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Brown adipose tissue (BAT) is a specialized tissue for nonshivering thermogenesis to dissipate energy as heat. Although BAT re-
search has long been limited mostly in small rodents, the rediscovery of metabolically active BAT in adult humans has dramati-
cally promoted the translational studies on BAT in health and diseases. Moreover, several remarkable advancements have been 
made in brown fat biology over the past decade: The molecular and functional analyses of inducible thermogenic adipocytes (so-
called beige adipocytes) arising from a developmentally different lineage from classical brown adipocytes have been accelerated. 
In addition to a well-established thermogenic activity of uncoupling protein 1 (UCP1), several alternative thermogenic mecha-
nisms have been discovered, particularly in beige adipocytes. It has become clear that BAT influences other peripheral tissues and 
controls their functions and systemic homeostasis of energy and metabolic substrates, suggesting BAT as a metabolic regulator, 
other than for thermogenesis. This notion is supported by discovering that various paracrine and endocrine factors are secreted 
from BAT. We review the current understanding of BAT pathophysiology, particularly focusing on its role as a metabolic regula-
tor in small rodents and also in humans. 
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INTRODUCTION

Mammals have two types of adipose tissue, the white adipose 
tissue (WAT) and brown adipose tissue (BAT), which have op-
posite physiological roles: WAT is the site to store energy as tri-
glyceride (TG), whereas BAT is a specialized tissue for non-
shivering thermogenesis (NST) to dissipate energy as heat [1]. 
Although BAT research has long been limited mostly to small 
rodents, the rediscovery of metabolically active BAT using ra-
dionuclide imaging technique in adult humans [2-5] has dra-
matically accelerated the translational studies on BAT in health 
and diseases, particularly on its role in the regulation of energy 
balance, body fatness, and substrate metabolism [6,7]. Over 
the past decade, several remarkable advancements have been 
made in the field of brown fat biology. First, increasing evi-

dence has been accumulated indicating rodents and humans 
possess two types of thermogenic adipocytes arising from de-
velopmentally distinct lineages: the classical brown adipocytes 
and the so-called beige or brite cells that are inducible within 
WAT [8]. Second, in addition to a well-established thermogen-
ic activity of uncoupling protein 1 (UCP1), several alternative 
molecular mechanisms of NST have been discovered, particu-
larly in beige adipocytes [9]. Third, studies in rodents and hu-
mans have revealed that BAT cross talks with some peripheral 
tissues and controls their functions, systemic homeostasis of 
energy, and metabolic substrates, suggesting BAT as a meta-
bolic regulator beyond thermogenesis [10]. In fact, various 
paracrine and endocrine factors are found to be secreted from 
BAT [11]. In this review, we summarize our current under-
standing on BAT pathophysiology, particularly focusing on its 
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role as a metabolic regulator in small rodents and humans. 

UCP-DEPENDENT AND -INDEPENDENT 
MECHANISMS OF BAT THERMOGENESIS

The most well-established thermogenic molecule for NST, par-
ticularly for cold-induced thermogenesis (CIT), is UCP1 ex-
pressed exclusively in BAT. UCP1 has the ability to leak proton 
gradient across the mitochondrial membrane, and thereby un-
couples oxidative phosphorylation to generate heat. When ani-
mals are exposed to the cold, temperature sensors (transient re-
ceptors potentially channel) on sensory neurons on the body 
surface transmit information to the brain and increase the ac-
tivity of sympathetic nerves entering BAT. Noradrenaline re-
leased from sympathetic nerve endings stimulates BAT via 
β-adrenergic receptor (βAR) and triggers cyclic adenosine mo-
nophosphate-activated intracellular events, including TG hy-
drolysis, fatty acid (FA) oxidation, and UCP1 activation (Fig. 1). 

The critical role of UCP1 in CIT is typically indicated in 
mice with genetic deletion of UCP1 (UCP1-knockout [KO]), 
making them cold-sensitive and unable to maintain their body 
temperature after acute cold exposure [12]. However, it is also 
true that UCP1-KO mice can survive during mild and gradual 
cold exposure, suggesting some thermogenic mechanisms 
other than UCP1 [13,14]. In general, when animals are ex-
posed to cold temperatures for a long time, they adapt to their 
surroundings by increasing the number of brown adipocytes 
and the amount of UCP1 through the proliferation of intersti-
tial preadipocytes and mature adipocytes [15,16]. In addition 
to BAT hyperplasia, prolonged cold exposure increases an ap-
parent induction of beige adipocyte in WAT. Beige adipocyte 
expresses considerable amounts of UCP1 and has thermogenic 
activity comparable with that of brown adipocyte [17,18]. 
However, recent studies have indicated the existence of UCP1-
independent thermogenic mechanisms, particularly in beige 
adipocytes (Fig. 1). 

