFA content, or potentially a combination of both. Irrespective, a
number of other studies have also highlighted the benefits of increased MUFA using more
targeted in vivo and in vitro analyses. Shaw et al. observed a reduction in TLR pathway activity
and Ccl5 expression in differentiated 3T3-L1 adipocytes treated with OA and PMO63. In vivo,
Oliveira et al. found that mice fed a HF diet for eight weeks supplemented with olive oil (which
is rich in OA) showed significant reductions in Tnfα, Il-6, Il-1β, and I-κβ kinase (Ikk) gene
expression, and an increase in Il-10 expression in visceral WAT72. OA also prevented WAT
recruitment of M1 macrophages and pro-inflammatory T cells in visceral WAT of rodents
challenged with a sucrose diet supplemented with OA73. Furthermore, adipocytes isolated from
rats fed a high MUFA diet (79% of total fat from OA) exhibited lower IL-6 secretion compared
to SFA or PUFA enriched diets74. Kruse et al. supplemented obese men with either 50 g of olive
or rapeseed oil (high in n-6 and n-3 essential PUFA) over a four-week period75. Following the
olive oil dietary intervention, they reported decreased expression of TNFα in subQ WAT
compared to the rapeseed oil-enriched diet. Collectively, this suggests that in both visceral and
subQ WAT depots, MUFA reduce pro-inflammatory adipokine secretion and protect against
immune cell infiltration in both lean and obese conditions.
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1.3.3. Regulation of inflammatory processes in WAT by PUFA
There are three families of PUFA, classified as n-3, n-6 or n-9 based on the location of
the last double bond relative to the methyl end of the molecule76. The human body can produce
all FAs except two essential n-3 and n-6 PUFA: linoleic acid (LA, 18:2n-6) and α-linolenic acid
(ALA, 18:3n-3)56. Currently, n-3 and n-6 PUFA intake is recommended to be ~7% of total fat
intake61. LA and ALA can be metabolized into more unsaturated long-chain PUFA via the fatty
acid desaturase pathway (FADS)76. These down-stream products include arachidonic acid (AA,
20:4n-6), eicosapentaenoic acid (EPA, 20:5n-3), and docosahexaenoic acid (DHA, 22:6n-3),
which have all been shown to have critical roles in the regulation of WAT inflammatory
signalling pathways55,77. LA is the most highly consumed PUFA in the human diet and provides
approximately 6% of total energy intake78. The most common sources of LA include vegetable
oils such as sunflower and soybean oil. In contrast, AA makes up ~0.2% of total energy intake 79.
AA is typically obtained through the consumption of meat and dairy products. Rich dietary
sources of ALA include green leafy vegetables and flaxseed oil while EPA and DHA are
primarily found in fish and fish oils80,81. The average intake of ALA, EPA and DHA are all
estimated to be <1% of daily energy intake82,83.

1.3.3.1. Influence of n-3 PUFA on inflammatory processes in WAT
In vitro investigations into adipokine modulation by n-3 PUFA have primarily focused on
the effects of EPA and DHA, with the majority of evidence supporting their anti-inflammatory
action in adipocytes and immune cells84,85. In contrast to EPA and DHA, few studies have
investigated the ability of plant-derived n-3 PUFA, such as ALA and stearidonic acid (SDA,
18:4n-3). To date, the Western diet contains such low amounts of SDA that it has yet to be
measured86. The evidence surrounding the regulation of adipokines by ALA is inconclusive
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when evaluating data collected from studies in different cell models. In 3T3-L1 cells, treatment
with ALA did not affect IL-6 secretion. However, when simultaneously treated with
lipopolysaccharide (LPS), ALA significantly increased IL-6 production compared to control
cells treated with LPS87. In contrast, Ren et al. demonstrated that treating macrophages with
ALA decreased TNFα production88. In vivo, Laugerette et al. demonstrated that mice fed a diet
enriched with ALA for eight weeks reduced pro-inflammatory IL-1β, Tlr4, and cluster of
differentiation 14 (CD14) gene expression in WAT compared to a diet enriched with SFA87.
Collectively, this suggests that mice fed a diet enriched with ALA display an anti-inflammatory
WAT phenotype. However, the authors were unable to control for the endogenous conversion of
ALA into EPA and DHA, which questions whether the observations in this study were a result of
ALA or these other n-3 PUFA.
The evidence surrounding the anti-inflammatory roles of EPA and DHA are well
established. In vitro, numerous reports have demonstrated the ability of both EPA and DHA to
reduce pro-inflammatory adipokine secretion including MCP-1, IL-6, TNFα and IL-1β89,64, and
decrease the ratio of M1: M2-polarized macrophages90. Hsueh et al. showed that EPA could
suppress LPS induced IL-6 secretion and gene expression91. Further, EPA diminished TLR2, but
not TLR4, protein expression in WAT, and significantly lowered the activation and translocation
of NF-κβ, a TLR2 downstream signalling target90. The anti-inflammatory effects of DHA have
been repeatedly reported to be more potent than that of EPA, which is an important consideration
for dietary recommendations90,92. Ruzickova et al. fed young male mice either a low-fat control
diet (3.4% of energy from fat), one of two HF control diets (20% and 35% energy from fat) or
experimental diets (HF control diets supplemented with either a low or high dose of EPA or
DHA) for five weeks93. By the end of the study period, HF diets supplemented with EPA and
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DHA attenuated the accumulation of epididymal fat, but had a limited effect on inguinal WAT;
suggesting a preferential reduction of visceral WAT compared to subQ.

1.3.3.2. Influence of n-6 PUFA on inflammatory processes in WAT
Investigation into the regulation of adipokines and inflammatory processes by the two
predominant dietary n-6 PUFA, LA and AA, is contradictory. Vaughan et al. found that treating
primary mouse macrophages with 50 μM LA stimulated Mcp-1 and Tnfα expression to a greater
extent than other dietary fats (including SFA)94. The first in vivo study to associate LA and
inflammation found that increasing dietary LA from 1 to 8% of total energy in mice was
associated with elevated plasma leptin, larger adipocytes, and increased macrophage infiltration
in epididymal WAT95. In contrast, previous research has demonstrated that LA does not increase
common markers of inflammation in epididymal WAT (e.g. JNK1/2 and IL-6)87,96. Furthermore,
L’homme et al. reported LA inhibited IL-1β secretion by SFA in human macrophages,
suggesting a potential protective role for this n-6 PUFA97.
The primary mechanism through which LA is thought to influence inflammatory
signalling pathways is the endogenous conversion into AA94. In general, AA is perceived to be
pro-inflammatory; however, current research is contradictory98,99. 3T3-L1 adipocytes incubated
with 100 μmol/L of AA with or without 10 ng/mL LPS for up to 24 h revealed that AA in the
presence of LPS synergistically increased pro-inflammatory Mcp-1, Il-6, Tlr2 and
cyclooxygenase (Cox)-2 gene expression; suggesting pro-inflammatory activity for AA100. In
contrast, when AA (1.5g/day) was included in a low fat diet (27% calories from fat) and
consumed for eight weeks by healthy men aged 20-38 years old, no changes in TNFα, IL-1β, IL6 or IL-2 serum secretion were observed101.
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1.3.3.3. Oxylipins and WAT
Alternatively, the conversion of LA and ALA into AA, EPA and DHA can initiate the
production of oxygenated lipid mediators, generally referred to as oxylipins102. Eicosanoids and
docosanoids are oxylipins produced from 20 (EPA and AA) and 22 (DHA) carbon length PUFA,
respectively. These oxygenated lipids exert control over WAT inflammatory status by initiating,
amplifying and/or resolving inflammatory responses99. Consequently, oxylipins are able to
influence the magnitude, duration, and nature of an immune response in WAT102,103,104. Acute
inflammation is the body’s immediate response to infection or injury, and is characterized by the
production of a host of inflammatory mediators (e.g. pro-inflammatory adipokines, oxylipins and
immune cells), followed by the recruitment of variety of immune cell types and oxygenated lipid
mediators to resolve the inflammatory response4,103,104. Although the inflammatory response is
critically important, if left uncontrolled it can promote the development of chronic inflammation.
There are three main enzymes responsible for oxylipin formation: COX, lipoxygenase
(LOX) and cytochrome p450 enzymes99,104. The production of oxylipins depends on cell
membrane PUFA content, and which of the aforementioned enzymes are present102,103. As the
panel of eicosanoids derived from PUFA is quite large, the subsequent discussion will be limited
to addressing select individual species.

1.3.3.4. Actions of oxylipins derived from n-3 PUFA in WAT
The beneficial actions of n-3 PUFA were initially hypothesized to be a result of their
ability to decrease the production of AA-derived eicosanoids, a family of classic inflammatory
mediators85,105,106. However, it has become clear that n-3 PUFA can also serve as substrates for
the production of a novel series of lipid mediators, designated resolvins (Rv) and protectins107.
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EPA is predominantly converted by either 5-LOX or 12-LOX to produce the leukotrienes
5-hydroxyeicosapentaenoic acid (5-HEPE) and 12-HEPE, respectively108. DHA is metabolized
into 14-hydroxydocosahexaenoic acid (14-HDoHE), and 17-HDoHE via 12-LOX and 15-LOX,
respectively, to produce a range of docosanoids such as protectin D1 and DX, and RvD1 and
RvD2107. COX isoforms synthesize prostanoids such as 18-HEPE, and subsequently RvE1 from
EPA107,108.
In vivo, RvE1, RvD1 and RvD2 have all been found to increase adiponectin secretion,
and reduce IL-1β, TNFα, IL-12, and leptin secretion in epididymal WAT of obese mice109.
Several studies have demonstrated that RvD1 exerts its anti-inflammatory action by inducing a
macrophage phenotypic shift from M1 towards M2 in WAT, and promotes macrophage
clearance following an inflammatory response110,111. Taken together these studies suggest n-3
derived oxylipins are beneficial in the regulation and resolution of WAT inflammation.

