
MINI-REVIEW

Fish oil as a potential activator of brown and beige fat thermogenesis

Jens Lund , Lesli Hingstrup Larsen and Lotte Lauritzen

Department of Nutrition, Exercise and Sports (NEXS), Faculty of Science, University of Copenhagen, Frederiksberg, Denmark

ARTICLE HISTORY
Received 21 November 2017
Revised 11 February 2018
Accepted 15 February 2018

ABSTRACT
Numerous studies have shown that feeding rodents n-3 polyunsaturated fatty acids attenuates
adiposity. Moreover, meta-analyses of human dietary intervention studies indicate that fish oil
(eicosapentaenoic and docosahexaenoic acid) supplementation might reduce waist circumference.
A recent line of research suggests that browning of white adipose depots and activation of
uncoupled respiration in brown fat contributes to these effects. This mini-review summarizes the
observations in rodents, highlights several mechanisms that might explain these observations and
discusses the translational potential. Given the available in vivo evidence and the ability of human
adipocytes to aquire a beige phenotype in response to eicosapentaenoic acid incubation, future
studies should test the hypothesis that fish oil activates thermogenic brown and beige adipose
tissue in humans.
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Introduction

Two types of tissue constitutes the human adipose organ.
White adipose tissue (WAT) stores excess energy as tri-
glycerides in subcutaneous and visceral depots and,
when enlarged, these depots burden other organ systems
mechanically and drives metabolic derangements [1]. In
addition to WAT, minor depots of brown adipose tissue
(BAT) are localized in cervical, supraclavicular and para-
vertebral regions and play a major role in non-shivering
thermogenesis (NST) [2]. However, NST is not only
restricted to brown adipocytes as certain stimuli can
cause so-called beige adipocytes to emerge within WAT
depots in a process termed ‘browning’ [2]. In contrast to
unilocular white adipocytes, both brown and beige fat
cells are multilocular and, importantly, their abundant
mitochondria contains uncoupling protein 1 (UCP1). By
being present within the inner mitochondrial membrane,
UCP1 allows protons to bypass ATP synthase when
reentrying the mitochondrial matrix. As a result, respira-
tion becomes uncoupled and the potential energy of the
electrochemical gradient is dissipated as heat [2]. Cold
exposure is a classical activator of NST. Upon cooling,
norepinephrine (NE) is released from sympathetic
nerves innervating BAT. NE is a ligand for b3-adrenergic
receptors on the surface of brown and beige adipocytes,
which when activated triggers an intracellular signaling
cascade leading to expression of thermogenic genes and
uptake of glucose and lipids from the bloodstream [3].

Given these effects, activation of thermogenic fat cells
represents a potential strategy for counteracting obesity
and its associated cardiometabolic disorders.

Interestingly, both activation of BAT and browning of
WAT have been shown to be induced by ingestion of
specific bioactive food components [4]. Fish oil, which
contains the long-chain n-3 polyunsaturated fatty acids
(n-3 LCPUFAs), eicosapentaenoic acid (EPA) and doco-
sahexaenoic acid (DHA), is one such example. Numer-
ous studies have shown that n-3 PUFAs, both n-3
LCPUFA and a-linolenic acid, attenuate adiposity in
rodents [5,6] and while these findings have been attrib-
uted to induction of fatty acid oxidation and suppression
of lipogenesis previously [7], a recent line of research
indicates that activation of thermogenic adipocytes
mediates at least part of its anti-obesity effect [8–12]. In
this mini-review, we describe current evidence regarding
effects of marine n-3 LCPUFAs on the biogenesis of
thermogenic fat cells and NST in adipose tissues. Fur-
thermore, we highlight several mechanisms that might
underlie these observations and lastly, we discuss the
translational potential of the findings.

Fish oil and thermogenic adipose tissues

More than twenty years ago, it was reported that a diet
enriched in PUFAs but otherwise normal with regards to
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total fat content increased both the level of UCP1 and the
capacity for NST in murine interscapular BAT (iBAT)
[13]. More recently, it was shown that refeeding rats a
diet enriched in PUFAs, but not in saturated fatty acids,
following two weeks of food restriction increased iBAT
mass and expression of Ucp1 [14]. These findings suggest
that PUFAs may improve the thermogenic capacity of
BAT. Yet, PUFAs are a heterogenous class of fatty acids
that differ in chain length, degree of unsaturation and
localization of the double bonds. While EPA and DHA
have been shown to attenuate adiposity and promote
thermogenesis in brown and beige adipocytes, the n-6
LCPUFA arachidonic acid seems to impair browning of
murine WAT and differentiation of human preadipo-
cytes into beige fat cells [15,16]. Along these lines, it is
interesting to note that a high dietary ratio of n-6 to n-3
fatty acids has been proposed as a factor contributing to
the development of obesity [6,17] and that a low n-6/n-3
ratio has recently been suggested to promote adipose
thermogenesis [16].