Fig. 1. Uncoupling protein 1 (UCP1)-dependent and independent thermogenesis in brown and beige adipocytes. UCP1, a pro-
tein located in the mitochondrial inner membrane, has the ability to leak proton gradient across the mitochondrial membrane, 
and thereby uncouples oxidative phosphorylation to generate heat. Thus, UCP1 thermogenesis is not dependent on adenosine 
triphosphate (ATP). On the other hand, thermogenesis by the futile cycles of creatine and creatine phosphate, release and re-up-
take of calcium, and triglyceride (TG) hydrolysis and fatty acid (FA) re-esterification is dependent on the breakdown of ATP to 
adenosine diphosphate (ADP). These thermogenic mechanisms are activated by cold exposure primarily through the sympathet-
ic nerve activation. RyR, ryanodine receptor; SERCA, sarco-endoplasmic reticulum ATPase. 
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Beige adipocytes contain large amounts of mitochondria 
and a high capacity of oxidative phosphorylation for adenosine 
triphosphate (ATP) synthesis. Thus, ATP-dependent futile cy-
cles can compensate for the lack of UCP1 thermogenesis. Cal-
cium cycling is one of the ATP-dependent and UCP1-inde-
pendent futile mechanisms. Calcium transport has been known 
to contribute to NST in muscles through sarco-endoplasmic 
reticulum ATPase (SERCA) and ryanodine receptors (RyR) 
[19]. Ikeda et al. [20] demonstrated that this ATP-dependent 
calcium cycling also occurs through SERCA2b and RyR2 in 
beige adipocytes. Notably, the SERCA2b-mediated Ca2+ cy-
cling mechanism is necessary for beige adipocyte thermogene-
sis, but dispensable in brown adipocytes. 

Another example of UCP1-independent thermogenic mech-
anisms is creatine cycling through ATP-dependent phosphor-
ylation and dephosphorylation [21]. Cycling of FA and TG 
through hydrolysis of TG and re-esterification of released FA is 
also possible as an ATP-dependent thermogenic mechanism 
in beige adipocytes [22]. Thus, all of these UCP1-independent 
thermogenic mechanisms would compensate for the lack of 
UCP1 and enable cold tolerance in UCP1-KO mice.

In adult humans, BAT is usually assessed by cold-activated 
glucose utilization using 18F-fluorodeoxyglucose (FDG)-posi-
tron emission tomography (PET) [2-6]; that is, when FDG-
PET is performed after either cold exposure or β3-AR agonist 
administration, it detects symmetrical FDG uptake in adipose 
tissue at the supraclavicular and thoracic spine regions. Histo-
logical examinations revealed the presence of UCP1-positive 
adipocytes surrounded by numerous UCP1-negative white 
adipocytes in these regions. Gene expression analysis has dem-
onstrated that the fat pat at these regions is largely composed 
of beige adipocyte more than classical brown adipocytes 
[23,24], suggesting both UCP1-dependent and -independent 
thermogenic mechanisms in adult humans; however, their in-
dividual roles remain to be elucidated. 

THERMOGENESIS-ASSOCIATED 
METABOLIC CHANGES IN BAT

As noted above, the primary energy source of BAT thermo-
genesis is FA. FA is also indispensable for BAT thermogenesis 
as an activator of UCP1 [25-28]. Thus, BAT thermogenesis 
seems intimately associated with intracellular TG hydrolysis 
and FA oxidation. On the other hand, there have been reports 
that incorporation of FA from circulation and its synthesis in 

BAT are also enhanced after cold exposure and/or sympathetic 
stimulation [29-31]. As such, lipid metabolism is drastically 
changed in parallel with activation of BAT thermogenesis; 
however, their causal relation to UCP1-dependent thermogen-
esis is not fully understood. 

