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The adipocyte browning process is a phenomenon that consists in the molecular and morphological remodeling of preadipocytes or mature
white adipocytes into multilocular beige fat cells expressing thermogenesis-associated genes. Adipocyte browning may occur physiologically, mainly
upon cold or exercise stimulation. However, it can also be induced by exogenous compounds, such as drugs or dietary components. Since adipocyte
browning is followed by increased energy expenditure, weight loss, and improved metabolic health, it emerges as a novel therapeutic target in the treat-
ment of obesity and obesity-related diseases. In addition, it contributes to the lowering of both systemic and adipose tissue inflammation, which are
promoted in obese states. Thus, the role of adipocyte browning should be emphasized in the context of a dramatically increasing population of obese
individuals. In this paper, we focus on dietary components and general dietary modifications, which may affect adipocyte browning by its stimulation
or inhibition. We discuss browning properties of amino acids, carbohydrates, fatty acids, and retinoids, as well as present adipocyte browning potential
of the wide range of non-nutrients, including glucosinolates, alkaloids, terpenes and terpenoids, flavonoids and other phenolic compounds. We also
demonstrate the influence of edible plant extracts and food ingredients of animal origin on adipose tissue browning. Finally, we analyze browning ef-
fects of caloric restriction, intermittent fasting and various dietary macronutrient compositions, as well as the significance of microbiota in adipocyte

browning process.

ABBREVIATIONS

AMPK: 5-AMP-activated protein kinase; B,-AR: p,-
-adrenergic receptor; BAT: brown adipose tissue; C/EBPa:
CCAAT/enhancer-binding protein o; CIDEA: cell death activa-
tor CIDE-A; CITEDI: Cbp/p300-interacting transactivator 1;
COXT7AL: cytochrome ¢ oxidase subunit 7A1, mitochondrial;
COX8B: cytochrome ¢ oxidase subunit 8B, mitochondrial;
CPTIA: carnitine O-palmitoyltransferase 1, liver isoform;
CPTIB: carnitine O-palmitoyltransferase 1, muscle isoform;
Cyt C: cytochrome c¢; DHA: docosahexaenoic acid; DIO2:
type II iodothyronine deiodinase; ELOVL3: elongation of very
long chain fatty acids protein 3; EPA: eicosapentaenoic acid;
eWAT: epidydimal white adipose tissue; FGF21: fibroblast
growth factor 21; GPRs: G protein-coupled receptors; HDL-C:
high-density lipoprotein cholesterol; IL-6: interleukin 6; iWAT:
inguinal white adipose tissue; LDL-C: low-density lipoprotein
cholesterol; NRF1: nuclear respiratory factor 1; NRF2: nuclear
respiratory factor 2; PGCla: peroxisome proliferator-activated
receptor y coactivator 1-a; PPARa: peroxisome proliferator-
activated receptor a; PPARy: peroxisome proliferator-activated
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receptor y; PRDM 16: PR domain-containing protein 16; rWAT:
retroperitoneal white adipose tissue; SWAT: subcutaneous WAT;
TBXI1: T-box transcription factor TBX1; TFAM: transcription
factor A, mitochondrial; TMEM26: transmembrane protein 26;
TNF-o:: tumor necrosis factor o; UCP1: uncoupling protein 1;
WAT: white adipose tissue.

INTRODUCTION

Over the last decades, the understanding of adipose tis-
sue has changed unquestionably. Gradually, it came out that
it is not only the storage site of lipids but also an active en-
docrine organ, which modulates the functioning of the whole
organism [Luo & Liu, 2016]. In addition, recent years of pre-
clinical trials have proven that white adipose tissue (WAT) has
a transformative potential, as it can differentiate into beige
adipose tissue upon definite stimulation in the process called
adipocyte browning (also known as beiging or britening)
[Rosenwald ef al., 2013].

More precisely, the adipocyte browning process is a phe-
nomenon, which involves not only already existing white
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adipocytes, but also preadipocytes, which can differentiate
into both white or beige fat cells [Harms & Seale, 2013].
During the adipocyte browning, the clusters of stimulated
cells undergo histological, cytological, and molecular chang-
es, finally acquiring the beige adipose tissue phenotype [Wu
etal., 2012].

Beige adipose tissue (also called brite adipose tissue,
brown-like adipose tissue, inducible-brown adipose tissue)
is a subtype of brown adipose tissue (BAT), which contains
adipocytes that share features of both white and “classical”
brown fat cells [Lidell et al., 2013]. Their unique gene expres-
sion pattern includes genetic hallmarks specific for beige adi-
pocytes as well as genes expressed in both “classical” brown
and beige fat cells ( ) [Wu et al., 2012]. In contrast to
white adipocytes, beige cells are abundant with uncoupling
protein 1 (UCP1)-positive mitochondria, which enables
the process called non-shivering thermogenesis [Shaba-
lina et al., 2013]. Heat generation and distribution as a key
function of beige cells, is associated with their high degree
of sympathetic innervation and vascularization [Kajimura
et al., 2015]. As compared with WAT cells, beige adipocytes
contain more, but smaller in size, lipid droplets, which results
in multilocular morphology of beige adipose tissue (in con-
trast to unilocular WAT) [Harms & Seale, 2013]. These lipid
droplets are rich in triglycerides that supply an energy for
thermogenesis.

Taken together, the adipocyte browning process that oc-
curs when body’s demands for heat generation and dissipa-
tion are greatly elevated, involves induction of mitochondrial
biogenesis, UCP1 expression, triggered B-oxidation, angio-
genesis and enhanced sympathetic innervation [Harms &
Seale, 2013].

The assessment of gene expression alterations is es-
sential to confirm adipocyte browning, therefore detailed
knowledge about genes involved in this process is neces-
sary to interpret the scientific results ( ). Cdi37, Thxl,
and Tmem26 seem to be specific markers for beige adipocytes,
while the expression of other genes differs a lot when most
prevalent WAT depots are considered: epidydimal, inguinal
and retroperitoneal WAT (eWAT, iWAT, and rWAT, respec-
tively) [de Jong et al., 2015].

There is a wide range of browning activators including
endogenous (hormones, growth factors, or cytokines) and ex-
ogenous (mostly dietary components or pharmacological
agents) factors, whereas browning inhibitors are relatively rare
[Wisniewski et al., 2018]. The most studied and presumably
the most potent browning-positive effect is associated with in-
creased sympathetic nervous system activity and p,-adrenergic
signaling pathway in response to cold [Contreras ez al., 2014].
Importantly, adipocyte browning is reversible, and so-called
whitening of beige adipocytes may occur, depending on envi-
ronmental conditions [Rosenwald et al., 2013].

The clinical significance of adipocyte browning is associ-
ated with an improvement of metabolic health [Wisniewski
et al., 2018; Wisniewski, 2019]. Induction of beige fat thermo-
genesis results in increased lipolysis and energy expenditure,
followed by reduced adiposity and weight loss [Yoneshiro
etal.,2013]. Furthermore, adipocyte browning decreases low-
grade systemic inflammation by diminishing proinflammatory

cytokine concentrations and enhancing anti-inflammatory
adipokines production [Min et al., 2016; Zhuanget al., 2019],
as well as improves glucose tolerance [Chondronikola et al.,
2014]. Hence, adipocyte browning emerges as a novel thera-
peutic approach to obesity and obesity-related complications,
such as type 2 diabetes, hypertension, dyslipidemia, or non-
-alcoholic steatohepatitis [Wisniewski et al., 2018].

In order to summarize the knowledge and inspire fur-
ther research, we aimed to present a comprehensive review
of the current literature about dietary components and dietary
interventions that may elicit adipocyte browning.

AMINO ACIDS

Betaine

Betaine (trimethylglycine) is a common natural amino
acid mostly found in wheat, spinach, beetroots, and shellfish
[Ross et al., 2014]. In humans, it is well known as an inter-
mediate product of choline degradation, although it exhibits
multiple positive metabolic effects by itself [Ueland, 2011].
Apart from improving insulin sensitivity, blood lipid profile,
and anti-inflammatory activity, betaine affects adipogenesis
and promotes adipocyte browning [Du et al., 2018]. Du et al.
[2018] proved that betaine suppresses proliferation and dif-
ferentiation of 3T3-L1 preadipocytes by cell cycle block-
age between G1/S phases and downregulation of C/EBPa
and PPARy. Furthermore, betaine upregulates Ucp!l, Pparg,
Ppargcla, Cidea, and Cd137, as well as stimulates mitochon-
drial biogenesis, in Kunming mice after 13-week administra-
tion of a high-fat diet and 1% betaine in water, which, in turn,
results in reduced body fat, lowered lipid accumulation
and increased B-oxidation in myocytes mass [Du et al., 2018].

Leucine

Leucine is an essential branched-chain amino acid with
the highest content in proteins of soybeans, meat, eggs,
and nuts [Rondanelli ef al., 2021]. Unlike another essential
amino acid — methionine, there are many significant incon-
sistencies in the role of leucine in the adipocyte browning
process.

Two studies confirm the browning properties of leucine
supplementation [Binder ez al., 2014; Jiao et al., 2016]. The first
one revealed that 21-week supplementation of CS57BL/6J
mice with 1.5% L-leucine resulted in increased Ucpl, Ucp3,
and Cptl mRNAs in eWAT, albeit these changes were not
associated with elevated energy expenditure and weight loss
[Binder et al., 2014]. The other research evidenced reduced
body weight and enhanced expression of browning-related
proteins, such as UCP1, PGCla, B,-AR, and FGF21, in eWAT
and BAT of C57BL/6J mice after 24 weeks of dietary inter-
vention with both 1.5% or 3.0% L-leucine [Jiao ef al., 2016].
Furthermore, decreased adipocyte size, lowered concentra-
tions of lipogenic enzymes (acetyl-CoA carboxylase and fatty
acid synthase) as well as encouraging lipolysis by increasing
adipose triglyceride lipase and phosphorylated hormone-sen-
sitive lipase at the protein level were found upon diet supple-
mentation with both 1.5% or 3.0% vr-leucine. Thus, the signs
of adipocyte browning, raised thermogenesis, and adipose tis-
sue remodeling were reported [Jiao et al., 2016].
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TABLE 1. Genes used in adipocyte browning research (based on UniProt database).

Gene names HUMAN (Murine) Encoded protein Abbreviation

Genes highly expressed in both beige and “classical” brown adipocytes

ADRB3 (Adrb3)

B,-adrenergic receptor B,-AR
CIDEA (Cidea) Cell death activator CIDE-A CIDEA
DIO2 (Dio2) Type I1 iodothyronine deiodinase DIO2
EBF2 (Ebf2) Early B-cell factor 2 EBF2
ELOVL3 (Elovi3) Elongation of very long chain fatty acids protein 3 ELOVL3
PPARA (Ppara) Peroxisome proliferator-activated receptor o PPARa
PPARG (Pparg) Peroxisome proliferator-activated receptor y PPARy
PPARGCIA (Ppargcla) Peroxisome proliferator-activated receptor y coactivator 1-a PGCla
PRDM16 (Prdm16) PR domain-containing protein 16 PRDM16
UCPI (Ucpl) Uncoupling protein 1 UCP1
Genes specific for beige adipocytes
CD137 (Cd137) CD137 CD137
CITEDI (Citedl) Cbp/p300-interacting transactivator 1 CITEDI1
FGF21 (Fgf21) Fibroblast growth factor 21 FGF21
HOXC9 (Hoxc9) Homeobox protein Hox-C9 HOXC9
TBXI (Thx1) T-box transcription factor TBX1 TBX1
TMEM26 (Tmem26) Transmembrane protein 26 TMEM26
Genes specific for “classical” brown adipocytes
EVAI (Eval) Protein eva-1 EVA1
LHXS (Lhx8) LIM/homeobox protein Lhx8 LHX8
ZICI (Zicl) Zinc finger protein ZIC 1 ZIC1
Genes strongly associated with mitochondrial biogenesis
NRFI (Nrfl) Nuclear respiratory factor 1 NRF1
NRF2 (Nrf2) Nuclear respiratory factor 2 NRF2
TFAM (Tfam) Transcription factor A, mitochondrial TFAM
Genes strongly associated with p-oxidation and mitochondrial activity
ACADM (Acadm) Medium-chain specific acyl-CoA dehydrogenase, mitochondrial MCAD
COX7AI (Cox7al) Cytochrome ¢ oxidase subunit 7A1, mitochondrial COX7A1
(Cox8b) Cytochrome ¢ oxidase subunit 8B, mitochondrial COX8B
CPTIA (Cptla) Carnitine O-palmitoyltransferase 1, liver isoform CPTIA
CPTIB (Cptlb) Carnitine O-palmitoyltransferase 1, muscle isoform CPTI1B
CYCS (Cycs) Cytochrome ¢ CytC
Genes highly expressed in white adipocytes
ALDHIAI (Aldhlal) Retinal dehydrogenase 1 ALDHI
CEBPA (Cebpa) CCAAT/enhancer-binding protein o C/EBPa
FABP4 (Fabp4) Fatty acid-binding protein type 4 FABP4
LPINI (Lpinl) Phosphatidate phosphatase LPIN1 LIPIN1
PSATI (Psatl) Phosphoserine aminotransferase PSAT1
RETN (Retn) Resistin
SREBPI (Srebpl) Sterol regulatory element-binding protein 1 SREBP1
(Zfp423) Zinc finger protein 423 ZFP423
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However, another two study groups have indicated that ad-
ipocyte browning is induced by leucine restriction rather than
by supplementation [Chenget al., 2010; Wanders et al., 2015].
Two papers described elevated expression of UCP1 at both
protein and mRNA levels as well as upregulated Ppargcla,
Pparg, and Adrb3 in BAT of C57BL/6J mice after 1-week
of total leucine restriction [Cheng et al., 2010, 2011]. More-
over, the same alterations of the abovementioned lipogenic
and lipolytic enzymes, as well as weight loss and diminished
adipocyte size, were observed. In addition, a significant in-
crease in UCP1 at both mRNA and protein levels in iWAT
and BAT of C57BL/6J mice as well as a raised transcription
of Cidea, Cox7a, and Cox8b in iWAT were detected upon
8 weeks of leucine restriction by 85% [Wanders et al., 2015].
Similarly, a low-leucine diet resulted in broadened deposits
of multilocular adipocytes, nevertheless heightened acetyl-
CoA carboxylase and fatty acid synthase mRNAs were noted
in eWAT and iWAT contrarily [Wanders et al., 2015]. Taken
together, based on the presented data, the impact of leucine
on adipocyte browning remains not fully recognized.

