
REVIEW

Dietary Factors Promoting Brown and Beige Fat
Development and Thermogenesis1,2

Meshail Okla,3,4 Jiyoung Kim,3 Karsten Koehler,3 and Soonkyu Chung3*
3Department of Nutrition and Health Sciences, University of Nebraska, Lincoln, NE; and 4Department of Community Health Sciences, College of
Applied Medical Sciences, King Saud University, Riyadh, Kingdom of Saudi Arabia

ABSTRACT

Brown adipose tissue (BAT) is a specialized fat tissue that has a high capacity to dissociate cellular respiration from ATP utilization, resulting in the

release of stored energy as heat. Adult humans possess a substantial amount of BAT in the form of constitutively active brown fat or inducible

beige fat. BAT activity in humans is inversely correlated with adiposity, blood glucose concentrations, and insulin sensitivity; this suggests that

strategies aimed at BAT-mediated bioenergetics are an attractive therapeutic target in combating the continuing epidemic of obesity and

diabetes. Despite advances in knowledge regarding the developmental lineage and transcriptional regulators of brown and beige

adipocytes, our current understanding of environmental modifiers of BAT thermogenesis, such as diet, is limited. In this review, we

consolidated the latest research on dietary molecules that may serve to promote BAT thermogenesis. Here, we summarized the

thermogenic function of selected phytochemicals (e.g., capsaicin, resveratrol, curcumin, green tea, and berberine), dietary fatty acids

(e.g., fish oil and conjugated linoleic acids), and all-trans retinoic acid, a vitamin A metabolite. We also delineated the proposed

mechanisms whereby these dietary molecules promote BAT activity and/or browning of white adipose tissue. Characterizing thermogenic

dietary factors may offer novel insight into revising nutritional intervention strategies aimed at obesity and diabetes prevention and

management. Adv Nutr 2017;8:473–83.
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Introduction
At least 3 metabolically distinct adipocyte types are found in
humans: white, beige, and classical brown adipocytes. Un-
like white adipocytes that deposit extra energy into TGs,
beige and classical brown adipocytes are distinguished by
their unique ability to dissipate mitochondrial energy into
heat via uncoupling protein 1 (UCP1)5. Classical human
brown adipocytes possess molecular attributes similar to

the interscapular brown adipose tissue (iBAT) of rodents,
such as constitutive UCP1 expression, homogeneous multi-
locular morphology, and a myogenic origin (Myf5+) (1, 2).
Conversely, beige adipocytes originate from nonmyogenic
(Myf52) progenitors upon environmental stimuli (such as
cold and exercise) (3), and exhibit low levels of UCP1 ex-
pression under unstimulated conditions. Despite some un-
certainties and controversies surrounding the cellular
identity, recruitment, and bidirectional transdifferentiation
of beige fat (4, 5), the metabolic significance of both classical
brown and beige adipocytes in maintaining energy homeo-
stasis has been unanimously established over the last decade
(6–8). It is important to note that the majority of brown ad-
ipose tissue (BAT) studies have been conducted in response
to cold exposure. Cold exposure causes the sympathetic ner-
vous system (SNS) to release norepinephrine and induces
human BAT thermogenesis through b3-adrenergic receptor
(ADRB3) activation.

These studies have allowed the identification of numer-
ous biochemical factors that control cellular autonomous
functions of brown and beige fat formation. However, cold
treatment or direct pharmacologic activation of ADRB3 are
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not suitable approaches for human interventions, because
ADRB3 agonist treatments have been shown to increase the
risk of cardiovascular diseases (9).

Emerging evidence suggests that dietary factors can serve as
critical environmental regulators of BATactivation and thermo-
genesis. Excessive adiposity that is induced by consuming a
high-fat (HF) diet (10) or through chronic PPARg (PPARG) ag-
onism treatment (11) can induce white adipose tissue (WAT)
browning as a part of the body’s natural defense mechanisms
to counteract the excessive energy burden. More importantly,
a growing body of literature has revealed that some dietary
molecules can be effective in potentiating BAT thermogenic
functions and improving metabolism. Considering that
the nutritional modulation of adaptive thermogenesis is a
newly developing area of research, it is required to thoroughly
evaluate its potential as a realistic therapeutic target to promote
human health. Therefore, it is timely to ask the question, “What
are the available dietary options, effective doses, and diet-
induced signaling pathways that will promote adaptive thermo-
genesis?” Answering this question will help us identify the cur-
rent gap of knowledge and assess the metabolic significance of
diet-induced adaptive thermogenesis.

In this review, we assemble the literature that has been re-
ported on dietary molecules with thermogenic activity, and
integrate the metabolic pathways whereby these dietary fac-
tors mediate BAT thermogenesis. For the purpose of this re-
view, we exclude the thermic effects of food induced by a
high-protein diet (12). Nondietary thermogenic agents
that act through stimulation of the central nervous system
(e.g., ephedrine) (13), or trace elements such as iron, cop-
per, zinc, or selenium that may have some regulatory effects
on thermogenesis, are also excluded in this review. Here,
we will describe the thermogenic capacity of the following:
1) selective phytochemicals, including capsaicin, resveratrol,
curcumin, green tea epigallocatechin gallate (EGCG), and
berberine; 2) dietary FAs such as fish oil and conjugated li-
noleic acids; and 3) all-trans retinoic acid (ATRA), a vitamin
A metabolite. We will define the impact of each dietary mol-
ecule on cellular responses of brown and beige fat cell forma-
tion, including the following: 1) an increase in BAT activity in
pre-existing classical brown adipocytes in the iBAT; 2) the met-
abolic switch of some, if not all, existing white adipocytes to
beige adipocytes in the subcutaneous fat (WAT browning);
and 3) new beige adipocyte formation from progenitor cells.
We schematically categorized the aforementioned dietary
molecules based on their potential signaling pathways
that trigger brown and beige thermogenesis (i.e., ADRB3
activation, epigenetic regulation, AMP-activated protein kinase
(AMPK)/PPARg coactivator 1-a (PGC1a) signaling, and alter-
nation of immune responses) (Figure 1). We further explain
the effects of individual dietary factors on thermogenic ac-
tivation and their mode of action in the following sections.