Recently, we conducted metabolomic and GeneChip array 
analyses of BAT after acute cold exposure in wild-type (WT) 
and UCP1-KO mice [32]. Our results suggest that the FA up-
take, oxidation, and intracellular lipolysis simultaneously oc-
cur after cold exposure in WT and UCP1-KO mice, indicating 
these changes are UCP1-independently induced probably 
through the sympathetic nerve activation. On the other hand, 
FA-derived acetyl-coenzyme A (CoA) is oxidized through the 
tricarboxylic acid (TCA) cycle and oxidative phosphorylation 
in WT mice, while it is converted to citric acid and utilized for 
active de novo FA synthesis in UCP1-KO mice (Fig. 2). We also 
found that succinate, an intermediate of the TCA cycle, was ac-
cumulated after cold exposure in BAT of WT, but not in UCP1-
KO mice. This is consistent with the reports that succinate is 
incorporated into brown adipocytes upon cold exposure and 
activates thermogenesis by producing reactive oxygen species 
[33], which activate thermogenesis through UCP1 sulfenyl-
ation [34]. 

In addition to lipid, glucose metabolism is also drastically 
changed in parallel with the activation of BAT thermogenesis. 
Cold exposure has been known to increase 2-deoxy-D-glucose 
(2-DG) uptake into BAT but only slightly into WAT [35,36]. 
The stimulatory effects of cold exposure can be mimicked by 
electrical stimulation of sympathetic nerves into BAT and 
β-adrenergic agonist administration, but are abolished by ei-
ther sympathetic nerve surgery, β-adrenergic blockade, or ge-
netic deletion of UCP1 [37,38]. Thus, the β-adrenergically 
stimulated 2-DG uptake into BAT is dependent on UCP1-me-
diated thermogenesis. Moreover, our metabolomic analysis re-
vealed that glycolytic metabolites in BAT robustly increased by 
cold exposure in WT mice, but not in UCP1-KO mice [32]. In 
addition, lactic acid levels elevated only in WT mice, suggest-
ing that a large proportion of glucose incorporated in BAT is 
metabolized via anaerobic glycolysis. It is most likely that glu-
cose is used to replenish ATP through aerobic glycolysis to 
compensate for the decreased ATP production in mitochon-
dria caused by UCP1 uncoupling. Thus, cold-induced increase 
in glucose utilization in BAT is secondary to UCP1 thermo-
genesis. This is a basis to use FDG-PET for the assessment of 
human BAT. It was also reported that inhibition of glycolysis 
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impairs BAT thermogenesis [39,40]. This may contradict with 
the above-mentioned idea but may easily be explained by as-
suming that increased glycolysis is favorable and indispensable 
for a sufficient supply of oxaloacetate to enable rapid oxidation 
of FA and acetyl-CoA by the TCA cycle. 

Some studies demonstrated an apparent association of ami-
no acid metabolism and thermogenesis in BAT [41-43]. For 
example, acute cold exposure in rats increased BAT influx of 
amino acids, including glutamine and branched-chain amino 
acids (BCAAs), accounting for approximately one-third of the 
energy supplied by glucose to the tissue [44]. Indeed, gluta-
mine level increased upon cold exposure in WT mice, but not 
in UCP1-KO mice [32]. Adipose tissue is known to have active 
glutamine metabolism [43] and contains a high level of gluta-
minase, an enzyme responsible for the conversion of glutamine 
to glutamate, reaching approximately 33% of the entire enzyme 
activity in rat lymphocytes or kidney [45]. Cold-induced up-
take of glutamine is possibly related to the UCP1-thermogene-
sis induced tissue hypoxia [46], which is reported to enhance 
tissue uptake of glutamine used for citrate production from 
α-ketoglutaric acid [47] or de novo FA synthesis [48]. BCAA is 
also actively used as a substrate for thermogenesis and pro-
motes systemic BCAA clearance. Recently, Yoneshiro et al. [49] 
demonstrated that BAT highly expresses the enzymes for 

BCAA catabolism and actively imports BCAA into mitochon-
dria via the specific transporter SLC25A44. 