Similarly as for methionine restriction, FGF21 overex-
pression and sympathetic nervous system activation were sug-
gested as the possible mechanisms of the adipocyte browning
in the case of leucine deprivation [Cheng et al., 2010, 2011;
Wanders et al., 2015 1, while no mechanisms supporting
the browning on leucine-rich diet were presented [Binder
etal.,2014; Jiao et al., 2016].

Positive effects resulting from leucine administration or
restriction beneficially influence metabolic outcomes. Upon
prolonged leucine supplementation, decreased production
of proinflammatory cytokines, diminished circulating leptin
and leptin resistance were reported [Binder et al., 2014; Jiao
et al., 2016]. Nevertheless, there are discrepancies, whether
higher or lower leucine intake contributes to improved glu-
cose metabolism [Binder ez al., 2014; Cheng et al., 2011; Jiao
etal.,2016].

Methionine

Eggs, meat, grain, and dairy products are the predomi-
nant source of dietary methionine, an essential amino acid
which profoundly modulates human metabolism [Gorska-
-Warsewicz et al., 2018]. However, recent data suggest that
methionine restriction may also be beneficial in obesity
and obesity-related diseases due to adipocyte browning stim-
ulation [Jiang ef al., 2015; Stone et al., 2015; Wanders et al.,
2017]. Over a 5-fold reduction in dietary methionine intake
significantly elevated Ucp1, Ppargcla, Cidea, Cox7al, Cox8b,
and Adrb3 mRNAs in murine iWAT in vivo [Stone et al.,
2015; Wanders ef al., 2017]. Furthermore, the upregulation
of Ucpl, Cidea, and Elovi3 was also present in BAT. In ad-
dition, methionine restriction activates sympathetic drive
and leads to the liver overexpression of FGF21 [Stone et al.,
2015; Wanders et al., 20171, which is recognized as an inde-
pendent activator in browning processes [Fisher e al., 2012].
As a result of the adipocyte browning and pleiotropic func-
tions of FGF21 itself, improved insulin sensitivity, weight
loss, and a reduction in plasma and hepatic triglycerides were
also reported [Stone et al., 2015; Wanders et al., 2017]. Simi-
lar browning and metabolic effects (1 UCP1 and FGF21;

| body mass, glucose, and hepatic triglycerides) were also
evidenced in mice with impaired intestinal and renal methio-
nine absorption due to methionine transporter knockdown
[Jiang et al., 2015].

Taurine

Seafood is the primary source of exogenous taurine, one
of the most common amino acids in the human body compo-
sition [Laidlaw ef al., 1990]. Guo et al. [2019] studied the im-
pact of taurine on adipocyte browning and reported that
intraperitoneal taurine administration resulted in the upregu-
lation of Ucep1, Ppargcla, Tfam, and Cpt1b expression in iWAT,
eWAT, and BAT of C57BL6 mice. The same alterations
of browning-specific genes were observed in C3H10T1/2 cells
upon taurine supplementation [Guo et al., 2019]. Conse-
quently, dietary taurine promoted mitochondrial biogenesis,
increased B-oxidation, and raised energy expenditure, lead-
ing to higher free fatty acids utilization, reduced adiposity,
and weight loss with improved glucose tolerance and insulin
sensitivity. Mechanistically, taurine stimulates AMPK phos-
phorylation, thus activating the AMPK/PGCla pathway
[Guoet al., 2019].

CARBOHYDRATES

L-Rhamnose

L-Rhamnose is a monosaccharide that is a component
of plant cell walls and bacteria [Jiang er al., 2021]. It is used
as a sweetener that is able to reduce both cholesterogenesis
and triacylglycerol synthesis [Bai ef al., 2015]. In addition,
3T3-L1 preadipocyte supplementation with L-rhamnose
resulted in an elevated concentration of browning-related
proteins such as UCP1, PRDM16, and PGCla as well as
Cd137, Citedl, Prdml6, ThxI, and Tmem26 mRNAs [Choi
et al., 2018]. Several different signaling pathways, includ-
ing B,-AR, SIRT1, PKA, and p-38, take part in this process.
L-Rhamnose administration was associated with activation
of the AMPK and acetyl-CoA carboxylase proteins, increased
acyl-coenzyme A oxidase, carnitine O-palmitoyltransfer-
ase 1, and phosphorylated hormone sensitive lipase levels.
What is more, L-thamnose activated HIB1B brown adipo-
cytes by increasing expression of brown-fat markers (UCP1,
PRDM16, and PGCla) and changing morphology of fat cells
[Choietal., 2018].

Trehalose

Trehalose is an anti-inflammatory disaccharide [Arai
et al., 2019] present in honey, fungi and yeast [Oku & Na-
kamura, 2000] that exhibits the ability to reduce insulin se-
cretion and improve glucose tolerance [Arai ef al., 2019].
A 16 weeks of drinking water with trehalose resulted in WAT
browning in experimental mice, which was confirmed by in-
creased expression of Cidea and Ucpl mRNAs in iWAT [Arai
et al., 2019]. Similar but not significant tendency was ob-
served in the mesenteric adipose tissue. Trehalose-induced
WAT browning was accompanied with reduced serum glucose
and elevated core temperature as a consequence of thermo-
genesis intensification. Moreover, trehalose caused the expan-
sion of multilocular UCP1-positive adipocytes in both iWAT
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and mesenteric WAT. Also, possible fibroblast growth fac-
tor 21 (FGF21) involvement in trehalose-induced adipocyte
browning was investigated, though its concentration did not
increase during the experiment, suggesting a different under-
lying mechanism [Arai et al., 2019].

Inulin

Over 30,000 plant species (e.g., Cichorium intybus, As-
paragus sp., Allium sp.) are sources of inulin, a non-digestible
carbohydrate known especially as a prebiotic and dietary
sugar replacer in diabetics [Shoaib et al., 2016]. A recent
study by Weitkunat er al. [2017] evidenced browning prop-
erties of inulin, mainly attributed to short-chain fatty acids
production. The 30-week inulin supplementation significant-
ly raised Ucpl, Ppargcla and Cidea mRNA levels in sWAT
of C57BL/6JR]j mice. Moreover, inulin ameliorated high-fat
diet induced adipocyte hyperplasia and altered fecal micro-
biota composition, preferring overgrowth of Bifidobacterium
[Weitkunat et al., 2017].

FATTY ACIDS

a-Linolenic, y-linolenic and pinolenic acids

Primary subcutaneous adipocytes of C57BL/6 mice were
reported to upregulate the expression of Ucp! upon in vitro
a-linolenic acid, y-linolenic acid or pinolenic acid administra-
tion, which are different octadecatrienoic acid isomers, found
mainly in the wide range of seeds [Shin & Ajuwon, 2018a].
Moreover, an insignificant increase in Ppargcla mRNA
was noted. However, only the pinolenic acid potentiated
the browning effect of norepinephrine associated with sym-
pathetic nervous system stimulation, while y-linolenic acid
additionally decreased Cidea transcription [Shin & Ajuwon,
2018a]. Furthermore, y-linolenic acid slightly but insignifi-
cantly elevated Ucp! in both 3T3-L1 and 10T1/2 adipocytes
[Shin & Ajuwon, 2018a].

Linoleic and conjugated linoleic acids

Conjugated linoleic acid is a mixture of linoleic acid
isomers, mostly cis-9, trans-11 and trans-10, cis-12, derived
from sunflower oil, ruminant meats, or dairy products [Shen
& Mclntosh, 2016]. Results obtained in murine trials proved
that conjugated linoleic acid is an adipocyte browning induc-
tor since it increased mRNAs of Ucp!, Ppargcla, and Cptlb
in epididymal WAT as well as energy expenditure [Wendel
et al., 2009]. The possible mechanism of browning initiation
might be connected with B,-adrenergic activity but the effect
is rather short lasting and not maintained over a few weeks
of conjugated linoleic acid supplementation [Wendel ef al.,
2009]. Therefore, the other pathways play a significant role
in conjugated linoleic acid-driven browning process. In ad-
dition, results of conjugated linoleic acid administration
may be partially mediated by a group of G protein-coupled
receptors (GPRs) [Sauer et al., 2004]. The conjugated lin-
oleic acid browning properties were indirectly observed
in several clinical trials reporting significant weight loss
in conjugated linoleic acid subjects [Blankson ef al., 2000;
Smedman & Vessby, 2001; Watras et al., 2007]. Apart from
the adipocyte browning promotion, conjugated linoleic acid

elevated lipolysis, B-oxidation, white adipocyte apoptosis,
and decreased adipogenesis [Hargrave et al., 2002; LaRosa
et al., 2006]. Interestingly, a few research disclosed raised
inflammatory markers, such as C-reactive protein, upon
dietary interventions with conjugated linoleic acid [Steck
etal., 2007].

Contrary to conjugated linoleic acid, the linoleic acid
supplementation evoked accumulation of fat and increased
body mass as well as diminished thermogenesis and oxygen
consumption in the C57BL/6 mice model [Shin & Ajuwon,
2018b]. Furthermore, no signs of browning-specific gene up-
regulation were noted. Nevertheless, linoleic acid addition
to murine primary subcutaneous adipocytes in vitro resulted
in Ucpl overexpression and insignificant Ppargcla mRNA
elevation [Shin & Ajuwon, 2018a]. Thus, the discrepancy
between conjugated linoleic acid and linoleic acid browning
properties in vivo may be attributed to the fact that high-fat
diet itself leads to adipocyte browning inhibition, and linoleic
acid is not capable of attenuating high-fat diet-induced al-
terations [Shin & Ajuwon, 2018b].

10-Oxo0-12(Z)-octadecenoic acid

10-Ox0-12(Z)-octadecenoic acid is a product of satu-
ration metabolism of linoleic acid by gut microbiota, espe-
cially Lactobacillus spp. [Kishino et al., 2013]. Upon its ad-
ministration, a significant increase in expression of Ucpl,
Prdm16, Ppargcla, Tbx1, Cptlb, and Adrb3 in iWAT, as well
as BAT, of C57BL/6 mice was observed [M. Kim et al., 2017].
10-Ox0-12(Z)-octadecenoic acid induced adipocyte brown-
ing and weight loss via gastrointestinal TRPV1 receptors,
which activated B,-adrenergic signaling, a potent browning
stimulator. Furthermore, its supplementation reduced blood
glucose and triglycerides [M. Kim ez al., 2017].

Oleic acid

Olive oil is the most common source of oleic acid,
a monounsaturated n-9 fatty acid, and a crucial element
of the Mediterranean diet [Marcelino et al., 2019]. Re-
garding adipocyte browning, oleic acid administration re-
sulted in marginally augmented Ucp! expression in 3T3-L1
adipocytes, while no effect of oleic acid was observed
in 10T1/2 cells or murine primary subcutaneous adipocytes
in vitro [Shin & Ajuwon, 2018a]. Surprisingly, oleic acid did
not show a potent browning-inducing effect, in contrast to
the outcomes of olive oil supplementation (see: Olive oil sec-
tion) [Shin & Ajuwon, 2018b].

Stearic acid

Animal fats, as well as cocoa and shea butter, are products
abundant in stearic acid, which acts as a potent adipocyte
browning inhibitor [Shin & Ajuwon, 2018b]. Stearic acid-rich
diet based on high shea butter intake resulted in diminished
Ucpl, Ppargcla, and Adrb3 expression in eWAT and also low-
ered the Ucpl mRNA level in sWAT of C57BL/6 mice [Shin
& Ajuwon, 2018b]. Interestingly, shea butter diet significantly
upregulated Prdmi16 in eWAT and Tfam in sWAT, although
increased content of WAT and total body weight were no-
ticed. Moreover, no alterations of browning-specific genes
were observed in murine primary subcutaneous adipocytes as
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well as 3T3-L1 and 10T 1/2 cell lines in vitro, except for Cidea
downregulation in primary subcutaneous adipocytes [Shin &
Ajuwon, 2018a]. In addition, stearic acid supplementation led
to elevated triglycerides accumulation in the liver as well as
raised blood glucose and insulin [Shin & Ajuwon, 2018b].

Arachidonic acid

Arachidonic acid is a product of linoleic acid metabolism,
which serves as a substrate for prostaglandins production
[Sonnweber et al., 2018]. Common dietary sources of ara-
chidonic acid are eggs, fishes, meat and poultry [Taber et al.,
1998]. Recent research revealed that intake of arachidonic
acid may inhibit adipocyte browning in human multipotent
adipose-derived stem cells, which was manifested by de-
creased UCP1 at both mRNA and protein levels [Pisani et al.,
2014]. In addition, a significant decline in mitochondrial ac-
tivity, as well as impaired browning upon B,-AR agonist, was
observed. Since elevated expression of both isoforms of cy-
clooxygenase (COX-1 and COX-2) and increased concen-
trations of prostaglandins E2 and F2a were noted in adipo-
cytes, a prostaglandins-dependent pathway was suggested as
the mechanism of browning suppression [Pisani et al., 2014].
However, the same prostaglandin E2 was previously con-
sidered as a browning activator in both human and murine
models [Garcia-Alonso ef al., 2013, 2016]. This discrepancy
might be attributed to the stimulation of different receptors
for prostaglandin E2. High affinity EP4 receptor activity was
recognized to promote cCAMP signaling and stimulate brown-
ing, while low affinity EP1 receptor working through calcium
signaling pathway evoked the opposite effect [Pisani et al.,
2014].

Moreover, the suppressive effect of arachidonic acid on
the adipocyte browning was also reported in interscapu-
lar WAT of C57BL/6J mice (| UCP1, PRDM16, PGClo,
C/EBPp), while in gonadal WAT molecular signs of brown-
ing (1 UCP1, PRDM16, PGCla, C/EBPB, CIDEA) were
found [Zhuang et al., 2017]. Interestingly, arachidonic acid
supplementation showed gender-specific effects on metabolic
outcomes and inflammation. Arachidonic acid beneficially
modulated insulin sensitivity and adipose tissue inflamma-
tion in female mice, and did the opposite in males [Zhuang
etal., 2017]. Possibly this is due to altered composition of gut
microbiota in female mice (reduced Firmicutes/Bacteroidetes
ratio), as a result of gender-dependent arachidonic acid inter-
action [Zhuang et al., 2017].

Docosahexaenoic and eicosapentaenoic acids

n-3 Long-chain polyunsaturated fatty acids, such as doc-
osahexaenoic and eicosapentaenoic acids (DHA and EPA,
respectively), are well-known metabolism regulators found
mainly in fish oil [Kris-Etherton er al., 2009]. Recent re-
search has suggested that positive metabolic effects of DHA
and EPA might be associated with stimulation of the adi-
pocyte browning [Bargut ef al., 2019; Laiglesia et al., 2016;
Zhao & Chen, 2014].

