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Abstract

Brown adipose tissue (BAT) plays a key role in energy expenditure through its specialized thermogenic function. Therefore, BAT activation may help prevent
and/or treat obesity. Interestingly, subcutaneous white adipose tissue (WAT) also has the ability to differentiate into brown-like adipocytes and may potentially
contribute to increased thermogenesis. We have previously reported that eicosapentaenoic acid (EPA) reduces high-fat (HF)-diet-induced obesity and insulin
resistance in mice. Whether BAT mediates some of these beneficial effects of EPA has not been determined. We hypothesized that EPA activates BAT thermogenic
program, contributing to its antiobesity effects. BAT and WAT were harvested from B6 male mice fed HF diets supplemented with or without EPA. HIB 1B clonal
brown adipocytes treated with or without EPA were also used. Gene and protein expressions were measured in adipose tissues and H1B 1B cells by quantitative
polymerase chain reaction and immunoblotting, respectively. Our results show that BAT from EPA-supplemented mice expressed significantly higher levels of
thermogenic genes such as PRDM16 and PGC1α and higher levels of uncoupling protein 1 compared to HF-fed mice. By contrast, both WATs (subcutaneous and
visceral) had undetectable levels of these markers with no up regulation by EPA. HIB 1B cells treated with EPA showed significantly higher mRNA expression of
PGC1α and SIRT2. EPA treatment significantly increased maximum oxidative and peak glycolytic metabolism in H1B 1B cells. Our results demonstrate a novel
and promising role for EPA in preventing obesity via activation of BAT, adding to its known beneficial anti-inflammatory effects.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Obesity is a major disease that has reached global epidemic pro-
portions [1]. Increased adipose tissue mass, primarily white adipose
tissue (WAT), is a characteristic feature of obesity. The increased
adiposity seen in obesity is accompanied by dysfunctional adipocytes
with altered endocrine function, higher secretion of proinflammatory
markers and increased lipid storage which in turn contributes to
disruption of normal energy homeostasis [2]. This further increases
the risk for several metabolic disorders including diabetes, cardio-
vascular diseases and certain immune metabolic dysfunctions [3].

Another type of adipose tissue, brown adipose tissue (BAT), is
located in the interscapular and perirenal fat depots [4]. Larger
amounts of BAT are present in newborns but decrease with age and
obesity [5,6]. Furthermore, recent research has demonstrated the
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emergence of brown-like fat cells, named beige or brite adipocytes in
WAT depots, especially in subcutaneous fat [7]. Advanced imaging
techniques have identified BAT in adults which recognized BAT as a
strong emerging target for antiobesity and antidiabetic effects in
humans [8]. BAT is classically known for its critical role in energy
balance through increased energy expenditure via thermogenesis. A
key biomarker for BAT activity, uncoupling protein 1 (UCP1)
uncouples mitochondrial respiration, allowing heat generation, and
mediates nonshivering thermogenesis during activation by
catecholamine-mediated lipolysis or cold exposure [5,9]. Thermo-
genesis produced in BAT protects against hypothermia and helps
counteract obesity [10]. While most studies have focused on
pharmacological (beta 3 adrenergic activation) or cold-induced BAT
activation, very few studies have investigated dietary interventions as
means to activate BAT. Hence, we are investigating the role of an
omega 3 (ω-3) fatty acid in activating BAT.

Long-chain ω-3 polyunsaturated fatty acids (PUFAs) such as
docosahexaenoic acid (C22:6n-3, DHA) and eicosapentaenoic acid
(C20:5n-3, EPA) are major polyunsaturated fats found in fish oil [11].
They are well documented to possess anti-inflammatory, cardiopro-
tective and triglyceride-lowering properties [2]. Despite these
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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beneficial effect of ω-3 fatty acids, their relative intake in the United
States is very low compared to omega 6 (ω-6) fatty acids [12,13]. Thus,
additional science-based evidence documenting mechanisms
mediating beneficial effects of ω-3 fatty acids in health and disease
is critical. Previous work from our laboratory has demonstrated that
feeding a high-fat (HF) diet enriched with EPA to mice significantly
reduced body weight, fat mass and inflammation [to levels com-
parable to low-fat (LF)-fed mice]; lowered glucose intolerance; and
improved insulin sensitivity [14]. These effects are in part inWAT due
to reduced adipose tissue inflammation and lipogenesis, and increased
lipid oxidation [14,15]. However, less is known about activation of BAT
by ω-3 fatty acids and whether it provides added benefits beyond
reduced inflammation. Limited studies have addressed the molecular
mechanisms for activation of BAT by EPA or other ω-3 PUFAs in the
context of obesity and insulin resistance [16,17].

