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                        SPECIAL SELECTION: BROWN FAT    

 Activation and recruitment of brown adipose tissue as anti-obesity 
regimens in humans      
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   Introduction 
 We are now facing a global increase in obesity and related meta-
bolic disorders, which underscores the urgent need for eff ective 
treatments. As obesity is a result of prolonged positive energy bal-
ance, it can be treated by reducing food intake and/or increasing 
energy expenditure (EE). For the latter, while increased physical 
activity is usually recommended, current attention has also been 
paid to brown adipose tissue (BAT). BAT has long been recog-
nized in small rodents as the major site of adaptive non-shivering 
thermogenesis during cold exposure and probably during sponta-
neous overfeeding, and thereby contributing to the regulation of 
body fat content. BAT thermogenesis is primarily dependent on 

uncoupling protein 1 (UCP1), a unique mitochondrial membrane 
protein, and is directly regulated by sympathetic nerves distribut-
ing abundantly to this tissue. In humans, although BAT was once 
thought to present only in infants, recent radionuclide imaging 
studies have revealed the existence of a considerable amount of 
BAT in adult humans (1 – 5). Th e metabolic activity of human BAT 
can be assessed by fl uorodeoxyglucose (FDG)-positron emission 
tomography (PET) combined with X-ray computed tomography 
(CT), one of the powerful diagnostic tools for malignant tumors. 
Both clinical and experimental FDG-PET/CT studies have dem-
onstrated an inverse relationship between BAT activity and body 
fat content, suggesting BAT as a regulatory site of thermogenesis 
and body fat metabolism in humans (2 – 4). 

 In addition to rediscovery of human BAT, several major ad-
vancements have also been made in the research fi eld of BAT 
over the past years. First, studies in rodents revealed two types 
of UCP1-positive adipocytes arising from distinct developmen-
tal lineages:  ‘ classical brown adipocytes ’  and  ‘ beige/brite adipo-
cytes ’  (6,7). Several key transcriptional regulators and signaling 
molecules in the developmental pathways of brown and beige/
brite adipocytes have been identifi ed. Second, while the sympa-
thetic nervous system is a central regulator of BAT function, some 
endocrine/paracrine molecules were identifi ed as signifi cant 
activators/recruiters of BAT (8). Finally, very recent studies 
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    Key messages    

 Brown adipose tissue (BAT), because of its energy- •
dissipating activity, is protective against body fat 
accumulation in humans.   
 Repeated cold exposure or daily ingestion of some  •
food ingredients acting on transient receptor potential 
channels recruits BAT in association with increased 
energy expenditure and decreased body fat in healthy 
non-obese subjects.   
 BAT is a promising therapeutic target for combating  •
human obesity and related metabolic disorders.    

  Brown adipose tissue (BAT) is the site of sympathetically activated 
adaptive thermogenesis during cold exposure and after hyper-
phagia, thereby controlling whole-body energy expenditure (EE) 
and body fat. BAT thermogenesis is primarily dependent on the 
energy-dissipating activity of uncoupling protein 1 (UCP1). There 
are two types of UCP1-expressing adipocyte, classical brown and 
beige/brite adipocytes. Recent radionuclide studies have dem-
onstrated the existence of metabolically active BAT composed 
of mainly beige/brite adipocytes in adult humans. Human BAT is 
activated by acute cold exposure, being positively correlated to 
cold-induced increases in EE. The inverse relationship between 
the BAT activity and body fatness suggests that BAT, because 
of its energy-dissipating activity, is protective against body fat 
accumulation. In fact, either repeated cold exposure or daily 
ingestion of some food ingredients acting on transient receptor 
potential channels recruited BAT in association with increased 
EE and decreased body fat. Moreover, possible contribution of 
BAT to glucose tolerance has been suggested. In addition to the 
sympathetic nervous system, some endocrine factors also have 
potential for activation/recruitment of BAT. Thus, BAT is a promis-
ing therapeutic target for combating human obesity and related 
metabolic disorders.   

 Key words:   Brown adipose tissue  ,   beige/brite adipocyte  , 
  energy expenditure  ,   humans  ,   obesity 
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investigating the eff ects of BAT transplantation suggest that BAT 
may also regulate glucose and lipid metabolism through some 
body fat-independent mechanisms (9,10). 