Capsaicin and Capsinoids
One of the most studied food ingredients that cause BATac-
tivation is capsaicin and its analogs capsinoids. Capsinoids
are found in a nonpungent type of red pepper, whereas

capsaicin is the major pungent component in hot red pep-
pers (14). Both capsaicin and capsinoids are potent in in-
creasing energy expenditure and enhancing fat oxidation
in small rodents, as well as humans, especially in high doses
(;10 mg/d) (14, 15).

Capsinoids have been shown to enhance thermogenesis.
Yoneshiro et al. (16) examined the acute effect of oral inges-
tion of a single dose of capsinoids (9 mg) on energy expendi-
ture in relation to BAT activity in humans as measured by
cold-induced 18F-2-deoxyglucose uptake. The ingestion of
capsinoids resulted in a 3-fold increase in energy expenditure
in the BAT-positive group compared with the BAT-negative
group (16). In addition, the chronic intake of capsinoids

FIGURE 1 Thermogenic dietary molecules and potential
mechanisms of action. At least 3 distinct metabolic responses
may occur upon thermogenic stimuli, including the following:
1) an increase in BAT activity in pre-existing classical brown
adipocytes; 2) the metabolic switch of some, if not all, existing
white adipocytes to beige adipocytes in subcutaneous fat (WAT
browning); and 3) new beige adipocyte formation from
adipogenic progenitor cells. There are multiple and overlapping
signaling pathways that are involved in stimulating BAT
activation by dietary molecules. In this review, we summarized
the several known dietary molecules that function to trigger
thermogenic responses via mechanisms that include the
following: 1) ADRB3 activation through the TRPV1 channel and
the SNS by capsaicin, EGCG, and EPA; 2) epigenetic modification
such as histone deacetylation by resveratrol or microRNA
biogenesis by EPA; 3) AMPK/PGC1a signaling leading to
mitochondrial biogenesis by resveratrol, curcumin, EGCG, EPA,
and berberine; 4) thermogenic cytokine secretion of LCN2 by
ATRA-RAR signaling; and 5) the anti-inflammatory function of
these molecules by resveratrol, EGCG, EPA, and berberine.
ADRB3, b3-adrenergic receptor; AMPK, AMP-activated protein
kinase; ATRA, all-trans retinoic acid; BAT, brown adipose tissue;
EGCG, epigallocatechin gallate; LCN2, lipocalin 2; NE,
norepinephrine; PGC1a, peroxisome proliferator-activated
receptor gamma coactivator 1-alpha; PRDM16, PR domain-
containing 16; RAR, retinoic acid receptor; RXR, retinoid X
receptor; SNS, sympathetic nervous system; TRPV, transient
receptor potential vanilloid; WAT, white adipose tissue.
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(9 mg/d in capsule form) for 6 wk promoted BATactivity and
decreased fat mass upon cold exposure, even in human sub-
jects with low BAT activity (14). Although the direct effect of
capsinoids on BAT in humans still needs to be studied (17),
the thermogenic effect of capsaicin and capsinoids is well
documented in small rodents; the thermogenic effect occurs
not only in iBAT, but also in beige adipocyte development.
A recent report showed that C57BL/6 mice treated with
both mild cold exposure (178C) and capsinoids (0.3%) re-
sulted in a dramatic increase in beige adipocyte development
in inguinal WAT, and ameliorated diet-induced obesity (18).

The mechanisms by which capsinoids stimulate BATactiv-
ity include ADRB3 activation, with b-adrenergic blockers in-
hibiting capsaicin-induced energy metabolism alterations.
Capsinoids could exert both direct agonistic b-adrenergic ef-
fects and indirect b-adrenergic effects via SNS activation
and catecholamine secretion (19). Capsaicin (20–200 mg/kg
body weight) has been shown to enhance catecholamine secre-
tion from the adrenal medulla mainly via activation of the SNS
(20). In rats, the intragastric administration of capsinoids re-
sulted in time- and dose-dependent (30–300 mg/kg body
weight) increases in iBATsympathetic nerve activity via the ac-
tivation of transient receptor potential vanilloid (TRPV) 1, a
nonselective calcium channel located on primary afferent neu-
rons throughout the body (21), whereas capsinoids failed to
increase energy expenditure in Trpv1 knockout mice. In addi-
tion, denervation of the extrinsic nerves connected to the jeju-
num inhibited capsinoid-induced temperature elevation in
mice (22), signifying that activation of the gastrointestinal va-
gus nerve is involved in capsinoid-induced thermogenesis.
TRPV1 can activate the SNS, although the mechanisms re-
main unclear. Baskaran et al. (23) also showed that TRPV1 ac-
tivation by capsaicin (0.01%, or;30 mg/d) is associated with
catecholamine production or sirtuin (SIRT) 1–mediated de-
acetylation of PPARG–PR domain–containing 16 (PRDM16)
interaction. In addition to capsinoids, there are other food in-
gredients that can stimulate transient receptor potential
proteins and BAT thermogenesis. For instance, menthol, a
cooling and flavor compound in mint, and allyl isothiocya-
nates and benzyl isothiocyanates, pungent elements in mus-
tard and wasabi (Japanese horseradish), can activate transient
receptor potential proteins (14). Also, 6-paradol, a compound
responsible for the pungent peppery taste in ginger, has been
shown to act as an agonist for TRPV1 and to increase BAT
thermogenesis in a dose-dependent manner (1–10 mg/kg
body weight) in rats (24).