Here, we specifically investigated the metabolic effects of EPA on
BAT as well as potential browning of WAT of mice fed HF diets
enriched with or without EPA. We also determined effects of EPA in
cultured brown adipocytes to determine if EPA promotes beneficial
metabolic activities in these cells. We observed increased levels of
several key thermogenic biomarkers including UCP1 protein in brown
fat from EPA-supplemented HF diets compared to HF-only diets. We
however did not observe significant browning of WAT depots.
Additionally, we demonstrated direct effects of EPA in cultured clonal
brown adipocytes HIB 1B cells, where mitochondrial content was
higher in EPA- vs. vehicle-treated cells. Also, EPA treatment signifi-
cantly increased maximum oxidative metabolism as well as peak
glycolytic metabolism. Thus, activation of BAT by this ω-3 fatty acid
may represent a promising novel nutritional approach to reduce
obesity and associated metabolic disorders.
2. Material and methods

2.1. Mice and diets

The experimental groups and design used in this study have been previously
described [14]. Briefly, postweanedmale C57BL/6J mice aged 5–6 weeks were fed an LF
(10% kcal from fat) diet, an HF diet (45% kcal from fat) or an HF diet supplemented with
36 g/kg EPA ethyl ester for 11weeks (group namedHF-EPA-P). A fourth group (HF-EPA-
R) was first fed the HF diet (45% kcal fat) for 6 weeks and then an HF diet supplemented
with EPA as above for another 5 weeks (R for reversal of HF diet-induced obesity).
Detailed diet information is provided in Supplementary Table 1. Food intake was
measured daily, andmice weremaintained in their respective diets described above for
11 weeks and weighed weekly. The mice were feed deprived for 4 h then euthanized
using CO2 inhalation method at the end of 11 weeks. Serum, subcutaneous WAT
(inguinal) and visceral WAT (epididymal) were collected as previously described [14].
BAT from the interscapular depot was carefully dissected out and was used for the
subsequent BAT analyses. BAT interscapular depots were weighed for each mouse.
These protocols were all approved by the Institutional Animal Care and Use Committee
of the University of Tennessee, Knoxville, where these studies were conducted.
2.2. RNA isolation and quantitative polymerase chain reaction (qPCR)

RNA was isolated from BAT, WAT and HIB 1B cells using RNeasy kit (Qiagen,
Valencia, CA, USA) followed by cDNA synthesis using the iScript kit (Bio-Rad, Hercules,
CA, USA). cDNAwas used to perform qPCR for thermogenesis genes with Gapdh used as
the housekeeping gene.
2.3. Immunoblotting

Proteins were extracted from BAT, subcutaneous fat tissue and visceral fat tissue by
lysing inmodified radioimmunoprecipitation assay buffer. Equal protein amounts were
loaded per lane and separated using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) gels (Bio-Rad) and transferred to a polyvinylidene fluoride
(PVDF) membrane using Turbo transfer system (Bio-Rad). PVDF membrane was
blocked using a blocking buffer from LI-COR (Bioscience, NE, USA) for an hour followed
by incubation with primary antibodies (Santa Cruz, CA, USA) for UCP1 or Gapdh
(dilution 1:200). Goat polyclonal was used as secondary antibody for UCP1 (dilution
1:15,000), and rabbit polyclonal antibody was used for GAPDH (dilution 1:15,000).
2.4. Irisin ELISA

Secreted irisin was measured using an Elisa kit (AdipoGen, San Diego, CA, USA).
Serial dilution of standards of irisin was used to create a standard curve which was then
used to extrapolate sample concentrations.