 BAT is thus an intriguing target for combating human obesity 
and associated metabolic disorders. In this review, we summa-
rize the regulatory roles of BAT in energy homeostasis and body 
fatness, and some mechanisms to activate and recruit BAT with 
reference to their anti-obesity potential.   

 There are two types of UCP1-expressing adipocytes 
 Th e major BAT depot in small rodents is found in the inter-
scapular region. Brown adipocytes in this depot originate from 
Myf5-positive myoblastic cells that also give rise to skeletal 
muscle cells (11), and are called  ‘ classical brown adipocytes ’ . 
Th e structure of classical brown adipocytes is characterized 
by numerous small lipid droplets and a large number of mi-
tochondria harboring UCP1 in the inner membrane. UCP1-
expressing adipocytes also develop in fat depots usually con-
sidered as white adipose tissue (WAT) aft er prolonged cold 
exposure or repeated administration of sympathomimetics 
including  β -adrenoceptor ( β AR) agonists (12 – 14). Th ese adi-
pocytes, named  ‘ beige or brite adipocytes ’ , arise from lineages 
developmentally distinct from classical brown adipocytes; they 
originate from a Myf5-negative precursor cells (15,16) and/or 
are transdiff erentiated from white adipocytes (17). Despite a 
common expression of some specifi c genes including UCP1, 
Cidea, and PRDM16, these two types of adipocyte have dis-
tinguishing gene signatures (18), for example, Zic1 in classical 
brown adipocytes and Hoxc9 in beige/brite adipocytes. In brief, 
classical brown adipocytes display a strong myogenic signature 
compared to brite/beige adipocytes. 

 Th e presence of BAT in adult humans was fi rst suggested 
in clinical observations in patients having malignant tumors 
(19,20): that is, FDG-PET/CT showed, in some cases, sub-
stantial and bilateral FDG uptake into adipose tissue in the 
supraclavicular and paravertebral regions. Th ese were revis-
ited by the observations that FDG uptake in these regions is 
markedly increased aft er acute cold exposure (2,3,5), and that 
tissue samples isolated from these regions contain numerous 
multilocular adipocytes expressing UCP1 (2 – 5,21). It is thus 
undoubted that adult humans have considerable amounts of 
metabolically active BAT. 

 Wu et   al. (15) and Sharp et   al. (22) independently proposed 
that BAT of adult humans is mainly composed of beige/brite 
adipocytes because supraclavicular fat expresses rodent-
validated marker genes of beige/brite adipocytes, but not those 
of classical brown adipocytes. However, some other groups 
reported the expression of both classical brown and beige/brite 
markers in the supraclavicular/neck fat of adults (23,24). Th ese 
confl icting results might be due to where tissue samples were 
obtained. Indeed, BAT in the interscapular depot of neonates, 
the most characteristic BAT depot in small rodents, expresses 
genes specifi c to classical brown adipocytes, whereas that in 
the supraclavicular depot expresses beige/brite marker genes 
(25). Taken together, human BAT may comprise both classi-
cal brown and beige/brite adipocytes, but its distribution may 
depend on the regions and age (24,25). It should be noted that 
any conclusion derived from using such marker genes would 
be limited by the reliability of the marker chosen. Th us, further 
studies are needed to categorize better the cell types of human 
BAT and, more importantly, to clarify their metabolic activi-
ties and regulatory roles in whole-body energy metabolism as 
discussed later.   

 BAT contributes to adaptive thermogenesis 

 It has been established in small rodents that BAT is the major site 
for adaptive non-shivering thermogenesis, a physiological process 
during which heat production increases in response to environ-
mental cues (26,27). One of the typical examples is cold-induced 
thermogenesis (CIT), an increase in EE seen when mammals are 
exposed to lower temperatures (28,29). For example, when mice 
are exposed to cold at 4 ° C, sympathetic nerve activity in BAT is 
increased to activate UCP1, which short-circuits the electrochem-
ical gradient that drives ATP synthesis, thereby dissipating energy 
as heat. Heat generated in BAT is distributed to the rest of the 
body through the circulation to prevent body temperature drop. 
Th e indispensable role of BAT for CIT was clearly confi rmed by 
fi ndings that mice lacking UCP1 are intolerant to cold exposure 
(30) and have a much shorter life-span in the cold (31). 