Brown adipose tissue

Feeding rats marine n-3 LCPUFAs has been found to
stimulate the thermogenic activity of iBAT [18]. This
finding is supported by other experiments in rats that
showed increased Ucp1 expression [19] and protein
levels [20] in iBAT following administration of n-3
LCPUFA. Furthermore, when rats were fed fish oil in
combination with conjugated linoleic acid, another
lipid proposed to stimulate biogenesis of thermogenic
fat cells [21], iBAT mass increased and expression of
Ucp1 was induced in this adipose depot [22]. These
findings from rats are in line with what has been
demonstrated in mice. While fish oil did not affect
expression of Ucp1 in two studies [23,24], several
other investigations have demonstrated that it induces
Ucp1 expression in murine iBAT [8–10,12,25]. Apart
from inducing expression of Ucp1, fish oil has also
been shown to increase both transcript and protein
levels of several other thermogenic and oxidative
genes in iBAT [8-10,12] and, importantly, histological
evidence has shown denser UCP1-staining and
increased multilocularity in iBAT in fish oil-fed mice
[8,10].

White adipose depots

In addition to increased UCP1 levels in iBAT, brown-
ing of WAT depots has also been reported following
fish oil administration. With regards to murine epi-
didymal WAT (eWAT), two studies have reported an
induction of Ucp1 expression following fish oil

treatment [24,26], and when fish oil were combined
with fucoxanthin, another dietary compound sug-
gested to activate thermogenic fat cells [27,28], both
transcript and protein levels of UCP1 increased in
eWAT [29]. However, other investigations have not
found evidence of eWAT browning in response to
fish oil [12,30] and inconsistent findings have also
been reported with regards to expression of other oxi-
dative genes in eWAT [12,23,24,26,30].

In inguinal WAT (iWAT), fish oil has been
reported to increase expression of several browning
marker genes such as Ucp1, Prdm16, Tbx1, Pgc-1a,
Cidea, Adrb3, Cd137, and Cpt-1b [8,11]. Levels of
UCP1 were also observed to increase in these studies
[8,11] and, importantly, Bargut and coworkers dem-
onstrated that both 119 g and 238 g of fish oil per kg
feed (approximately equivalent to 36 – 71 g n-3
LCPUFA per kg feed) induced a multilocular appear-
ance of iWAT in a dose-dependent manner [11].
However, another study employing a similar dose
(36 g EPA per kg feed) found no evidence of iWAT
browning [12]. The doses used in both of these stud-
ies are very high compared to what is relevant for
human consumption, as it is estimated to be equiva-
lent to around 14 – 28 g/d of n-3 LCPUFA in
humans assuming that we eat around 400 g/d of food
with a water content like rodent pellets. The daily
intake of marine n-3 LCPUFAs in fish-eating adults
is »0.5 g/d [31] and intake in a traditional Inuit diet
is maximum 8 g/d [32]. Thus, the amount of n-3
LCPUFA required to induce iWAT browning is much
higher than what is not even of pharmacological
relevance.

Does fish oil induce non-shivering thermogenesis?

Given that fish oil administration induces thermo-
genic gene expression in iBAT and browning of
iWAT, fish oil-fed mice would be expected to display
physiological changes reflecting an increase in NST.
This has been tested by challenging mice with a cold
test (8�C for 45 minutes). As anticipated, fish oil-fed
mice maintained higher rectal temperatures and
released more heat compared to the controls [9]. Fur-
thermore, when mice were housed at 23�C, fish oil
feeding was also associated with increased rectal tem-
perature and higher oxygen consumption [8]. These
findings suggest that the thermogenic gene induction
observed in isolated tissues and cells translates into
an improved capacity for uncoupled respiration in
brown and beige adipocytes in vivo. In fact, in vitro
studies have demonstrated that EPA improved respi-
ratory capacity of brown adipocytes as evidenced by
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an increased mitochondrial content, improved glyco-
lytic capacity [12] and increased basal, uncoupled and
maximal respiration [9].