1.3.3.5. Actions of oxylipins derived from n-6 PUFA in WAT
Eicosanoids produced from AA have been proposed to contribute to the chronic
inflammation associated with impaired WAT function98,104. Metabolism of AA via COX
produces series-2 prostaglandins (PGs) and thromboxanes (TXs) through metabolism of PGH2,
which rapidly converts into other series-2 PGs and TXs, such as PGE2, PGF2α, PG12, PGD2, and
TXA299,112. LOX enzyme metabolism is predominantly mediated by enzymes 5-, 12-, and 15LOX, which produce 5-, 12-, and 15-hydroxyeicosatetraenoic acids (HETE), and series-4
leukotrienes (LTs) such as LTA4, LTB4 and LTD499,104.
The incubation of murine WAT with 1, 10 and 100 nM of LTD4 and LTB4 resulted in
dose-response increases in NF-ĸβ activation and augmented secretion of the pro-inflammatory
adipokines MCP-1, IL-6, and TNF113. Horrillo et al. revealed WAT from obese mice compared
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to lean mice exhibited increased 5-LOX activating protein (Flap) gene expression and LTB4
content113. Further, inhibition of the 5-LOX pathway in obese mice, by means of a selective
FLAP inhibitor, resulted in decreased macrophage infiltration in epididymal WAT and reduced
circulating levels of NEFA in serum compared to lean mice. Both immune cell infiltration and
elevated NEFA levels are associated with an inflammatory response in WAT, suggesting the proinflammatory role of 5-LOX. Similarly, Chakrabarti et al. demonstrated that 5-lox and 12-lox
gene expression were upregulated in WAT from obese Zucker rats compared to lean rats 114.
Following treatment of obese adipocytes with 12-HETE, 5-HETE and LTB4, they observed
increased production of key adipokines, IL-6, TNFα, and MCP-1. These observations have led to
the conclusion that n-6 PUFA produce a variety of pro-inflammatory oxylipins that largely
contribute to the inflammatory response in WAT.
1.4. Mechanism to alter PUFA composition in WAT
LA and ALA are essential in the diet as the body is unable to synthesize these two PUFA
de novo. Indeed, mammals lack the delta-12 and delta-15 desaturase that plants and nonmammalian animals use to produce LA and ALA from OA17,115. The metabolic fates of LA and
ALA have been extensively studied and include β-oxidation, carbon recycling to MUFA and
SFA, storage, and conversion to long-chain n-3 and n-6 PUFA via the FADS
pathway116,117,118,119,120. The FADS pathway makes it difficult to delineate the roles of individual
n-3 and n-6 PUFA because of the continuous and endogenous conversion of LA and ALA121.
Moreover, competitive inhibition exists between n-3 and n-6 PUFA, as LA and ALA use the
same set of enzymes to produce AA and EPA122. Therefore, an increase in n-6 PUFA intake and
a decrease in n-3 PUFA intake lead to a reduction in n-3 PUFA conversion into EPA and DHA,
which is critical to the resolution of WAT inflammation10.
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LA and ALA can be metabolized to more unsaturated long-chain members of the n-6 and
n-3 PUFA families by a series of desaturation and elongation reactions (Figure 2). The initial rate
limiting desaturation of LA and ALA into γ-linolenic acid (GLA, 18:3n-6) and SDA (18:4n-3),
respectively, is catalysed by the enzyme delta-6-desaturase (D6D), which is encoded by the fatty
acid desaturase 2 (Fads2) gene121,123. GLA and SDA are converted to dihomo-γ-linolenic acid
(DGLA, 20:3n-6) and eicosatetraenoic acid (ETA, 20:4n-3) by elongation of very long-chain
fatty acid (ELOVL)- 5123. This is followed by the desaturation of DGLA and ETA by delta-5desaturase (D5D), which is encoded by the fatty acid desaturase 1 (Fads1) gene, to generate AA
and EPA124,125. Following AA synthesis, it can be further converted into docosapentaenoic acid
(DPA, 22:5n-6) through four reactions. The first three reactions occur in the endoplasmic
reticulum (ER), while the last step occurs in the peroxisome. AA is first elongated to form
adrenic acid (22:4n-6), catalyzed by Elovl2 or Elovl517,126,127. Adrenic acid is elongated again by
ELOVL2 to form tetracosatetraenoic acid (24:4n-6), which is subsequently desaturated to form
tetracosapentaenoic acid (TPA, 24:5n-6) by D6D17,121,127. Finally, TPA undergoes peroxisomal
β-oxidation to form DPA73,127.
A similar process exists with n-3 PUFA. Following the production of EPA, the formation
of DHA begins with a 2 carbon elongation catalyzed by ELOVL2 to form DPA (22:5n-3), which
is again elongated by ELOVL2 to form TPA (24:5n-3)124,126,127,128. Finally, TPA is desaturated
by D6D to form tetracosahexaenoic acid (24:6n-3), which is shortened via peroxisomal βoxidation to form DHA. This suggests that the regulation of n-3 and n-6 PUFA, and FADS
pathway activity, can fundamentally impact adipose tissue composition, and function56.
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Figure 2. Metabolism of LA and ALA. The FADS pathway involves several desaturation and
elongation enzymes where the essential PUFA are converted into long chain PUFA. AA, EPA
and DHA are parent compounds to a number of oxylipins that regulate the inflammatory and
immune response. Adapted from Patterson et al.56

1.4.1. Fatty acid desaturase enzymes
Both D6D and D5D are co-localized to the ER in mammalian cells, and are active in
brain, liver, lung and heart tissues76,121,125,129. Fatty acid desaturases are non-heme ironcontaining enzymes that introduce a double bond between defined carbons in a fatty acyl chain73.
Both D6D and D5D are microsomal enzymes that are components of a three-enzyme system that
includes NADH- cytochrome b5 reductase, cytochrome b5, and the respective desaturase
enzyme115,121,127. Both D6D and D5D catalyze the addition of a double bond at the 6 th and 5th
position from the carboxylic acid end in PUFA, respectively. Indeed, enzyme activity of both
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D6D and D5D are reduced by the consumption of diets rich in essential fatty acids121,124.
Furthermore, two transcription factors, sterol regulatory element binding protein-1c (SREBP-1c)
and peroxisome proliferator activated receptor-α (PPARα), play a key role in the regulation of
desaturase activity by n-6 and n-3 PUFA56,76,130,131,132,133,134,135,136. PUFA are the main dietary
component that regulates D5D and D6D; both enzymes are suppressed by dietary PUFA via
these two transcription factors. Together, SREBP-1c and PPARα are critical in mediating the
feedback regulation of PUFA synthesis.
1.4.2. Fatty acid elongase enzymes
Elongase enzymes are expressed to some extent in all tissues, with the highest levels of
expression in the liver, testis and adrenal glands131,137. Elongation requires reactions with four
separate enzymes: β-ketoacyl CoA synthase, β-ketoacyl CoA reductase, β-hydroxyacyl CoA
dehydrase, and trans-2-enoyl CoA reductase. Fatty acid elongation is initiated by the
condensation of malonyl-CoA with a long chain acyl CoA, yielding a β-ketoacyl-CoA in which
the acyl moiety has been elongated by two carbon atoms138. The formed β-ketoacyl-CoA is
reduced by β-ketoacyl CoA reductase to β-hydroxyacyl-CoA, which is dehydrated to an enoylCoA, and further reduced to yield the elongated PUFA. Elongation reactions occur in the ER,
and their sub-cellular location is the cytosolic leaflet139. Four main transcription factors are
involved in the regulation of elongase gene expression: SREBP, liver X receptor, and two
PPARs (PPARα and PPARγ)137,140,141,142. High-fat diets and n-3 PUFA enriched diets have been
reported to alter Elovl2 and Elovl5 gene expression in mice138,142. Thus, high fat dietary intake,
such as in the Western diet, can regulate PUFA composition143.
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1.4.3. Essential fatty acid metabolism
PUFA membrane composition reflects both the dietary intake and endogenous
metabolism of fatty acids56,144. Following their consumption, LA and ALA have four primary
fates in order to be used as a source of energy. These include β-oxidation, storage, carbon
recycling to MUFA and SFA, and conversion into long-chain PUFA. The conversion of LA and
ALA into AA, EPA and DHA involves only a relatively small proportion from the diet, since the
primary outcome for LA and ALA is β-oxidation78,145,146. ALA is the most highly oxidized
PUFA, approximately 16-30% of ALA intake is oxidized, compared to only ~11-15% for dietary
LA145. In men, investigations using ALA tracers found that only ~8% was converted into EPA,
and <4% was converted into DHA119. In contrast, women were found to have greater conversion
rates, with ~21% and ~9% of ALA converted into EPA and DHA, respectively118. Compared to
ALA, the conversion efficiency of LA into AA is very low, lying between 0.3 and 0.6%78. An
increase of up to 90% of daily dietary LA intake did not significantly alter plasma AA
content147,166. This highlights the need to understand if the increased LA content is inert or
contributes to functional changes in WAT.
1.4.4. Relevance to Humans: FADS genetic variation and PUFA content
There have been numerous studies showing that genetic variation in the FADS gene
cluster is associated with PUFA levels in humans148,149,150. The FADS gene cluster is located on
chromosome 11 (11q12-13.1) in humans, and is orientated in a head-to-head fashion76. Tanaka et
al. demonstrated that genetic heritability of plasma PUFA content was highest for AA (37.7%)
followed by LA (35.9%), ALA (28.1%), EPA (24.4%), and DHA (12.0%)149. Schaeffer et al.
concluded that single nucleotide polymorphisms (SNP) related to FADS pathway genes were
associated with PUFA content151. Specifically, individuals carrying minor (also referred to as
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“rare”) alleles had higher levels of LA, DGLA and ALA, and lower GLA, AA, and EPA content
compared to individuals carrying the common alleles. Collectively, this suggests reduced
desaturase activity in individuals carrying minor alleles130,152.
The role of FADS variants in inflammatory phenotypes is well documented. Associations
have been identified between FADS SNPs and cardiometabolic risk factors such as
inflammation150,152,153,154, LDL/HDL cholesterol154, and TAG accumulation in plasma155,156. The
first study to examine potential associations between FADS genetic variants and the generation
of eicosanoids in serum observed a correlation between rs174537 in FADS1 and the ratio of
LA/AA, LTB4 and 5-HETE levels157. Interestingly, Warensjo et al. identified positive and
significant correlations between visceral fat accumulation, and D6D activity, GLA, DGLA, and
AA content. Further, an inverse correlation was recognized between D5D activity and LA158.
Therefore, this evidence suggests FADS variants influence n-3 and n-6 dietary PUFA
composition and in general, an individual’s cardiometabolic risk.
1.5. Conclusions
The current understanding regarding the relationship between dietary PUFA and WAT
inflammation remains equivocal. The evolution of the Western diet, which contains high levels
of n-6 PUFA, has been associated with the increase in prevalence of obesity, as well as related
conditions such as T2D and CVD143. These conditions are characterized by a chronic low-grade
inflammatory state that stems from pro-inflammatory adipokine production, increased immune
cell infiltration, and inflammatory signalling in both subQ and visceral WAT depots 1. Most
importantly, dietary PUFA have been shown to influence the aforementioned inflammatory
endpoints in WAT7. Therefore, the association between dietary PUFA and WAT inflammation is
not inconsequential. Indeed, existing evidence highlights the need to better understand the