2.5. Cell culture

HIB 1B brown adipose cells (kindly provided to us by Dr. Sheila Collins at Sanford
Burnham Institute, Orlando, FL, USA, with permission from Dr. Bruce Spiegelman at
Dana Farber cancer Institute, Boston, MA, USA) [18,19] were cultured in Dulbecco's
modified Eagle's medium (DMEM; Thermo Fisher, Pittsburg, PA, USA) supplemented
with 10% fetal bovine serum (Atlas Biologicals, Fort Collins, CO, USA) and 1% penicillin–
streptomycin (Thermo Fisher). HIB 1B cells were differentiated using 1 μMrosiglitazone
and 1 μM insulin (Sigma-Aldrich, St. Louis, MO, USA). Two days after differentiation, the
cells were treated with 100 μM EPA [conjugated with fatty acid free bovine serum
albumin (BSA) in cell culture medium] or BSA for 48 h. Dose was chosen based on pilot
experiments and previous dose–response and time-course studies with these fatty
acids [11]; this concentration did not affect cell viability (not shown) but was effective
on the metabolic responses studied.

2.6. Mitochondria staining

HIB 1B cell mitochondria were stained using Mitotracker Green (MTG) (Invitrogen,
Grand Island, NY, USA). MTG was used at 200 nM for 90 min followed by washouts
before imaging [20] and quantified using MATLAB software. To quantify mitochondria
staining by the Mitotracker, we used MATLAB image processing toolbox. First, we read
the image using the MATLAB function “imread.” Next, we generated a uniform
background using the syntax “Strel” function. This tool created an approximation of the
background as a separate image, which we subtracted from the original image. Third,
we converted thewhole image into a binary image fromwhichwe calculated the area of
the green color (mitochondria staining). This was done for three separate experiments,
which were averaged, and statistical analyses was conducted as described in the
statistical section.

2.7. Glycolytic capacity and mitochondrial respiration assays

Extracellular acidification rate (ECAR), ameasure of glycolytic capacity, and oxygen
consumption rate (OCR) weremeasured using Seahorse Bioscience XF24 (Billerica, MA,
USA). HIB 1B cells were seeded in 24-well XF culture plate. The cells were differentiated
by usingDMEM (Thermo Fisher) supplementedwith 10% fetal bovine serum (FBS; Atlas
Biologicals), 1% penicillin–streptomycin (Thermo Fisher), 1 μg rosiglitazone (Sigma-
Aldrich) and 1 μg insulin (Sigma-Aldrich). After complete differentiation, cells were
treated with 100 μMEPA (99% ethyl ester; Nu-Chek Prep) conjugatedwith 1% FBS along
with 1% FBS as control for 48 h. The XF Cell Mito Stress Test Kit (Seahorse Bioscience)
was used to measure oxygen consumption. Following treatment, culture medium was
transferred and changed with XF Assay Media (Seahorse Bioscience) supplemented
with 2mMsodiumpyruvate and 25mMglucose and incubated in a non-carbon-dioxide
incubator at 37°C for 40 min. As per manufacturer's protocol, Seahorse injection ports
were loaded with oligomycin (final concentration 3.0 μM), carbonyl cyanide p-
[trifluoromethoxy]-phenyl-hydrazone (final concentration 1.0 μM) and antimycin A/
rotenone (final concentration 1.0 μM).

For ECAR assay, following treatment, the culture medium was removed and
changed to glycolysismedium (DMEMpowder 8.3 g/L, NaCl 143mM, phenol red 3mg/L
and glutamine 2 mM). The injection ports for this assay were loaded with oligomycin
(final concentration 2.5 mM, 2-DG 1M and glucose 10mM). The Seahorse analyzer was
taken using 8-min cyclic (mix for 3 min, wait for 2 min and measure for 3 min)
triplicates.

2.8. Statistical analyses

Results are presented asmeans ± S.E.M.When two groups are compared, Student's
t test was used with a Pb.05. When comparing more than two groups, multiple-
comparison one-way analysis of variance was used, followed by Tukey's post hoc test
(Pb.05). Three to five replicates were used for each dietary or treatment groups. Cell
culture experiments were repeated at least three timeswith aminimum of triplicates in
each experiment.

