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Objective. Dietary administration of ω-3 polyunsaturated fatty acids (PUFA) is often
associated with altered adipose tissue (AT) morphology and/or function in obese mice. Yet,
it is unclear whether this is an indirect consequence of reduced weight gain or results from
direct actions of ω-3 PUFA. Here we studied the AT of high fat (HF)-fed fat-1 transgenic mice
that convert endogenous ω-6 to ω-3 PUFA while maintaining equivalent fat accretion as
their wild-type (WT) counterparts.

Materials and methods. Adipocyte size profiling, Affymetrix microarray pathway analysis,
qPCR and protectin identification and analysis were performed in epididymal AT from
hemizygous fat-1(+/−) mice and their wild type littermates that had been fed a HF diet for
8 weeks from 6 weeks of age.

Results. Despite equivalent fat pad mass, we found that epididymal AT from HF-fed
transgenic animals possesses fewer large and very large but more mid-size adipocytes
compared to WT mice. In order to better understand the underlying mechanisms
contributing to the observed alteration in adipocyte size we performed an Affymetrix
microarray. Pathway analysis of these data highlighted adipogenesis, cholesterol
biosynthesis, insulin signaling, prostaglandin synthesis/regulation and small ligand
GPCRs as points where differentially expressed genes were significantly overrepresented.
Observed changes were confirmed for four candidate genes: Cnr1, Cnr2, Faah and Pparg by
qPCR. Finally we demonstrated that protectin DX is present in AT and that protectin DX and
protectin D1 promote comparable PPARγ transcriptional activity.

Conclusions. These data provide unprecedented evidence that ω-3 PUFA coordinately
regulate AT gene expression programs in a manner that is independent of restriction of
weight gain or fat accrual and highlight an important influence of ω-3 PUFA on
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adipogenesis. Furthermore we provide primary evidence suggesting that protectins likely
contribute to these effects via their influence on PPARγ.

© 2015 Published by Elsevier Inc.

1. Introduction

Adipose tissue (AT) plays an important role in the mainte-
nance of metabolic homeostasis due to its dual role as a
repository for surplus nutrients and a prominent endocrine
tissue. It is well appreciated that obesity-related alterations
in AT function particularly in the visceral depots have
dramatic consequences for systemic glucose and lipid
metabolism [1]. For instance, the onset of inflammation in
visceral AT is thought to be fundamental to the develop-
ment of obesity-related metabolic complications [2]. Inter-
estingly, adipocyte size in visceral AT is positively correlated
with insulin resistance [3], glucose intolerance [4], inflam-
mation [5] and circulating triglycerides and cholesterol [6,7]
suggesting that proper adipose function is intimately linked
to cell size .

Administration of marine oils containing the ω-3 polyun-
saturated fatty acids (ω-3 PUFA) eicosapentaenoic acid (EPA,
20:5 n-3) and docosahexaenoic acid (DHA 22:6 n-3) has been
reported to improve both glucose [8–10] and lipid metabolism
[11–13] in obesity. Interestingly, these beneficial effects of ω-3
PUFAhave been associatedwith reduced adipose inflammation
[14–17], increased expression and secretion of the insulin
sensitizing adipokine adiponectin [18], raised adipose mito-
chondrial activity [19], and inhibition of high fat (HF) diet-
induced remodeling of AT [20]. Furthermore,ω-3 PUFAhave been
identified as potential endogenous ligands for the peroxi-
some proliferator activated receptor (PPAR) family of nuclear
receptors that play a vital role in adipocyte differentiation
and lipid metabolism [18,21,22]. Together these reports
appear to suggest that direct actions of ω-3 PUFA in AT are
likely responsible for at least part of the beneficial effects of
these essential fatty acids.

However the interpretation of many of the aforemen-
tioned studies is complicated by the fact that a common effect
of ω-3 PUFA supplementation in rodent diets is reduced
weight gain and fat accretion [23,24]. Although this is likely
attributable to altered palatability of the experimental diet
there is growing reference in the literature to the anti-obesity
effects of ω-3 PUFA [25–27]. Thus it is not clear whether the
reported actions of ω-3 PUFA in AT arise as a secondary result
of reduced weight gain and limited adipose expansion or are
indeed direct actions of ω-3 PUFA.

To alleviate this issue we have employed the fat-1
transgenic mouse which has been genetically engineered to
ubiquitously express the fat-1 ω-3 fatty acid desaturase from
C. elegans. This enzyme, not found in mammals, efficiently
converts endogenous ω-6 to ω-3 PUFA such that in fat-1
transgenic mice fed a diet rich in ω-6 and deficient in ω-3
PUFA the tissue ω-6: ω-3 ratio is approximately 1:1 compared
to 50:1 in wild type (WT) animals [28]. Importantly, we
recently demonstrated that when exposed to a HF diet, fat-1
transgenic mice are protected from obesity-linked insulin
resistance, glucose intolerance and adipose inflammation

despite equivalent weight gain and visceral adiposity as their
WT counterparts [16]. The fat-1 transgenic mouse therefore
represents the ideal model to study the effects of ω-3
PUFA on AT in an environment that is not confronted by
dietary issues.

To better characterize the actions of ω-3 PUFA specifically
in AT we examined AT morphology and performed pathway
analysis on data obtained from an Affymetrix microarray of
AT from HF-fed fat-1 transgenic and WT mice. We then
corroborated novel observations by qPCR and expanded upon
our earlier findings in this model by providing primary
evidence that both protectins D1 and DX may contribute to
ω-3 PUFA dependent actions in adipose tissue by modulating
PPARγ transcriptional activity.

2. Materials and methods

2.1. Animals

Six-week-old male hemizygous fat-1(+/−) mice and their WT
littermates bred at the Laval University hospital research
center were fed high fat diets (diet-93075, 55% kcal from fat,
Harlan Teklad) and sacrificed after 8 weeks. At sacrifice
epididymal AT excised for the microarray study was rapidly
homogenized in QIAZOL (QIAGEN, Toronto, ONT) and snap
frozen in liquid nitrogen. Histology was performed in sections
of epididymal AT that were placed in 4% paraformaldehyde at
sacrifice whereas the samples used for qPCR and lipidomics
came from tissues that were rapidly excised and snap-frozen
in liquid nitrogen. Animal procedures were approved by the
Laval University Committee for the Protection of Animals and
carried out in accordance with the guidelines provided by the
Canadian Council on Animal Care.

2.2. RNA extraction, qPCR and microarray hybridization

RNA was extracted for qPCR and microarray studies using
the RNeasy lipid tissue mini kit (QIAGEN) by following the
manufacturer’s instructions. For microarray studies the
RNA quality testing, quantification and hybridization to the
Mouse 430 2.0 Affymetrix gene chip were performed at the
McGill University and Génome Québec Innovation Center in
Montréal, Québec. For qPCR, RNA was first reverse tran-
scribed to cDNA using the high-capacity cDNA reverse
transcription kit from Applied Biosystems. qPCR for Pparg
(Mm01184322_m1), Cnr1(Mm01212171_ s1), Cnr2 (Mm00438286_m1),
Faah (Mm00515684_m1) and Gapdh (Mm99999915_g1) was then
performed using Taqman hydrolysis probes and primers
from Applied Biosystems in a CFX96 real-time system from
BIO-RAD. The relative expression of genes of interest was
then determined by normalization to the reference gene
Gapdh using the comparative CT method for relative gene
expression [29].
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