21

distinct roles of n-3 and n-6 PUFA on the regulation of WAT inflammation in order to better
appreciate how dietary fats contribute to cardiometabolic risk. The output of this research will
improve our ability to develop nutritional strategies to not only reduce whole-body
inflammation, but ultimately reduce cardiometabolic risk.
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CHAPTER 2
Research Objective & Hypotheses
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2.0. Rationale
It is now well recognized that WAT serves as a depot for excess energy storage, as well
as an endocrine tissue that produces both pro- and anti-inflammatory mediators capable of
influencing inflammatory pathways. WAT is divided into two main storage depots: subQ and
visceral5,23. Typically, visceral is regarded as more metabolically active than subQ, and has
previously been shown to produce higher levels of inflammatory adipokines and contain more
immune cells49. Increased n-6 PUFA intake is hypothesized to promote inflammation in WAT by
activating adipokine and eicosanoid signalling; however, it is unknown if all n-6 PUFA act
similarly in WAT9,10. Limited research exists assessing the independent roles of the two
predominant dietary n-6 PUFA, LA and AA, on WAT inflammatory signalling pathways, due to
the endogenous and continuous conversion of LA into AA via the FADS pathway. Fads2
mediates the initial rate limiting reaction; therefore, the Fads2-/- mouse provides an optimal in
vivo model with which to explore the independent effects of LA and AA on WAT inflammatory
signalling pathways122.
2.1. Research Objectives
The primary objective of this thesis was to examine the activation of WAT inflammatory
signalling pathways by the two predominant dietary n-6 PUFA, LA and AA. The roles of LA and
AA were investigated using wild-type and Fads2-/- mice fed carefully formulated low-fat diets.
A secondary objective was to address potential differences regarding the regulatory effects of n-6
PUFA in two common WAT depots: visceral (epididymal) and subQ (inguinal).
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2.2. Research Hypotheses
Emerging evidence suggests that LA and AA influence inflammatory signalling pathways
differently94. It was hypothesized that LA would not induce the expression of WAT
inflammatory signalling pathways, while AA would. Therefore, Fads2-/- mice fed a diet
enriched with LA would show no activation of WAT inflammatory signalling due to the inability
of these mice to endogenously produce AA. In contrast, Fads2-/- mice supplemented with AA in
the diet would show increased inflammatory pathway activity that would be comparable to wildtype (WT) mice fed the LA-enriched diet. Furthermore, it was hypothesized that any observed
differences in inflammatory pathway activity would be greater in epididymal WAT compared to
inguinal WAT.
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3.0. Abstract
Dietary n-6 polyunsaturated fatty acids (PUFA) are widely perceived to promote
inflammation and contribute to the development of chronic diseases. This dogma has been
recently questioned due to evidence that n-6 PUFA, specifically linoleic acid (LA, 18:2n-6) and
arachidonic acid (AA, 20:4n-6), do not appear to activate inflammatory signalling pathways
when consumed in moderate amounts. However, delineating the independent roles of different
dietary n-6 PUFA in vivo is challenging because LA is continuously converted into AA in a
pathway regulated by the fatty acid desaturase 2 (Fads2) gene. The objective of this study was to
investigate the independent roles of LA and AA on white adipose tissue (WAT) inflammatory
signalling pathways using Fads2-/- mice. We hypothesized that dietary LA would not induce
WAT inflammation, unless it was endogenously converted into AA. Male C57BL/6 wild-type
(WT) and Fads2-/- mice were fed low-fat isocaloric diets containing either 7% corn oil w/w
(CD, containing ~42% LA) or 7% ARASCO oil w/w (AD, containing ~27% AA) for nine
weeks. WAT inflammatory gene expression, protein levels, as well as phospholipid (PL) and
triacylglycerol (TAG) fatty acid composition, were analyzed by RT-qPCR, western blots, and
gas chromatography, respectively. Fads2-/- mice fed CD had high LA, but little-to-no GLA
(18:3n-6), DGLA (20:3n-6), and AA in PLs and TAGs compared to their WT counterparts. In
comparison, Fads2-/- and WT mice fed AD showed minimal differences in n-6 PUFA content in
serum and WAT, despite having significantly more AA than CD-fed mice. No differences in
gene expression for common inflammatory adipokines (e.g. Mcp-1, Ccl5, Tnfα) or key regulators
of eicosanoid production (e.g. Cox-2, Alox-12, Alox-15) were detected in WAT between any of
the diet and genotype groups. Furthermore, no differences in MCP-1, and total or phosphorylated
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STAT3 and p38 inflammatory proteins, were observed. Collectively, these results demonstrate
that neither LA nor AA promote WAT inflammation when consumed as part of a low-fat diet.
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3.1. Introduction
Polyunsaturated fatty acids (PUFA) are critical for maintaining cellular function and
phospholipid membrane fluidity, as well as regulating cell signalling and immune function159.
Over the past hundred years, changes in the Western diet have resulted in significant increases in
n-6 PUFA content compared to n-3 PUFA. This higher n-6 to n-3 PUFA ratio is hypothesized to
contribute to the increased prevalence of chronic diseases, such as obesity and metabolic
syndrome10,160,161. Consequently, the current dogma intimates that increased consumption of n-3
PUFA can reduce the risk of chronic diseases, while increased consumption of n-6 PUFA does
the opposite.
High levels of n-6 PUFA in the diet are postulated to increase the risk of chronic diseases
by enhancing pro-inflammatory mediator production (i.e., eicosanoids) and inflammatory gene
expression, while simultaneously reducing levels of pro-resolving n-3 PUFA derived metabolites
such as resolvins and protectins162,163. Specifically, increased consumption of foods rich in
arachidonic acid (AA, 20:4n-6), such as meat and eggs, leads to an enrichment of this n-6 PUFA
in phospholipids, thereby increasing its availability for the production of pro-inflammatory
eicosanoids via cyclooxygenase (COX)- and lipoxygenase (LOX)-mediated pathways164.
Linoleic acid (18:2n-6), which represents the most common n-6 PUFA in the diet, has been
largely assumed to promote inflammation due to its endogenous conversion into AA, which is
then subsequently used for pro-inflammatory eicosanoid production165. Despite the widespread
belief of a positive association between increased dietary n-6 PUFA and inflammation, several
lines of evidence suggest that this relationship remains equivocal. First, a systematic review
showed that increasing dietary LA by up to 6-fold had no discernible impact on AA levels in
serum166. Second, Vaughan and colleagues demonstrated that an LA-enriched diet did not induce
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inflammatory gene expression in mouse liver or adipose tissue94. Third, an evidence-based
review by Johnson and Fritsche found no indication of a relationship between increased
consumption of LA and inflammation in humans167. Finally, results from several carefully
controlled clinical trials showed that an increased intake of dietary LA168 or AA169,170 did not
induce inflammation when consumed at moderate levels. Collectively, these findings reinforce
the need for further investigations regarding the individual relationships between LA and AA,
and inflammation.
However, a major challenge in delineating the independent roles of individual n-6 PUFA
is that LA is continuously and endogenously converted into AA, albeit to a limited extent, via the
fatty acid desaturase (FADS) pathway76. Briefly, the initial rate-limiting desaturation of LA into
γ-linolenic acid (GLA, 18:3n-6) is catalysed by the delta-6-desaturase (D6D) enzyme, which is
coded by the fatty acid desaturase 2 (Fads2) gene. Subsequent elongation and desaturation steps
mediated by elongase 5 (Elovl5) and the delta-5-desaturase (Fads1), respectively, convert GLA
to dihomo-γ-linolenic acid (DGLA, 20:3n-6) and then AA. Of relevance to the current study, a
whole-body deficiency in Fads2 leads to significant alterations in the fatty acid profiles of key
metabolic tissues, such as liver, muscle, and adipose171,172. Thus, the Fads2-/- mouse provides a
unique nutritional model with which to uncouple the endogenous conversion of LA into AA in
order to clarify their independent roles on inflammation.
The present study investigated the independent effects of LA and AA on inflammatory
signalling pathways in visceral and subcutaneous white adipose tissue (WAT) in Fads2-/- mice.
We chose to study inflammatory signalling in two WAT depots for several reasons. First, WAT
represents the primary tissue for the storage of dietary fat49. Second, WAT secretes a wide array
of adipokines that regulate inflammation both locally and systemically23,24. Third, visceral and
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subcutaneous WAT depots are known to differ in regards to their secretion profiles and their
association with inflammation49. Based on the current state of knowledge, we hypothesized that a
low-fat diet enriched with LA would have little-to-no effect on WAT inflammatory signalling
pathways when it is unable to be converted into AA. We also surmised that any proinflammatory effects of AA would be greater in visceral compared to subcutaneous WAT
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3.2. Materials and Methods
3.2.1. Animal husbandry and sample collection
Breeding pairs of Fads2-/- mice that had been backcrossed for 10 generations to a
C57BL/6J background (Jackson laboratory, Bar Harbor, Michigan, USA) were transferred from
the University of Illinois at Urbana-Champaign to the University of Guelph to establish a
breeding colony. Male wild-type (WT) and Fads2-/- mice were obtained by breeding Fads2
heterozygous C57/BL6 mice. DNA was extracted from tail snippings and used to genotype mice.
PCR primers Fads2 WT forward (5’-CGGTGGGAGGAGGAGTAGAAGAC-3’); Fads2 WT
reverse

(3’-CCTCTCCCTGGTTACCTCCCTTC-5’);

GCTATGACTGGGCACAACAG-3’);

Fads2

Fads2
KO

KO

forward
reverse

(5’(3’-

TTCGTCCAGATCATCCTGATC-5’) were used. Harems were maintained on a modified AIN93G diet with corn oil as the principal dietary fat source (D03090904P, Research Diets, New
Brunswick, NJ, USA). Fads2-/- and WT mice (n = 12-15 mice per genotype per dietary group)
were weaned onto one of two modified AIN93G experimental diets at 21 days of age. Mice were
fed ad libitum for nine weeks low-fat (16% kcal) experimental diets (Table 1) modified to
contain either 7% corn oil w/w (CD, containing ~42% LA) or 7% ARASCO oil w/w (AD,
containing ~27% AA, DSM Nutritional Products Canada Inc., Ayr, ON, Canada). Both CD and
AD diets were supplemented with a minimal amount (0.2% w/w) of DHA from docosahexaenoic
acid single cell oil (DHASCO; DSM Nutritional Products Canada Inc., Ayr, ON, Canada) to
prevent long-chain n-3 PUFA deficiency in Fads2-/- mice. Mice were housed in ventilated cages
(n = 1-4 mice per cage) at 22°C in a humidity-controlled environment at 12h (light): 12h (dark
cycle) for study duration. Changes in body weight were recorded weekly throughout the study
period. At twelve weeks of age, mice were weighed and euthanized with CO2. Immediately
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following euthanization, blood was collected via cardiac puncture, allowed to coagulate at room
temperature for 30 min in an Eppendorf tube, and then centrifuged (15 min, 1500×g) at 4 °C to
separate serum from solid blood components. Serum, as well as collected inguinal WAT (iWAT)
and epididymal WAT (eWAT), were flash frozen in liquid nitrogen and stored at -80°C. This
study was approved by the University of Guelph Animal Care Committee in accordance to the
requirements of the Canadian Council of Animal Care (AUP #1524).
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Table 1. Macronutrient and fatty acid composition of the Corn (CD) and ARASCO (AD)
diets.
CD§
kcal (%)
20
Protein
Carbohydrate 64
16
Fat

§

AD§
kcal (%)
20
64
16

kcal/gm

4.0

4.0

Ingredient
Corn oil
ARASCO oil
DHASCO oil

gm
66.25
0
3.75

gm
0
66.25
3.75

Fatty Acid*
12:0
14:0
16:0
18:0
20:0
22:0
24:0
Total SFA
16:1c9
18:1c9
22:1n9
24:1n9
Total MUFA
18:2n6
18:3n6
18:3n3
18:4n3
20:3n6
20:4n6
20:5n3
22:4n6
22:5n3
22:6n3
Total PUFA