3. Results

As previously shown, themean deadweights of the LF, HF, HF-EPA-
P and HF-EPA-R groups were 31.7a ± 1.0, 40.4c ± 1.2, 35.9b ± 0.9
and 40.6c ± 1.1 g, respectively (different letters refer to significant
differences at Pb.05). There were no significant differences in food
intake between the four groups [14]. Themean BAT padweights of the
LF, HF, HF-EPA-P and HF-EPA-R groupswere 0.2a ± 0.02, 0.28b ± 0.02,
0.18a ± 0.02 and 0.32b ± 0.03, respectively (different letters refer to
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significant differences at Pb.05).Whether any of these effects are due to
direct actions of EPA on BAT is the focus of the current study.
3.1. EPA regulates thermogenesis in BAT

To determinewhether EPA regulates BAT thermogenic activity, we
used BAT from mice fed HF diets with or without EPA to measure
markers of thermogenesis and compared it to BAT from LF-fed mice.
Using Western blotting, we demonstrated that UCP1 (master
thermogenic protein) content was significantly increased in mice fed
EPA for 11weeks (HF-EPA-P group) compared to the LF, HF orHF-EPA-
R (short-term EPA feeding following HF diet) groups (Pb.05; Fig. 1A).
UCP1 levels were very low or undetectable in subcutaneous and
visceral adipose tissues (Fig. 1B). Gene expression levels of established
markers for BAT or browningmarkers (beige adipocytes) such as cell-
death-inducting DFFA-like effector A (CIDEA),fibroblast growth factor
receptor 21 (FGF21), fibroblast growth factor receptor 1 (FGFR1),
NAD-dependent deacetylase sirtuin-1 (SIRT1), SIRT3, beta Klotho
(KLB), PR domain containing 16 (PRDM16), peroxisome proliferator-
activated receptor gamma coactivator-1 alpha (PGC1α), very long
chain fatty acid enhanced fatty acyl chain elongase (ELOVL3),
peroxisome proliferator-activated receptor gamma (PPARγ) and
uncoupling protein 3 (UCP3) were significantly increased in HF-
EPA-P vs. HF, suggesting activation of BAT in HF-EPA-P group (Pb.05;
Fig. 2A and B). Also, CIDEA, FGFR1, SIRT1, SIRT3, KLB, ELOVL3 and
PPARγ showed increased levels in HF-EPA-P and LF groups compared
to HF group (Pb.05; Fig. 2A and B). Additionally, our results revealed
significant increases in CIDEA, FGF21, FGFR1, SIRT1, SIRT3, KLB,
PRDM16, PGC1α, ELOVL3, PPARγ and UCP3 in HF-EPA-P group
compared to HF-EPA-R group (Pb.05; Fig. 2A and B).
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Fig. 1. Immunoblotting of UCP1 in BAT, subcutaneous fat and visceral fat: Different fat depots we
EPA (HF-EPA-P) for 11 weeks or an HF diet for 6 weeks after inducing obesity then with EPA for
dietswas shown in BAT (Pb0.05) compared to the HF (A). Gapdhwas used as an internal loading
as mean ± SEM.; means without a common letter differ, Pb0.05, n=5.
Surprisingly, gene expression of the uncoupling proteins (UCP1
and UCP2) was not significantly different among the different diets,
suggesting that UCPs may be regulated by EPA at the posttrans-
criptional/translational level (Fig. 2B). Taken together, our results
demonstrate that EPA supplementation significantly increased UCP1
protein levels and expression of several thermogenic and trans-
criptional brown fat genes such as PRDM16, PGC1α, SIRT1, SIRT3, KLB,
ELOVL3, CIDEA, PPARγ, UCP3, FGFR1 and FGF21 compared to HF
feeding. We hypothesized that, in addition to activation of BAT
thermogenic markers by EPA, we will also detect browning in
subcutaneous white fat as measured by increased expression of
thermogenic markers. However, these markers turned out to be
expressed at very low or undetectable levels in both visceral and
subcutaneous fat (Fig. 3A and B). Here, we only compared HF vs. HF-
EPA-P since this group (but not HF-EPA-R) showed themost significant
increase in UCP-1 compared to HF. UCP1was not detected in visceral or
subcutaneous fat (Fig. 1B) even at longer exposure of Western blots or
by loading higher protein amounts. To further determine whether the
above effects of EPA on BAT were due to direct effects of this fatty acid,
we tested its effects in the clonal brown adipocyte cell line,
differentiated H1B 1B cells treated with EPA vs. vehicle.