Both DHA and EPA, as well as a mixture of DHA with EPA,
reduced adipocyte size and significantly increased expression
of browning-specific genes, such as Ucpl, Cd137, Ppargcla,
Nrfl, Tfam, Ppara, Pparg, in iWAT of C57BL/6 mice [Bargut

et al., 2019]. Interestingly, the most potent effect was exerted
by EPA itself, while DHA+EPA supplementation resulted
mostly in significantly smaller gene upregulation than single
EPA or DHA. Similarly, the above-mentioned genes were also
overexpressed in BAT in response to both DHA and EPA as
well as its mixture, except for insignificant Ppargcla altera-
tion upon DHA+EPA [Bargut et al., 2019]. Furthermore,
both DHA and EPA raised Prdm16, Cidea, Cptib, and Cox8b
in iWAT of C57BL/6 mice; however, only the DHA-treated
group showed a decreased fat mass and adipocyte volume as
well as upregulation of Cebpb and bone morphogenetic pro-
tein 7 [Zhuang et al., 2019]. Moreover, both DHA and EPA
were responsible for the elevated expression of Ucp 1, Ppargcla,
Pparg, Cidea, Cptib, and Cox8h in 3T3-L1 adipocytes
[Zhuang ef al., 2019]. Nevertheless, DHA supplementation
increased the expression of those genes to a greater extent
than EPA and initiated the adipocyte browning a few days
earlier [Zhuang et al., 20191, suggesting DHA to be a more
potent browning activator than EPA, on the contrary to
the previously described paper [Bargut et al., 2019].

Signs of adipocyte browning were also reported in human
differentiated subcutaneous adipocytes upon EPA adminis-
tration in vitro [Laiglesia et al., 2016]. The addition of EPA
to the medium was associated with an enhanced expression
of UCPI, PRDM16, CIDEA, CD137, TBX1, NRFI, TFAM,
and CPTIA, which is in line with the results obtained on mu-
rine model [Zhao & Chen, 2014].

However, one of the in vivo studies completely denied
EPA-induced adipocyte browning presenting no effect of EPA
in upregulating Ucep1, Prdm16, Ppargcla, Pparg, Cidea, Elovi3,
and Fgf2] genes in murine iWAT, while showing that all
of them were significantly enhanced in BAT [Pahlavani ez al.,
2017].

There are also inconsistencies regarding the role of DHA
and EPA in lipolysis and lipogenesis. Two of the studies re-
port significant elevation in hormone-sensitive lipase expres-
sion [Bargut et al., 2019], with concomitant increase in the li-
polytic rate and inhibition of lipogenic enzymes, including
fatty acid synthase [Laiglesia e al., 2016]. On the other hand,
another study showed inhibition of hormone-sensitive lipase
and adipose triglyceride lipase, indicating lipolysis suppres-
sion, as well as overexpression of glycerol-3-phosphate acyl-
transferase 1 and 3 involved in lipogenesis [Zhao & Chen,
2014].

Furthermore, DHA, and EPA elevated serum adiponec-
tin and decreased leptin [Bargut et al., 2016; Zhuang ef al.,
2019]. Interestingly, DHA also reduced the level of low-grade
systemic inflammation, diminishing tumor necrosis factor o
(TNF-o) and interleukin 6 (IL-6) concentrations, and increas-
ing anti-inflammatory IL-10 [Zhuang et al., 2019]. Moreover,
EPA enhanced glucose transporter type 4 and lipoprotein li-
pase mRNAs, which might contribute to lowered blood glu-
cose, low-density lipoprotein cholesterol (LDL-C), and total
cholesterol [Bargut et al., 2019; Zhao & Chen, 2014].

Several mechanisms of DHA and EPA-induced adipocyte
browning have been proposed so far. First of them is the acti-
vation of the sympathetic nervous system, which might be a re-
sult of B,-AR or TRPV1 receptors stimulation or FGF21 ac-
tion [Bargut et al., 2016; Kim ef al., 2015]. Another possible
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TABLE 2. Summary of in vivo studies of docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) regarding adipocyte browning stimulation.

Substance Dose Duration Research Adipose tissue Genes/mRNAs Reference
(g/kg/day) (week) material deposit alterations
11 Uepl, Cd137, Ppargcla,
DHA 8.47 5 CS7BL/6 mice  iWAT and BAT Nrfl, Tfam, Ppara, Pparg Barguter al. [2019]
1 Fndc5, Hsl
DHA 10 15 CS57BL/6J mice IWAT 1 Prdmli6, Cidea, Cptlb, Cox8b  Zhuanget al. [2019]
™M1 Uepl, Cd137, Ppargcla,
EPA 8.47 5 C57BL/6 mice  iWAT and BAT Nifl, Tfam, Ppara, Pparg Barguter al. [2019]
1 Fndc5, Hsl
EPA 10 15 C57BL/6] mice iIWAT 1 Prdmli6, Cidea, Cptlb, Cox8b  Zhuanget al. [2019]
« Ucpl, Prdml16, Ppargcla,
EPA 36 11 C57BL/6J mice iWAT Pparg, Cidea, Elovi3, Fgf21 Pahlavani ef al. [2017]
« Fndc5
1 Ucepl, Prdml6, Ppargcla,
EPA 36 11 CS57BL/6J mice BAT Pparg, Cidea, Elovi3, Fgf21 ~ Pahlavani ez al. [2017]
> Fndc5
1 Uepl, Cd137, Ppargcla,
DHA + EPA 4.235 + 4.235 5 CS7BL/6 mice IWAT Nrfl, Tfam, Ppara, Pparg Bargut et al. [2019]
1 Fndc5, | Hsl
DHA + EPA 4235 + 4235 5 C57BL/6 mice BAT 1 Uepl, Cd137, Nifl, Bargut et al. [2019]

Tfam, Ppara, Pparg

BAT: brown adipose tissue; Cidea: cell death activator CIDE-A; Cox8b: cytochrome ¢ oxidase subunit 8B, mitochondrial; Cpt1b: carnitine O-palmitoyl-
transferase 1, muscle isoform; Elovi3: elongation of very long chain fatty acids protein 3; Fgf21: fibroblast growth factor 21; Fndc5: fibronectin type 111
domain-containing protein 5; Hs/: hormone-sensitive lipase; iWAT: inguinal white adipose tissue; Nrf1: nuclear respiratory factor 1; Ppara: peroxisome
proliferator-activated receptor a; Pparg: peroxisome proliferator-activated receptor y; Ppargela: peroxisome proliferator-activated receptor y coactiva-
tor 1-a; Prdm16: PR domain-containing protein 16; 7fam: transcription factor A, mitochondrial; Ucp!: uncoupling protein 1.

mechanism involves AMPK/PGCla or SIRT1/PGCla path-
ways, which play role in mitochondrial biogenesis [Laigle-
sia et al., 2016; Zhao & Chen, 2014]. Interestingly, AMPK/
PGCla signaling may be partially induced by apelin, which
secretion might be augmented in response to fish oil con-
sumption [Yuzbashian et al., 2018]. Moreover, the action
of DHA and EPA is associated with the GPR120 receptor,
which promotes microRNAs miR-30b and miR-378 to modu-
late gene expression as well as may be linked with FGF21 ac-
tivity and attenuation of inflammation-related browning in-
hibition [Kim ef al., 2016; Lund et al., 2018; Quesada-Lopez
etal.,2016].

In addition, both DHA and EPA, as well as DHA+EPA,
were found to elevate fibronectin type III domain-containing
protein 5 expression in murine iWAT, a precursor of irisin,
which is capable of adipocyte browning stimulation itself
[Bargut ef al., 2019]. However, other studies failed to detect
changes in irisin concentrations in iWAT and BAT upon EPA
supplementation [Pahlavani et al., 2017].

The summary of the above-mentioned in vivo and in vitro
studies concerning DHA and EPA browning potential is pre-
sented in and , Tespectively.

Palmitoyl lactic acid

Palmitoyl lactic acid is often used as an emulsifying agent
of food [Unno et al., 2018]. Using the 3T3-L1 preadipocytes
model, Unno ef al. [2018] revealed that palmitoyl lactic acid
as a substantial component of krill Euphausia superba oil frac-
tion had adipocyte browning properties. Through unknown
mechanism, palmitoyl lactic acid increased UCP1, PRDM16,
PPARy, and PGCla at both mRNA as well as protein levels
and upregulated expression of Cidea, Citedl, Cox7al, Fgf21,

and Tmem?26 after 7 days of administration. Moreover, it stim-
ulated adipogenesis, inducing perilipin and fatty acid-binding
protein 4, as well as elevated accumulation of lipids in small
droplets. Interestingly, palmitoyl lactic acid is the only fatty
acid so far that boosted adipogenesis in the presence of dexa-
methasone [Unno et al., 2018].

Short-chain fatty acids

Short-chain fatty acids originate from dietary fibers during
intestinal fermentation, and are an essential source of energy
for colonocytes [Wonget al., 2006]. Acetic, propionic, and bu-
tyric acids are the most prevalent short-chain fatty acids [Tazoe
etal.,2008]. Recently, Luef al. [2016] proved that short-chain
fatty acids also participated in adipocyte browning, leading
to enhanced expression of Ppargcla, Tbx1, Tmem26, Cd137,
Nrfl, Tfam, as well as increased B-oxidation and mitochon-
drial biogenesis, in eWAT of C57BL/6J male mice. More-
over, Hu ef al. [2016] confirmed that acetic acid administra-
tion resulted in elevated UCP1 and PGCle, both at mRNA
and protein level in immortalized brown adipocytes, while
Weitkunat et al. [2017] reported upregulation of Ppargcla
mRNA and cytochrome ¢ oxidase activity in sWAT
of C57BL/6JRj mice. Interestingly, short-chain fatty acids
reversed high-fat diet-induced adipocyte hyperplasia and al-
tered microbiota composition, preferring overgrowth of Bifi-
dobacterium [Weitkunat et al., 2017] and reducing Firmicutes/
Bacteroidetes ratio [Lu er al., 2016]. Furthermore, propion-
ic acid was found to increase transcription of neuregulin 4
[Weitkunat ef al., 2017], a batokine considered as an inhibi-
tor of hepatic lipogenesis [Villarroya et al., 2017]; however,
only acetic acid supplementation resulted in the suppression
of lipogenesis in the liver [Weitkunat et al., 2017]. In addition,
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TABLE 3. Summary of in vitro studies of docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) regarding adipocyte browning stimulation.

Substance Concentration Duration Rescarch material Genes/mRNAs Protein Reference
(uM) (day) alterations alterations
) ™1 Uepl, Ppargcla, Pparg, .
DHA 100 8 3T3-L1 cells Cidea, Cpt1b, Cox8h Not studied Zhuang et al. [2019]
B 1 Uepl, Ppargcla, Pparg, .
EPA 100 8 3T3-L1 cells Cidea, Cpi1b, Cox8h Not studied Zhuang et al. [2019]
1 Ucepl, Prdml6, Ppargcla,
. . Cidea, Cd137, Nrfl, .
EPA 200 8 iWAT-derived SVC Tfam, Thxl, Cptla Not studied Zhao & Chen [2014]
| Hsl, Atgl
overweight female- 1 UCPL, PRDM16, CIDEA,
EPA 100 1 & CD137, TBX1, NRFI, Not studied ~ Laiglesia et al. [2016]

-derived sSWAT

TFAM, TMEM?26, CPTIA

Atgl: adipose triglyceride lipase; Cidea: cell death activator CIDE-A; Cox8b: cytochrome ¢ oxidase subunit 8B, mitochondrial; Cptla: carnitine
O-palmitoyltransferase 1, liver isoform; Cpt1b: carnitine O-palmitoyltransferase 1, muscle isoform; Hs/: hormone-sensitive lipase; iWAT: inguinal white
adipose tissue; Nrfl: nuclear respiratory factor 1; Ppara: peroxisome proliferator-activated receptor a; Pparg: peroxisome proliferator-activated recep-
tor y; Ppargcla: peroxisome proliferator-activated receptor y coactivator 1-o; Prdm16: PR domain-containing protein 16; SVC: stromal vascular cells;
SWAT: subcutaneous white adipose tissue; ThxI: T-box transcription factor TBX1; Tfam: transcription factor A, mitochondrial; Tmem26: transmem-

brane protein 26; Ucp!: uncoupling protein 1.

short-chain fatty acids improved carbohydrate and lipid me-
tabolism as well as reduced the concentration of proinflam-
matory cytokines [Lu ef al., 2016; Weitkunat et al., 2017].

All effects of short-chain fatty acids are likely mediated
by GPR43, which promotes phosphorylation of extracellular
signal-regulated kinases 1/2 and cAMP response element-
-binding protein [Hu et al., 2016], while the role of GPR41 re-
mains unclear [Hu et al., 2016; Lu et al., 2016]. Taken togeth-
er, short-chain fatty acids attenuated weight gain in high-fat
diet mice [Lu et al., 2016; Weitkunat ef al., 2017], and acetic
acid was found to have the highest impact [Lu ef al., 2016].

RETINOIDS

All-trans retinoic acid is a bioactive form of vitamin A,
the latter found primarily in vegetables, fruits, dairy products,
eggs, and meat in the form of retinol and its esters, or pro-
vitamin A [Dawson, 2000]. While the role of all-trans reti-
noic acid in the treatment of acute promyelocytic leukemia
and acne is well known [Bershad et al., 1999; Meng-er et al.,
19881, recent studies revealed its involvement in adipocyte
browning activation [Guo ef al., 2016; Murholm et al., 2013;
Tourniaire et al., 2015; Wang et al., 2017].

Administration of all-trans retinoic acid significantly up-
regulated expression of Ucpl, Prdmli6, Pparg, Cidea, Elovi3,
and Cox7al iniWAT of C57BL6 mice in vivo and iWAT-derived
stromal vascular cells in vitro [Wanget al., 2017]. Furthermore,
a similar increase of BAT markers, including Ucp1, Ppargcla,
Ppara, and Cd137, was observed in eWAT and rWAT of Naval
Medical Research Institute mice [Mercader ef al., 2006; Tour-
niaire et al., 2015]; however no molecular signs of the adipo-
cyte browning were reported in human multipotent adipose-
derived stem cells or human preadipocytes upon all-trans
retinoic acid supplementation [Murholm ez al., 2013]. In ad-
dition, all-frans retinoic acid induced mitochondrial biogen-
esis, B-oxidation, and oxidative phosphorylation capacity
in murine in vivo and in vitro models [Tourniaire ef al., 2015].
Finally, all-trans retinoic acid altered adipocyte morphology
to multilocular and elevated angiogenesis by upregulation

of vascular endothelial growth factor A and its receptors
[Mercader et al., 2006; Wang et al., 2017]. All actions of all-
-trans retinoic acid resulted in decreased adiposity, weight loss,
reduced plasma glucose and triglycerides, as well as improved
insulin sensitivity [Berry & Noy, 2009; Wang et al., 2017].