0.1
0.6
7.8
1.3
0
0
0
14.2
0
17
0
0
24.6
39.9
0
0.9
0
0
0
0
0
0
1.5
61.2

0.1
1
9.7
5.8
0
0.7
0
27.9
0
8.4
1
0
15.5
5
0
2.2
0
0
26.5
0.1
0
0
1.5
56.6

Composition of AIN-93G modified diets as provided by manufacturer, Research Diets. Diet

product numbers are D12041402 (CD) and D12041406 (AD).
*Fatty acids expressed as gram (gm)/ 4000 kcal.
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3.2.2. RNA and protein extraction
Total RNA and protein from WAT were extracted using the Qiagen RNeasy Mini Kit
(Qiagen, Mississauga, ON, CA) and an adapted guanidine hydrochloride protocol from Simões
et al.173. The quantity and quality of extracted RNA was assessed using a Nanodrop 2.0
spectrophotometer (Fisher Scientific, Waltham, MA, USA) and Agilent 2100 Bioanalyzer
(Agilent Technologies Inc., Santa Clara, CA, USA), respectively. Protein concentration was
determined using the DC Protein Assay, according to manufacturer instructions (Bio-Rad,
Mississauga, ON, Canada).
3.2.3. Real-time qPCR
Total RNA (0.5 μg) was used to synthesize single-stranded cDNA using a High-Capacity
cDNA Reverse Transcription Kit (Life Technologies, Burlington, ON, Canada). Real-time
quantitative polymerase chain reaction (RT-qPCR) was performed on a Bio-Rad CFX96 RTPCR detection system using SSo FAST EvaGreen Supermix (Bio-Rad Laboratories,
Mississauga, ON, Canada), as described previously63. All primers were designed using the online
Roche Universal Probe Library and Assay Design Center (Table S1). Relative gene expression
was calculated using the ΔΔCT method. Nono was used as the housekeeping gene.
3.2.4. Western blotting
Equal amounts of protein (10 g) were heat denatured for 5 min at 95 °C and allowed to
cool before separation by sodium dodecyl sulfate polyacrylamide (Sigma Aldrich, St. Louis,
MO, USA) gel electrophoresis on 10% resolving gels. Proteins were transferred to nitrocellulose
membranes at 200 mA, and membranes were subsequently blocked in Tris-buffered saline-0.1%
Tween-20 (TBST) and supplemented with 5% non-fat dry milk with gentle agitation for 1 h at
room temperature. Tris base and Tween-20 were purchased from Fisher Scientific (Waltham,
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MA, USA) and BioRad Laboratories (Mississauga, ON, Canada), respectively. Primary
antibodies were diluted in TBST/5% bovine serum albumin (Sigma Aldrich, St. Louis, MO,
USA), and membranes were incubated in primary antibody overnight at 4 °C with gentle
agitation. All primary antibodies were used at a 1:1000 final dilution, except for α-tubulin, which
was 1:5000. Antibodies against total p38 MAPK (Catalog No. 9212), phosphorylatedp38Thr180/Tyr182 (Catalog No. 9211), phosphorylated STAT3Tyr705 (Catalog No. 9131), total
STAT3 (Catalog No. 4904) and MCP-1 (Catalog No. 2029) were purchased from Cell Signaling
(Danvers, MA). Antibodies against FADS1 (Catalog No. 126706) and α-tubulin (Catalog No.
7291) were purchased from Abcam (Cambridge, MA, USA). Membranes were washed two times
in TBST and incubated in TBST/1.0% non-fat dry milk supplemented with horseradish
peroxidase-conjugated secondary antibodies (Jackson Immuno-Research Laboratories, West
Grove, PA, USA) at a dilution of 1:2000 for approximately 1h at room temperature. Protein
bands were detected using ECL Plus (PerkinElmer, Inc., Waltham, MA) and imaged with a
FluorChem HD2 Imaging System (ProteinSimple, San Jose, CA, USA). Protein band intensities
were quantified using AlphaViewSoftware (San Leandro, CA, USA).
3.2.5. Lipid extraction and gas chromatography
All solvents were purchased from Fisher Scientific (Waltham, MA, USA), unless
otherwise specified. Excised eWAT and iWAT were homogenized in 3.0 mL of 0.1 M KCl;
50uL of serum was added to 950uL of 0.1 M KCl in an acid-washed tube with 5.0 uL of 17:0
internal standard. A chloroform:methanol solution (2:1v/v) was added to serum, and
homogenized tissue samples, according to Folch et al.174. Samples were vortexed, and flushed
with N2 before stored at 4°C overnight. All samples were centrifuged at 420 × g for 10min to
separate phases. The chloroform layer of eWAT and iWAT were dried under N2 and
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reconstituted in 100 μL of chloroform. Silica G plates (VWR, Mississauga, ON, Canada) were
activated by heating for 1h at 100°C. Samples were run alongside standards for 30 minutes in a
solvent mixture containing 80 mL petroleum ether, 20 mL ethyl ester, and 1 mL acetic acid.
Fractions were visualized using 8-anilino-1-naphthalenesulfonic acid (Sigma Aldrich, St. Louis,
MO, USA) under UV light. Bands corresponding to PL and TAG fractions were identified and
transferred into acid-washed vials containing the internal standard 17:0 (PL—1 μL × 1 mg/mL;
TAG—5 μL × 10 mg/mL). For total lipid analysis of serum, the chloroform layer was dried
under N2 and reconstituted in 2 mL of 0.5 M KOH in methanol (Fisher Scientific, Waltham, MA,
USA) before placing at 100°C for 1 hour to saponify. Hexane (2 mL) and 14% boron trifluoridemethanol (2 mL; Sigma Aldrich, St. Louis, MO, USA) were added to all samples (WAT and
serum) to methylate for 1.5h at 100°C. Samples were cooled and centrifuged at 420 × g for
10min. The lower hexane layer containing methylated fatty acids was transferred into GC vials,
and dried down under a gentle stream of N2. PL fractions and serum samples were reconstituted
in 50 μL and 100 μL of hexane in glass GC inserts respectively; TAG fractions were
reconstituted in 1.5 mL of hexane in GC vials. Fatty acid methyl esters were quantified using an
Agilent 6890N gas chromatograph with a flame ionized detector and separated on a Supelco SP2560 fused silica capillary column (100m, 0.2 μm film thickness, 0.25mm; Sigma Aldrich, St.
Louis, MO, USA). Hydrogen was used as the carrier gas and set at a constant flow rate of 30
mL/min. Samples were injected in splitless mode, with injector and detector ports set at 250°C.
Fatty acid methyl esters were eluted through the column using a temperature program as follows:
0.2min at 60°C, then increasing 13°C/min until a temperature of 170°C was reached. 170°C was
held for 4min, then increased 6.5°C/min to 175°C, increased 2.6°C/min to 185°C, increased
1.3°C/min to 190°C, and finally increased 13°C/min to 240°C and held at this temperature for
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13min. The run time per sample was 37.77min. Fatty acids were identified by comparing peak
retention times with known standard fatty acid peaks (Nu-Chek-Prep, Elysian, MN, USA). Peak
areas were determined using EZChrom Elite software (Version 3.3.2) to quantify the individual
FAs present.
3.2.6. Statistical analysis
All statistical analyses were conducted using GraphPad Prism 7 (GraphPad Software
Incorporated, La Jolla, CA, USA.) A Shapiro-Wilks test was used to determine if data was
normally distributed. Quantitative FA data, gene, and protein expression data were analyzed
using a two-way ANOVA followed by an unpaired t-test post hoc analysis. Differences were
considered to be significant with p≤0.05. All values are reported as mean ± standard error
(SEM).
3.3. Results
3.3.1. Neither low-fat diets enriched with LA nor AA affect body weight
No differences were observed for final body weight measurements between WT and
Fads2-/- mice in the different diet groups (Figure 3A).
3.3.2. TAG and PL PUFA content is altered in Fads2-/- mice fed n-6 PUFA-enriched
diets
We first examined how the ablation of Fads2 affected FA composition in serum, as well
as triacylglycerol (TAG) and PL fractions in eWAT and iWAT, in animals fed CD. No
difference in serum LA levels was seen between WT and Fads2-/- mice fed CD (Figure 3B).
Fads2-/- mice fed the CD had significantly higher LA (p=0.0009) in eWAT TAG compared to
their WT counterparts (Figure 3C), but this was not observed in iWAT (Figure 3D). This
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genotype difference was similarly seen in the PL fraction in both eWAT and iWAT mice fed CD
(Figure 3E, F). Compared to WT mice, Fads2-/- mice fed CD showed low levels of GLA, DGLA
and AA in serum, as well as in the TAG and PL fractions of both eWAT and iWAT. A small
amount of AA was detected in serum of Fads2-/- mice fed CD, as well as in PL and TAG
fractions in eWAT and iWAT (except the TAG fraction in iWAT) (Figure 3). Serum and both
WAT depots of Fads2-/- mice fed CD had increased 20:2n-6 compared to WT mice, indicating
activation of an alternative elongation pathway (Table S2, S3 and S4).
Using FA data from WAT, we also estimated changes in FADS pathway activity by
calculating the product-to-precursor ratio between genotypes in mice fed CD. In the TAG
fraction in eWAT from Fads2-/- mice, a ~85% reduction in estimated FADS2 activity (i.e., GLA
/ LA) was observed, in conjunction with a ~30% reduction in ELOVL5 activity (i.e., DGLA /
GLA), and a ~85% reduction in FADS1 activity (i.e., AA / DGLA). These changes in estimated
activity were similarly observed in the PL fraction of eWAT, and TAG fraction of iWAT (data
not shown).
Compared to mice fed CD, significantly lower levels of LA were seen in the serum, as
well as PL and TAG fractions from both WAT depots, in mice fed AD (Figure 3B-F, all
p≤0.0001). Moreover, WT and Fads2-/- mice fed AD showed significantly more GLA, DGLA,
and AA in the TAG fractions in both eWAT and iWAT (all p≤0.001) compared to CD-fed mice
(Figure 3C, D).
Finally, we examined n-3 PUFA content in the serum and both WAT depots due to the
fact that these FAs are also metabolized by the FADS pathway. In serum, WT mice fed the CD
had significantly higher ALA (18:3n-3) and DPA (22:5n-3) compared to Fads2-/- mice (Table
S2, S3 and S4). Equivalent amounts of n-3 PUFA were seen in WAT depots of Fads2-/- and
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WT mice fed CD, except in the PL fraction of iWAT, where significantly higher levels of EPA,
DPA, and DHA levels were seen in Fads2-/- compared to WT mice (all p≤0.0001). No
differences were seen in DHA content between Fads2-/- and WT mice fed AD in either WAT
depot.
3.3.3. Compensation in Elovl2 and Fads1 gene expression in Fads2-/- mice fed the LAenriched diet.
As expected, Fads2 expression was not detected in Fads2-/- mice in either diet group.
Fads2-/- mice fed CD showed a slight, but highly significant, increase in Elovl2 expression in
both eWAT (p≤0.0001) and iWAT (p≤0.0001) compared to WT mice (Figure 4A, B). Fads1
expression was significantly reduced in eWAT of Fads2-/- mice fed CD (Figure 4A), while a
similar decrease was seen in iWAT of Fads2-/- mice fed AD (Figure 4B). However, FADS1
protein content was unchanged in both eWAT and iWAT (Figure 5C, G).
3.3.4. Neither LA nor AA-enriched diets induce inflammatory gene expression.
To assess the inflammatory effect of diets high in LA or AA, we measured the expression
of several common adipokines (Tnfα, Mcp-1, and Ccl5). No significant difference was seen for
Tnfα, Mcp-1 and Ccl5 gene expression between any of the diet/genotype groups in either WAT
depot (Figure 4C, D). We also estimated macrophage phenotype by calculating the ratio in Nos2
and Arg1 expression, as previously reported175. No difference in the ratio was seen in either
iWAT or eWAT (data not shown). We also assessed a panel of genes that have a critical role in
eicosanoid synthesis: Alox-12, Alox-15 and Cox-2. No differences were detected between the
different diet/genotype groups for any of these genes in either depot (Figure 4C), except for a
slight reduction in Alox-12 expression in iWAT in Fads2-/- mice fed CD compared to their WT
counterparts and AD-fed mice (Figure 4D).
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3.3.5. Neither LA nor AA-enriched diets activate key inflammatory signalling proteins
in WAT
No differences were observed between groups for either total STAT3 or p-STAT3 in
either WAT depot (Figure 5D, H). Similarly, no changes were seen in total or phosphorylated
p38 (Figure 5E, I). MCP-1 levels were unchanged between the different diet and genotype
groups (Figure 5F, J).
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Figure 3. Serum and WAT fatty acid content. The effect of CD and AD on bodyweights of WT
and Fads2-/- (KO) mice (A); values represent mean ± SEM; n= 12-15 was used for each group.
Triacylglycerol (TAG) and phospholipid (PL) n-6 fatty acid composition in WT and Fads2-/- mice in
serum (B), eWAT (C, E) and iWAT (D, F); values represent mean ± SEM, and are expressed as an
absolute quantity relative to 17:0 (serum) and tissue weight (iWAT and eWAT); n= 7-8 was used for
each measure. Bodyweight, and fatty acids were compared across the four experimental groups by
two-way ANOVA with an unpaired t-test post hoc analysis; different letters denote statistical
differences between groups (p≤0.05).
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Figure 4. Gene expression analysis in WT and Fads2-/- mice fed CD or AD. WT and Fads2-/mRNA expression of key players in the FADS pathway (A, B), as well as genes corresponding to
adipokines and eicosanoid synthesis (C, D) in eWAT (A, C) and iWAT (B, D). Values represent mean
± SEM, and are expressed relative to a housekeeping gene (Nono); n=7-8 was used for each
experimental group. Gene expression was compared across the four experimental groups by two-way
ANOVA with an unpaired t-test post hoc analysis; experiments were performed in triplicates;
different letters indicate statistical difference between groups (p≤0.05).
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Figure 5. Protein content in eWAT from WT and Fads2-/- mice fed CD or AD. Expression of (B)
FADS1 (C) MCP-1 (D) p38 and (E) STAT3 in wild-type (WT) and Fads2-/- mice in eWAT.
Representative blots are shown in A. Values represent means ± SEM; n=7-8 was used for each
experimental group. Differences were compared across the four experimental groups by two-way
ANOVA with an unpaired t-test post hoc analysis; different letters indicate statistical differences
between groups (p≤0.05).
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Figure 6. Protein content in iWAT from WT and Fads2-/- mice fed CD or AD. Expression of (B)
FADS1 (C) MCP-1 (D) p38 and (E) STAT3 in wild-type (WT) and Fads2-/- mice in iWAT.
Representative blots are shown in A. Values represent means ± SEM; n=7-8 was used for each
experimental group. Differences were compared across the four experimental groups by two-way
ANOVA with an unpaired t-test post hoc analysis; different letters indicate statistical differences
between groups (p≤0.05).
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3.4. Discussion and Conclusions
This study was the first to investigate the independent effects of different n-6 PUFA on
WAT inflammatory signalling pathways using the Fads2-/- mouse model, which lacks a
functional D6D enzyme. We found that neither LA nor AA activated inflammatory signalling
pathways in either visceral or subcutaneous WAT depots when consumed as part of a low-fat
diet. As such, the Fads2-/- mouse, which is unable to endogenously convert essential PUFA into
longer-chain derivatives, provides a powerful nutritional model with which to tackle the ongoing
controversy regarding individual n-6 PUFA and inflammation.
We first examined FA composition in PL and TAG, which correspond to the two