3.2. EPA effects on mitochondrial content, metabolic activity and cell
energetics in HIB 1B cells

To elucidate the ability of EPA to regulate thermogenesis program,
we next assessed the effects of EPA onHIB 1B brown adipose cells. Two
days after differentiation, these cells were treated with 100 μM EPA
(conjugatedwith BSA) or vehicle (BSA) for 48 h. As shown in Fig. 4, the
mRNAexpression of ELOVL3, PGC1α, SIRT2 andUCP2was significantly
increased (Pb.05) after 48 h of treatment with EPA, which was
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5 weeks (HF-EPA-R). Significantly increased amount of the UCP1 in EPA-supplemented
control. UCP1was undetectable in subcutaneous and visceral fat (B). Data are expressed
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Fig. 2. Effects of EPA feeding on brown fat gene expression in C57BL/6J mice: expression of thermogenic genes regulated by EPA supplementation in BAT; (A) CIDEA, FGF2-21, FGFR1,
Sirt1, Sirt2, Sirt3 andKLB (Pb0.05). (B) PRDM16, PGC1α, Elovl3, PPARγ, UCP1, UCP2 andUCP3. Data are expressed asmean ± SEM.;meanswithout a common letter differ, Pb0.05, n=5.
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Fig. 3. Effects of EPA feeding on subcutaneous and visceral fat gene expressions in C57BL/6J mice: expression of thermogenic genes regulated by EPA supplementation in subcutaneous
fat (A) and visceral fat (B). PGC1α, PRDM 16, UCP1, UCP2, and UCP3; n=3. NS, not statistically significant (*Pb0.05, n=5).
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Fig. 4. Effects of EPA on HIB 1B cells gene expression: expression of thermogenic genes regulated by EPA supplementation in HIB 1B. HIB 1B cells were grown and differentiated into
adipocytes by rosiglitazone and then treated with 100 μM EPA conjugated with fatty acid free BSA used as a control (*Pb0.05, n=5).
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consistent with the in vivo study showing increases in thermogenic
biomarkers with EPA supplementation. Next, we examined whether
EPA induces changes in mitochondrial content and serves as a
connecting gate for other metabolic pathways. HIB 1B cells were
treated with different doses of EPA and then stained for mitochondria
using Mitotracker (Fig. 5). The Mitotracker-stained cells were
quantified using MATLAB software. Significantly increased mitochon-
drial content was observed (Fig. 5) in a dose-dependent manner with
EPA (Pb.01 for 50 μM and 100 μM EPA vs. control). Furthermore, our
stained images showed that the mitochondrial network became
denser and tightly associated with higher dosage of EPA (100 μM),
indicating that EPA can increase the mitochondria content in this
brown fat cell line [20].

In order to examine effects of EPA treatment on glycolytic capacity
in brownadipocytes (HIB 1B),wemeasured ECAR following treatment
A
.U

.

Fig. 5. MitoTracker staining of mitochondria in H1B 1B brown fat cells: HIB 1B cells were grown
with 0, 25, 50 and 100 μM EPA conjugated with fatty acid free BSA used as a control. Data are
with or without EPA at 100 μM for 48 h. Glycolytic capacity and
glycolytic reserve were significantly elevated by 19% (Pb.05) and 22%
(Pb.05), respectively, in cells treated with EPA at 100 μM for 48 h
compared with control (Fig. 6A). To examine oxidative capacity, OCR
wasmeasured in brown adipocytes (HIB 1B) following treatmentwith
or without EPA 100 μM for 48 h. Significant increases were shown in
maximum oxygen consumption (38%; Pb.05) and spare capacity
respiration (65%; Pb.05) in the EPA-treated cells compared to control
untreated cells (Fig. 6B).

3.3. EPA regulation of serum and adipose irisin levels

To clarify if EPA effects may be mediated by increased levels of
irisin, wemeasured irisin levels in BAT, WAT and serum samples from
HF-EPA-P vs. HF groups. No significant differences were detected in
and differentiated into adipocytes as described in the methods section and then treated
expressed as mean ± SEM.; means without a common letter differ (*Pb0.05, n=3).
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with either 1% FBS as a control or EPA at 100 μM for 48 h (*Pb0.05, n=5).
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any of the fat depots (BAT, WAT, visceral and subcutaneous) between
any of our four dietary groups (Supplementary Data 1) or serum.
However, serum from HF-EPA-P-fed mice showed trending toward
increased irisin in HF-EPA-P compared to HF (Fig. 7; Pb.1).