The main mechanism of all-trans retinoic acid is associ-
ated with direct stimulation of retinoic acid response elements
by binding to retinoic acid receptors, which form complexes
with retinoid X receptors in promoter/enhancer regions of all-
trans retinoic acid-dependent genes [Murholm et al., 2013].
Thus, the downstream mechanism of all-zrans retinoic acid-
induced adipocyte browning at least partially refers to the ac-
tivation of retinoic acid response elements on Ucp!, Prdm16,
vascular endothelial growth factor A, and lipocalin 2 genes
[Guoet al., 2016; Murholm et al., 2013; Wang et al., 2017 ].

GLUCOSINOLATES AND OTHER SULFUR-
-CONTAINING PLANT SECONDARY METABOLITES

Glucoraphanin and sulforaphane

Broccoli and cauliflower are the sources of glucosinolates,
including glucoraphanin, which is a precursor of biologically
active sulforaphane — an activator of Nrf2 [Houghton et al.,
2016]. Bioavailability of glucoraphanin ranges from 10%
to 40% [Fahey er al., 2015], the latter achieved upon plant
myrosinase addition, which enhances glucoraphanin con-
version to sulforaphane [Shapiro et al., 2001]. Nagata et al.
[2017] tested glucoraphanin supplementation in wild-type
and Nrf2 knockout (Nrf2-/~) mice. They found that the gluco-
raphanin-rich diet mitigated decreased UCP1 levels in eWAT
and iWAT of high-fat diet wild-type mice through the NRF2-
-related pathway. The browning-positive effect of glucora-
phanin was confirmed with enhanced expression of Ngo! (tar-
get gene of NRF2) and browning-specific genes, such as Ucp 1,
Prdml6, Cidea, and Elovl3, after sulforaphane administration.
Interestingly, BAT in wild-type mice was not affected by gluco-
raphanin supplementation since no differences were noticed
in mRNA levels of Ucpl and Ppargcla [Nagata et al., 2017].
Furthermore, in vitro studies on 3T3-L1 adipocytes evidenced
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that sulforaphane upregulated expression of UCP1, SIRT1,
PGCla, NRF1, and NRF2 proteins, suggesting the activation
of Sirtl/PGCla pathway and NRF-mediated mitochondrial
biogenesis as a primary mechanism of sulforaphane-induced
adipocyte browning [H. Q. Zhang et al., 2016].

Allicin

Allicin is a substance found in garlic and known for its
antimicrobial properties since decades [Cavallito & Bailey,
1944]. The bioavailability of allicin is the highest when gar-
lic is consumed raw (80%), and diminishes significantly when
it is roasted (30%), pickled (19%) or boiled (16%) [Lawson
& Hunsaker, 2018]. Recent studies show that allicin may
affect the adipocyte browning, increasing Ucpl, Prdmlo6,
and Ppargcla mRNAs as well as mitochondria mass in differ-
entiated 3T3-L1 adipocytes [Lee e al., 2019]. In addition, its
browning-positive effect was evidenced in iWAT of C57BL/6J
mice. Upon 8-week supplementation with allicin, multilocular
morphology of the adipocytes, elevated expression of Ucpl,
Prdm16, and Ppargcla, and attenuated weight gain were ob-
served [Lee et al., 2019].

Overexpression of the KLF15 transcription factor and its
enhanced binding to the Ucp! promoter at the Sp1ER site was
suggested as a part of the allicin-induced adipocyte brown-
ing mechanism [Lee ef al., 2019]. Moreover, allicin activated
the extracellular signal-regulated kinases 1/2 pathway, which
additionally intensified the expression of browning activators,
including KLF15.

Interestingly, allicin reduced serum triglycerides and free
fatty acids concentrations, not only preventing obesity but
also improving metabolic health [Lee et al., 2019].

VOLATILE ORGANIC COMPOUNDS

p-Limonene

p-Limonene is the major constituent of citrus oils, found
in orange, mandarin, lemon, grapefruit and lime [Sun, 2007].
After oral administration, 43% of ingested p-limonene is bio-
available, according to a rat study [Chen ef al., 1998]. An
in vitro study on 3T3-L1 adipocytes showed that limonene
stimulates transcription of Ucpl, Prdmli6, Pparg, Citedl,
Cidea, Fgf21 as well as translation of UCP1, PRDMI16,
PGClo, and C/EBPB, all indicative of adipocyte browning
[Lone & Yun, 2016]. Mechanistically, the activation of B,-AR
signaling and mitogen-activated protein kinase/extracellular
signal-regulated kinases pathway was suggested in p-limo-
nene’s browning-positive effects. In addition, limonene sup-
plementation elevated phosphorylation of AMPK and ace-
tyl-CoA carboxylase, which stimulated lipolysis and provided
a supply of fatty acids as a source of energy for thermogen-
esis [Lone & Yun, 2016].

Menthol

Menthol, an agonist of the TRPMS receptor, is derived
from i.a. peppermint, or corn mint [Peier et al., 2002]. Af-
ter ingestion, the mean recovery of menthol as glucuronide
ranged from 45.6% (menthol capsule) to 56.6% (mint candy/
tea) [Gelal et al., 1999]. Jiang et al. [2017] examined whether
WAT adipocytes could be deluded by menthol mimicking

cold exposure via TRPMS-related cooling sensation and in-
duce adipocyte browning. Results of their in vitro study on
murine white adipocytes revealed that menthol stimulation
increased mRNAs of Ucpl and Pgclo unless TRPMS8 was
blocked, supporting the role of TRPMS in adipocyte brown-
ing. Mechanistically, TRPMS activation resulted in higher
cytoplasmic content of calcium, which energized PKA in an
unknown pathway [Jiang et al., 2017]. Interestingly, the con-
tribution of TRPA1 in mediating menthol-induced adipocyte
browning is also under consideration [Farco & Grundmann,
2013]. Menthol’s browning-positive effect was also corrobo-
rated in vivo since its supplementation enhanced expression
of Ppargcla, Ucpl, Prdmi6, Trpm8, and Adrb3 in both eWAT
and sWAT of high-fat diet mice, while transcription of Pparg
remained unchanged [Jiang et al., 2017]. Additionally, men-
thol counteracted adipocyte hypertrophy, leading to a re-
duced diameter of fat cells. Of note, there is also evidence
of menthol-mediated browning in human adipocytes in vitro
[Rossato et al., 2014].

Phytol

Phytol, a branched-chain fatty alcohol present in chlo-
rophyll molecules, improves glucose tolerance, expres-
sion of p-oxidation enzymes, and reduces serum fatty acid
concentrations [Zhang et al., 2018]. Rat studies revealed
that bioavailability of phytol given orally varies between
30-66% [Mize et al., 1966]. Its derivative is phytanic acid,
known for WAT browning and increasing the expression
of the UCP1 in HIBI1B cells [Schluter et al., 2002]. Major
food sources of phytanic acid are dairy lipids and ruminant
meat [Verhoeven & Jakobs, 2001].

Reduction of adipocyte diameter and formation of multi-
locular adipocytes, as well as increased expression of UCP1,
PRDM16, PGCla, Cyt C, and pyruvate dehydrogenase, also
suggest the participation of phytol in the browning process
in both iWAT of C57BL/6J mice and 3T3-L1 cells [Zhang
et al., 2018]. Additionally, overexpression of Cidea, Elovi3,
Cd137 and Tmem26 mRNAs was observed in 3T3-L1 preadi-
pocytes. Furthermore, the administration of phytol also mul-
tiplied mitochondrial content and O, consumption, result-
ing in better weight cont. Activation of the AMPKa pathway
is considered as an underlying mechanism of phytol-induced
adipocyte browning [Zhang et al., 2018].

Thymol

Thymol is a phenolic monoterpene component obtained
from the Thymus species, which is used as a food additive
or aroma [Choi et al., 2017]. Its bioavailability after oral
administration is at least 16% [Kohlert et al., 2002]. It acts
as a pleiotropic agent, exerting neuroprotective, anti-in-
flammatory, antibacterial, and anti-diabetic effects. Recent
studies reported, it may also lead to the browning of WAT
[Choietal., 2017].

Upon 6- to §8-day thymol administration, the expression
of BAT-specific genes, such as Ucpl, Prdm16, Ppargcla, Thx1,
Tmem?26, Cidea, Citedl, and Fgf21, significantly increased
in 3T3-L1 adipocytes [Choi et al., 2017]. Elevated concen-
trations of UCP1, PRDM16, PGCla, PPARy, and C/EBPB
proteins were also observed. In addition, a substantial rise
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in mitochondrial biogenesis occurred due to the upregulation
of the Tfam and NrfI genes.

The activation of B,-AR, resulting in the activation of PKA
and p38 mitogen-activated protein kinase, as well as en-
hanced phosphorylation of AMPK, was suggested as a pos-
sible mechanistic explanation of thymol-induced adipocyte
browning [Choi et al., 2017].

By raising the level of carnitine O-palmitoyltransferase 1
and acyl-coenzyme A oxidase thymol intensified B-oxidation
[Choi et al., 2017]. A reduction in triglycerides and lipopro-
tein lipase levels and an increment in hormone sensitive lipase
and perilipin were also noted.

trans-Anethole

trans-Anethole is a compound of essential oils derived
from i.a.: anise, star anise, and fennel [Bartonkova & Dvorak,
20181, characterized with very high bioavailability of 95%
when administered orally [Bounds & Caldwell, 1996]. Kang
et al. [2018] provided evidence of its browning properties
in the C57BL/6 mice model and 3T3-L1 adipocytes. trans-
-Anethole increased BAT marker protein levels PGCla,
UCP1, PRDM16, and upregulated beige adipose tissue-se-
lective genes (Cd137, Citedl, TbxI, Tmem26) by activation
of B,-AR and SIRT1 pathways. In addition, frans-anethole
not only induced browning and elevated BAT mass, but also
activated brown cells and decreased WAT depots and body
weight [Kang et al., 2018].

PHENOLIC COMPOUNDS

Phenolic acids

Ellagic acid is an anti-oxidative phenolic compound
of nuts, raspberries, and other plants or fruits [Vattem &
Shetty, 2005]. However its bioavailability from the diet is low,
only 10% [Doyle & Griffiths, 1980]. Its adipocyte browning
potential was studied in male rats in the timespan of 24 weeks
[L. Wang ef al., 2019]. Results revealed that administration
of ellagic acid evoked browning of iWAT in high-fat diet ani-
mals, which was proved by increased expression of PGCla,
UCP1, Ppara, Prdm16, Cidea, Tmem26, and Cdl37, whereas
C/EBPB, PPARy, and C/EBPa were decreased. This phe-
nomenon could be explained by lowered levels of zinc finger
protein 423 and retinal dehydrogenase 1 mRNAs since both
are responsible for preserving the white adipocyte phenotype
[L. Wang et al., 2019]. Hence, suppression of these molecules
by ellagic acid is considered as the principal mechanism of el-
lagic acid-related browning. In addition, ellagic acid promot-
ed activation of BAT and improved metabolism, leading to
reduced weight, insulin resistance as well as lowered accu-
mulation of lipids in the liver [L. Wang et al., 2019]. Inter-
estingly, ellagic acid supplementation altered adipokines pro-
file, decreasing plasma concentration of “white” adipogenic
marker — resistin, without changing adiponectin which might
possibly prevent effects of resistin on liver steatosis [L. Wang
et al., 2019]. Notably, gut microbiota transforms ellagic acid
into urolithin A [Bialonska et al., 2009], characterized with
higher bioavailability than the ellagic acid [Landete, 2011].
Thus, it needs to be elucidated if the latter contributes to
the browning and metabolic effects of ellagic acid.

Flavonoids

Flowers, honeycombs, and mushrooms are the sources
of the chrysin, which carries numerous health benefits, includ-
ing anti-cancer, anti-inflammatory, anti-diabetic, hypolipid-
emic, and hypocholesterolemic effects [Choi & Yun, 2016]. At
the same time, the bioavailability of chrysin in humans is very
low (0.003-0.02%) [Walle et al., 2001]. Studies on 3T3-L1
cells showed that it is also engaged in adipocyte browning
by increasing the expression of BAT-specific proteins (UCP1,
PRDM16, PGCla, PPARy, C/EBPB) and genes (Ucpl,
Ppargcla, Prdmli6, Cidea, Citedl, Fgf21, Tbxl, Tmem26)
[Choi & Yun, 2016]. Chrysin stimulated this process by ac-
tivating the AMPK pathway. The expansion of multilocular
adipocytes was also reported. Moreover, an increment in hor-
mone-sensitive lipase, perilipin, lipoprotein lipase, carnitine
O-palmitoyltransferase 1 and acyl-coenzyme A oxidase levels
was observed, as well as acetyl-CoA carboxylase phosphory-
lation, which indicates its influence on lipid metabolism [Choi
& Yun, 2016].

Cacao and tea are the rich sources of (-)-epicatechin
[Bartikova er al., 2017, Ramiro-Puig & Castell, 2009].
The bioavailability of this flavan-3-ol was described by uri-
nary recovery ranging from 24.1 to 29.8%, 24 h after inges-
tion of cacao or chocolate, respectively, while the majority
of (-)-epicatechin metabolites (80%) are eliminated in just 8 h
[Baba et al., 2000]. (-)-Epicatechin was tested on human adi-
pocytes (isolated from sWAT during surgery) and adipocytes
from obese C57BL/6 mice [Varela et al., 2017]. (-)-Epicate-
chin provoked adipocyte browning in both groups, which was
demonstrated with higher levels of BAT hallmarks, such as
UCP1, PRDM16, and DIO2. There are a few possible mecha-
nisms of (-)-epicatechin-induced adipocyte browning: raised
phosphorylation of AMPK and acetyl-CoA carboxylase, low-
er acetylation of PPARy and PGCla, as well as the promotion
of mitochondrial biogenesis [Varela ef al., 2017]. Moreover,
(-)-epicatechin multiplies mitochondrial activity and intensi-
fies fatty acid oxidation. Interestingly, (-)-epicatechin reduced
TNF-a and IL-6 plasma concentrations, additionally provid-
ing an anti-inflammatory effect [Varela et al., 2017].