Molecular mechanisms

Given these findings from rodents, it is relevant to
ask whether the effect of fish oil is adipocyte-autono-
mous or mediated via other cells in adipose tissue,
e.g. immune cells, neurons or endothelial cells? Sev-
eral in vitro studies have reported that EPA promotes
brown adipogenesis [9,33,34]. Interestingly, these
effects are apparently specific for EPA as one of the
studies found that DHA did not promote brown adi-
pogenesis [33] or affect the mitochondrial mass of
brown adipocytes [12]. Similar EPA-specific effects
have been observed for beige adipogenesis, as EPA,
but not DHA, has been observed to promote differen-
tiation of white preadipocytes towards a beige pheno-
type [33-35]. Hence, these in vitro findings clearly
indicate that EPA is able to promote both brown and
beige adipogenesis in an adipocyte-autonomous man-
ner and one potential intracellular mediator of this
effect might be AMP-activated kinase (AMPK)
[36,37].

Given that obesity is associated with reduced BAT
activity [2], it could be argued that the thermogenic effect
of fish oil observed in vivo might be attributable to
reduced adiposity and thus restored ‘normal’ thermo-
genic capacity. While this might be a contributing factor,
the in vitro findings indicate that fish oil may also have a
direct thermogenic effect. This notion is supported by in
vivo studies showing that mice fed a high-fat diet com-
bined with fish oil displayed elevated UCP1 levels in
iBAT [9,12] and generated more heat [9] compared to
low-fat fed controls, despite that the two groups of mice
had similar fat masses [9] and that fish oil-fed mice have
been found to weigh more than the low fat-fed controls
[12].

Apart from acting directly on adipocytes, fish oil is
also likely to stimulate thermogenic adipocytes by acting
as a secretagouge of adipokines such as apelin [38,39], by
activating afferent sympathetic nerves in the gastrointes-
tinal tract [8,40], and possibly also by modulating low-
grade inflammation in adipose tissues (Fig. 1) [41]. Vari-
ous immune cells reside in fat tissue and several of these
have been implicated in the regulation of adipocyte ther-
mogenesis [42]. Like adipocytes, both macrophages [43]
and eosinophils [44] have a G-protein-coupled receptor
termed G protein-coupled receptor 120 (GPR120) or
free fatty acid receptor 4 (FFAR4) embedded in their
plasma membrane. As implied by its name, dietary fatty
acids including n-3 LCPUFAs are ligands of GPR120

[45] and pharmacological activation of this cell-surface
receptor seems to induce secretion of interleukin-4 (IL-
4) from eosinophils [44] and to supress release of pro-
inflammatory mediators from macrophages [43]. These
findings are interesting for two reasons. First, pro-
inflammatory cytokines impair the thermogenic proper-
ties of brown and beige adipocytes [46-50] and secondly,
IL-4 seems to promote WAT browning by sustaining
macrophages in the alternatively-activated and anti-
inflammatory M2 phenotype [42]. Hence, it could be
speculated that the immunomodulatory effects of
GPR120 activation might contribute to fish oil-induced
WAT browning and BAT thermogenesis. Additionally,
in adipocytes GPR120 might also mediate fish oil-
induced adipose thermogenesis by promoting angiogene-
sis. Several studies have highlighted the involvement of
this process in WAT browning [51–55] and, in humans,
an increased capillarization of WAT has been observed
in response to EPA administration [41]. Moreover, an in
vitro study [56] has shown that incubation of mature
3T3-L1 adipocytes with EPA induced expression and
secretion of vascular endothelial growth factor A
(VEGF-A), a pro-angiogenic protein [55]. Because these
effects occured in a GPR120-dependent manner, a mech-
anistic link can be proposed between EPA, GPR120 and
VEGF-A. Another adipokine that has been implicated in
adipose thermogenesis is fibroblast growth factor 21
(FGF21). Like VEGF-A, secretion of FGF21 from fat cells
is also dependent upon GPR120, as recently reported by
Quesada-L�opez and coworkers [34]. They demonstrated
that protein level of GPR120 increased in iBAT and
iWAT following cold exposure and that oral administra-
tion of GW9508, a GPR120 agonist, induced expression
of thermogenic genes in iBAT and the emergence of
multilocular beige adipocytes in iWAT [34]. Likewise, in
vitro studies showed that treatment with GW9508
induced brown and beige adipogenesis and increased
heat production in mature thermogenic fat cells [34].
Importantly, the results obtained by this pharmacologi-
cal approach were mimicked in vitro by incubating adi-
pocytes with EPA, and the importance of GPR120 as a
mediator was highlighted by the fact that precursor cells
derived from iBAT and iWAT of GPR120 knockout
mice were less responsive to EPA treatment [34]. Apart
from stimulating brown/beige adipocyte differentiation
and heat production, EPA was also found to increase
secretion of FGF21 from these fat cells in a GPR120-
dependent manner. Unfortunately, this study did not
directly test whether FGF21 mediated the effects of EPA,
but based upon additional mechanistic investigations
using GW9508 and studies in mice and adipocytes that
lack FGF21, it was proposed that this adipokine mediates
at least part of the thermogenic effects occuring in
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response to GPR120 activation [34]. While FGF21 and
VEGF-A are external factors that promote adipose ther-
mogenesis in an endocrine/autocrine manner, micro-
RNAs act intracellularly to orchestrate brown and beige
adipocyte biogenesis and function [57]. Interestingly,
both EPA-mediated induction of brown adipogenesis in
vitro and upregulation of Ucp1 expression in murine
iBAT occurs in association with increased expression of
several microRNAs [9]. One study reported that induc-
tion of miR-30b in response to EPA treatment was regu-
lated by GPR120 [9] and because miR-30b targets
Rip140, a co-repressor that inhibits expression of Ucp1
[57], miR-30b might play a role in mediating the effects
of EPA on BAT [9].