 In humans, BAT was once thought to have a physiological 
role only in infants whose shivering thermogenesis ability is still 
immature. However, the recent rediscovery of a considerable 
amount of BAT in adults rekindled research into the physiological 
signifi cance of human BAT. Particularly, the fact that human BAT 
can be best detected by FDG-PET/CT aft er acute cold exposure 
implies a signifi cant role of BAT in CIT. To test this, we measured 
whole-body EE under thermoneutral conditions (27 ° C) and aft er 
acute cold exposure (19 ° C, 2 hours) in healthy subjects with wide 
ranges of body composition and BAT activity (Figure 1) (32,33). 
EE was positively correlated with fat-free lean body mass both 
under the thermoneutral condition and aft er cold exposure, 
while EE was positively correlated with BAT activity only aft er 
cold exposure. Th us, CIT calculated from the diff erence between 
EE under the two conditions was positively correlated with BAT 
activity, but not with lean body mass. Consistently with these 
results, there have been reports that CIT seen under conditions 
inducing no muscle shivering is higher in a subject group with 
detectable BAT activities than in those without them (34 – 37). All 
these results strongly support an idea that BAT plays a signifi cant 
role in CIT in healthy adult humans. Moreover, they may suggest 
a minor role of shivering thermogenesis by skeletal muscle, which 
is a major metabolically active component of fat-free mass, at least 
under mild cold conditions. Th is was further supported by the 
observation of negligible eff ects of cold exposure on FDG uptake 
into skeletal muscle (Figure 1) (10,34). 

 Another example of adaptive thermogenesis is diet-induced 
thermogenesis (DIT), an increase in EE seen aft er food intake. 
Since the fi rst report of BAT hyperplasia in small rodents kept 
on prolonged overfeeding on highly palatable cafeteria-diets (38), 
it has repeatedly been reported that BAT mass and/or UCP1 ex-
pression are decreased in animals deprived of food but increased 
in those fed on high-calorie diets (26,27), suggesting that the 
thermogenic capacity of BAT is increased in response to excessive 
energy intake, thereby functioning as a homeostatic buff er of EE. 
However, this does not necessarily mean that BAT is the major 
site of DIT (39). In fact, to our knowledge, there has been no di-
rect evidence for postprandial activation of BAT thermogenesis 
in small rodents. 

 A possible contribution of BAT to DIT has also been investi-
gated in adult humans. Vosselman et   al. (40) reported that FDG 
uptake into BAT depots was increased a couple of hours aft er 
ingestion of a high-calorie meal. It is to be noted, however, that 
a similar increase in FDG uptake was also observed in skeletal 
muscle, probably because of the action of insulin released aft er 
meal ingestion. We also measured EE for 2 hours aft er meal inges-
tion, and found that postprandial thermogenesis is slightly higher 
in individuals with higher BAT activities (41). Moreover, Nagai 
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et   al. reported a signifi cant eff ect of UCP1 gene polymorphism 
on postprandial thermogenesis aft er a high-fat meal in healthy 
boys (42). Th us, BAT seems to be involved, at least in part, in DIT, 
while its quantitative contribution relative to other tissues includ-
ing skeletal muscle remains to be investigated not only in humans 
but also in small rodents.   

 BAT activity inversely relates to body fatness 
 It has repeatedly been reported in small rodents that thermogenic 
activity of BAT is inversely related to body fatness. For example, 
almost all obese model animals express lower levels of UCP1 
in BAT, while mice over-expressing UCP1 are leaner (26,27). 
Moreover, mice lacking UCP1 are susceptible to diet-induced 
obesity when they are maintained at thermoneutral temperatures 
( ∼ 29 ° C), whereas they did not show obese phenotype in conven-
tional animal room temperatures ( ∼ 20 ° C) (30,43). BAT is thus 
accepted as a long-term regulator of energy balance and body fat 
content. 