Collectively, the consumption of a high dose of capsi-
noids (>10 mg/d) or their structural analogs seems to fa-
cilitate cold-induced BAT recruitment and thermogenic
activation in humans, presumably via mechanisms of
ADRB3 activation through TRPV1-associated SNS activa-
tion and norepinephrine release (Figure 1). More work is
necessary to determine whether the consumption of dietary
capsinoids could achieve magnitudes of BAT activation that
are similar to those seen in a cohort study involving pharma-
cologic doses of capsinoids. In addition, safety concerns re-
garding the long-term use of food ingredients that can

modulate the SNS for the purpose of BAT activation and
weight loss in humans should be addressed (17).

Resveratrol
Resveratrol (3,5,4-trihydroxystilbene), a natural polyphenolic
compound found in the skin of grapes and other plants, is ca-
pable of preventing obesity and related complications (25, 26).
In standard diet–fed mice, adding 0.4% resveratrol significantly
decreased fat mass and diminished total cholesterol and glucose
plasma concentrations (27). In parallel, feeding mice an HF diet
supplemented with 0.4% resveratrol protected against obesity
and insulin resistance (28). The antiadipogenic and anti-
inflammatory effects of resveratrol have been well established
in cells. In 3T3-L1 cells, 25mMresveratrol affected adipogenesis
by downregulating the expression of Pparg, CCAAT/enhancer-
binding protein a (C/EBPa), sterol regulatory element-binding
portein 1c (Srebp1c), fatty acid synthase (Fas), hormone-
sensitive lipase (Hsl), and lipoprotein lipase (Lpl), and upregu-
lating the expression of genes regulating mitochondrial activity
[Sirt3, Ucp1, and mitofusin 2 (Mfn2)] (29). In obese animals,
the addition of 0.4% resveratrol to an HF diet resulted in
a lower body weight and lower plasma concentrations of
TNFa and monocyte chemoattractant protein (MCP1). In ad-
dition, HF diet–induced gene expressions of proinflammatory
cytokines and toll-like receptors (i.e., Tlr2 and Tlr4) in epidid-
ymal fat were almost completely abolished upon 0.4% resvera-
trol supplementation (30). However, it remains unclear
whether the antiobesogenic and anti-inflammatory effects
of resveratrol are a direct consequence of brown and beige
adipocyte formation and thermogenic activation.

Resveratrol has been suggested to improve thermogenesis in
iBAT. Resveratrol induced UCP1 gene expression and oxygen
consumption in the BAT of mice fed either a standard or HF
diet supplemented with 0.4% resveratrol for 8–16 wk (27,
28). In rats, the ingestion of an HF diet supplemented with re-
sveratrol (30 mg $ kg body weight21 $ d21) for 6 wk led to an
increase in mitochondrial transcription factor A (Tfam), cyto-
chrome C oxidase subunit II (Cox2) gene expression, and UCP
expression in iBAT and skeletal muscle (31). The effect of re-
sveratrol on thermogenesis is not limited to iBAT. Resveratrol
significantly increased brown and beige adipocyte markers, in-
cluding Prdm16, Ucp1, cell death–inducing DFFA-like effector
a (Cidea), fatty acid elongase 3 (Elovl3), Pgc1a, Cd137, and
transmembrane portein 26 (Tmem26) in differentiated ingui-
nal WAT-derived stromal vascular cells. In addition, mice
receiving a 0.1% resveratrol–supplemented HF diet had in-
creased UCP1 expression and brown-like morphology in in-
guinal fat compared with HF diet only–fed mice (25). Qiang
et al. (32) also showed that the acquisition of brown-like mor-
phology and induction of thermogenesis by WAT (WAT re-
modeling) is dependent on SIRT1, a NAD-dependent protein
deacetylase. The NAD-dependent SIRT1 promotes browning
ofWAT by deacetylation of PPARG on Lys268 and Lys293, lead-
ing to the recruitment of the BAT program coactivator
PRDM16. In addition, the effect of resveratrol on beige adipo-
cyte formation is believed to be mediated by AMPKa phospho-
rylation, because AMPK inhibition or AMPKa deletion
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eliminate the browning effects of resveratrol (25, 26). Over-
all, the current evidence strongly suggests that resveratrol
possesses thermogenic effects and contributes to increased
respiration.