BAT AS A REGULATOR OF SYSTEMIC 
METABOLISM 

BAT thermogenesis is associated with metabolic changes in 
BAT itself and those in a wide range of systemic metabolism. 
The most representative is the regulatory role of whole-body 
energy expenditure (EE) and body fatness. Activation of BAT 
thermogenesis by cold exposure or βAR stimulation leads to 
an increase in whole-body EE and a concomitant decrease in 
WAT fat content. In diet-induced or genetically obese animals, 
whole-body EE and BAT activity are reduced, but BAT trans-
plantation increases whole-body EE and reverses obesity 
[50,51]. The significant role of BAT in body fat regulation ap-
pears controversial because UCP1-KO mice are cold-sensitive 
but not obese [52,53]. This paradoxical finding was re-exam-
ined by Kontani et al. [54], who demonstrated that UCP1-KO 
mice get obese when they are kept on a high-fat diet for more 
than half a year. Feldmann et al. [55] also reported that UCP1-
KO are susceptible to diet-induced obesity when they are 
maintained at thermoneutral temperatures (29°C), but not at 
conventional animal room temperatures (18°C to 22°C). Thus, 

Fig. 2. Cod-induced uncoupling protein 1 (UCP1)-dependent and -independent metabolic changes in brown adipose tissue 
(BAT). Cold exposure triggers triglyceride (TG) hydrolysis, fatty acid (FA) uptake, oxidation of FA via β-oxidation and tricarbox-
ylic acid (TCA) cycle, and UCP1 activation. These are intimately associated with anaerobic glycolysis, and uptake of succinate and 
glutamine. In UCP1-KO brown adipocytes, cold exposure triggers TG hydrolysis, FA uptake, and β-oxidation of FA, similarly in 
wild-type brown adipocytes. Resulting acetyl-coenzyme A (CoA) is not oxidized by TCA cycle but used to re-synthesis of FA and 
TG. αKG, α-ketoglutaric acid. 
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the preventive effect of UCP1 against body fat accumulation is 
actualized only when animals need not to increase CIT. There-
fore, in the absence of UCP1, some alternative calorically more 
costly mechanisms are used for thermogenesis to maintain 
body temperature, which also contribute to body fat regula-
tion. The ATP-dependent futile cycles may be a likely mecha-
nism. In fact, the calcium cycling mechanism activated by sar-
colipin is upregulated in the skeletal muscle of UCP1-KO mice, 
and UCP1 expression is increased in sarcolipin-KO mice [14].

 As noted in section 2, the main energy source of BAT ther-
mogenesis is FA derived from intracellular TG and incorporat-
ed from circulation. BAT activation by cold exposure drasti-
cally accelerates clearance of plasma TG-rich lipoproteins 
(TRL) due to increased uptake into BAT. This depends on lipo-
protein lipase and a lipid transporter CD36, and corrects hy-
perlipidemia in Apoa5-KO mice [56]. Similar effects were also 
found by pharmacologic activation of BAT with β3AR agonist 
CL316,243, which improves dyslipidemia, and more impor-
tantly, protects hyperlipidemic model mice from atherosclero-
sis [57]. Activation of BAT thermogenesis increases high-den-
sity lipoprotein (HDL) levels, promoting HDL cholesterol 
turnover [58], which may also contribute to the atheroprotec-
tive effects of BAT. All these facts suggest a direct contribution 
of BAT to the regulation of blood lipoprotein metabolism. 

The significant contribution of BAT to blood metabolite lev-
els was also documented in BCAA; that is, BCAA uptake into 
activated BAT produces an apparent reduction of plasma 
BCAA levels [49], which may improve insulin sensitivity in 
other peripheral tissues as noted in section 5.

Possible roles of BAT in whole-body glucose homeostasis 
have been suggested over the years. It has been reported that 
cold exposure potentiates the stimulatory effect of insulin and 
increases glucose uptake in peripheral tissues, including skele-
tal muscle, WAT, and BAT, resulting in improved glucose toler-
ance [59]. Direct evidence for the beneficial effects of BAT on 
glucose homeostasis has been accumulated in studies of BAT 
transplantation. Gunawardana and Piston [60] first demon-
strated that subcutaneous transplants of embryonic BAT can 
correct type 1 diabetes mellitus in streptozotocin-treated mice 
with severely impaired glucose tolerance. In support of their 
observation, transplantation of BAT was shown to result in im-
proved glucose tolerance, increased insulin sensitivity, lower 
body weight, decreased fat mass, and a complete reversal of 
high-fat diet-induced insulin resistance [61]. Inversely, surgical 
removal of the interscapular BAT in obese diabetic mice im-

pairs insulin sensitivity [62]. Moreover, Nishio et al. [63] re-
ported that mice with transplanted brown adipocytes, derived 
from human pluripotent stem cells (hPSC), show augmented 
glucose tolerance, while those with hPSC-derived white adipo-
cytes show deteriorated glucose tolerance. Notably, co-trans-
plantation of brown adipocytes normalizes glucose intolerance 
induced by white adipocyte transplantation. There have also 
been reports that induction of beige adipocytes by transgenic 
techniques improves glucose tolerance in WT and even in 
UCP1-KO mice [20], indicating that UCP1 is not necessarily 
indispensable for the beneficial effects of brown and beige adi-
pocytes on glucose homeostasis.