Genistein belongs to isoflavones, phytoestrogens derived
from Fabaceae, e.g., Soiae semen [Jaiswal et al., 2019]. Its ab-
solute bioavailability in mice was found to be 89%; however,
only 9.4% maintained the biologically active aglycone form
[Andrade et al., 2010]. After genistein administration under
both, control and peroxidative stress conditions, Grossini
et al. [2018] reported a dose-dependent increase in UCP1 ex-
pression in human preadipocytes isolated from visceral
WAT. The same effect was also observed in differentiated
brown adipocytes, but to a greater extent, determining genis-
tein as a potent adipocyte browning inductor even in the case
of oxidative stress [Grossini ef al., 2018]. At the molecular
level, browning properties of genistein were associated with
activation of Akt and AMPKoe/B and subsequent elevation
of mitofusin-2. In addition, the browning potential of ge-
nistein was also studied in vivo on female Wistar rats after
ovariectomy [Shen ef al., 2019]. Genistein was found to in-
crease translation of UCP1, PRDMI16, PGCla, CIDEA,
NRF1, and TFAM, as well as a transcription of Ppargcla,
Ucpl, and Thbx!I in iWAT after 4-week therapy. The promotion
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of adipocyte browning resulted in upregulation of both nucle-
ar estrogen receptor-o. (ERa) and plasma irisin [Shen et al.,
2019], a browning-inducing myokine [Bostrom et al., 2012].
Moreover, genistein exerted an anti-inflammatory effect, im-
proved insulin sensitivity, mitigated lipogenesis in the liver,
and facilitated weight reduction [Shen er al., 2019]. Thus,
genistein appeared to be beneficial particularly in postmeno-
pausal conditions.

Hesperidin, a citrus flavanone, regulates metabolic pro-
cesses, prevents obesity, sensitizes cells to insulin, and acts
as an antioxidant [Mosqueda-Solis ef al., 2018]. Its bioavail-
ability is variable and depends, to a great extent, on the com-
position of the intestinal flora [Mas-Capdevila ez al., 2020].
According to recent research, hesperidin lessened adipocyte
size in both rWAT and iWAT of Wistar rats after §8-week
supplementation [Mosqueda-Solis et al., 2018]. Besides,
multilocular cells exhibiting positive staining for UCP1 and
CIDEA were detected in the latter. However, hesperidin
caused no difference in the expression of Ucpl, Ppargcla,
Prdm16, and Cidea mRNAs in iWAT. CIDEA protein concen-
trations did not significantly increase in rWAT, while in iWAT
there was a substantial rise after administration of hesperi-
din. In BAT, total UCP1 protein level was higher compared
to the control group. It is also worth noting that after hes-
peridin supplementation rats did not demonstrate a reduction
in body fat percentage [Mosqueda-Solis et al., 2018].

Licochalcone A is found in Glycyrrhiza uralensis. This
chalcone is known for its anti-oxidative and immunomodula-
tory effects [Jia et al., 2017], despite its poor bioavailability
of 3.3% after oral administration [Weng ef al., 2019]. It was
also reported to enhance expression of UCP1 in 3T3-L1 adi-
pocytes after 4 days of exposure [Lee et al., 2018]. Its browning
potential was confirmed by histological and immunochemical
signs of browning in iIWAT after 19 days of its peritoneal ad-
ministration to C57BL/6 mice. PRDM16 and PGClua levels
were increased as well, which may partly explain the mecha-
nism of browning. Another mechanistic evidence might be at-
tributed to the downregulation of PPARy, C/EBPa, and sterol
regulatory element-binding protein lc, which was reported
in 3T3-L1 adipocytes by Quan et al. [2012]. Interestingly,
licochalcone A was also found to multiply the browning ef-
fects of two browning activators: triiodothyronine and rosi-
glitazone [Lee et al., 2018]. Moreover, it may exert beneficial
effects on metabolic health, leading to the weight loss, im-
provement of dyslipidemia and insulin resistance.

Luteolin is a flavone found in plants such as pepper-
mint, broccoli, celery, and oregano [Hostetler ez al., 2017].
When administered orally at the dosage of 50 mg/kg per rat
body weight, only low bioavailability of 4.10% was achieved
[Sarawek et al., 2008]. X. Zhang et al. [2016] proved that lu-
teolin enhanced expression of Ucpl, Ppargcla, Ppara, Cidea,
Elovi3, Tmem26, Cd137, Citedl, and Sirt! in SWAT, but not
in eWAT, of C57BL/6 mice fed a high-fat diet. They also
demonstrated a significant increase in UCP1 and a change
in SWAT adipocyte phenotype (multilocular morphology).
Moreover, luteolin was found to enhance the thermogenic ac-
tivity of BAT by upregulating Ucpl, Ppargcla, Ppara, Cidea,
and Sirtl, though Elovi3 and Prdml6 were not affected.
Interestingly, the browning-positive effect of luteolin was

also evidenced in mice administered a low-fat diet [X. Zhang
et al., 2016]. The action of luteolin is tightly connected with
AMPK phosphorylation, which results in the induction
of PGCla and promotes thermogenesis [X. Zhang ef al.,
2016]. Of note, the effect of luteolin on Prdm 16 mRNA needs
to be elucidated since its elevation was noticed only in vitro
[X. Zhanget al., 2016].

Nobiletin and naringenin are citrus flavonoids that posi-
tively influence glucose and lipid metabolism, as well as reduce
oxidative stress [Gandhi et al., 2020]. According to rat studies,
they are characterized with similar bioavailability of 20-30%
after oral administration [Felgines et al., 2000; Zhang et al.,
2020]. The browning potential of nobiletin was demonstrated
in 3T3-L1 adipocytes in vitro [Lone ef al., 2018]. By activat-
ing PKA and p-AMPK pathways, it enhanced mitochondrial
biogenesis and elevated expression of transcriptional factors
involved in browning: C/EBPB, PPAR , PPARa. Furthermore,
upon nobiletin supply, Cd137, Cidea, and Tmem26 mRNAs,
as well as PGCla, PRDM16, UCPI, and FGF21 concen-
trations, increased. Additionally, nobiletin activated HIBIB
brown adipocytes, upregulating expression of PRDMI16,
UCPI1, and PGCla [Lone ef al., 2018]. However, a study
on Ldlr-/- mice in vivo questions its browning effect since
no significant browning-specific features were found [Burke
et al., 2018]. Thus, the exact impact of nobiletin on adipo-
cyte browning remains inconsistent and requires further stud-
ies. Similarly, there is a discrepancy concerning the brown-
ing characteristics of naringenin. A study on C57BL6/J mice
in vivo disclosed increased Ucp! levels in epididymal WAT
[Assini et al., 2015], which was not confirmed in the in vivo
study performed on Ldlr-/- mice [Burke ef al., 2018]. Never-
theless, beneficial metabolic effects of both nobiletin and nar-
ingenin were observed by Burke ez al. [2018], despite the lack
of adipocyte browning evidence at the molecular level. Re-
duced insulin resistance, improved lipid profile, ameliorated
lipid accumulation in the liver and weight loss were reported.

Quercetin is a flavonol present in onion peel, apples, ber-
ries, and leafy vegetables [Silvester ef al., 2019] with antioxi-
dant, anti-inflammatory [Lee ef al., 2017], and insulin resis-
tance-reducing properties that can affect adipocyte browning
[Forney et al., 2018]. Its bioavailability is influenced by vari-
ous factors, such as the content of lipids or indigestible fi-
ber in the diet [Kagike1 & Bagdatlioglu, 2016]. The absolute
bioavailability of quercetin in rats is estimated at 16.0-27.5%,
depending on the solvent [Khaled et al., 2003]. According to
a 9-week study on C57BL/6J mice, the supply of quercetin
resulted in iWAT and eWAT decrement, as well as the expan-
sion of multilocular cells, increased number and diminished
size of adipocytes in iWAT and eWAT [Forney et al., 2018].
What is more, quercetin supplementation led to an attenu-
ated expression of pro-inflammatory genes, such as Cdl1b,
Cd68 in iWAT, while in eWAT there was a depletion in mono-
cyte chemoattractant protein 1 and Cd68 levels. Additionally,
quercetin administration contributed to a decline in the serum
leptin concentration [Forney et al., 2018].

Pentamethylquercetin is the cardioprotective flavo-
noid found in the sea buckthorn [Mao ef al., 2009]. Due
to the presence of additional methyl groups, its bioavail-
ability is higher than that of quercetin [Chen et al., 2011].
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Pentamethylquercetin is known as an anti-diabetic [Wangez al.,
2011] and anti-obesity agent that reduces serum glucose, tri-
glycerides, total cholesterol and LDL-C concentrations [Han
et al., 2017]. It was also found to reduce intracellular triglyc-
eride concentration without enhancing lipolysis in 3T3-L1
adipocytes [Han er al,, 2017]. Administration of penta-
methylquercetin was associated with elevated levels of Cebpa
and Pparg mRNAs, and PPARy protein, therefore, it was re-
vealed that it did not lower the triglyceride levels by inhibit-
ing their expression. It was also shown to upregulate Ucp!,
Ppargcla, Cidea, Prdm16, and increase the size and density
of eWAT adipocytes in C57BL/6 mice, which was indica-
tive of adipocyte browning [Han et al., 2017]. Consequently,
the number of cells showing multilocular morphology was
multiplied due to pentamethylquercetin supplementation. Be-
sides, an increment in interscapular BAT with simultaneous
decline in eWAT mass was noted, compared to the control
administered a high-fat diet [Han et al., 2017].

Other phenolic compounds

Curcumin (diferuloylmethane) is an anti-inflammatory,
anticancerous [Lone ef al., 2016], antidiabetic, and antiobe-
sity turmeric-derived curcuminoid [Silvester et al., 2019; Shan
Wang et al., 2015], known for its ability to inhibit adipogen-
esis and adipocyte differentiation [Lone et al., 2016]. Unfor-
tunately, its bioavailability in both humans and rats is poor,
though may be enhanced by concomitant piperine adminis-
tration [Shoba ef al., 1998]. Curcumin is often used as an
ingredient in dietary supplements and flavor/color-enhancers
for foods, such as curry powders, mustards, butters, cheeses
[Lone ef al., 2016]. Recent studies revealed that its supply
resulted in overexpression of the Ucpl, Ppargcla, Prdmlo6,
and Cidea genes in C57BL/6 mice iWAT [Shan Wang e al.,
20151, as well as 3T3-L1 cells and primary white adipocytes
from iWAT of rats [Lone ef al., 2016]. Intensified mitochon-
drial biogenesis was also demonstrated, indicated by accre-
tion in PGCla amount [Lone et al., 2016; Shan Wang et al.,
2015]. In C57BL/6 mice, curcumin supplementation was also
found to increase the expression of thermogenic genes regu-
lating adaptive thermogenesis and to beneficially influence
weight and fat mass. These effects were observed in iIWAT
[Shan Wang et al., 2015]. In cultured white 3T3-L1 adipo-
cytes and in primary white adipocytes isolated from iWAT
of rats, curcumin administration enhanced the expression
of genes and increased contents of protein markers specific
for BAT. Higher expression of Pparg, Tmem?26, Fgf21, and
Cidea genes and significant rise of UCP1, PGCla, PRDM16,
and C/EBPB was noted [Lone et al., 2016]. Furthermore,
the addition of curcumin resulted in a substantial rise in lev-
els of carnitine O-palmitoyltransferase 1, Cyt C, hormone
sensitive lipase, and phospho-acetyl-CoA carboxylase, which
suggests an intensified mitochondrial oxidation, as well as
reinforced lipolysis and reduced fatty acid synthesis [Lone
et al., 2016]. Two different mechanisms leading to the oc-
currence of the above effects are considered. The first one
indicates the activation of the AMPK pathway [Lone et al.,
20161, while the second suggests the influence of an elevated
noradrenaline level on B,-AR [OKla er al., 2017; Shan Wang
etal., 2015].

Raspberry ketone is a food additive used in beverages
and sweets which is sourced from Rubus idaeus [Leu et al.,
2018]. According to the murine study, its bioavailability is very
high and its metabolism is rapid [Zhao et al., 2019]. The ef-
fect of its administration on the browning of 3T3-L1 adipo-
cytes was investigated by Leu et a/. [2018], who demonstrated
elevated levels of browning-specific proteins: UCP1, PGCla,
PRDM16, and C/EBPB. What is more, raspberry ketone sup-
pressed adipocyte autophagy, which normally is involved
in WAT adipocyte differentiation and adipogenesis, and,
in turn, increased the activity of BAT. Similarly, a substantial
rise of PRDM16 and PGCla was observed in iWAT of Wistar
rats with ovariectomy-induced obesity [Leu ef al., 2018].

Red wine and grapes skin are rich in a natural phenolic
compound named resveratrol, which belongs to stilbenoids
[S. Wang et al., 2015; Zou et al., 2017; Zu et al., 2018]. De-
spite over 70% absorption, bioavailability of oral resveratrol
is very low, but it has been shown to accumulate in the cells
of the gastrointestinal tract [Walle ef al., 2004]. Resveratrol
has a beneficial influence on metabolism, preventing obesity
and inhibiting adipogenesis [Rayalam ez al., 2008]. Studies
revealed that its properties result mostly from involvement
in WAT browning activation [Andrade et al., 2019; S. Wang
et al., 2015; Zou et al., 2017]. In CDI1 mice, a 4-week sup-
plementation with resveratrol attenuated weight gain,
and lowered insulin and triglyceride serum levels [S. Wang
et al., 2015]. Additionally, its administration contributed to
the expansion of smaller, multilocular adipocytes in iWAT,
which are typically found in BAT. Besides, increased UCP1,
PRDM16, and Cyt C contents with overexpression of phos-
phorylated AMPKa were observed, without affecting PPARy
and fatty acid-binding protein 4 concentrations. Resveratrol-
supplemented mice consumed significantly more oxygen,
with the level of CO, excreted being the same as in the con-
trol group, suggesting that fatty acid oxidation was the main
source of energy [S. Wang ef al., 2015]. Thus, the average
heat production was intensified. Furthermore, iWAT-derived
stromal vascular cell analysis evidenced that resveratrol in-
hibited the expression of adipogenic markers, such as Pparg
and fatty acid-binding protein 4, and prevented lipid ac-
cumulation, but only when used in higher concentrations
(20 uM or 40 uM) [S. Wang et al., 2015]. Resveratrol en-
hanced the expression of BAT hallmarks (Ucpl, Prdmlio,
Cidea, Elovi3) as well as Ppargcla, which is crucial for mito-
chondrial biogenesis and intense oxidative phosphorylation.
Beige fat markers, such as Cd/37, Thx1, and Tmem26, were
also elevated and UCP1, PRDM16, Cyt C, and pyruvate de-
hydrogenase protein levels were raised. Finally, it augmented
oxygen consumption. The effects of resveratrol on metabolic
health are due to multiple mechanisms, including activation
of AMPK pathway [S. Wang et al., 2015]. Interestingly, preg-
nant mice supplementation with resveratrol induced brown-
ing and increased BAT metabolic activity in their offspring
[Zou et al., 2017]. This effect contributed to enhanced ex-
pression of UCPI protein and Ucpl, Ppargcla, Prdmlé6,
Cidea, ElovI3 mRNAs in BAT, iWAT, and eWAT of their off-
spring. Upregulation of Cox7al was also observed in BAT,
while an accretion of Cyt C, Cd137, Thx1, and Tmem26 was
demonstrated in both iWAT and eWAT where fatty
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TABLE 4. Summary of in vivo studies of resveratrol regarding adipocyte browning stimulation.