 Consistent with this view, retrospective readings of FDG-PET/
CT in thousands of patients have revealed that BAT prevalence is 
lower in patients with higher body mass index (BMI) (4,44 – 46). 
Prospective studies in healthy participants also demonstrated 

an inverse correlation between BAT activity and body fat content 
(Figure 2) (2,3,47). It is to be noted that the apparent association 
between BAT and adiposity may suggest a protective role of BAT 
in body fat accumulation but does not give any conclusion for their 
causal relationship. Vijgen et   al. reported the tendency of increased 
BAT activity and CIT aft er severe weight loss by bariatric surgery 
in morbidly obese patients (48). An insignifi cant increase in BAT 
activity was also reported in patients losing body fat by life-style 
intervention (49). Th is may be explained by the changes in the sub-
cutaneous fat layer and the surface-to-volume ratio: that is, severe 
weight loss decreases the insulation capacity of the subcutaneous 
fat layer and thereby recruits BAT due to the need for additional 
thermogenesis to maintain body temperature. 

 Moreover, the apparent association between BAT and body fat-
ness should be carefully evaluated because these are infl uenced by 
age in small rodents (50,51) and more greatly in humans. A strong 
impact of age on human BAT is reported in both clinical and experi-
mental studies (44 – 47). In our previous study (47), for example, the 
prevalence of cold-activated BAT is more than 50% in young sub-
jects in their 20s, decreased with age, and is less than 10% in subjects 
in their 50s and 60s (Figure 2). On the other hand, the aging process 
produces notable changes in EE and body composition: that is, in 
general, percent body fat increases, while physical activity, daily EE, 

1000

1500

2000

2500

0 3 6 9 12 15 18

BAT activity at 19˚C (SUV)

P < 0.05

(E)

-500

0

500

1000

43 48 53 58 63

Lean body mass (kg)

Δ
 
E

E
 
(
k

c
a

l
/
d

)
Δ

 
E

E
 
(
k

c
a

l
/
d

)

(C)

n.s.

1000

1500

2000

2500

43 48 53 58 63

Lean body mass (kg)

E
E

 
a

t
 
1

9
˚
C

 
(
k

c
a

l
/
d

)
E

E
 
a

t
 
1

9
˚
C

 
(
k

c
a

l
/
d

)

(B)

P< 0.05

1000

1500

2000

2500

43 48 53 58 63

Lean body mass (kg)

E
E

 
a

t
 
2

7
˚
C

 
(
k

c
a

l
/
d

)

(A)

P< 0.0001

-500

0

500

1000

0 3 6 9 12 15 18

BAT activity at 19˚C (SUV)

P < 0.0001

(F)

1000

1500

2000

2500

0 3 6 9 12 15 18

BAT activity at 19˚C (SUV)

n.s.

(D)

0.0

0.5

1.0

1.5

Brain Heart Muscle BAT

(G)

F
D

G
 
u

p
t
a

k
e

 
(
S

U
V

)

P < 0.0001

19˚C (n=10)

27˚C (n=10)

E
E

 
a

t
 
2

7
˚
C

 
(
k

c
a

l
/
d

)

10.0

15.0

20.0

  Figure 1.     Contribution of lean body mass and BAT activity to EE in humans. Whole-body EE of 51 healthy males was measured at thermoneutral room 
temperature (27 ° C, A and D) and aft er acute cold exposure (19 ° C for 2 hours, B and E). CIT was calculated from the diff erence between EE at 19 ° C and 27 ° C 
(C and F). Relations of EE to lean body mass (A – C) and BAT activity assessed by FDG-PET/CT aft er the acute cold exposure (D – F). (G) Cold-induced FDG 
uptake into brain, heart, skeletal muscle, and BAT was assessed from standardized uptake value (SUV), defi ned as the radioactivity per milliliter within the 
region of interest divided by the injected dose in megabecquerels per gram of body weight. Adapted from Yoneshiro et   al. (33) and Nishio et   al. (10).  
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age-related impairment of BAT is accelerated by orexin defi ciency 
but rescued by orexin administration, suggesting a role of orexin 
in the long-term regulation of BAT (51).   