BAT-DERIVED ENDOCRINE FACTORS 
REGULATING SYSTEMIC METABOLISM

As discussed above, even small amounts of BAT influence the 
broad range of systemic metabolisms, suggesting the role of 
BAT as a regulator of metabolism beyond thermogenesis. 
Mechanistically, some of the effects may be attributed to the 
relatively high metabolic activity of BAT itself, as in the case of 
the lowering effect on TRL and BCAA; however, those on glu-
cose metabolism and insulin sensitivity may not be explained 
by this activity. In this connection, it is interesting that BAT se-
cretes various molecules into extracellular fluid, collectively 
called as BATkines, which may mediate the effects of BAT on 
other tissues (Fig. 3) [11].

It is known that BAT and WAT synthesize and secrete vari-
ous adipokines, including adiponectin. In addition, activated 
BAT secretes some growth factors, such as vascular endothelial 
growth factor and nerve growth factors, which promote angio-
genesis and sympathetic nerve growth associated with tissue 
hyperplasia [64-66]. In addition to these paracrine factors, 
BAT secretes a wide variety of molecules into circulating 
blood, including polypeptides, FA metabolites, and microRNA 
(miRNA). 

Interleukin 6 (IL-6) is one of the polypeptides secreted from 
BAT. In the study of BAT transplantation mentioned in section 
3, Stanford et al. [61] found that the improved metabolic pro-
file was lost when the BAT used for transplantation was ob-
tained from IL-6-KO mice, demonstrating that BAT-derived 
IL-6 is required for the profound effects of BAT transplanta-
tion on glucose homeostasis and insulin sensitivity. Recently, 
Qing et al. [67] reported that acute stress induces IL-6 secre-
tion from BAT, which is the required instructive signal for me-
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diating hyperglycemia through hepatic gluconeogenesis. Thus, 
IL-6 may be a likely BATkine to regulate systemic glucose me-
tabolism. Interestingly, the secretion of IL-6 from BAT is medi-
ated by β3AR but independently of UCP1 thermogenesis. 

Another candidate of BATkines is fibroblast growth factor 
21 (FGF21). FGF21 is an important regulator of insulin sensi-
tivity, systemic metabolism, and EE [68]. Although FGF21 is 
released abundantly from the liver, it is also secreted from BAT 
in response to cold exposure or β3AR stimulation and contrib-
utes to increased circulating levels in mice and humans [69-
71]. Some studies have demonstrated that UCP1 is dispensable 
for the action of FGF21 on body weight and glucose metabo-
lism [72,73]. In contrast, FGF21 induces beige adipocyte bio-
genesis [74], suggesting that the FGF21 action is to stimulate 
some UCP1-independent mechanisms in beige adipocytes. In 
fact, Keipert et al. [75] reported that FGF-signaling controls 
paradoxical obesity resistance of UCP1-KO mice. Ruan et al. 
[76] also reported that brown adipocyte-specific FGF21 KO 
impaired the observed effects of adenosine A2A receptor ago-
nism in attenuating hypertensive cardiac remodeling, suggest-

ing an endocrine role of BAT in controlling hypertensive car-
diac remodeling though the release of FGF21. 

miRNAs are small noncoding RNAs with 20 to 22 nucleo-
tides, that function as negative regulators of protein synthesis 
at the translational level and are involved in many cellular pro-
cesses. miRNAs produced in adipocytes have a role in the dif-
ferentiation and function of adipocyte itself and are also secret-
ed through exosomes and taken-up into other cells. Thomou et 
al. [77] reported that mice with adipose-tissue-specific KO of 
the miRNA-processing enzyme exhibit a substantial decrease 
in the levels of circulating exosomal miRNAs, including miR-
NA-99b, and that the transplantation of BAT into the KO mice 
restores the circulating miRNA level, improves glucose toler-
ance, and suppresses hepatic FGF21 expression. These results 
suggest that exosomal miRNA-99b is secreted from BAT into 
blood circulation, acts on the liver, and suppresses hepatic 
FGF21 expression. It was also reported that circulating levels 
of miR-92a-3p and miRNA-122 are inversely correlated with 
BAT activity in humans [78,79]. Thus, it is likely that miRNA is 
a group of BATkines, although its precise role as a BATkine is 