Duration Research Adipose tissue Genes/mRNAs . .
Dose . . . Protein alterations Reference
(week) material deposit alterations
. . . 1+ UCP1, PRDM16, Cyt C
100 (mg/kg/day) 4 CDI mice iWAT Not studied o PPARy, FABP4 S. Wanger al. [2015]
1 Uepl, Ppargcla, Prdml6,
C iWAT and Cidea, Elovi3, Cyt C, 1 UCP1, Cyt C
STBL/6] eWAT Cdi37, Thxl, Tmem26 > PPARy, FABP4
200 (mg/kg/day) 3 mice < Fabp4, Pparg Zouetal [2017]
(pregnant) '
BAT 1 Uepl, Ppargcla, Prdmlo, + UCPI
Cidea, Elovi3, Cox7al
swar Ul P d}”,ga‘sr’gfj’a” » Fndcs Not studied
400 (mg/kg/day) 8 FVB/N mice vWAT . UCTpf"?”;a]ng[; s Not studied Andrade ez al. [2019]
1 Ucepl, Prdml6, Sirtl .
BAT o Ppargela, Frdcs Not studied
1+ UCPI, PRDM16,
500 (mg/day) 4 human SWAT FNDC5, SIRT1 Not studied Andrade et al. [2019]

— PPARGCIA

BAT: brown adipose tissue; Cidea: cell death activator CIDE-A; Cyr C: cytochrome c; Elovi3: elongation of very long chain fatty acids protein 3; eWAT:
epidydimal white adipose tissue; Faubp4: Fatty acid-binding protein type 4; Fndc5: fibronectin type 11 domain-containing protein 5; iWAT: inguinal white
adipose tissue; Pparg: peroxisome proliferator-activated receptor y; Ppargela: peroxisome proliferator-activated receptor y coactivator 1-a; Prdm16: PR
domain-containing protein 16; Sir¢/: sirtuin 1; SWAT: subcutaneous white adipose tissue; 7bx/: T-box transcription factor TBX1; Tmem26: transmem-

brane protein 26; Ucp!: uncoupling protein 1; vVWAT: visceral white adipose tissue.

acid-binding protein 4, Pparg mRNAs and their protein lev-
els were not affected by resveratrol. What is more, resvera-
trol administration reversed high-fat diet-induced attenua-
tion of AMPKa phosphorylation in BAT, iWAT, and eWAT,
and also decreased serum triglyceride and insulin, but not
glucose [Zou et al., 2017]. Most of the above-described al-
terations, except for those present in eWAT, were also dem-
onstrated in 3-month-old adult descendants, which implies
a significant long-term effect of resveratrol supplementation
in pregnant mice on the metabolic processes of the offspring
[Zou et al., 2017]. It is worth noting that there are forms
of resveratrol characterized by greater bioavailability, stabil-
ity, and solubility than the free resveratrol — resveratrol en-
capsulated lipid nanocarriers and resveratrol encapsulated
liposomes [Zu et al., 2018]. Both of them dose-dependently
stimulated expression of Ucp! mRNA and other browning
markers, although resveratrol encapsulated liposomes ex-
hibited greater biological activity. These compounds may
be degraded in the digestive system, therefore to evoke a full
browning effect they should be administered intravenously,
which is invasive, carries a risk of complications and gener-
ates higher costs [Zu et al., 2018]. An 8-week resveratrol sup-
plementation was also assessed in Friend Virus B NIH mice
[Andrade et al., 2019], and was found to cause a substantial
reduction in body adiposity and an increment of BAT mass.
Moreover, upregulation of Ucpl, Prdml16, and Sirt] mRNAs
in BAT and sWAT, as well as elevation of adiponectin concen-
tration and decline in glucose and insulin levels were demon-
strated in the resveratrol-supplemented high-fat diet group.
Furthermore, the enhancement of Prdm 16 and Sirtl expres-
sion was observed in visceral WAT in the mice administered
the resveratrol-supplemented high-fat diet [Andrade et al.,
2019]. In the human study, 4-week administration of res-
veratrol to obese study participants demonstrated overex-
pression of UCPI, PRDM16, SIRT1, and fibronectin type III

domain-containing protein 5, and no change in PPARGCIA,
regardless of resveratrol intake [Andrade ef al., 2019]. Over-
all, the researchers concluded that the effects of resveratrol
are likely related to the activation of thermogenesis genes
and fibronectin type III domain-containing protein 5 [An-
drade ef al., 2019]. Crucial data on resveratrol-induced adi-
pocyte browning are summarized in (in vivo studies)

and (in vitro studies).
ALKALOIDS
Caffeine

As a component of coffee and some beverages, caf-
feine seems to be a common adipocyte browning stimulant
characterized by more than 99% bioavailability upon oral
administration [Bonati ef al., 1982]. Velickovic ef al. [2019]
demonstrated that drinking 65 mg of caffeine (the equivalent
of a cup of coffee) resulted in a significantly higher temper-
ature of the supraclavicular region (the vital BAT location)
in young adults with BMI within the normal limits, assessed
after 30 min. Furthermore, when testing the effect of caf-
feine in vitro, using mouse mesenchymal stem cells and hu-
man bone marrow-derived stem cells, they found an increase
in UCP1 levels confirming caffeine as a browning inductor.
Mechanistically, caffeine exerted its browning-positive effect
by upregulation of PGCla, Pparg, Prdml6, and Adrb3, as
well as downregulation of Adra2 and Tipv2 [Velickovic et al.,
2019]. In addition, enhanced expression of ,-AR and dimin-
ished of a,-AR, acting antagonistically to B,-AR [Lafontan
et al., 1997], may potentiate adipocyte browning in response
to B-adrenergic stimulation, e.g., during cold exposure [Ve-
lickovic et al., 2019]. Nevertheless, it needs to be highlighted
that elevated temperature of the skin could be evoked by an
increase in blood flow rather than BAT activity, although Ve-
lickovic et al. [2019] undermined this possibility.
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TABLE 5. Summary of in vitro studies of resveratrol regarding adipocyte browning stimulation.

Substance Concentration Duration Research Genes/mRNAs Protein Reference
(uM) (day) material alterations alterations
1 Ucepl, Prdml6, Cidea, +UCPI
Resveratrol 10 7 WAL Geved - Elorts Fpargela, €137, prpig, s Wangeral. [2015)
« Fabp4, Pparg CnC
1 Ucepl, Prdm16, Cidea, + UCPI
Resveratrol 20 or 40 7 1WA”I;\c/iEr1ved EIOVI;bZI;arTé;%];;ZCgH37' PRDM16,  S.Wangetal. [2015]
| Fabp4, Pparg €
Resveratrol
1 Prdmli6
%{;:;rzzrcegrrr(i)::rs) Sorl0or20 7 3T3-L1 cells « Ucepl, Pparg, Ppargcla, Not studied Zuetal [2018]

Resveratrol (liposomes)

Cd137, Tmem26, Tfam

Cidea: cell death activator CIDE-A; Cyt C: cytochrome c; Elovi3: elongation of very long chain fatty acids protein 3; Fabp4: Fatty acid-binding protein
type 4; iWAT: inguinal white adipose tissue; Pparg: peroxisome proliferator-activated receptor y; Ppargcla: peroxisome proliferator-activated receptor y
coactivator 1-a; Prdm16: PR domain-containing protein 16; SVC: stromal vascular cells; Thx1: T-box transcription factor TBX1; Tmem26: transmem-

brane protein 26; Ucp!: uncoupling protein 1.

Capsaicin

Capsaicin, a TRPV1 agonist, is an ingredient present
in chili peppers [Baboota e al., 2014] with anti-inflamma-
tory, antioxidant, antiobesity, and antidiabetic properties
[Mosqueda-Solis et al., 2018]. Regarding bioavailability,
nearly 94% of the oral capsaicin dosage was rapidly absorbed
from the gastrointestinal tract of Wistar rats and just as fast
metabolized in the liver, reaching 24.4% of maximum tissue
distribution an 1 h after the administration [Suresh & Srini-
vasan, 2010]. Capsaicin exhibits a dose-dependent effect
on lipid accumulation in 3T3-L1 preadipocytes — low con-
centrations suppress, whereas higher intensify that process
[Baboota ef al., 2014]. Both small and large quantities in-
crease the expression of Pparg, but Ucpl, Ppargcla, Prdmlo6,
Dio2 and Ppara, are raised only at a low dose of capsaicin.
Surprisingly, its low dose caused the enhanced expression
of Ucpl negative regulator — vitamin D receptor, as well as
the increment of anti-adipogenic genes, while the addition
of its high dose caused a significant decrement. Browning-
-positive effects of capsaicin were associated with TRPVI
overexpression on adipocytes [Baboota et al., 2014].

The influence of capsaicin on SWAT was also investigat-
ed, and it was shown that a 3-month consumption resulted
in augmented expression of the BAT genes — Ucp1, Ppargcla,
Cidea, prostaglandin-endoperoxide synthase 2, and brain-
derived neurotrophic factor in Laboratory Animal Centre
A-strain (LACA) mice [Baboota et al., 2014].

MIXTURES OF COMPOUNDS

A few studies investigated the mutual effects of well-estab-
lished adipocyte browning activators ( ). Simultaneous
administration of resveratrol and quercetin were evidenced to
synergistically induce adipocyte browning, leading to more
expressed features of beige adipose tissue and better meta-
bolic outcomes than each of the substances separately [Arias
et al., 2017]. On the other hand, combination of hesperidin
and capsaicin restricted their browning activities, compared
to both isolated hesperidin and capsaicin [Mosqueda-Solis

et al., 2018]. Thus, before implementation of any treatment
with a mixture of compounds, the interactions between
browning activators should be studied, since the cumulative
effect may appear far less significant than expected.

EDIBLE PLANT EXTRACTS/PARTS

Cinnamon extract

Cinnamon is a spice obtained from the bark of the cin-
namon tree with anti-cancer, antibacterial, and anti-inflam-
matory properties [Gruenwald et al., 2010]. It turns out that
it also affects the process of browning adipocytes [Kwan
et al., 2017]. According to the study by Helal e al. [2014],
the bioavailability of the constituents of the cinnamon extract
was 53%, 22%, 47%, 90%, and 64% for quercetin 3-rhamno-
side, syringic and coumaric acids, kaempferol and cinnamal-
dehyde, respectively.

Multilocular morphology of adipocytes was observed
24 h after cinnamon extract was added to 3T3-L1 cells [Kwan
etal., 2017]. Bioactive compounds identified in the cinnamon
extract were protocatechuic acid, (+)-catechin, chlorogenic
acid, esculetin, quercetin, and icariin. Cinnamon extract in-
creased the expression of Ucpl mRNA and UCP1 protein as
well as specific for BAT genes including Prdm16, Ppargcla,
Pparg, Cidea, and Cptl. Enhanced mitochondrial protein
production was also observed. Furthermore, cinnamon ex-
tract augmented the promoter activity of the UCPI1 gene
in HEK293 cells and 3T3-L1 adipocytes [Kwan et al., 2017].
Mechanistically, B,-adrenergic stimulation was involved.
In mature subcutaneous adipocytes obtained from C57BLKS
db/db mice, there was an increase in UCP1 protein, Prdm16,
and Cidea expression after 24 h cinnamon extract supplemen-
tation, which was not observed in eWAT [Kwan et al., 2017].
In addition, in diet-induced obese mice, cinnamon extract
enhanced UCP1 protein level as well as Ucpl, Prdml16, and
Cidea mRNAs in sWAT, but not eWAT or perirenal adipocytes
[Kwan et al., 2017]. Oral administration of cinnamon extract
for 15 days resulted in weight loss without reducing organ
weight or food intake.
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TABLE 6. Summary of the selected mixtures of components influencing adipocyte browning.

Test Duration Results of mixture therapy
Substance Dose subjects (week) (vs. each substance separately) Reference
Attenuation of weight gain
Resveratrol 15 mg resveratrol/kg/day Rats 6 Reduction of subcutaneous WAT Arias
+ quercetin 30 mg quercetin/kg/day and abdominal WAT depots etal [2017]
Increase in multilocular adipocytes
Hesperidin 100 mg hesperidin/kg/day Wistar rats 8 Lesser adipocyte size Mosqueda-Solis
+ capsaicin 4 mg capsaicin/kg/day etal [2018]

Weaker browning-inducing properties

WAT: white adipose tissue.

Germinated soy germ extract

Germinated soy germ extract (rich in nutrients and bio-
active compounds, such as linoleic and linolenic acids,
isoflavones, tocopherols, and free amino acids, including
y-aminobutyric acid) [Kim ef al., 2013] was tested in vi-
tro and in vivo on 3T3-L1 preadipocytes and high-fat diet
fed mice, showing its ability to promote UCP1 expression
and adipocyte browning [Kim ef al., 2019]. Moreover, it up-
regulated B-oxidation and lipolysis in beige adipocytes [Kim
et al., 2019]. In addition, germinated soy germ extract affect-
ed transcription and translation of endocannabinoid system
genes encoding cannabinoid receptor type 2, N-acyl-phos-
phatidylethanolamine-hydrolyzing phospholipase D, diacyl-
glycerol lipase-a, and fatty-acid amide hydrolase 1 proteins
[Kim et al., 2019], which are likely to mediate germinated soy
germ extract browning properties since cannabinoids could
induce adipocyte browning itself [Rossi e al., 2018].