AMPK activation by resveratrol can stimulate mitochon-
drial biogenesis via SIRT1. Resveratrol is a natural activator
of the sirtuin family (27). It induces SIRT1, which can de-
acetylate and activate PGC1a, a master regulator of mito-
chondrial biogenesis and oxidative phosphorylation, via
increasing NAD+ concentrations (26, 33, 34). However, a
causal link between the increase in NAD+ and Sirt1 activa-
tion has not been established (33). The activation of the
NAD-SIRT1-PGC1a pathway by resveratrol is downstream
of AMPK activation, which was shown to increase cellular
NAD+ concentrations (25, 35). AMPK-deficient mice were
resistant to the metabolic benefits of resveratrol, providing
evidence that AMPK is a key mediator of the metabolic ben-
efits produced by resveratrol (25, 26, 33). Park et al. (33)
proposed another mechanism whereby resveratrol exerts
metabolic benefits. Resveratrol inhibits cAMP-degrading
phosphodiesterase and induces cAMP signaling via ex-
change protein directly activated by cAMP (Epac1), a
cAMP effector protein. The resulting activation of Epac1 in-
creases intracellular Ca2+ concentrations and activates the
AMPK pathway. As a consequence, resveratrol increases
NAD+ and the activity of Sirt1 and PGC1a. Oral gavage of re-
sveratrol increased cAMP concentrations in skeletal muscle and
WAT in mice (33). cAMP signaling appears to be essential for
resveratrol to activate AMPK. Inhibition of phosphodiesterase
4 by the selective phosphodiesterase 4 inhibitor rolipram repro-
duces all of the metabolic benefits of resveratrol (33). How-
ever, the direct effects of this resveratrol-induced cAMP
signaling pathway on WAT browning remain unknown.

There are strong implications that resveratrol supplemen-
tation in doses of 0.1–0.4% (diet) induces BAT activation via
synergistic mechanisms of mitochondrial biogenesis, histone
deacetylation, cAMP signaling, and altered innate immune
activity (Figure 1). However, evidence supporting the ther-
mogenic effects of resveratrol in humans is currently lacking.
Given the poor bioavailability of polyphenolic compounds
including resveratrol (36), the capacity of resveratrol to
stimulate BAT observed in rodents may not be attainable
by consumption of ordinary resveratrol-containing foods
in humans.

Curcumin
Curcumin is a naturally occurring curcuminoid of turmeric,
which is a member of the ginger family (Zingiberaceae) and
perhaps one of the most studied medicinal herbs. Curcumin
is noted for having antiobesity effects. A randomized con-
trolled study evaluated the tolerability and efficacy of 30 d
of consumption of a bioavailable form of curcumin (com-
plexed with phosphatidylserine) in overweight human sub-
jects undergoing weight loss during a 30-d diet and lifestyle
intervention. The curcumin was tolerable, increased weight
loss from 1.9% to 4.9%, and promoted the reduction of fat

mass, as well as waist and hip circumference (P < 0.01 for all
comparisons) (37).

The browning effect of curcumin in WAT has recently
gained attention. The effect of curcumin (10–20 mM) on
the induction of beige phenotype in 3T3-L1 and mouse pri-
mary white adipocytes was investigated. Curcumin induces
brown-specific markers, including Ucp1, Pgc1a, and
Prdm16 in these cells via a yet-to-be-clarified mechanism in-
volving AMPK activation (38). By analyzing proteomic
changes in cultured white adipocytes isolated from rat ingui-
nalWAT in response to curcumin treatment (20mM for 6–8 d),
hormone-sensitive lipase was reported to be highly corre-
lated with brown-specific markers (39). Consistently,
Wang et al. (40) reported that intragastric administration
of curcumin (50 or 100 mg/kg) for 50 d led to an increase
in thermogenic gene expression (i.e., Ucp1, Pgc1a, Cidea,
Prdm16, and Elovl3) and mitochondrial content in inguinal
WAT. In addition, curcumin treatment in these mice raised
body temperature when challenged for 6 h by cold temper-
ature (48C). These changes were associated with increases in
Adrb3 gene expression and plasma norepinephrine concen-
trations, although the mechanism for how curcumin in-
duces norepinephrine and ADRB3 remains to be explained
(40). Also, effects of curcumin on activating classical brown
fat have not been reported yet.

At least in rodents, administration of curcumin (>50 mg/kg
body weight) is effective in inducing WAT browning via
mechanisms of mitochondrial biogenesis and ADRB3 acti-
vation (Figure 1). However, no studies have confirmed the
browning potential of curcumin in humans. Therefore,
whether the results of curcumin human trials would con-
form to the WAT browning effects observed in rodents will
be of interest.

Green Tea Catechins
Green tea is one of the most widely consumed beverages in
the world and is made from the fresh leaves of Camellia si-
nensis (41). Green tea contains relatively large amounts of
polyphenols, mainly tea catechins such as EGCG, epigallo-
catechin, epicatechin gallate, and epicatechin, which possess
antioxidant, antihypertensive, anticarcinogenic, and hypo-
cholesterolemic properties (41–43). Catechins account for
;10% of the dry weight of green tea, whereas EGCG ac-
counts for ;50% of the total amount of catechins in green
tea (44). In addition to these catechins, green tea extracts
contain substantial amounts of caffeine that could, at
least partially, contribute to the health benefits of green
tea (41, 43).

The consumption of green tea or its components, green
tea catechins, is associated with weight loss and the modula-
tion of fat metabolism and energy expenditure. Given to
mice for 8 wk, 0.5% tea catechins lowered perirenal WAT
mass and increased Ucp1 mRNA expression in iBAT com-
pared with in control mice (42). Yan et al. (45) showed
that oral gavage of catechins (100 mg green tea/kg) for
4 wk significantly attenuated fat mass and liver weights
and increased serum and liver TGs in rats fed an HF diet.
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In this study, WAT browning was not observed, but FA ox-
idation in iBAT increased 2-fold (45). A meta-analysis of hu-
man trials revealed that habitual intake of green tea
(>300 mg catechins/d), but not caffeine, was effective in de-
creasing body weight and preventing the relapse of weight
gain after weight loss (41). However, thermogenic activation
by green tea catechins seems controversial in humans. In
obese men, consuming 300 mg EGCG for 3 d (or 200 mg
caffeine) increased postprandial fat oxidation, but not en-
ergy expenditure (46). In contrast, treating healthy men
and women with green tea extracts containing 583 mg cate-
chins for 12 wk resulted in a small (2–3%) but significant
reduction in body fat content (47).