In mice, knockout of the ion channel termed ’transient
receptor potential cation channel subfamily V member 1
(TRPV1) abolished the induction of Ucp1 expression that
occurs in both iBAT and iWAT in response to fish oil
administration [8]. Given that subdiaphragmatic vagot-
omy also impairs expression of Ucp1 in the same adipose
depots, it has been suggested that fish oil could promote
adipose thermogenesis by acting as ligand of TRPV1 in
those afferent nerves of the gastrointestinal tract that acti-
vate the sympathetic nervous system (SNS) [8]. This pro-
posed mechanism might be part of a larger interorgan

axis that extends from TRPV1 in the digestive system, via
the brain, to adipose b2-adrenergic receptors [40].

Translational potential

While it has frequently been reported that n-3 LCPUFA
antagonizes adiposity in rodents [5], it is less clear if sim-
ilar effects can be obtained in humans (For a commen-
tary, see [58]). Dietary intervention studies in adults
have generally shown that fish oil supplementation does
not decrease body weight [59–61]. In contrast to the
effect on total body mass, some studies have indicated
that fish oil might specifically reduce fat mass. As such,
fish oil supplementation has been suggested to attenuate
accretion of adipose mass in growing infants [62] and in
young, normalweight adults, it has been reported that
ingestion of a diet containing 6 g/d of fish oil for three
weeks increased fat oxidation and decreased fat mass
[59]. Furthermore, several meta-analyses have shown
reductions in waist circumference in response to fish oil
supplementation [61,63,64], suggesting that these bioac-
tive marine lipids might promote loss of fat mass prefer-
entially from visceral depots. Whether such potential
effects in humans could be due to adipose NST is cur-
rently unknown.

Figure 1. A mechanistic model highlighting potential mechanisms underlying fish oil-induced biogenesis and activation of thermogenic
adipocytes. In vivo evidence has suggested that fish oil activates TRPV1 in the gastrointestinal tract and that this, by stimulating the sym-
pathetic nerves that innervate fat cells, causes adipose thermogenesis. Fish oil also acts as a ligand of GPR120 and activation of this cell-
surface receptor seems to induce several effects that might contribute to the thermogenic effects of fish oil. In adipocytes this includes
expression of miR-30b and secretion of FGF21. Furthermore, secretion of VEGF-A promotes angiogenesis and anti-inflammatory effects
are induced in immune cells upon activation of GPR120. In addition to these mechanisms, activation of AMPK in adipocytes and secre-
tion of apelin might be implicated as well.
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Recently, it has been reported that human adipocytes,
like those of mice, can acquire a beige phenotype when
treated with EPA. Using primary human preadipocytes
derived from abdominal and mammary subcutanous
WAT of lean female donors, Fleckenstein-Elsen and
coworkers showed that differentiation in the presence of
20 mM EPA caused a »4-fold induction of UCP1 expres-
sion [35]. In another in vitro study, subcutaneous adipo-
cytes from overweight donors were stimulated with
either 100 or 200 mM EPA. While 100 mM of EPA pro-
moted mitochondrial biogenesis and increased expres-
sion of various thermogenic genes, UCP1 expression was
only induced in response to an EPA concentration of
200 mM [65]. One explanation for this difference
between results in adipocytes derived from lean and
overweight donors might be that adiposity impairs the
potential of WAT to undergo browning [50,66,67] and
that a higher dose of EPA is therefore required in order
to induce browning of adipocytes in the obese state.