4. Discussion

Obesity is an epidemic disease in the United States and worldwide
affecting both adults and children [21]. The alarming prevalence of
obesity inUnited States andworldwideunderscores the need for novel
strategies to prevent and/or treat this complex disease [22].
Alterations in the endocrine and metabolic functions of WAT have
been extensively studied as the hallmark for obesity and associated
metabolic disorders [22–25]. However, limited studies have success-
fully identified strategies targeting activation of BAT as an obesity
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Fig. 7. Irisin concentration in serum: Serumwas collected from C57BL/6J mice fed either
LF diet, HF diet, HF diet supplementedwith EPA (HF-EPA-P) for 11weeks orHF diet for 6
weeks followed by EPA for 5weeks (HF-EPA-R). Serum irisinwasmeasured using ELISA.
No significant effects of EPAwere observed at Pb.05 among the four groups; only a trend
toward increased irisin (Pb.1, n=5) was observed for HF-EPA-P group vs. HF group.
therapy in human subjects [26,27]. In this report, we used anω-3 fatty
acid, EPA, to determine its potential protective effects on obesity by
inducing brown fat thermogenic markers.

EPA and DHA have been reported to induce UCPs in multiple tissues
such as BAT, liver andmuscle [28–30]. A recent study showed increased
expression of some representative BAT genes in the subcutaneousWAT
and suppressed expression of genes related to theWAT phenotypewith
EPA [31]. However, only few studies have focused on mechanisms
involving EPA activation of BAT as a potential mean to reduce obesity.
Sneddon et al. showed that conjugated linoleic acid plus ω-3
polyunsaturated fatty acids (CLA/n-3) increases food intake without
affectingbodyweightpotentially by inducingBAT size andUCP1 level in
rats [32].

FGF21was proposed as a potential target for reducing bodyweight
by increasing energy expenditure. Cold-exposed humans exhibit
changes in both BAT and FGF21, suggesting a direct relationship
between FGF21 and thermogenic BAT [33]. Keipert et al. also
confirmed the release of FGF21 from BAT in humans and showed
that classical UCP1-mediated BAT thermogenesis in mice is not
necessary for cold-induced secretion of FGF21 [34]. Furthermore,
several studies showed browning of white fat as a typical FGF21 target
[35]. In this study, we showed increases in the level of FGF21 by EPA
without cold exposure, suggesting that EPA supplementation mimics
cold-induced activation of brown fat,makingω-3 fatty acid or fish/fish
oil potential means to increase thermogenesis; however, more in-
depth future studies in animals and humans would be needed to
ascertain this possibility.

Increasing lipid storage in adipose tissue is a major feature of
obesity and other metabolic disorders [2]. Fusion of lipid droplets
during the development of obesity may play an important role in lipid
storage and is another potential target for obesity prevention and/or
treatment [36]. Recent studies have shown that CIDEAhas crucial roles
in controlling lipid droplet fusion, lipid storage in BAT and WAT, and



Fig. 8. Proposed model for activation of brown fat by EPA. EPA activates some core thermogenic transcription factors in brown fat, namely, PRDM16, PGC1α and PPARγ. This leads to
increased expression of UCP1 in BAT which may subsequently contribute to energy expenditure and possibly reduced obesity and metabolic disorders.
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subsequently insulin sensitivity and development of obesity [37]. In
our current study, we observed higher expression of CIDEA in BAT
from EPA-fed mice, whichmay explain some of the beneficial effect of
EPA on brown fat activation. Recent studies also show that KLB and
FGFR1 regulate metabolic homeostasis and reduce/reverse obesity
and diabetes [38,39]. Our results indicate a significant increase in the
levels of both KLB and FGFR1 in BAT from EPA-fed mice, further
supporting beneficial effects of EPA in obesity and energy balance by
activating various BAT metabolic markers.