Fig. 3. Endocrine actions of brown adipose tissue (BAT)-derived factors. Brown/beige adipocytes secrete various molecules, some 
of which such as nerve growth factor (NGF) and vascular endothelial growth factor (VEGF) function as paracrine factors, while 
others as endocrine factors, acting on the liver and skeletal muscle, thereby regulating systemic metabolism. 12,13-diHOME, 
12,13-dihydroxyoctadecaenoic acid; FA, fatty acid; FGF21, fibroblast growth factor 21; IL-6, interleukin-6; miR, microRNA; 
NRG4, neuregulin 4. 
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largely elusive to date.
Lipid molecules also serve as signals between BAT and other 

tissues. When FA derived from cold-induced lipolysis in WAT 
is oxidized in liver and in BAT, the acylcarnitine formed from 
carnitine and acyl-CoA by carnitine acyltransferases are se-
creted into circulation, and incorporated into BAT to be uti-
lized as energy fuel for thermogenesis [80]. Oxylipins, mole-
cules derived from the oxidation of polyunsaturated FAs, are 
attracted interest because of their action as intercellular signal-
ing molecules and involvement in the regulation of many cell 
and tissue responses. 12,13-Dihydroxyoctadecaenoic acid 
(12,13-diHOME) is secreted from BAT upon cold exposure 
and activates BAT in paracrine manner to enhance thermo-
genesis, resulting in decreased levels of serum TGs [81]. 
12,13-diHOME secreted from BAT is also enhanced by exer-
cise and increases FA uptake in muscle [82]. 

In addition, many molecules such as neureglin 4 (NRG4) 
[83] and myostatin [84] were identified as BATkines, but a 
comprehensive overview is beyond the scope of this article and 
found in other literatures [11,66,85,86].

Besides these BATkines, afferent nerve may also be involved 
in the signaling from BAT. We found that chronic β3AR ago-
nist treatment potentiates anorexigenic effects of leptin at the 
hypothalamus level, in parallel with UCP1 induction in WAT, 
in WT mice, but not in UCP1-KO mice [87]. Yamada et al. 
[88] also showed that ectopic expression of very low levels of 
UCP1 in epididymal WAT improves glucose tolerance and re-
verses both insulin and leptin resistance in obese mouse mod-
els. Interestingly, local-nerve dissection in the epididymis or 
pharmacological afferent blockade blunts the leptin action, 
suggesting that afferent-nerve signals from intra-abdominal fat 
tissue regulate food intake by modulating hypothalamic leptin 
sensitivity. Histological and physiological evidence has indi-
cated that BAT has sensory system innervation overlapping 
with the sympathetic efferent system [89]. Thus, it may be pos-
sible, that the BAT-derived sensory nervous system, in addi-
tion to and in combination with BATkines, plays a role in the 
regulation of systemic metabolism through the central nervous 
system.

BAT IN HUMAN PHYSIOLOGY AND 
DISEASE

Although our understanding on BAT discussed above is based 
largely on the studies in small rodents, the rediscovery of meta-

bolically active BAT using FDG-PET in adult humans [2-5] 
has dramatically accelerated the translational studies on BAT 
in health and diseases. 