In terms of mechanisms, PPARs and related pathways were
suggested to play a role in the antiobesity mechanisms of green
tea catechins. Catechin supplementation (100 mg/kg body
weight) given to rats for 4 wk achieved the following: 1) upre-
gulated concentrations of PPARd in subcutaneous WAT, vis-
ceral WAT, and iBAT; and 2) increased expression of genes
involved in FA oxidation in BAT (45). Although the mecha-
nisms whereby green tea and EGCG help treat and prevent
obesity have not yet been fully elucidated, several studies sug-
gest that they may work by activating thermogenesis. Short-
term thermogenic effects were observed in adult humans after
the consumption of a green tea extract (1600 mg EGCG and
600 mg caffeine). In these subjects, shivering activity decreased
by 20% and energy expenditure increased by 10% during 3 h of
mild cold exposure when compared with placebo (48). In an-
other study, green tea extract (90 mg EGCG and 50 mg caf-
feine) increased resting energy expenditure over a 24-h
period through sympathetic activation, whereas equivalent
amounts of caffeine did not affect energy expenditure or uri-
nary catecholamines (48, 49).

It is likely that the thermogenic effect of green tea ex-
tract is attributable to noradrenaline and ADRB3 signaling
activation, similar to other phytochemicals of curcumin
and capsaicin (Figure 1). Catechins in green tea may stim-
ulate thermogenesis and fat oxidation through the inhibi-
tion of catechol O-methyltransferase, leading to ADRB3
signaling. The ADRB3 signaling cascade can also be stimu-
lated by caffeine, which has a potent inhibitory activity on
phosphodiesterase, a cAMP degrading enzyme (43). Be-
cause it contains both tea catechins and caffeine, green
tea may exert thermogenic and antiobesogenic effects via
cAMP activation by modulating different targets (50).
However, the direct evidence supporting the involvement
of cAMP in brown and beige adipose tissue development
in humans is hitherto fragmented, and more studies are
warranted (43). New study designs that quantify adaptive
thermogenesis energy expenditure are vital to establish
the novel role of green tea in boosting BAT activity.

Berberine
Berberine, an alkaloid compound derived from various
herbs such as the medicinal plant Coptis chinensis (Chinese
goldthread) and Hydrastis canadensis (goldenseal), pre-
vents weight gain and white fat accumulation in rodents.

Berberine attenuated weight gain in olanzapine-treated
rats (51) and leptin receptor knockout mice (52). In rats
treated with olanzapine for 2 wk, berberine administration
(380 mg $ kg21 $ d21) protected from olanzapine-induced
weight gain and caused changes in genes that control energy
expenditure; however, there was no direct measurement of
energy expenditure itself (51). In db/db mice, berberine
(5 mg $ kg21 $ d21 delivered intraperitoneally for 4 wk) de-
creased weight gain and fat accumulation, suggesting that
berberine regulates lipid mobilization and imposes antiobe-
sity effects (52).

It has been reported that berberine plays a role in regulat-
ing adaptive thermogenesis. In db/db mice, berberine
(5 mg/kg body weight) administration increased whole-
body energy expenditure by 20%; the respiratory exchange
ratio was significantly decreased, suggesting that berberine
shifts fuel preference toward FA oxidation. Moreover, ber-
berine affected BAT in these mice because it achieved the
following: 1) decreased lipid accumulation, 2) increased
mitochondrial content, 3) increased thermogenic markers
(such as Pgc1a, Cidea, and Ucp1), and 4) enhanced BAT
activity [as detected by a positron emission tomography
(PET)-CT scan], thus demonstrating improved cold toler-
ance (52).

Berberine stimulated not only BATactivity, but also WAT
browning. Also, berberine markedly induced the develop-
ment of brown-like adipocytes in inguinal, but not epididy-
mal fat in mice. Finally, the expression of Ucp1 and other
thermogenic markers increased in inguinal WAT, and mito-
chondrial biogenesis was enhanced in these mice. The
mechanism of thermogenic induction by berberine supple-
mentation is not yet known; however, AMPK and PGC1a
activation seem to be involved (52). Although brown adipo-
cyte function can be stimulated by AMPK (53), a key unan-
swered question is how AMPK activity is induced by berberine.
Because various compounds, such as metformin, gallic acid,
and resveratrol, have been shown to increase BAT activity via
AMPK activation (53), it would be worthwhile to test the syn-
ergistic effect of berberine with other compounds on thermo-
genesis and energy expenditure.

The effect of berberine on inflammation and endoplasmic
reticulum (ER) stress was addressed recently. Oral administra-
tion of berberine (200 mg/kg body weight) for 5 wk signifi-
cantly reduced inflammatory markers (such as TNFa and
IL-6) and ER stress markers [such as phosphorylated-PKR-
like ER kinase (p-PERK), phosphorylated eukaryotic translation
initiation factor-2a (p-EIF2a), glucose-regulated protein
78 (GRP78), and C/EBP homologous protein (CHOP)]
in the liver. In addition, berberine decreased lipid accumu-
lation and tunicamycin-induced ER stress in primary hepa-
tocytes in vitro (54). Because our group reported that
inflammation and ER stress prevention restores thermo-
genesis in LPS-injected mice (55), it would be interesting
to investigate the potential effects of berberine on
obesity-associated inflammation and ER stress, especially
with respect to enhanced WAT browning and thermogene-
sis. Although more studies are needed, especially human
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clinical trials, berberine could have prospective therapeutic
implications for the enhancement of thermogenesis (52).