predominant lipid fractions in WAT176. Fads2-/- mice fed CD had significantly lower levels of
GLA, DGLA and AA compared to WT mice fed the same diet, as expected due to their inability
to desaturate LA. Interestingly, a small amount of AA was detected in Fads2-/- fed CD in serum
and both WAT depots. While we expected AA to be completely absent in these mice, we
attribute the low levels of AA to maternal transfer during weaning. This aligns with previous
reports using this mouse model, where low levels of AA were observed in both the spleen and
brain of Fads2-/- mice fed diets deficient in AA177,178. Conservation of maternally transferred
AA is not unexpected given the fundamental role that this n-6 PUFA has on membrane function,
metabolism and development179.
Two unconventional and alternative fatty acid metabolism pathways have been
previously reported upon the ablation or with a deficiency of FADS2 activity in both cell and
murine models. One pathway is initiated by delta-5 desaturation (i.e., FADS1) of LA and
subsequent elongation by ELOVL5 to produce 7, 11, 14-20:3n-6, which was previously found in
the livers of Fads2-/- mice180,181. The second pathway involves an initial elongation of LA by
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ELOVL5 into 20:2n-6, followed by a delta-5 desaturation to produce 5, 11, 14-20:3n-6
(sciadonic acid). We observed in serum and both WAT depots a significant increase in 20:2n-6
levels, which aligns with previous reports regarding the appearance of this alternative metabolic
pathway when D6D activity is compromised. While the biological role of 20:2n-6 is not clear, its
relevance to humans is probably minimal given it is only produced in the absence of a functional
D6D.
Fads2-/- mice fed CD had increased adrenic acid (22:4n-6) levels in the PL fraction of
both WAT depots, which may be explained by the increase in Elovl2 expression observed in
mice fed CD, but not AD. This is consistent with findings by Stoffel et al. who reported
increased Elovl2 gene expression in the livers of six week-old Fads2-/- mice fed a diet sufficient
in LA and ALA, but free of longer-chain PUFA171. These same authors also reported
compensations in other hepatic elongation and desaturation enzymes; however, our study is the
first to investigate potential compensation in the FADS pathway in different WAT depots in
Fads2-/- mice. Specifically, we found that Fads2-/- mice fed CD had decreases in estimated
FADS1 and ELOVL5 activity in eWAT and iWAT. The decrease in FADS1 activity
(AA/DGLA) was only reflected in gene expression data, and not protein data. We recognize that
using fatty acids to estimate enzyme activity is a limitation of the current work, as we cannot be
certain that the fatty acids measured in WAT are synthesized directly in this tissue as opposed to
being delivered from the liver. To specifically explore compensatory changes in the FADS
pathway in WAT, future studies should consider using adipose tissue organ culture approaches
and labelled LA tracers.
LA has been previously shown to stimulate inflammatory markers in a number of in vitro
studies, which is a primary reason why it has largely been considered pro-inflammatory.
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Vaughan et al. found that treating primary mouse macrophages with 50 μM LA stimulated Mcp1and TNF mRNA expression to a far greater extent than other FAs (including palmitic acid,
16:0 and oleic acid, 18:0)94. Similarly, Schubel et al. recently showed a significant increase in
TNF-induced NF-ĸβ activity with 60 μM LA in HEK293 cells, but the effect was absent with
10 μM LA182. One of the first in vivo studies to associate LA and inflammation found that
increasing dietary LA from 1 to 8 % of total energy in mice significantly increased AA in
phospholipids, which coincided with elevated endocannabinoids in the liver, elevated plasma
leptin, larger adipocytes, and increased macrophage infiltration in WAT95. However, they were
unable to determine whether these changes were due to LA directly, or the increases in AA. This
emphasizes the strength of using Fads2-/- mice for such nutritional studies, where the
independent effects of LA and AA can be differentiated.
With regards to AA, a recent study by Cranmer-Byng et al. incubated 3T3-L1 cells with
100 μmol/L AA with and without 10ng/mL LPS100. In the absence of LPS, AA significantly
increased Mcp-1, Cox-2, and IL-6 gene expression in 3T3-L1 adipocytes compared to other FAs,
and synergistically increased these markers even further in the presence of LPS. Incubation of
murine WAT with 1, 10 and 100nM of leukotrienes (LT) D4 and LTB4 (mediators produced from
AA via the 5-LOX pathway) resulted in corresponding increases in NF-ĸβ activation and
amplified the secretion of pro-inflammatory adipokines such as MCP-1, IL-6, and TNF113.
Similarly, gene expression of Alox12 and Alox15 were upregulated in WAT from obese Zucker
rats compared to lean rats, as were the downstream metabolites 12-HETE, 5-HETE and LTB4114.
These observations have led to the presumption that increased consumption of AA, which
increases pro-inflammatory adipokines and eicosanoids, are detrimental. While these past studies
have provided important insights into specific molecular processes, they highlight potential
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differences between in vivo and in vitro models when assessing the influence of n-6 PUFA on
inflammatory signalling pathways.
The present study explored the potential inflammatory effects of LA and AA under lowfat conditions in order to avoid potential confounders with HF diets. We originally hypothesized
that increases in AA, but not LA, in various WAT depots would activate inflammatory signalling
pathways. However, we found no differences in gene expression between any diet / genotype
groups for Cox-2, Alox-12, Alox-15, Tnf, Mcp-1 or Ccl5. Furthermore, neither LA nor AA
changed p38, STAT3, and MCP-1 protein expression between the different genotype groups.
Similarly, our results suggested that macrophages displayed an alternatively activated, antiinflammatory phenotype in WAT in all diet / genotype groups (based on the iNos/Arg-1 gene
expression ratio). These results parallel previous work by Ramakers et al. who showed that in the
colon, AA (1% w/w in the diet) does not increase Mcp-1 gene expression or other markers on
inflammation, including TNFα and IL-6183. Furthermore, Vaughan et al. also observed that a diet
high in LA (16% of total fat content) did not induce changes in gene expression of TNFα, F4/80
or Mcp-1 in eWAT94. Collectively, our results add to this research and provide strong support
that neither LA nor AA induces inflammatory signalling in WAT when consumed as part of a
low-fat diet.
Although the diets used in the current study were carefully formulated to investigate the
effects of LA and AA, there are a few points to acknowledge. First, the AD had a higher
saturated fat (SFA) content compared to the LA diet (27.9% vs. 14.2%) and lower MUFA
content (15.5% vs. 24.6%). While higher SFA intake has been shown to promote WAT
inflammation in previous studies63,66,184 the lack of activation in pro-inflammatory signalling
pathways with AD indicates that the difference in SFA content was not relevant. Second, both
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diets were supplemented with an equal amount of DHASCO to avoid a deficiency in this
important long chain n-3 PUFA. Indeed, a recent study by Harauma et al. demonstrated that
DHA was required to support optimal body growth and brain function185. Including minor
amounts of DHA was necessary to avoid any potential deficiencies associated with this
important n-3 PUFA. However, DHA has well-established roles in the resolution of
inflammation, and is known to reduce circulating pro-inflammatory cytokines84. Therefore, it is
possible that providing even minimal amounts of DHA in the diets could have masked possible
pro-inflammatory activity of LA or AA.
In conclusion, the current study demonstrated that neither LA nor AA is proinflammatory when consumed as part of a low-fat diet. However, future work in the area should
examine the inflammatory roles of individual n-6 PUFA under stimulated conditions, such as
with a high fat diet or lipopolysaccharide (LPS) injections88,92,100,101,186,187. Such studies may
show that LA and/or AA have pro-inflammatory roles that are only present under specific
physiological conditions. However, our study provides much needed clarity in the current debate
regarding the roles of LA and AA on inflammatory signalling pathways, and helps provide
further support that the existing dogma regarding n-6 dietary PUFA needs to be reconsidered.
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CHAPTER 4
Integrative Discussion
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4.0. Summary of Findings
Chapter 1 provided an overview of the major mechanisms by which different classes of
dietary fats regulate inflammatory processes in subcutaneous (subQ) and visceral WAT,
including immune cell recruitment, adipokine secretion and oxylipin production19,20,35,38,39,43,104.
The dramatic rise in the incidence of obesity and related cardiometabolic risk factors has led to
the belief that dietary fat composition, specifically high n-6 PUFA intake, is associated with an
increased risk of excessive energy storage and impaired WAT function1,5,9. As discussed
throughout this thesis, one mechanism to alter PUFA content in the body is via the FADS
pathway76,127. This is further evidenced in humans, where variations in the FADS1/FADS2 gene
cluster are associated with PUFA composition, and energy accumulation in WAT, as well as
cardiometabolic risk 157,158.
Over the past several decades, research focused on the regulation of the interconnected
pathways critical to WAT function has intensified, primarily as a result of the rising incidence of
cardiometabolic risk factors, such as obesity21. The objective of this thesis was to provide in vivo
insight into the role of LA on the regulation of inflammatory adipokine production and signalling
pathways in WAT, independent of AA, using the novel Fads2-/- mouse model. WT and Fads2-/mice fed a diet rich in LA, but lacking AA, did not show any differences in the expression of
specific inflammatory genes and proteins in either subQ or visceral WAT depots. Our findings
therefore support emerging evidence that LA does not activate inflammatory pathways in a lowfat diet. Further, these results also bring to light new evidence that AA does not promote WAT
inflammatory signalling when consumed in low-to-moderate amounts. While these findings have
generated new insight into the role of n-6 PUFA in WAT inflammatory and immune processes,
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additional studies are needed to more definitively elucidate the impact of LA and AA on WAT
function.
4.1. Future directions
4.1.1. Regulation of WAT inflammatory processes by n-6 PUFA in a stimulated model
The current thesis avoided the confounding factor of high-fat (HF) diet-induced obesity,
which can trigger a number of WAT inflammatory signalling pathways as a result of the inability
to handle the excess energy8,31,37,44,45. Indeed, HF feeding alone has been shown to cause an
increase in pro-inflammatory, classically activated macrophages (M1), and an enrichment of T
cells, predominantly T-helper (Th) 1 cells and Th17 cells, in murine WAT4,45,186,187. Therefore, a
prospective study could address potential changes in the regulation of inflammatory signalling by
n-6 PUFA in a stimulated inflammatory model.
Currently, a gap exists in our understanding regarding the in vivo inflammatory role of
LA, independent of AA, under stimulated inflammatory conditions. The use of the Fads2-/mouse model removes the endogenous conversion of LA into AA, making it possible to
distinguish the biological roles of the two predominant dietary n-6 PUFA. Moreover, stimulating
WAT with either LPS treatment or HF feeding are commonly used methods to promote an
inflamed WAT phenotype, and will also enable the effect of LA and AA on signalling pathways
in inflamed adipose tissue to be better understood88,92,100,101,186,187. In vivo, Rossmeisl et al.
reported that C57/BL6 mice fed a high-fat corn oil diet (35% energy from fat) rich in LA
displayed hypertrophic adipocytes, alongside increased Mcp-1 gene expression6. Although this
study was unable to control for the endogenous conversion of LA into AA, I would infer that
Fads2-/- mice fed this same diet would not display this pro-inflammatory phenotype. In contrast,
WT mice would display increased activation of inflammatory signalling pathways due to their
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ability to synthesize AA. In vitro, Laugerette et al. demonstrated that treating 3T3-L1 adipocytes
with LA and LPS did not stimulate IL-6 or MCP-1 production further than LPS alone, thus
supporting my hypothesis that LA itself is not pro-inflammatory87. However, this study did not
assess the effects of AA on adipocyte inflammatory signalling. Therefore, future comparative
studies are necessary to examine the regulation of adipocyte inflammatory signalling of AA in
comparison to LA. This will clarify the influence of different n-6 PUFA on inflammatory
signalling pathways in stimulated inflammatory conditions.
4.1.2. Targeting specific LA- and AA-derived oxylipins
An additional area of interest that was not comprehensively examined in this thesis was
the production of oxylipins derived from LA and AA. The production of a variety of oxylipins in
different quantities regulates the overall inflammatory status of WAT99,102,104. Therefore,
examining the contribution of oxylipins derived from either LA or AA is crucial to appreciate the
progression of an inflammatory response in WAT. In this thesis, there were no detected changes
in gene or protein expression related to oxylipin metabolism between the four experimental
groups. Due to the quantity of tissue available we were unable to measure oxylipin content by
mass spectrometry; however, this will be necessary in future studies. While our results suggest
that a low-fat diet high in AA does not increase the expression of genes critical in the formation
of AA-derived eicosanoids, it is possible that under stimulated inflammatory conditions this
would differ.
The amount of literature regarding LA-derived oxylipins is markedly smaller than that of
AA-derived eicosanoids102. To date, no studies have investigated LA-derived oxylipin regulation
of WAT inflammatory pathways in vivo. This identifies an opportunity to further explore the
impact of LA-derived oxylipins on the activation of inflammatory signalling in WAT. Only one
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in vitro study has demonstrated the regulation of adipokine secretion by LA oxylipins. Recently,
Zahradka et al. showed that treating 3T3-L1 adipocytes with 9- and 13-HODE, which are LAderived oxylipins from the LOX pathway, reduced TNFα protein expression, but had no effect
on MCP-1 levels188. Furthermore, evidence examining AA-derived eicosanoids is equivocal
despite the larger body of evidence. Incubation of 3T3-L1 adipocytes and cultured epididymal
WAT