 Studies in small rodents show BAT as an anti-obesity 
target 
 Given that BAT is protective against body fat accumulation, acti-
vation and/or recruitment of BAT might be expected to be a hope-
ful therapeutic regimen for combating obesity. Th is is particularly 
intriguing because people with lower or undetectable BAT activi-
ties are more obese and to be treated. Based on the stimulatory 
role of the sympathetic nervous system in BAT thermogenesis, 
there have been numerous trials to recruit BAT in small rodents. 
Typical are prolonged cold exposure and  β 3AR agonist treatment, 
both of which give rise to an increased UCP1 expression, mito-
chondriogenesis, and proliferation/diff erentiation of classical 
brown adipocytes, all of which result in BAT hyperplasia and an 
increased thermogenic capacity, and thereby a reduction of body 
fat content (26,27). Chronic cold exposure and repeated  β 3AR 
agonist treatment produce not only BAT hyperplasia but also a 
remarkable induction of beige/brite adipocytes in white fat pads 
(12 – 14), which may also contribute to the reduction of body fat. 

lean body mass, and bone mineral density decrease with age (52). 
Th us, it is possible that the inverse relationship between BAT and 
adiposity might be a spurious correlation. In fact, the apparent as-
sociation of BAT with adiposity was reported in studies for older 
populations, but not in those of younger populations (47,53). 

 In more detailed analysis of the eff ects of BAT on age-related 
accumulation of body fat, we found that subjects without detect-
able BAT were prone to age-related accumulation of visceral fat, 
whereas those with detectable BAT were slim even in their 40s 
and 50s (Figure 2) (47). Th ese results, together with a fi nding that 
mice lacking UCP1 showed severe diet-induced obesity in an age-
dependent manner (54), suggest that the age-related decrease in 
BAT activity gradually but signifi cantly accelerates body fat ac-
cumulation in humans (Figure 2). Th is is also supported by our 
studies showing that single nucleotide polymorphisms at  – 3826 A 
to G of the UCP1 gene and at 64 Trp to Arg of the beta3 adrener-
gic receptor ( β 3AR) gene accelerate age-related decrease in BAT 
activity in parallel with an increase in body fatness (55). 

 At present, the physiological mechanisms underlying the age-
related reduction of BAT are largely unknown. It is to be noted 
that sympathetic nerve activity and sympathetic signaling to BAT 
increase with age, implying a decreased sensitivity of BAT to sym-
pathetic stimulation (50). Very recently, it was reported that the 
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  Figure 2.     Age-related decrease in BAT and accumulation of body fat. Th e prevalence and activity of BAT was assessed from FDG uptake through PET/CT 
combined with acute cold exposure. (A) Inverse correlation between BAT activity and visceral fat area. (B) Eff ects of age on BAT prevalence and visceral 
fat area. (C) Age-related accumulation of visceral fat in subjects with detectable activities of BAT (High BAT) and those without it (Low BAT). (D) Th e 
thermogenic activity of BAT is high during neonatal periods, but decreases with age in some individuals who get obese. In contrast, other individuals who 
keep BAT during their adulthood do not get obese, suggesting that BAT is protective against age-related development of obesity, and that its reactivation/
recruitment is an eff ective regimen for combating obesity. Single nucleotide polymorphisms (SNPs) of UCP1 and  β 3AR genes accelerate age-related decline 
of BAT. Adapted from Saito et   al. (2) and Yoneshiro et   al. (47).  
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 Recent studies using isolated and/or  in vitro  diff erentiated 
adipocytes demonstrated that beige/brite adipocytes have com-
parable thermogenic activities to classical brown adipocytes 
(56 – 58). However, as the total amount of UCP1 protein in beige/
brite adipocytes per animal is low, the relative contribution of 
these cells to overall thermogenic capacity may be marginal. In 
this context, several lines of evidence suggest signifi cant roles of 
beige/brite adipocytes compared to classical brown adipocytes 
for body fat regulation. In a series of studies using recombinant 
inbred mouse strains, Kozak ’ s group found that susceptibility 
to diet-induced obesity was associated more strongly with the 
propensity of beige/brite induction than UCP1 expression levels 
in interscapular BAT composed of classical brown adipocytes 
(59,60). Moreover, several mouse models with an increased num-
ber of beige/brite adipocytes are protected from diet-induced 
obesity. For example, Fabp4-PRDM16 transgenic mice, which 
show beige/brite adipocyte induction in subcutaneous white fat 
pads without substantially changing UCP1 levels in classical BAT, 
display increased EE and limited weight gain under a high-fat 
diet (61). 