Ginger rhizome

Ginger is a widely used spice obtained from the rhizome
of Zingiber officinale Rosco, that may have beneficial effects
in reducing obesity [J. Wang et al., 2017]. It appears to have
the ability to induce WAT browning and improve BAT func-
tion by increasing brown and beige key proteins and genes,
including UCP1, PRDM16, as well as Cidea, Tmem26, and
Citedl, in both BAT and WAT of ginger-supplemented
CS7BL/6J mice [J. Wanget al., 2019]. The underlying mecha-
nism was the AMPK activation. Moreover, 16-week ginger
supplementation upregulated 7fam and Nrfl genes, as well
as Ppargcla mRNA, involved in mitochondrial biogenesis
and oxidative phosphorylation [J. Wang et al., 2019]. As a re-
sult, not only decreased levels of serum glucose, triglycerides,
total cholesterol and high-density lipoprotein cholesterol
(HDL-C) but also attenuated body weight gain and intensi-
fied energy expenditure were observed.

Glycyrrhiza uralensis extract

A methyl dichloride fraction of Glycyrrhiza uralensis con-
taining licochalcone A, isoliquiritigenin, and liquiritigenin
was tested alongside licochalcone A in the abovementioned
study by Lee et al. [2018]. The same results as for licochal-
cone A were obtained, providing evidence that the Glycyrrhiza
uralensis extract has the ability to induce adipocyte browning.
Upregulation of PRDM16 and PGCla, as well as browning-
-specific adipose tissue remodeling were followed by weight

loss and improvement in glucose and lipid metabolism [Lee
etal.,2018].

Grape extracts

An extract from grape pomace contains many flavonoids
and phenolic caids, of which (-)-epicatechin, quercetin,
(+)-catechin, and syringic acid are the most abundant [Ro-
driguez Lanzi et al., 2016]. The research on spontaneously
hypertensive rats, characterized by increased sympathetic
nervous system drive, and normotensive Wistar—Kyoto rats,
showed browning of eWAT in the spontaneously hyperten-
sive group after 10 weeks of grape pomace extract supple-
mentation to high-fat diet [Rodriguez Lanzi ef al., 2018].
The browning was evidenced with augmented levels of BAT
marker proteins: UCP1, PRDM16, PGCla, and PPARy. On
the contrary, rats of the Wistar—Kyoto fed with the same diet
as spontaneously hypertensive rats displayed an elevated con-
centration of PPARy and only a slight increase in UCP1. Nev-
ertheless, they also (as well as spontaneously hypertensive
rats) profited from the grape pomace extract administration,
achieving healthier eWAT expansion — favoring adipocyte hy-
perplasia over hypertrophy, which lessened WAT inflamma-
tion. In addition, grape pomace extract effects on browning
and the activation of B-adrenergic receptors were studied on
3T3-L1 adipocytes [Rodriguez Lanzi et al., 2018]. The results
disclosed elevated expression of UCP1 following an increase
in p38 and extracellular signal-regulated kinases 1/2 activity.
Thus, the mechanism of grape pomace extract-mediated adi-
pocyte browning is tightly connected with B-adrenergic stimu-
lation and its downstream cascade.

On the other hand, a similar in vivo study describing
the influence of grape seed proanthocyanidin extract on rats
revealed no browning effects in retroperitoneal WAT [Pascu-
al-Serrano et al., 2018]. Nevertheless, grape seed proantho-
cyanidin extract altered adipogenesis, promoting adipocytes
hyperplasia rather than hypertrophy, which is considered to
be protective in the context of metabolic complications related
to obesity [Blither, 2013]. Considering the abovementioned
studies, it seems that some components of grape pomace, but
not grape seeds, are associated with adipocyte browning.

Green tea extract

Flavan-3-ols are major constituents of green tea extract
[Chen et al., 2001]. The bioavailability of compounds of this
flavonoid class is rather low. Chen et al. [1997] reported that
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only 13.7% of (-)-epigallocatechin, 31.2% of (-)-epicatechin,
and 0.1% of (-)-epigallocatechin-3-gallate administrated to
rats within portion of 200 mg/kg of decaffeinated green tea
were bioavailable. Nevertheless, green tea extract was found to
stimulate adipocyte browning in male C57BL/6J mice, which
was confirmed with an elevated transcription of Ppargcla,
Prdm16, and Citedl, as well as increased UCP1 concentra-
tion, in subcutaneous WAT of the green tea extract-supple-
mented mice [Neyrinck ef al., 2017]. Moreover, the addition
of green tea extract to high-fat diet was able to reverse adipo-
cyte whitening in iBAT by increasing Ppargcla and inhibiting
fatty acid-binding protein 4 expression [Neyrinck ez al., 2017].
Interestingly, tea polyphenols increased the amount of Akker-
mansia muciniphila in the gut microbiota of high-fat diet mice
[Liu et al., 20171, which is believed to be positively correlated
with the browning of WAT [Gao et al., 2018]. On the contrary,
C57BL/6J mice, treated with decaffeinated green tea extract
(a mixture of (-)-epigallocatechin, (-)-epicatechin-3-gallate,
(-)-epigallocatechin-3-gallate, and (-)-epicatechin), did
not present higher levels of Ucpl under similar conditions
[Sae-Tan et al., 2015]. In this study, caffeine was likely to in-
terfere with tea flavan-3-ols by increasing sympathetic drive
and browning effects. Further research is, however, needed to
study the browning properties of tea polyphenols in details.

Immature Citrus reticulata fruit extract

Synephrine (16 mg/g), hesperidin (9.14 mg/g), narirutin
(4.52 mg/g), nobiletin (2.54 mg/g), and tangeretin (1.67 mg/g)
were the predominant phenolic compounds of immature Cit-
rus reticulata fruit water extract [Chou er al., 2018]. Inter-
estingly, the content of synephrine, nobiletin and tangeretin
in the immature Citrus reticulata fruit extract was significantly
higher than in other Citrus species [Sun et al., 2013]. Chou
et al. [2018] proved the browning effects of the immature Cit-
rus reticulata extract-rich diet on murine (C57BL/6) iWAT. Af-
ter 11 weeks of immature Citrus reticulata extract supplemen-
tation, adipocytes became multilocular, and concentrations
of PGCla and UCP1 proteins increased. In addition, imma-
ture Citrus reticulata extract supplementation was responsible
for the upregulation of thermogenic genes and beige adipose
tissue hallmarks, such as Cidea, Tmem26, Prdm16, and Cd137.
The mechanism of browning is most likely linked with p-syn-
ephrine, almost selective ligand to B,-AR [Chou ez al., 2018].
Furthermore, other components of immature Citrus reticulata
extract, naringin and hesperidin, were reported to strengthen
the thermogenic effect of p-synephrine [Stohs et al., 2011].
Besides adipocyte browning, immature Citrus reticulata ex-
tract can improve metabolic health by reducing dyslipidemia,
insulin resistance, obesity, and lipid accumulation in the liver
[Choueral., 2018].

Olive oil

Olive oil, composed of tri-, di-, and monoacylglycerols
build up with mainly oleic, linoleic, palmitic, and stearic ac-
ids, as well as containing a wide range of sterols, tocopherols,
and phenolic compounds, including hydroxytyrosol and oleu-
ropein, is one of the fundamental and highly bioavailable
constituents of the Mediterranean diet [Boskou et al., 2006;
Vissers et al., 2004]. Its consumption reduces inflammation

and prevents from civilization diseases, such as cardiovas-
cular and neurodegenerative ones [Angeloni et al., 2017,
Marcelino et al., 2019]. In addition, recent research reported
that dietary supplementation with olive oil in C57BL/6 mice
reduced weight gain and adipose tissue expansion, which co-
existed with increased thermogenesis and oxygen consump-
tion [Shin & Ajuwon, 2018b]. Nevertheless, these changes
were not supported with overexpression of browning-specific
genes, such as Ucp!, Prdm16, and Ppargcla, in SWAT and BAT,
while Ppargcla, Tfam, Adrb3, and Cptla were upregulated
in eWAT. However, a significant surge in Ucp! mRNA, but not
protein, was found in BAT of Wistar rats upon 4-week olive oil
supplementation [Rodriguez et al., 2002]. Finally, olive oil ad-
ministration slightly attenuated high-fat diet-induced increase
in blood glucose and insulin [Shin & Ajuwon, 2018b].

Onion peel extracts

Flavonols (quercetin and isoquercetin) and anthocyanins
are major constituents of onion peel extract [Krithika ez al.,
2020; Wijerathne et al., 2019]. A study on C57BL/6 mice
showed no change in body mass, the weight of eWAT
and rWAT, after 8-week supplementation with onion peel ex-
tract compared to the high-fat control diet [Lee et al., 2017].
Nevertheless, it revealed the influence of the onion peel ex-
tract on gene expression, which included Ucpl, Prdmli6, Ci-
dea, and Ppargcla increment in rWAT, while in SWAT there
was no change in Prdml16 and Ppargcla levels, but Ucpl and
Cidea were raised. Furthermore, elevated Ucpl, Ppargcla,
Thx1, and Cptla expression was reported in 3T3-L1 preadipo-
cytes upon onion peel extract administration [Lee ez al., 2017].

In addition, fractions of onion peel extract were also in-
vestigated by Lee ef al. [2017] on 3T3-L1 cells. Onion peel
ethyl acetate fraction, containing quercetin and isoquercetin,
increased Thx1, Cptla, and Ppargcla transcription, as well as
inhibited fatty acid synthase and acetyl-CoA carboxylase. On
the contrary, onion peel water fraction, consisting of isoquer-
cetin only, did not induce such changes. Nevertheless, both
onion peel water and ethyl acetate fractions were capable
of dose-dependent enhancement of Ucpl expression [Lee
etal.,2017].

Taken together, it seems that quercetin was the compo-
nent of onion peel extracts, which played the pivotal role
in adipocyte browning stimulation. Therefore, activation
of the AMPK pathway is presumably the browning mecha-
nism of the presented onion extracts [Lee et al., 2017].

Raspberry fruits

Raspberry fruits represent a rich source of antioxidants
and anti-inflammatory phenolic compounds [Xing e al.,
2018], such as flavan-3-ols, flavonols, phenolic acids, and an-
thocyanins [Pap er al., 2021], which are also known to have
the ability to induce browning of WAT [Zou et al., 2018].
C57BL/6 mice treated with raspberry fruits for 10 weeks
presented decreased iWAT, eWAT, and body weights, with
a concomitant increment in BAT mass, greater oxygen up-
take and CO, excretion, as well as intensified heat produc-
tion [Zou et al., 2018]. Lowered insulin, triglycerides, total
cholesterol and free fatty acids serum levels were also noted.
Furthermore, raspberry supplementation enhanced mRNA
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and protein expression of Ucpl, Prdml6, Ppargcla mRNA
and Cyt C, in both BAT and iWAT [Zou et al., 2018]. In iWAT,
it upregulated Elovi3, Cdi137, Tbxl, and Tmem26, while
in BAT - Cidea and Cox7al. Moreover, raspberry administra-
tion resulted in diminished adipocyte size in iWAT [Zou et al.,
2018] and eWAT [Xing et al., 2018].

Another 12-week study conducted on C57BL/6J high-fat
diet mice showed that raspberry fruit administration caused
a decline in monocyte chemoattractant protein 1, Cdl4,
Cd68 mRNAs, as well as IL-6, IL-18, IL-1p concentrations,
and macrophages abundance in iWAT [Xing er al., 2018].
What is more, glucose transporter type 4 accretion resulted
in improved insulin sensitivity.

It was suggested that raspberry fruits trigger adipocyte
beiging by stimulating the AMPK pathway [Xing ef al., 2018;
Zou et al., 2018] and activating p38 and extracellular signal-
-regulated kinases 1/2 signaling, which take part in irisin-
-induced browning [Xing et al., 2018].

Rose hip

Rose hip is the fruit of diverse plants belonging to the ge-
nus Rosa, which contains a wealth of ascorbic acid [Stralsjo
et al., 2003], carotenoids [Hodisan et al., 1997], and phenolic
compounds [Daels-Rakotoarison et al., 2002]. The addition
of rose hip to high-fat diet of C57BL/6J mice resulted in in-
creased expression of brown and beige adipose tissue-specific
genes in inguinal subcutaneous WAT, such as Ucpl, Thx15,
Cidea, Cptl, and bone morphogenetic protein 7, which was
mediated by AMPK related pathway [Cavalera ef al., 2016].
Surprisingly, neither Ppargcla nor Prdml16 mRNAs were el-
evated. Furthermore, no changes in gene expression were
found in BAT deposits. Interestingly, feces of mice fed a high-
fat diet with rose hip addition had much more energy value
than these of mice fed only with the high-fat diet [Cavalera
et al., 2016]. Hence, the lower body mass of the rose hip-
supplemented group should be attributed not only to elevated
energy expenditure because of adipocyte browning but also
to reduced effective energy intake due to impaired intestinal
absorption. Measurements of fecal content are rarely used
in adipocyte browning studies, although they might be useful
for providing more comprehensive results of future research.

DIETARY INGREDIENTS OF ANIMAL ORIGIN

Fish oils

DHA, EPA, o-linolenic and linoleic acids are major con-
stituents of fish oil [Kowalski et al., 2019]. The browning-pos-
itive effect of fish oil was studied in C57BL/6 mice fed with
fish oil-rich diet [Bargut et al., 2016] or DHA/EPA-enriched
fish oil [Kim et al., 2015]. Fish oil supplementation elevat-
ed UCPI concentration at both mRNA and protein levels
as well as Prdml6, Cidea, Cptlb, Adrb3, and Fgf2] mRNAs
in iWAT and BAT [Kim ef al., 2015]. Furthermore, increased
transcription and translation of Ppargcla, Ppara, Pparg,
and Adrb3 in BAT [Bargut ef al., 2016], and overexpression
of Thx1 in iWAT, were observed [Kim ez al., 2015].

Same as for isolated DHA and EPA, fish oil enhanced
glucose transporter type 4 and lipoprotein lipase mRNAs,
and therefore lowered blood glucose and improved lipid

profile [Bargut ef al., 2019; Zhao & Chen, 2014]. Addition-
ally, fish oil elevated serum level of adiponectin and decreased
that of leptin [Bargut et al., 2016; Zhuang et al., 2019].