Another important aspect to consider when evalu-
ating the translational potential is whether the molec-
ular mechanisms deduced from animal experiments
are compatible with human physiology. The plasma
concentration of both DHA and EPA has been
reported to reach »150 mM after four weeks of die-
tary supplementation with 1.3 g/d of fish oil [68] and
given that »99% of free fatty acids in plasma are
bound to albumin, it has been estimated that the
plasma concentration of unbound fatty acid anions is
in the range of 0.01 to 10 mM [69]. Considering these
points and that GPR120 has been shown to display
EC50 values for DHA and EPA of »2 – 5 mM
[70,71], GPR120 can be regarded as a potentially rele-
vant mediator of fish oil-induced adipose thermogen-
esis in humans. Besides GPR120, a mechanistic role
for the SNS is supported by an observed increase in
both iBAT and iWAT NE turnover and elevated uri-
nary excretion of catecholamines in fish oil-fed mice
[8]. In humans, however, it is unclear whether fish oil
also displays a sympathostimulatory effect. In the pre-
viously mentioned dietary intervention study by
Couet and colleagues, it was reported that urinary
excretion of catecholamines increased following three
weeks on a fish oil-enriched diet (6 g/d) [59]. How-
ever, the increase was not significant, which may be
due to low power as the study only included six par-
ticipants. In contrast, a larger intervention study
reported that circulating NE levels decreased in young
and healthy adults following two months of fish oil
supplementation (0.76 g/d) [72]. Furthermore, sup-
port for a decreased overall sympathetic tone might
be inferred from meta-analyses that have shown mod-
est reductions in both heart rate [73] and blood

pressure [74] following ingestion of fish oil. While
this suggests that fish oil may not elevate systemic
NE levels, it does not exclude the possibility that n-3
LCPUFAs may directly activate the sympathetic
nerves that innervate BAT. Here, it is of relevance to
mention that ingestion of other dietary TRPV1
agonists have been shown to increase energy expenditure
in humans in a BAT-dependent manner [75,76]. These
studies combined with the in vitro and in vivo findings
highlighted above, justify further thorough clinical investi-
gations of the proposed thermogenic impact of fish oil in
humans.

Conclusion

A high dietary ratio between n-6 and n-3 fatty acids has
been proposed to contribute to the development of obe-
sity. In rodents, fish oil has been shown to alleviate adi-
posity and this appears to be partially attributed to
activation of thermogenic brown and beige adipocytes.
In vitro studies have shown that EPA induces expression
of thermogenic genes in brown adipocytes and promotes
differentiation of white preadipocytes into beige fat cells.
Furthermore, feeding mice and rats diets enriched in fish
oil appears to upregulate UCP1 levels in iBAT, induce
browning of iWAT and promote thermogenesis under
cold conditions. Various mechanisms might mediate
these effects. While activation of TRPV1 in the digestive
system has been proposed to induce NST, several differ-
ent mechanisms are potentially involved in adipose tis-
sue. These include secretion of apelin and activation of
AMPK but also GPR120-mediated angiogenesis, amelio-
ration of low-grade inflammation, release of FGF21 and
induction of miR-30b expression. Dietary intervention
studies suggest that humans might experience minor
reductions in fat mass following fish oil supplementation,
but it is currently unknown whether fish oil activates
human BAT. Human white preadipocytes have been
shown to respond to EPA incubation by differentiating
towards a beige phenotype in the same way as in murine
fat cells. These findings, combined with observations in
rodents, suggest that fish oil may also increase human
energy expenditure by activation of thermogenic fat cells.
Future intervention studies should therefore test the
hypothesis that fish oil supplementation promotes NST
in human brown and beige adipose tissue.

Abbreviations

AMPK AMP-activated kinase
BAT brown adipose tissue
DHA docosahexaenoic acid
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EPA eicosapentaenoic acid
eWAT epididymal white adipose tissue
FFAR4 free fatty acid receptor 4
FGF21 fibroblast growth factor 21
GPCR G protein-coupled receptor
GPR120 G protein-coupled receptor 120
iBAT interscapular brown adipose tissue
IL-4 interleukin-4
iWAT inguinal white adipose tissue
n-3 LCPUFAs long-chain n-3 polyunsaturated fatty

acids
NE norepinephrine
NST non-shivering thermogenesis
SNS sympathetic nervous system
TRPV1 transient receptor potential cation chan-

nel subfamily V member 1
UCP1 uncoupling protein 1
VEGF-A vascular endothelial growth factor A
WAT white adipose tissue.
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