Fish Oil (n–3 PUFAs)
There is accumulating evidence that fish oil, which is rich in
the n–3 PUFAs EPA and DHA, stimulates thermogenesis in
BAT. For example, an older study showed that rats supple-
mented with 20% fish oil for 3 wk had increased Ucp1
mRNA levels in iBAT (56). In another study, 27.5% fish
oil (a mixture of EPA and DHA) supplementation given to
rats for 4 wk stimulated mitochondrial and thermogenic ac-
tivity in iBAT (57). In addition, short-term feeding with
high amounts of PUFAs increased UCP1 expression and
nonshivering thermogenesis in mice (58). A more recent
study revealed that an HF diet rich in fish oil (12%) given
to mice for 8 wk caused an increase in the expression of ther-
mogenic markers (Adrb3, Pgc1a, and Ucp1) in iBAT. More-
over, this diet prevented diet-induced weight gain and
adiposity, improved metabolic profiles (glucose tolerance
and TG concentrations), and diminished proinflammatory
gene expression in these mice (59).

The potential WAT browning properties of n–3 PUFAs
has recently gained attention. Zhao et al. (60) tested the ef-
fect of EPA on the metabolic activity of adipocytes differen-
tiated from mouse inguinal adipose tissue–derived stem
cells. The addition of EPA (200 mM) during adipocyte differ-
entiation enhanced thermogenic and mitochondrial gene
expression. However, this effect was not observed when
EPAwas added to mature white adipocytes for 24 h, suggest-
ing that EPA exerts its browning effect via recruiting beige
adipocytes. Kim et al. (61) reported that fish oil supplemen-
tation (containing 1.2% pure DHA and 2.4% pure EPA) for
10 wk increased oxygen consumption and core body tem-
perature in mice. In these mice, fish oil induced UCP1 ex-
pression not only in iBAT, but also in inguinal WAT. This
was likely mediated by the SNS and TRPV1 and catechol-
amine production, given that EPA-mediated browning
effects were abolished in Trpv1 knockout mice (61). How-
ever, the effects of WAT browning caused by EPA supple-
mentation are controversial; when mice were fed an HF
diet supplemented with pure EPA (3.6% as EPA ethyl ester),
the brown marker genes were only elevated in iBAT, but not
in inguinal WAT (62).

Although previous work indicates that fish oil intake re-
duces fat accumulation and induces UCP1 expression, the
detailed mechanism underlying these effects remains un-
clear. Kim et al. (63) recently demonstrated that FFA recep-
tor 4 (FFAR4; also known as G-coupled protein receptor
120) is involved in EPA (100 mM)–induced brown thermo-
genesis in primary murine brown precursor cells. Further-
more, FFAR4 activation by EPA was linked with clusters of
microRNAs that promote brown adipogenesis. This signal-
ing axis (EPA/FFAR4/microRNAs) for brown adipogenesis
was confirmed in C57BL/6 mice that were fed fish oil
(15%) for 12 wk, suggesting an epigenetic regulation of di-
etary fish oil for brown thermogenesis (63). Supporting this

notion, BAT stimulatory effects by EPA were absent in Ffar4
knockout mice (64).

Despite the increasing body of evidence in rodents, little
information is available on whether fish oil–mediated health
benefits in humans (i.e., improved plasma lipid profiles, en-
ergy expenditure, and improved glucose homeostasis) orig-
inate, at least partly, from thermogenic activation (65). It is
worth noting that conversion from fully matured white ad-
ipocytes to beige-like adipocytes was achievable by EPA in
human adipocyte cultures (66); this was not observed in ro-
dents (60); Laiglesia et al. (66) recently reported that EPA
treatment facilitates the transdifferentiation of primary
white adipocytes into beige fat. These results imply that
EPA consumption may activate multiple signaling pathways,
including the following: 1) ADRB3/SNS/TRPV, 2) FFAR4
(same as G-coupled protein receptor 120) activation, 3) mi-
croRNA modulation, and 4) mitochondrial biogenesis. This
leads to the recruitment of beige fat, the transdifferentiation
of white fat into beige-like cells, and the facilitation of clas-
sical brown fat development (Figure 1). The controversy
with WAT browning, presumably in response to the EPA-
to-DHA ratio, remains to be identified.