A role of BAT to NST in humans has been demonstrated for 
CIT and diet-induced thermogenesis (DIT); that is, whole-
body EE after mild cold exposure or meal intake is greater in 
individuals with higher BAT activities than those with lower 
activities [7,90-95]. This is also supported by the observations 
that a single nucleotide substitution in the UCP1 gene at 
-3826A to G, which lowers UCP1 mRNA expression [96], at-
tenuates both CIT and DIT [97,98]. Muzik et al. [99] reported 
that CIT estimated from whole-body EE is much smaller than 
EE by BAT directly estimated by 15O2-PET, contradicting a sig-
nificant role of BAT detected by FDG-PET in whole-body EE 
and CIT. This discrepant result may be caused by FDG-PET 
which underestimated the total mass of BAT [100]. Consistent 
with the role of BAT in short-term regulation of EE, BAT is 
thought as a long-term regulator of energy and body fats in 
humans. Both clinical and experimental studies have revealed 
an inverse relationship between the activity/ prevalence of BAT 
and adiposity-related parameters, such as body mass index, 
body fat content, and visceral fat accumulation [101-104]. 
Moreover, cold-induced reactivation and recruitment of BAT 
in individuals with low BAT activities results in a significant 
increase in CIT and a concomitant reduction of body fat con-
tent [105-107]. 

Accumulated evidence has suggested a regulatory role of 
BAT in glucose homeostasis and insulin sensitivity in humans. 
We found in healthy adults that blood glucose and glycosylated 
hemoglobin (HbA1c) levels are lower in individuals with high-
er BAT activities [104]. Regression analysis revealed that BAT, 
in addition to age, sex, and body fatness, is a significantly inde-
pendent determinant of glucose and HbA1c. These results 
seem compatible with some retrospective analyses of patient 
data showing blood glucose as a determinant of BAT preva-
lence [4,102,103]. Chondronikola et al. [108] reported that 
mild cold exposure for 5 hours increased whole-body glucose 
disposal, plasma glucose oxidation, and insulin sensitivity in 
men with significant amounts of BAT, but not in those without 
detectable BAT. Improved insulin sensitivity in parallel with 
BAT recruitment after cold acclimation was also shown in 
healthy men [109,110] and in patients with type 2 diabetes 
mellitus [111]. 

In connection with the beneficial effects of BAT on insulin 
sensitivity, BAT also actively metabolizes BCAA to lower their 
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plasma levels in humans [49]. Accordingly, impaired BAT ac-
tivity reduces BCAA clearance, thereby resulting in increased 
circulating BCAA levels, which are often seen in obesity and 
aging [112]. The accumulation of intracellular BCAA results in 
mammalian target of rapamycin activation and subsequent in-
hibition of insulin signaling [113]. 

Very recent studies also revealed significant beneficial effects 
of BAT on the cardiovascular system in humans, in agreement 
with the atheroprotective effects of BAT in mice [57]. Becher et 
al. [114] categorized 53,475 patients by presence or absence of 
BAT, and found improved profiles of blood glucose, TG, and 
HDL-cholesterol in individuals with BAT, as already reported 
in healthy humans. Notably, BAT independently correlated 
with lower rates of hypertension, type 2 diabetes mellitus, cor-
onary artery disease, and congestive heart failure. These results 
are well consistent with a 5-year follow-up study reported by 
Raiko et al. [115] showing that BAT activity correlated with 
lower carotid intima-media thickness and higher carotid elas-
ticity.

CONCLUSIONS

As discussed in the previous sections, the preclinical and clini-
cal studies, together with experimental studies in mice, have 
indicated that BAT is important as a regulator of whole-body 
energy balance, systemic metabolism, and cardiovascular 
functions. Hence, BAT is now recognized as an intriguing 
therapeutic target of obesity and metabolic disorders such as 
diabetes mellitus, dyslipidemia, and related cardiovascular dis-
eases. In fact, several drugs and food ingredients targeting BAT 
have been tested for pharmacological and nutritional therapy 
of obesity and metabolic syndrome [116,117]. 

Despite these advances in experimental and clinical re-
searches of BAT, some important questions remain to be 
solved: for example, in mouse models, beige fat induction is 
greatly influenced by their genetic background [118,119], but 
in humans little is known about possible effects of genetic vari-
ants on brown and beige adipocytes, which undoubtedly par-
ticipate in the remarkable individual difference in the amount 
and activity of BAT [120]. Another problem is related to the 
method used in assessing human BAT. To date, FDG-PET is a 
standard tool used to measure human BAT [121]; however, 
this option has serious limitations, including the enormous 
cost of devices, radiation exposure, and acute cold exposure, 
which make repeated measurements difficult and an impedi-

ment in basic and clinical studies. There is therefore an urgent 
need to establish less invasive and simpler methods for quanti-
tative assessment of human BAT. This would promote dedicat-
ed human studies, including longitudinal observations and the 
development of practical, easy, and effective regimens that can 
activate and recruit BAT.
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