from

obese

mice

with

AA-derived

eicosanoids

such

as

12-HETE,

12-

hydroperoxyeicosatetraenoic acid (12-HPETE), and LTB4 led to an upregulation in Tnfα, Mcp-1,
and IL-6 gene expression, and a reduction in adiponectin gene expression111,189. However, in
contrast, the recent study by Zahradka et al. showed that 3T3-L1 adipocytes treated with 5-, 12and 15-HETE had reduced MCP-1 and TNFα protein expression188. While these two studies
report contradictory results, there are a number of potential explanations that should be
considered. First, Chakrabarti et al. studied gene expression, while Zahradka et al. measured
protein expression. It is has previously been shown that changes in gene expression are not
always reflected in protein content190. Second, Chakrabarti et al. used ATOC, while Zahradka et
al. used adipocyte cell culture. Therefore, it is possible that the presence of immune cells in the
ATOC samples may mediate the inflammatory response triggered by eicosanoids, which would
therefore be absent in isolated adipocytes191. This latter point highlights a potentially intriguing
area of investigation where ATOC (i.e., intact tissue) can be compared and contrasted with
isolated adipocytes in order to better tease apart the roles of LA and AA on inflammatory
signalling pathways.
Ex vivo experiments using ATOC and primary adipocyte cell culture will facilitate
investigations into specific inflammatory signalling pathways using tightly controlled
experimental conditions. ATOC provides a viable tissue sample that contains all cell types in
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WAT, while eliminating any confounding factors from other tissues191. In comparison, the
isolation and culture of primary adipocytes filters out all other cell components in WAT, and
provides an approach to target n-6 PUFA action on inflammatory processes specifically in
adipocytes192. Using these two experimental methodologies, one could then examine how LA
and AA regulate inflammatory signalling pathways in the presence and/or absence of stimulated
inflammatory conditions. For example, LPS is commonly used to induce inflammation in vitro;
thus, using different LPS concentrations may be useful to compare acute and chronic
inflammatory conditions, and consequently related gene and protein expression193. Alternatively,
treating tissue samples with specific LA- or AA-derived oxylipins would allow us to delineate
the role of these lipid metabolites in the WAT inflammatory response193,194. With these potential
research approaches, it will be possible to better delineate the shared and unique roles of LA and
AA on the regulation of inflammatory and immune signalling pathways in WAT and adipocytes.
4.1.3. PUFA ratio in the Western diet
LA and AA are the primary n-6 PUFA within the Western diet9,56,147. In the current
thesis, neither of these PUFA induced markers of WAT inflammatory signalling pathways in
Fads2-/- or WT mice. Our findings support recent evidence that LA does not induce
inflammation following a low intake, and contradicts the existing dogma that AA is proinflammatory94,97,98,99,100,102. This may suggest that the development of an inflamed WAT
phenotype is not solely a result of increased n-6 PUFA per se, but a complicated relationship
implicating the n-6: n-3 PUFA ratio that currently exists in the Western diet. The typical Western
diet has an n-6: n-3 PUFA ratio of 20: 1, compared to the estimated 2-3: 1 ratio in “huntergatherer”-type diets55. This dramatic difference in n-6 PUFA content may be due to a number of
factors, including technological advancements in modern agriculture, which have led to a
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decrease in n-3 PUFA content in eggs, meat, and fish, as well as the development of the modern
vegetable oil (high in LA) industry10,55,57,94. Further, the high n-6: n-3 ratio, indicative of
excessive intake of n-6 PUFA, has been shown to result in increased oxylipin synthesis from AA
compared to those derived from n-3 PUFA55,99,102,104,127.