ATRA
Retinoic acid (RA) is an active metabolite of vitamin A and
an important regulator of gene transcription (67). RA binds
to nuclear hormone receptors, members of the steroid and
thyroid receptor superfamily, and ligand-dependent tran-
scription factors (68). Most of the effects of ATRA are medi-
ated by retinoid acid receptors (RARs). Upon dimerization
with retinoid X receptors (RXRs), the heterodimer of RAR
and RXR controls gene expression through binding to
RA response elements in the regulatory regions of target
genes (69). RA plays an important role in the development
and differentiation of mammalian cells (68). Depending
on the dose, RA can promote (70) or inhibit (67) adipogen-
esis in vitro; high concentrations of ATRA inhibit the
differentiation of 3T3-L1 preadipocytes and C3H10T1/2
mesenchymal stem cells via the suppression of CCAAT/en-
hancer-binding protein b activity and the induction of anti-
adipogenic genes (69, 71). RA is uniquely effective in
suppressing adiposity and insulin resistance. In general,
RA treatment in the range of 10–100 mg/kg body weight
in obese rodents elicits a 15–50% reduction in fat mass
and improves insulin sensitivity by enhancing fat mobiliza-
tion and energy utilization (67). A controlled RA treatment
that used subcutaneous implantation (equivalent to
0.16 mg/d) for 5 wk in obese mice reduced body weight by
50% because of decreased fat mass and adipocyte hypertro-
phy, despite increased food intake. In addition, RA-treated
animals showed a >2-fold increase in brown specific genes,
including UCP1 expression and improved insulin sensitivity
(72). Although the mechanisms whereby RA improves insulin
sensitivity are not fully understood, RA treatment appears to
activate RAR and PPARd, leading to augmented BAT acti-
vation and FA oxidation.
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RA plays a key role in the development and regulation of
BAT thermogenesis. As a transcriptional activation, RA in-
creases Ucp1 gene expression. RA increased Ucp1 mRNA
levels 7-fold in differentiated cultures of brown adipocytes,
and this induction was independent of adrenergic pathways
(68). The stimulatory effect of ATRA on Ucp1 gene expres-
sion is mediated by the activation of the heterodimers RAR
and RXR, which bind to specific regulatory region in the
UCP1 enhancer (69, 73–75). Exposure to ATRA potently
induced UCP1 expression at both the mRNA and protein
level in mouse embryonic fibroblast–derived adipocytes
in a dose-dependent manner. The effect on Ucp1 mRNA
was reproduced by retinoid receptor agonists and by retinalde-
hyde (70). Conversely, consuming a vitamin A–deficient diet
increased body weight, whole body fat mass, and leptin ex-
pression, and reduced iBAT thermogenic potential (76). Inter-
estingly, Mercader et al. (77) reported that body fat loss after
ATRA treatment (50–100 mg/kg body weight) resulted in
white adipocyte remodeling into beige, including augmented
mitochondrial biogenesis and increased rectal temperature.
Tourniaire et al. (78) recently demonstrated the role of
ATRA in WAT browning. In their study, transcriptome analy-
sis revealed that 2 mM ATRA upregulated the set of genes
linked to mitochondrial DNA replication, transcription,
mitochondrial biogenesis, and oxidative phosphorylation
in mature white adipocytes. In parallel, oxygen consumption,
mitochondrial DNA content, and mitochondrial staining were
increased in the ATRA-treated adipocytes. These results were
also validated in WAT depots obtained from ATRA-fed mice
(50 mg/kg body weight) for 4 d.

ATRA supplementation modulates both iBAT stimula-
tion and WAT remodeling via unique transcriptional regu-
lation, but not ADRB3 activation. Most recently, Guo et al.
(79) reported that lipocalin 2 (Lcn2), an adipose-derived
novel cytokine, is one of the target genes of RA, and dem-
onstrated with the use of Lcn2 knockout mice that retinoid-
mediated thermogenesis is dependent on Lcn2 (Figure 1).
Although RA is a potent positive regulator of thermogenesis
in rodents, this effect is inhibited or only marginal in human
adipocyte cell lines and primary human white adipocytes
(69). For this reason, ATRA supplementation does not
seem to be an option for brown and beige development
in humans.

Other Naturally Occurring Factors for
Thermogenesis
In addition to the aforementioned dietary molecules, a vast
majority of phytochemicals are claimed to have or are under
investigation for thermogenic properties, although not all
molecules are derived from edible sources (13, 80). Also,
some dietary molecules known to enhance b-oxidation
and weight loss have been shown to induce thermogenesis
in animal models. For example, Shen et al. (81) demon-
strated that supplementing the diet with a mixture or indi-
vidual geometric isomer of CLAs increases thermogenesis
in Sv129 mice (82), although its metabolic significance in

humans seems to be lessened because of the proinflamma-
tory action of its trans 10, cis 12 CLA isomer.

Conclusion
Obesity and diabetes have reached epidemic proportions in
the United States and globally, and are expected to rise con-
tinuously. BAT plays a substantial role in whole-body energy
metabolism, and is therefore an attractive target to facilitate
weight loss and improve metabolic health in humans. Here,
we summarized the recent updates on dietary molecules that
could be included as candidates in a dietary regimen for
managing obesity and diabetes via BAT-mediated thermo-
genesis. We have also presented the underlying mechanisms
whereby these dietary molecules act on the following: 1)
SNS and cAMP production (e.g., capsaicin, green tea
EGCG, and EPA), 2) epigenetic modification of adipose tis-
sue by regulating histone deacetylation (e.g., resveratrol) or
microRNA biogenesis (e.g., EPA), 3) brown-thermogenic
cytokine secretion (e.g., ATRA), and 4) AMPK activation
and mitochondrial biogenesis (e.g., resveratrol, curcumin,
EGCG, EPA, and berberine). Also, the anti-inflammatory
function of these molecules (e.g., resveratrol, EGCG, EPA,
and berberine) is speculated to contribute to their thermo-
genic activity, although it may not be the major mechanism
that triggers BAT activation (Figure 1). Apparently, multiple
and overlapping signaling pathways are involved in stimulat-
ing BAT activation for each dietary molecule. This implies
that combinations of these dietary molecules with comple-
mentary thermogenic mechanisms could be an option in
maximizing BAT thermogenesis, weight reduction, and im-
provement of metabolic indexes.