Milk fat globule membrane substances

Milk fat globule membrane is composed of three layers
built-up of lipids and proteins, and originates from the apical
part of mammary apocrine glands [Fong et al., 2007]. Since
a few substances included in milk fat globule membrane
may exert beneficial effects, Li ef al. [2018] studied the out-
comes of the whole complex milk fat globule membrane
(the naturally ingested from) administration to high-fat diet
CS57BL/6 mice. They found that milk fat globule membrane
reduced fat mass by both inhibiting adipogenesis in eWAT
and inducing adipocyte browning in iWAT. Mechanistically,
all results of milk fat globule membrane supplementation
were mediated by the AMPK pathway, which led to the down-
regulation of PPARy, C/EBPa, and sterol regulatory element-
-binding protein lc in epidydimal WAT as well as increased
UCP1 in inguinal WAT and BAT. In addition, milk fat globule
membrane altered lipid profile to less atherogenic (| trigly-
cerides, LDL-C; 1 HDL-C/LDL-C) and declined the content
of free fatty acids [Li et al., 2018].

Scallop shell

Scallops are a popular delicacy in Japan, therefore, their
shells, which are composed of calcium carbonate (98%)
and organic ingredients (2%), make up copious industrial
waste [Liu ef al., 2006; Liu & Hasegawa, 2006]. While look-
ing for a way to use them, it was suggested that they might
improve metabolic health. Recent studies revealed that scal-
lop shell powder intensifies lipolysis in 3T3-L1 cells [Liu &
Hasegawa, 2006] as well as in Wistar rats [Liu ef al., 2006].
Moreover, reduced iWAT, eWAT, perirenal WAT, and body
weights, along with no changes in the BAT mass, were ob-
served in the group supplementing scallop shell powder for
5 weeks [Liu et al., 2006; Liu & Hasegawa, 2006]. Further-
more, applying this ingredient resulted in a decreased serum
leptin concentration [Liu ef al., 2006]. Among scallop shell-
-treated animals, it was noted that in BAT there were no alter-
ations in the Ucp! level, while Ucp2 was downregulated. How-
ever, both of them were elevated in eWAT. Though the exact
mechanism leading to metabolic changes caused by scallop
shell is not known, it is probably distinct from B,-adrenergic
stimulation and G protein-coupled receptors activation [Liu
etal., 2006].

GENERAL DIETARY MODIFICATIONS

Caloric restriction

Limiting caloric intake can prevent obesity, insulin resis-
tance, metabolic and cardiovascular diseases [Golbidi et al.,
2017]. A recent study shows that it can also promote adipo-
cyte browning [Fabbiano ez al., 2016]. Among the C57BL/6J
mice subjected to caloric restriction, increased glucose uptake
in WAT, which deposits were smaller and denser, was ob-
served. In the caloric restriction group, the number of adi-
pocytes raised. They were also shrunken and multilocular
compared to the control mice in both inguinal subcutaneous
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adipose tissue and perigonadal visceral fat. In those depos-
its, caloric restriction resulted in upregulation of Ucp!, Cidea,
Ppargcla, Ppara, Prdml6, Pparg, Thx1, and fatty acid-binding
protein 4 — the BAT hallmarks. Cd/37 and Tmem26 expres-
sion was also enhanced in perigonadal visceral adipose tissue.
The above changes appeared after one week of caloric restric-
tion, reached their maximum after 4 weeks, and gradually
disappeared after cessation of the diet. Similar consequences
were noticed in the caloric restriction group kept in the ther-
moneutral environment and obese leptin-deficient (ob/ob)
mice [Fabbiano et al., 2016].

Moreover, using caloric restriction was connected with
lipolysis intensification as a result of improved response to
B-adrenergic stimulation [Fabbiano et al., 2016]. Importantly,
caloric restriction mice were able to maintain a constant body
temperature, unlike the controls. Consequently, it proves
the activity of the newly formed beige adipose tissue in caloric
restriction mice [Fabbiano et al., 2016].

Interestingly, WAT browning caused by caloric depletion
was associated with augmented SIRT1 expression on macro-
phages and activation of type 2 immune signaling, including
enhanced infiltration of eosinophils, macrophages, and in-
creased secretion of cytokines (IL-4, IL-5, IL-13) in both in-
guinal subcutaneous adipose tissue and perigonadal visceral
adipose tissue [Fabbiano et al., 2016]. The study also revealed
that caloric restriction-dependent browning occurred regard-
less of the proportion of diet components.

Dietary macronutrient composition

The influence of low-protein, high-carbohydrate diet
on browning processes was studied by Pereira et al. [2017].
They found that low-protein, high-carbohydrate diet-fed rats
presented a lower body weight but higher iWAT mass com-
pared to the control group, while lipid content was similar
in both iWAT and perigonadal WAT. Moreover, expansion
of multilocular adipocytes as well as elevated levels of UCP1,
TBX1, PRDMI16, and B,-AR were observed in the latter.
Besides, the content of B,-AR and PKA was comparable to
control, but it was reduced in iWAT of low-protein, high-
-carbohydrate diet-fed rats. Additionally, this regimen result-
ed in adipose triglyceride lipase and phosphoenolpyruvate
carboxykinase increment in iWAT, as well as lipoprotein lipase
accretion in perigonadal WAT. Among low-protein, high-
-carbohydrate diet-fed rodents, FGF21 serum level increased,
so did pAMPK/AMPXK ratio in iWAT, whereas it was lessened
in the second fat pad [Pereira e al., 2017].

Effects of a high-carbohydrate diet were also determined
in a 6-week study on wild-type and perulipin-2-null mice,
treated with a 20% sucrose solution [Libby er al., 2018].
This resulted in an elevated level of genes, such as Ucpl,
Elovi3, Cidea, Dio2, Cptlb, Ppargcla, and Ppara. Moreover,
the number of adipocytes with many lipid droplets increased
in iWAT. Also, a diminution in iBAT, iWAT, and eWAT weights
was demonstrated in animals with perilipin-2 deletion. Addi-
tionally, improvement in insulin sensitivity was observed due
to, inter alia, augmented glucose transporter type 4 expres-
sion. It was also revealed that the increase in FGF21, which
occurred in iWAT, BAT, and the liver under the influence

of sucrose, was probably the underlying mechanism of brown-
ing [Libby et al., 2018].

According to recent research, the type of diet may also
affect the expression of irisin, fibronectin type III domain-
-containing protein 5 proteolytic cleavage product produced
in muscles and adipocytes both in mice and humans [de
Macédo et al., 2017]. A 60-day study conducted on Friend Vi-
rus B NIH mice revealed an increment in fibronectin type III
domain-containing protein 5 and irisin concentration induced
by a high-protein diet. It also turned out that their elevation
was probably modulated by the Ucp! and Ppara genes, which
are typical of BAT, suggesting that high-protein diet might
have augmented their expression. Thus, these results differ
from the conclusions presented by Pereira et al. [2017], who
described low-protein, high-carbohydrate diet as the one that
leads to browning activation. In addition, it was observed that
both high-protein diet and high-carbohydrate diet increased
the BAT mass, however, it was more significant in the first
group [de Macédo er al., 2017]. Finally, higher HDL-C con-
centrations were noted in the high-carbohydrate diet-fed mice
compared to the high-protein diet group. Although both high-
-carbohydrate diet and high-protein diet led to elevated glu-
cose levels, the insulin sensitivity test showed no differences
between the groups [de Macédo et al., 2017].

Intermittent fasting

Fasting is recognized as a factor that positively influences
metabolism and prevents insulin resistance or fatty liver dis-
ease by leading to WAT browning [Li et al., 2017]. A study
conducted on growing C57BL/6N mice subjected to 15-cycle
every other day fasting showed higher rectal temperatures
compared to the control animals [Li et al., 2017]. It also en-
hanced lipid utilization and reduced body weight with no ef-
fect on food intake. Comparing fat mass, the eWAT mass de-
creased, while the BAT weight rose. Interestingly, in BAT, there
was no increment in the expression of BAT-specific genes,
such as Ucpl, Ppargcla, Dio2. What is more, every other day
fasting inhibited norepinephrine and did not affect Adrb3 ex-
pression [Liet al., 2017]. However, when iWAT was examined,
the features of browning, such as the occurrence of multilocu-
lar adipocytes and augmented expression of UCP1, were ob-
served. Although every other day fasting discontinuation re-
turned Ucp! mRNA to baseline values after 15 days, reduced
weight was still observed. Furthermore, it was described that
WAT browning was responsible for the increased energy con-
sumption and occurred in the FGF21-independent pathway
[Lietal.,2017].

It seems that the intestinal microflora plays an important
role in the WAT browning process caused by every other day
fasting since an increased abundance of Firmicutes and in-
hibition of other phyla were observed upon fasting [Li et al.,
2017]. Moreover, microbiota in every other day fasting mice
was responsible not only for intensification of lactate and
acetate production, which are known to be factors leading to
the beiging of adipose tissue, but also enhanced expression
of the monocarboxylate transporter 1 gene, which encodes
the protein transporting those molecules into the adipocytes
[Lietal.,2017].
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MICROBIOTA

The intestinal microflora is closely related to human
physiology and health [Moreno-Navarrete et al., 2018] as
it influences various metabolic processes in the body [Sudrez-
-Zamorano ef al., 2015]. Its composition is significantly af-
fected by diet or medicines [Moreno-Navarrete et al., 2018].
The dominant types of bacteria are Firmicutes, Bacteroide-
tes, Proteobacteria, and Actinobacteria. Studies on rodents
showed that Firmicutes increment and Bacteroidetes decrease
was related to obesity, which was also observed in humans.
However, some research has also shown an inverse relation-
ship [Jumpertz ef al., 2011; Patil et al., 2012]. According to
the study conducted on humans, Firmicutes relative abun-
dance increased the expression of BAT markers such as
UCPI1, PRDM16, and DIO?2 in subcutaneous adipose tissue
[Moreno-Navarrete ef al., 2018]. In contrast, obese people
with insulin resistance had lowered Firmicutes and increased
Bacteroidetes, which correlated negatively with BAT markers.

It seems that the mechanistic link between Firmicutes rel-
ative abundance and brown adipocyte differentiation is con-
nected with the acetate production since its concentration
correlated positively with Firmicutes relative abundance, in-
sulin sensitivity, and PRDM16 mRNA level in subcutaneous
adipose tissue [Moreno-Navarrete et al., 2018]. Interestingly,
at Firmicutes relative abundance, the levels of acetate, UCPI,
and PRDM 16 varied with age, gender, BMI, type 2 diabetes,
and antihypertensive therapy.

In addition, an experiment on C57BL/6] mice, adminis-
tered water containing antibiotics, revealed that microbiota de-
pletion led to WAT browning and metabolic changes [Sudrez-
-Zamorano ef al., 2015]. According to this study, improved
insulin sensitivity and augmented WAT glucose uptake, as well
as decreased weight and volume of inguinal subcutaneous
adipose tissue and perigonadal visceral adipose tissue, were
observed in microbiota-depleted mice despite increased food
intake. Besides, their adipocytes were darker and smaller with
multilocular phenotype. Furthermore, the upregulation of pri-
mary BAT proteins, such as UCP1, was demonstrated. Ten
days after recolonization of the antibiotic-treated mice with
microbes, the elevated level of browning markers and greater
cold resistance were still noted, which was due to the develop-
ment of functional beige adipocytes promoted by the deple-
tion of microbiota [Suarez-Zamorano et al., 2015]. Moreover,
adipocytes derived from microbiota-depleted mice responded
more strongly to p-adrenergic stimulation than control mice,
indicating higher thermogenic capacity. Described metabolic
changes occurred as a result of enhanced type 2 cytokine sig-
naling, including secretion of interleukins IL-4, IL-5, IL-13,
and infiltrations from eosinophils in inguinal subcutaneous
adipose tissue [Sudrez-Zamorano et al., 2015].

CONCLUSIONS

There is a wide range of dietary substances that may par-
ticipate in adipocyte browning induction, including amino
acids, carbohydrates, lipids, phenolic compounds, and many
others. Each of the described components upregulated

BAT-specific genes in different WAT depots or cell lines. Nu-
merous research also evidenced signs of adipose tissue re-
modeling associated with britening stimulated by different
food ingredients, and increased BAT activation. Moreover,
improved metabolic parameters, such as lipid profile or glu-
cose concentration, were frequently observed.

However, the vast majority of the molecules were in-
vestigated based on murine models. Nevertheless, most
of the papers focused on the impact of dietary intervention
in obesity-induced animals, which closely resemble the obese
state in humans, albeit interspecies differences should always
be taken into consideration when analyzing the results.

Evidence regarding diet-induced adipocyte browning
in humans or human cell cultures is rather scarce, includ-
ing studies on caffeine, EPA, (-)-epicatechin, genistein, or
resveratrol. Among them, EPA appears the most promising
browning activator, since it upregulated not only the piv-
otal adipocyte browning genes (UCPI, PRDM16), but also
genes involved in mitochondrial biogenesis (NRFI, TFAM)
and B-oxidation (CPTIA), being responsible for the complete
thermogenesis-related metabolic change. In addition, adipo-
cyte browning upon EPA administration was evidenced with
highly-specific beige adipose tissue markers (CD137, TBXI).
Finally, the browning properties of EPA were investigated on
the fully differentiated subcutaneous adipocytes, confirming
its ability to stimulate adipocyte transdifferentiation, which
seems to be the most relevant when considering potential
clinical application in adults. Another optimistic data is as-
sociated with resveratrol, which also enhanced the expression
of browning-fundamental genes (UCPI, PRDM16). Further-
more, the research with the use of resveratrol was performed
on humans in vivo and carefully designed. Moreover, it re-
vealed that even a small dose of resveratrol (500 mg/day)
may contribute to adipocyte browning, which appears crucial,
concerning its limited bioavailability. Additionally, resvera-
trol elevated the expression of fibronectin type III domain-
-containing protein 5, potentially initiating other mechanisms
leading to adipocyte browning via irisin formation. Favorable
outcomes were also reported about (-)-epicatechin, which in-
creased essential proteins concentrations (UCP1, PRDM16)
in fully differentiated subcutaneous adipocytes. Apart from
adipocyte browning stimulation, the anti-inflammatory effect
of (-)-epicatechin was observed. More studies are needed to
appropriately establish the role of caffeine and genistein on
adipocyte browning in humans. However, limited data indi-
cate their ability to raise the level of UCP1.

In our opinion, future research should elucidate the out-
comes of the acknowledged browning activators in human
WAT and cell lines to provide novel therapeutic agents for
the treatment of obesity and obesity-related diseases. Further-
more, the safety doses of dietary substances should be deter-
mined. Simultaneously, more compounds should be screened
for browning-positive effects.
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