Given the importance of SIRT proteins in energy balance [40], we
assessed changes in expression of these genes in BAT andWAT tissues
from this study. We have recently reported increased SIRT2 gene
expression inWAT ofmice fed EPA-supplementedHF diets vs.HF-only
diets [41]. This is consistent with the observed up-regulation of SIRT1
and 3 that we are reporting here in our study, suggesting that EPA
effects on SIRTs may be mediated by similar mechanisms in different
fat depots and are not necessarily only related to BAT thermogenesis.
Sirtuins play a potential role in the brown fat thermogenic program,
and in this study, we showed that EPA up-regulated the level of SIRT1
and SIRT3 in BAT and upregulated SIRT2 in HIB 1B cells, respectively.
Why different SIRTs are regulated in BAT vs. HIB 1B cells is not known
butmay relate to themore significant roles of SIRT1 and 3 compared to
SIRT2 in glucose and energy metabolism pathways [40,42]. Other
studies by Timmons et al. showed that SIRT1 may be involved in
determination of the myf5+ lineage of brown adipocytes and
myocytes by blocking myogenesis and increasing brown adipocyte
differentiation and mitochondrial biogenesis [43]. Sirtuins also
modulate PGC1α action through its class III histone deacetylase
activity [44]. Consistent with activation of a thermogenic program,
EPA enhanced expression of genes involved in glucose uptake and in
oxidation of fatty acids and glucose by increasing the level of FGF21.
Further studies are needed in order to determine whether EPA
regulates the SIRT genes via histone deacetylation.

In the current study, we showed increased UCP1 protein levels
with no changes in mRNA level, suggesting that UCP1 is primarily
regulated at the posttranscriptional level. However, we observed a
significant increase in UCP3 mRNA expression despite no changes in
UCP1 or UCP2 gene expression. UCP3 is primarily linked to fatty acid
oxidation, suggesting that EPA increased fatty acid oxidation.
Furthermore, given that BAT weights were significantly lower in HF-
EPA-P group, increased UCP-1 protein becomes even greater when
normalized per BAT weight. The above-discussed increased mRNA
expression of FGF21 and UCP3 in HF-EPA-P compared to HF is
consistent with the role of these proteins in fat oxidation and
thermogenesis [45]. Our data show lower levels of UCP1 in LF-fed vs.
all other HF-fed mice. Since UCP1 is a potent uncoupler of fatty acid
oxidation and respiration activated by fatty acid oxidation, this may
explain the lower UCP1 protein in LF vs. HF diets that we observed.
This result is also consistent with other studies which showed
increased expression of UCP1 with HF diet especially rich in PUFAs
[46–48]. Other studies have showed increased UCP1 expression with
EPA [31]; in this case, BAT and inguinal fat were treated ex vivo, while
in our study, we fed themicewith EPA then collected the fat depots. In
the HF-EPA-R group, UCP1 protein did not significantly increase
compared to HF with no EPA. This could possibly be due to lower time
period of treatment of the HF-EPA-R (5 weeks after HF feeding)
compared to the HF-EPA-P group, which was supplemented for 11
weeks and exhibited to significant increases in UCP1 protein
compared to all other groups.

Mitochondrial function is amajor contributor to nutrient oxidation
and lipid homeostasis especially fatty acid and glucose oxidation. The
number of mitochondria is responsible for the thermogenic activity of
brown fat through the uncoupling proteins (mainly UCP1) in the inner
mitochondrial membrane, leading to heat production [49]. Zhao et al.
showed that EPA significantly increased the expression of thermo-
genic genes like UCP1 and CIDEA and the expression of genes involved
inmitochondrial biogenesis including PGC1α in subcutaneous fat [31].
Using cultured brown adipocyte clonal cell line, we showed that these
effects of EPA are direct given the increased mitochondrial content in
the EPA-treated cells. However, no change in mitochondrial content
was observed with DHA (data were not shown). This is in line with a
previous study where EPA was reported to be more effective than
DHA in increasing UCP3 in skeletal muscle cells [50]. Our results are in
line with the fact that brown adipocytes and skeletal muscle have
common origins and higher mitochondria content compared to other
tissues [51].

All of these changesmay help protect EPA-fedmice against obesity
and associated metabolic disorders. Studies have shown that mito-
chondrial biogenesis is involved in up-regulation of UCP1, reduced
lipid content and enhanced lipolysis, but specific mechanisms by
which EPA increases mitochondrial biogenesis need further investi-
gation [6,52,53]. Also, EPA significantly increased glycolytic capacity in
brown adipocytes [41].