Recently, Li et al. carried out a

comprehensive study using the fat-1 mouse model to assess how the n-6: n-3 PUFA ratio
affected lipid metabolism and inflammation195. The fat-1 gene encodes an n-3 fatty acid
desaturase that converts n-6 to n-3 PUFA195,196. The fat-1 transgenic mouse has been shown to
have abundant n-3 FAs and reduced levels of n-6 FAs in their tissues. This model eliminates the
confounding factor of diet as identical diets high in n-6 can be fed to WT and the fat-1 transgenic
mouse. Most importantly, this can be accomplished without the need to provide n-3 PUFA in the
diet196. Their results showed that when challenged with different HF diets (HF1; 5: 1, and HF2;
20: 1 n-6: n-3 ratios), fat-1 mice strongly resisted body weight gain, hepatic TAG accumulation,
and the development of insulin resistance as observed in WT mice fed both HF diets. In general,
endogenous levels of n-3 PUFA increased, while n-6 PUFA levels decreased in fat-1 mice.
Blood taken from fat-1 mice fed HF1 revealed a reduced n-6: n-3 PUFA ratio compared to WT
mice, as well as mice fed HF2. The reduction in n-6 PUFA content (in relation to n-3 PUFA) was
inversely correlated with an attenuation of pro-inflammatory oxylipins such as PGE2 and LTB4
content in the liver, as well as MCP-1 and TNFα gene and protein expression in fat-1 mice.
Furthermore, TNFα induced NF-κB signalling was almost completely abolished in the liver.
Interestingly, the different PUFA ratios in the HF diets did not appear to influence the degree of
protection from metabolic complications seen with HF diets in fat-1 mice, whereas WT mice fed
HF1 showed greater protection compared to WT mice fed HF2. Together, this study
demonstrated that reductions in n-6 PUFA coupled with increases in n-3 PUFA provided greater
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protection against obesity, TAG accumulation in the liver, and insulin resistance. However, it
should be noted that this magnitude of modification of PUFA content cannot be achieved
through n-3 PUFA supplementation without other nutritional interventions to reduce the intake
of n-6 PUFA. In another study, Lazic et al. showed an increase in inflammatory interferon
gamma (Ifnγ) and Tnfα gene expression in the liver of mice fed a HF diet with a dietary n-6: n-3
PUFA ratio of 11: 1, yet mice fed a kcal matched fish oil-enriched HF diet with an n-6: n-3
PUFA ratio of 3: 1 were protected from HF diet induced inflammation and steatohepatosis197.
Plasma oxylipin content in mice fed these two HF diets revealed that AA-derived eicosanoids
such as 12-, 15-, 11-, 8- and 9-HETE were decreased in mice fed the HF fish oil diet, with no
change detected in LA-derived oxylipins between diets. Both of these studies assessed
inflammatory signalling in liver, however a similar study does not exist examining WAT
inflammatory pathways; thus highlighting an important, yet undiscovered area for study.
The two experimental diets used in the current thesis contained n-6: n-3 PUFA ratios of
~17: 1 (CD) and ~8: 1 (AD), albeit in a low-fat context. The impact of diets differing in n-6: n-3
PUFA ratio under stimulated inflammatory conditions is not well understood. Therefore, studies
examining the role of the n-6: n-3 ratio on the regulation of inflammatory adipokine production
and signalling pathways in WAT are essential. The influence of the n-6: n-3 PUFA ratio can be
modified in vivo through the careful formulation of diets, or by taking advantage of transgenic
models such as the fat-1 mouse. By reducing the n-6: n-3 PUFA ratio, it is possible that WAT
inflammatory signalling pathway activation will be attenuated, even in a HF and inflammatory
context.
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4.2. Conclusions
This thesis challenges the existing dogma concerning dietary n-6 PUFA and supports
emerging evidence that LA and AA should not be generalized as “pro-inflammatory”.
Collectively, this thesis investigated the regulation of inflammatory processes by n-6 PUFA in
WAT. Though further study is necessary, the work presented in this thesis suggests that neither
LA nor AA stimulate inflammatory signalling pathways in different WAT depots, when
consumed as part of a low-fat diet. Future studies using the Fads2-/- mouse should consider the:
1) regulation of WAT inflammatory signalling by n-6 PUFA under stimulated inflammatory
conditions, 2) specific roles of LA- and AA-derived oxylipins in the WAT inflammatory
response, and 3) influence of the n-6: n-3 PUFA ratio in the diet. Taken together, these proposed
studies will help to further extend our understanding of how different n-6 PUFA regulate WAT
inflammatory signalling pathways. Collectively, such new knowledge will improve our
appreciation regarding the relationship between different n-6 PUFA and the development of
cardiometabolic risk.
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APPENDIX

Gene
Nono
Fads1
Fads2
Elovl2
Elovl5
Cox-2
Alox-12
Alox-15
Mcp-1
Tnfα
Ccl5
iNOS
Arg-1

Oligo Sequence (5’- 3’)
Forward
CCCCACCAATACCTGCAA
AACATGCACCCCCTCTTCTT
CCTGCTGATTGGTGAGCTG
AACTTGCAGTGTCAGAATCTCG
CACTCAAGGGCAGCTGGT
GGGAGTCTGGAACATTGTGAA
CCAATTCCATTTGCTGAACA
AACGAGGTCTACCTGTGGTTG
GCCTGCTGTTCACACAGTTGC
CTGTAGCCCACGTCGTAGC
TCCAATCTTGCAGTCGTGTTTG
TCCTGTTGTTTCTATTTCCTTTGTT
GCTGGTCTGCTGGAAAAACTT

Reverse
TTCAGGTCAATAGTCAAGCCTTC
TGGTTGTATGGCATGTGCTT
TGAAGTCCTCGGTGATCTGA
ACCACAAGACCTTGGCTACC
TCATGTATCCAATCTGGAAGAACA
GTGCACATTGTAAGTAGGTGGACT
ATGTGTGGAACGAGGAGCTT
CACATCCACCTTGAATTCTGC
CAGGTGAGTGGGGCGTTA
GGTTGTCTTTGAGATCCATGC
TCTGGGTTGGCACACACACTTG
CATCAACCAGTATTATGGCTCCT
CCGTGGGTTCTTCACAATTT

Table S1. Mouse primer sequences used to examine markers of inflammation and FADS
pathway enzymes. Nono; non-POU-domain-containing, octamer binding protein; Fads1, Fatty
acid desaturase 1; Fads2, fatty acid desaturase 2; Elovl2, elongation of very long-chain fatty
acid-2; Elovl5, elongation of very long-chain fatty acid-5; Cox-2, cyclooxygenase-2; Alox-12,
arachidonate 12-lipoxygenase; Alox-15, arachidonate 15-lipoxygenase; Mcp-1, monocyte
chemoattractant protein-1; Tnfα, tumour necrosis factor-a; Ccl5, chemokine ligand 5; iNOS;
inducible nitric oxide synthase, Arg-1; arginase-1.
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SERUM
CD
Fatty Acid
14:0
16:0
18:0
20:0
22:0
24:0
Total SFA
16:1c9
18:1c9
18:1c11
22:1n9
24:1n9
Total MUFA
18:2n6
18:3n6
20:2n6
20:3n6
20:4n6
22:4n6
Total n-6 PUFA
18:3n3
18:4n3
20:5n3
22:5n3
22:6n3
Total n-3 PUFA

WT
0.47 ± 0.03a
27.1 ± 1.6a
11.5 ± 0.55a
0.30 ± 0.02a
0.35 ± 0.02a
ND
39.7 ± 1.9a
2.6 ± 0.23a
16.1 ± 0.69a
2.2 ± 0.22a
0.65 ± 0.04a
0.23 ± 0.02a
21.8 ± 0.96a
31.5 ± 1.5a
0.36 ± 0.03a
0.42 ± 0.02a
2.0 ± 0.27a
7.9 ± 0.30a
0.16 ± 0.02a
41.9 ± 1.37a
0.26 ± 0.02a
0.06 ± 0.0041a
0.37 ± 0.05a
0.16 ± 0.01a
5.9 ± 0.46a
6.7 ± 0.46a

KO
0.37 ± 0.04ac
23.1 ± 1.6a
9.0 ± 0.55a
0.30 ± 0.02a
0.15 ± 0.02b
ND
32.9 ± 2.1ab
2.1 ± 0.10ac
14.7 ± 0.87a
2.4 ± 0.26a
0.65 ± 0.02a
0.22 ± 0.02a
20.0 ± 1.0a
31.3 ± 2.1a
0.11 ± 0.01b
0.50 ± 0.03b
0.69 ± 0.04b
0.53 ± 0.02b
0.05 ± 0.0047b
32.7 ± 2.1b
0.25 ± 0.02a
0.038 ± 0.002b
0.36 ± 0.04a
0.21 ± 0.02ac
4.8 ± 0.53a
5.7 ± 0.59a

AD
WT
0.63 ± 0.04b
26.7 ± 1.6a
17.7 ± 1.5b
0.47 ± 0.02b
0.19 ± 0.01b
ND
45.7 ± 2.44ac
2.8 ± 0.16ad
15.8 ± 0.91a
0.82 ± 0.06b
0.12 ± 0.01b
0.23 ± 0.02a
19.7 ± 0.96a
4.4 ± 0.37b
1.1 ± 0.11c
0.29 ± 0.03c
1.5 ± 0.09a
61.6 ± 1.65c
0.90 ± 0.04c
69.5 ± 2.03a
0.29 ± 0.24a
ND
0.09 ± 0.01b
0.77 ± 0.024b
2.08 ± 0.15b
3.2 ± 0.16b

KO
0.27 ± 0.03c
18.6 ± 0.76b
10.1 ± 0.45a
0.22 ± 0.02c
0.07 ± 0.01a
ND
29.2 ± 1.0b
1.6 ± 0.13bc
8.97 ± 0.58b
0.44 ± 0.02b
0.07 ± 0.01b
0.11 ± 0.01b
11.2 ± 0.67b
2.0 ± 0.14b
0.51 ± 0.03a
0.12 ± 0.01d
0.60 ± 0.03b
28.1 ± 0.74d
0.39 ± 0.03d
31.7 ± 0.70c
0.13 ± 0.01b
ND
0.06 ± 0.0038b
0.12 ± 0.01ad
1.9 ± 0.10b
2.2 ± 0.10b

Table S2. Fatty acid composition in serum of Fads2-/- and WT mice
fed CD and AD diets. Fatty acids were compared across the four experimental groups by twoway ANOVA with an unpaired t-test post hoc analysis; different letters denote statistical
differences between groups (p≤0.05). ND; not detected.