One fundamental goal of this review was to attain an un-
biased conclusion regarding the potential of dietary modu-
lation of brown and beige fat development as a promising
target for obesity and diabetes intervention. In fact, to our
knowledge, a substantial number of studies that are needed
to identify a general consensus have not yet been conducted.
With the exception of capsinoids, to our knowledge, few
studies have been done in humans. Therefore, our conclu-
sions are likely tentative.

a. Chronic ingestion of high doses (>10 mg) of capsinoids
is effective in promoting thermogenic activation in hu-
mans, which has important implications for a preventive
and therapeutic approach to control obesity. However,
the safety of long-term capsinoid use requires further
investigation.

b. Some polyphenolic compounds, such as resveratrol,
curcumin, and berberine, activate BAT and beige de-
velopment at the cellular model and in vivo, at least
in rodents. In animal studies, obvious thermogenic
activation was only observed at polyphenol supple-
mentation in high doses (>0.1%, or ;100 mg/kg
body weight), which would be considered supraphys-
iologic for human trials. In addition, overcoming the
poor bioavailability of polyphenolic molecules will be
another challenge for future human trials.
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c. The habitual consumption of green tea (;100 mg/kg
body weight of catechins) seems to trigger thermo-
genic activation and contributes to the weight re-
duction properties of green tea, at least in animals.
However, it is necessary to revisit human studies to dif-
ferentiate the browning and thermogenic effects from
other metabolic benefits of green tea.

d. The role of fish oil, especially EPA, on BATand beige de-
velopment has been extensively investigated. Although
some controversy still surrounds effective concentra-
tions, fish oil consumption activates multiple signaling
routes to augment BAT activation or WAT browning
in rodents. Given that fish oil is one of the most popular
dietary supplements, validating these effects in human
trials might immensely affect public health.

e. ATRA modulates BAT activation in rodents via transcrip-
tional regulation of RXR and RAR. Human application of
ATRA for BAT activation appears to be impractical be-
cause of developmental differences between rodents and
humans.

Collectively, there is emerging evidence that some dietary
molecules can regulate brown and beige fat development.
The thermogenic role of these molecules on metabolic im-
provement and adiposity control in humans has not yet
been clearly established. Further research is warranted to de-
termine the efficacy, underlying mechanisms, and safety of
these molecules in humans.

One of the caveats of characterizing bioactive molecules as
thermogenic agents is that the majority of studies rely on
BATmarker gene expression, such as Ucp1 and other signature
gene profiles for brown and beige fat [e.g., Prdm16, Cidea,
iodothyronine deiodinase 2 (Dio2), and Elovl3]. Given that
elevated concentrations of Ucp1 transcript do not necessarily
coincide with UCP1-mediated uncoupled respiration and
heat production (83), interpretation ofUcp1mRNA expression
data must be made with caution, and concurrent metabolic
adaptations should be determined.

The key findings summarized in this review were obtained
from studies conducted in rodents. It should be taken into con-
sideration that small animals have a higher propensity to de-
velop WAT browning because of their greater reliance on
temperature homeostasis through these mechanisms com-
pared with humans (17). Therefore, determination of the effi-
cacy and safety of the candidate dietary molecules in humans
should be addressed before making dietary recommendations
for these molecules as thermogenesis-based diet therapy.
Also, the 3T3-L1 cells, well-characterized preadipocytes com-
mitted to white adipocytes, are widely used to investigate the
cellular level of WAT browning. Recent research suggests that
WAT browning is initiated by the proliferation and differenti-
ation of beige progenitor cells that are not identical to the com-
mitted white progenitor cells (84, 85). Thus, the development
of legitimate cell models for beige adipocytes and validation of
results obtained from 3T3-L1 is required.

Development of beige fat is tightly associated with the in-
nate immune system (84, 85). Because obesity is associated

with chronic and low-grade inflammation (86), a combina-
tion of anti-inflammatory bioactive molecules with the afore-
mentioned dietary candidates may pose synergistic effects in
promoting brown thermogenesis in humans. Because exercise
is an independent external stimulus that activates AMPK and
WAT browning, probably through irisin (87), investigation of
the synergistic effects of these proposed molecules with exer-
cise would be an interesting topic for future research.

Currently, the gold standard to measure brown and beige
fat activation in humans is the PET scan, in conjunction with
18F-2-deoxyglucose uptake as a probe (88). Because 18F-2-
deoxyglucose uptake is a surrogate marker for brown adipo-
cytes rather than a direct measure of uncoupled respiration
through UCP1, measurement of respiratory exchange ratio
and heat release would be complementary to validate
brown and beige fat activation. In addition, the PET scan
method not only requires expensive equipment, but also
exposes humans to radiation. Thus, there is an immense
need for developing novel technology that detects human
BATwith high sensitivity and convenience, and/or innova-
tive biomarkers that correlate with BATactivity in humans.
Recently, serum concentrations of exosomal microRNA-
92a have been suggested as a biomarker for BAT activity
in humans (89). It would be of interest to determine
whether exosomal microRNA-92a could be used as a sensi-
tive and convenient serum marker for assessing thermo-
genic potential in humans. Future research aimed at the
development of new tools for the assessment of BATactiva-
tion and innovative biomarkers of human thermogenic ac-
tivity, will help achieve the following: 1) evaluate whether
nutritional modulation BAT and beige development will
offer a new therapeutic avenue to promote metabolic
health, and 2) identify novel dietary molecules that boost
BAT-induced thermogenesis and energy expenditure.
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