Irisin is another marker that has received significant attention but
also some controversy as a myokine/adipokine which, upon exercise
or cold exposure, activates the browning and thermogenic program in
WAT [54,55]. Based on activation of BAT thermogenic markers by EPA,
we testedwhether EPAmay have increased thesemarkers in an irisin-
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dependent manner. However, we did not observe any significant
changes in tissue irisin (Supplementary Data 1) and only observed a
trend toward increased irisin in serum from HF-EPA-P-fed vs. HF-
only-fed mice and no changes in skeletal muscle irisin (unpublished
data). One possible interpretation is that irisin may be primarily
responsive to cold temperature or physical activity, none of which
was applied in our studies reported here. It would be interesting to
test in future studies whether EPA effects are more potent when
combined with physical activity, cold exposure or beta adrenergic
stimulation.

In termsof relevance of ourfindings in BAT to energy balance, these
findings are highly relevant to energy homeostasis. Indeed, as
summarized in the proposed model in Fig. 8, activation of the
thermogenic program in BAT by dietary means such as EPA may
help direct the excess energy toward heat production. This by itself
may help protect against obesity and excess adiposity. Browning is
also known to occur at a lower frequency in subcutaneous adipose
tissue [8,56]. However, in this study, we did not detect UCP1 protein
even with loading higher amounts of protein in our SDS-PAGE.
Furthermore, no changes in UCP1mRNA levels inWATwere observed.

In rodents, BAT’s metabolic rate is twice as active compared to other
tissues [57]. A 30gmouse at 24°Cwas predicted to use up to about 0.5W
vs.up to 0.6Wat 20°C [58]. Further, itwas estimated that,withmaximal
BAT activation, 40 to 50 g of BAT can increase daily energy expenditure
up to 5% in humans [59]. Classically, BAT is activated by cold or
adrenergic stimulation. Similarly, subcutaneous WAT can also be
browned by these stimuli. In our study, only BAT is activated by EPA
without WAT browning. Nevertheless, our findings are highly
relevant to energy balance and represent a novel alternative dietary
treatment for obesity by increasing energy expenditure with EPA.
We recently showed that EPA reduces adipocyte hypertrophy,
inflammation and insulin resistance in rodents [14,41,60]. Thus,
EPA exerts dual benefits in obesity in a depot-specific manner by
reducing inflammation and lipid accumulation in WAT while
activating thermogenesis and reducing lipogenesis in BAT. These
changes were independent of energy intake, as all three HF groups
consumed comparable amounts of energy from their respective diets
but these intakeswere significantly higher than those of the LF group.
By this consideration, the HF-EPA-P group had higher thermogenic
biomarkers than the HF group despite a similar energy intake.

There are few limitations in our study. First, we did not directly
measure the energy expenditure of these mice, and thus, we cannot
directly connect the higher level of thermogenic biomarkers of the HF-
EPA-P group to higher energy expenditure with confidence. Second, the
mice were fed the respective diets starting at ~5–6 weeks of age, and
while this is a slow-growing stage formice, theyhavenot completed their
growth. Additionally, the 16-kcal%-fat diet is commonly used for growing
animals; in our studies, we used a low-fat control diet at 10 kcal% fat,
which is widely used as a low-fat control diet in obesity studies and
provides sufficient fat for growth. Further, in some of our experiments,
only three replicates were used, andmore sampleswould have provided
more power for statistical analyses of some outcome measures. Lastly, it
would be worthwhile in future studies to compare differential effects of
various ω-3 and ω-6 fatty acids or ω-3 to ω-6 fatty acid ratios in
regulating thermogenesis in BAT and/or browning in WAT.

5. Conclusion

Taken together, our results demonstrate the beneficial metabolic
effects of EPA in BAT by activating its thermogenic program. These
effects are direct, as we also observed consistent effects in cultured
brown adipocytes. All of these changes together demonstrate that EPA
increases thermogenesis (assessed by changes in thermogenic genes
and UCP1 protein), and likely increases energy expenditure. Our
findings provide evidence that dietary approaches such as ω-3 fatty
acids may be effective in protecting against obesity and metabolic
disorders. Our studies warrant future investigation of additional
mechanisms of EPA in obesity and BAT metabolism as well as future
clinical studies to translate our findings to human subjects.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jnutbio.2016.08.012.
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