80

PL
CD
Fatty Acid
14:0
16:0
18:0
20:0
22:0
24:0
Total SFA
16:1c9
18:1c9
18:1c11
22:1n9
24:1n9
Total MUFA
18:2n6
18:3n6
20:3n6
20.2n6
20:4n6
22:4n6
Total n-6 PUFA
18:3n3
18:4n3
20:5n3
22:5n3
22:6n3
Total n-3 PUFA

WT
1.6 ± 0.13a
35.26 ± 1.4a
35.6 ± 2.4a
4.0 ± 0.50a
4.5 ± 0.35
3.4 ± 0.38a
84.4 ± 3.1a
4.8 ± 0.58a
39.8 ± 2.8a
6.5 ± 0.67a
7.47 ± 0.64a
3.2 ± 0.16a
316 ± 12.4a
44.8 ± 2.7a
1.7 ± 0.16a
3.1 ± 0.32a
1.71 ± 0.26a
13.4 ± 0.78a
2.1 ± 0.19a
65.0 ± 3.4ac
ND
ND
6.5 ± 0.59a
ND
19.8 ± 1.21a
26.2 ± 1.68a

KO
1.9 ± 0.25a
61.2 ± 4.3b
59.84 ± 4.04b
5.3 ± 0.67ab
5.5 ± 0.49
5.2 ± 0.79a
138 ± 9.6b
9.2 ± 0.48b
49.4 ± 2.8ac
8.4 ± 0.66ab
11.4 ± 0.59b
5.5 ± 0.42b
410 ± 20.9b
56.5 ± 2.4b
1.5 ± 0.12b
1.8 ± 0.11b
3.52 ± 0.38b
1.4 ± 0.20b
3.1 ± 0.36ac
64.2 ± 2.7a
ND
ND
4.8 ± 0.36b
ND
22.5 ± 1.5a
27.3 ± 1.78a

TAG
AD
WT
2.7 ± 0.42a
61.2 ± 2.4b
64.8 ± 2.3b
2.7 ± 0.25a
5.0 ± 0.59
4.3 ± 0.61a
141 ± 3.0b
3.7 ± 0.38a
28.2 ± 2.4b
4.5 ± 0.50ac
4.7 ± 0.41c
3.4 ± 0.29a
44.5 ± 2.92c
10.4 ± 0.58c
3.8 ± 0.21a
4.9 ± 0.22a
1.14 ± 0.11a
61.0 ± 1.9c
4.5 ± 0.56bc
84.5 ± 2.2b
2.3 ± 0.23
ND
ND
1.7 ± 0.21
6.7 ± 0.72b
10.7 ± 0.97b

KO
5.4 ± 0.80b
62.7 ± 3.6b
62.4 ± 4.6b
3.3 ± 0.56a
7.2 ± 1.3
7.8 ± 1.9b
149 ± 10.8b
6.0 ± 0.46a
49.8 ± 2.7c
6.8 ± 0.61ab
4.9 ± 0.70c
4.0 ± 0.43a
71.7 ± 4.6c
11.2 ± 0.41c
2.3 ± 0.30b
2.8 ± 0.27b
2.61 ± 0.33c
53.0 ± 1.7d
5.3 ± 0.48b
74.6 ± 2.3c
3.4 ± 0.44
ND
ND
2.4 ± 0.32
6.6 ± 0.32b
12.3 ± 0.81b

CD
WT
1015 ± 67.0
14843 ± 1035
1159 ± 286a
75.3 ± 6.7
47.9 ± 5.2
51.4 ± 6.2a
17192 ± 1157
431 ± 25.4a
16459 ± 1279
1236 ± 74.4a
61.0 ± 6.6a
ND
18187 ± 1318
20105 ± 1564a
99.4 ± 7.1a
167 ± 23.4a
136 ± 15.2a
215 ± 35.3a
ND
20587 ± 1592a
298 ± 43.9a
62.7 ± 5.6
ND
209 ± 17.4a
340 ± 50.5a
846 ± 76.6

KO
1014 ± 61.7
13836 ± 1673
837 ± 158a
71.7 ± 10.2
60.8 ± 7.8
42.0 ± 4.6a
15861 ± 1784
402 ± 39.8a
14211 ± 1139
1319 ± 80.7a
56.6 ± 4.9a
ND
15989 ± 1227
27019 ± 1634b
55.5 ± 5.7a
65.0 ± 9.0a
250 ± 32.8b
44.8 ± 5.3a
ND
27184 ± 1645b
303 ± 42.3a
66.2 ± 5.5
ND
213 ± 20.6a
301 ± 49.0a
850 ± 85.8

AD
WT
KO
1180 ± 132
1171 ± 88.6
16681 ± 1901
17481 ± 855
1854 ± 250ab
2420 ± 232b
71.1 ± 7.3
69.7 ± 6.5
50.1 ± 5.5
45.2 ± 6.8
b
12.9 ± 0.8
10.7 ± 0.9b
19849 ± 2171
21197 ± 1062
241 ± 36.8b
220 ± 19.8b
14270 ± 1577
13068 ± 926
558 ± 36.3b
511 ± 48.1b
42.7 ± 5.2ab
37.6 ± 2.8b
181 ± 17.2
223 ± 18.3
15293 ± 1618
14060 ± 981
3891 ± 554c
4113 ± 434c
868 ± 82.3b
874 ± 68.6b
1167 ± 126b
1101 ± 94.2b
174 ± 27.2c
241 ± 27.6b
9331 ± 938b
9182 ± 720b
260 ± 37.0
337 ± 44.2
15517 ± 1560a 15608 ± 1332a
156 ± 21.0b
137 ± 10.4b
59.5 ± 5.6
53.8 ± 5.6
32.5 ± 3.2
34.1 ± 2.9
43 ± 3.6b
46.2 ± 2.7b
637 ± 67.6b
511 ± 38.7b
877 ± 78.0
798 ± 65.9

Table S3. Fatty acid composition in eWAT of Fads2-/- and WT mice fed CD and AD diets.
Fatty acids were compared across the four experimental groups within PL or TAG fractions by twoway ANOVA with an unpaired t-test post hoc analysis; different letters denote statistical differences
between groups (p≤0.05). PL, phospholipid; TAG, triacylglycerol; ND, not detected.
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PL
CD
Fatty Acid
14:0
16:0
18:0
20:0
22:0
24:0
Total SFA
16:1c9
18:1c9
18:1c11
22:1n9
24:1n9
Total MUFA
18:2n6
18:3n6
20:2n6
20:3n6
20:4n6
22:4n6
Total n-6 PUFA
18:3n3
18:4n3
20:5n3
22:5n3
22:6n3
Total n-3 PUFA

WT
1.5 ± 0.16a
42.7 ± 2.6a
49.4 ± 3.52a
2.3 ± 0.21a
4.9 ± 0.73
2.2 ± 0.16a
102 ± 6.5a
2.1 ± 0.22a
19.6 ± 1.8a
5.6 ± 0.65a
6.0 ± 0.58
3.0 ± 0.32a
36.2 ± 2.8a
33.2 ± 3.7a
2.6 ± 0.44a
2.0 ± 0.34 a
4.5 ± 0.31a
9.2 ± 0.81a
3.8 ± 0.52
53.3 ± 5.1a
ND
ND
ND
1.7 ± 0.26a
10.3 ± 0.52a
12.0 ± 0.60a

KO
5.1 ± 0.21b
66.2 ± 2.7b
83.9 ± 2.5b
4.0 ± 0.24b
5.6 ± 0.31
7.1 ± 0.64b
172 ± 4.9b
10.6 ± 0.78b
64.3 ± 4.2b
18.5 ± 0.82b
5.7 ± 0.46
6.4 ± 0.29b
106 ± 5.8b
81.9 ± 3.4b
1.4 ± 0.27b
5.42 ± 0.46 b
1.4 ± 0.20b
1.7 ± 0.21a
4.2 ± 0.51
90.6 ± 3.5b
ND
ND
2.3 ± 0.19
4.9 ± 0.49b
47.8 ± 1.6b
55.0 ± 1.9b

TAG
AD

WT
2.8 ± 0.43c
65.4 ± 6.6b
59.2 ± 4.1a
2.4 ± 0.37a
4.9 ± 0.67
4.5 ± 0.61c
139 ± 9.8c
5.5 ± 0.84c
34.7 ± 2.9c
5.3 ± 0.60a
5.5 ± 0.0.47
3.7 ± 0.31ac
54.7 ± 3.97c
8.4 ± 0.57c
1.8 ± 0.17b
1.22 ± 0.18ac
3.6 ± 0.33a
75.8 ± 5.9b
4.8 ± 0.54
112 ± 8.3c
ND
ND
ND
1.3 ± 0.07a
16.3 ± 1.4c
17.7 ± 1.4c

KO
4.4 ± 0.41b
70.9 ± 4.2b
95.4 ± 3.8b
3.1 ± 0.21ab
5.7 ± 0.53
4.8 ± 0.60c
184 ± 8.6b
6.1 ± 0.55c
38.7 ± 3.5c
4.57± 0.51a
5.2 ± 0.47
4.5 ± 0.32c
59.0 ± 4.2c
10.5 ± 0.71c
1.3 ± 0.14b
2.13 ± 0.18 ad
4.5 ± 0.36a
80.9 ± 4.4b
4.3 ± 0.56
123 ± 5.23c
ND
ND
ND
1.5 ± 0.07a
19.7 ± 1.41c
21.1 ± 1.41c

CD
WT
799 ± 73.4a
7770 ± 408a
699 ± 71.4a
74.5 ± 3.8
ND
ND
9342 ± 511a
3332 ± 269a
16683 ± 1381a
1052 ± 79.8a
ND
ND
21068 ± 1620a
13224 ± 1131a
87.4 ± 5.0a
77.5 ± 7.4a
94.4 ± 6.9a
246 ± 22.7a
251 ± 24.3a
13903 ± 1132a
208 ± 22.9a
ND
ND
ND
221 ± 14.6ab
429 ± 26.1

KO
1564 ± 123b
8277 ± 604a
657 ± 72.6a
71.3 ± 4.6
ND
ND
10570 ± 735ac
4161 ± 528ab
16696 ± 934a
1288 ± 82.8b
ND
ND
22145 ± 1287a
15320 ± 1122a
68.8 ± 5.5a
158 ± 23.7bd
ND
ND
ND
15388 ± 1123a
253 ± 22.8a
ND
ND
ND
250 ± 28.7a
503 ± 46.7

AD
WT
KO
1004 ± 103a
1089 ± 93.8a
13572 ± 877b
9682 ± 801a
1563 ± 129b
1597 ± 179b
69.7 ± 4.0
69.9 ± 2.9
45.4 ± 3.7
48.4 ± 6.3
ND
ND
16254 ± 1021b 12486 ± 1021c
2703 ± 284ac
2177 ± 154ac
13368 ± 826ab
10825 ± 778b
410 ± 29.3c
374 ± 25.6c
50.9 ± 3.2a
36.1 ± 2.3b
ND
ND
16532 ± 1104b
13411 ± 848b
2416 ± 107b
2608 ± 187b
480 ± 56.8b
421 ± 20.3b
258 ± 35.9c
128 ± 10.4d
725 ± 56.3b
735 ± 60.1b
4704 ± 564b
3756 ± 425b
392 ± 50.7b
360 ± 26.5b
8716 ± 783b
7880 ± 624b
86.1 ± 2.7b
89.1 ± 2.9b
32.1 ± 2.8
38.1 ± 1.8
ND
ND
38.4 ± 3.2
34.2 ± 3.3
324 ± 24.7ac
304 ± 24.2a
480 ± 28.1
465 ± 26.0

Table S4. Fatty acid composition in iWAT of Fads2-/- and WT mice fed CD and AD diets.
Fatty acids were compared across the four experimental groups within PL or TAG fractions by twoway ANOVA with an unpaired t-test post hoc analysis; different letters denote statistical differences
between groups (p≤0.05). PL, phospholipid; TAG, triacylglycerol; ND, not detected.