 Th us, beige/brite adipocytes are responsible for reducing 
body fat, despite their relatively small amounts of UCP1. Th is 
may imply the contribution of some mechanisms/factors derived 
from beige/brite adipocytes in white fat pads, in addition to their 
thermogenic activity, to whole-body EE and adiposity. In this 
context, there are interesting reports that ectopic expression of 
very low levels of UCP1 in epididymal fat pads ameliorates leptin 
sensitivity through aff erent nerve signals from the fat tissue to 
the hypothalamus (62,63). Transplantation of a tissue fragment 
of BAT into intra-abdominal white fat pads was also eff ective in 
decreasing body fatness even though the recipient mouse had 
considerable amounts of its own BAT (9,64). As various endo-
crine and paracrine factors including fi broblast growth factor 21 
(FGF21) and interleukin-6 (IL-6) are known to be produced in 
BAT (56,65,66), some of them may be involved in the regulation 
of EE and adiposity.   

 Chronic cold exposure recruits BAT and reduces 
body fat in humans 
 Th e anti-obesity eff ect of BAT is now well established in small 
rodents, regardless of whether it is attributed to classical brown or 
beige/brite adipocytes, or both. Th is encourages us to confi rm it 
in humans. As mentioned in the previous sections, cold exposure 
is the most powerful and physiological stimulus for reactiva-
tion and recruitment of BAT. In fact, it has been reported that 
BAT was more detectable in winter, and in outdoor workers and 
people who died of cold (2,26,44,67 – 69). We examined the eff ects 

of repeated cold exposure on BAT activity and also body fat con-
tent in healthy volunteers with low or undetectable activities of 
BAT (33). Aft er chronic cold exposure at 17 ° C for 2 h every day 
for 6 weeks, their BAT activity signifi cantly increased (Figure 3). 
Van der Lans et   al. also reported increased BAT activity and vol-
ume in human adults placed in cold suits to acclimatize them to 
cold conditions a few hours a day for 10 days (37). Th ese fi ndings, 
being comparable with those in small rodents, indicate that BAT 
can be recruited by chronic cold exposure. It was also found that 
the daily cold exposure increased CIT, with increments positively 
related to those in BAT activity. Th ese results, together with a 
highly positive correlation between CIT and BAT activity, indicate 
that recruited BAT actually contributes to CIT. Most important of 
our fi ndings is that body fat mass signifi cantly decreased aft er the 
chronic cold exposure, whereas body weight and fat-free mass did 
not change. Th e change in body fat mass was inversely correlated 
with those in BAT activity and CIT, suggesting a signifi cant con-
tribution of recruited BAT to body fat reduction. 

 Since the cause-and-eff ect relationship between BAT and body 
fatness is not fully clarifi ed in humans, as noted above, it may be 
possible that the body fat reduction seen aft er chronic cold expo-
sure may be a cause, not a result, of increased BAT. However, in 
our study using non-obese healthy subjects, the decrease in body 
fat mass was only 0.7 kg. It is thus highly unlikely that such a small 
reduction results in a signifi cant change in insulation capacity of 
the subcutaneous fat layer. Apparent BAT recruitment without 
body fat change was also found aft er only a 10-day cold acclima-
tion (37). All this taken together, it is concluded that human BAT 
can be recruited by chronic cold exposure, thereby increasing 
whole-body EE and decreasing body fat even in individuals who 
have lost detectable activities of BAT. Although it remains to be 
tested whether the recruited human BAT is composed of classical 
brown or beige/brite adipocytes, Lee et   al. recently reported that 
human neck preadipocytes diff erentiated into beige/brite adipo-
cytes more than classical brown adipocytes  in vitro  (56). Th e same 
group also demonstrated that UCP1-positive adipocytes were 
diff erentiated even from preadipocytes isolated from subjects 
without detectable BAT in FDG-PET/CT (70), supporting again a 
high ability of recruitment of human BAT.   

 Thermoreceptor agonists can mimic the eff ects 
of cold 
 Although daily cold exposure can recruit human BAT, it would 
seem diffi  cult to increase exposure to cold in daily life. Moreover, 
it is to be noted that mice exposed to cold at 4 ° C show increased 
cardiovascular risk such as atherosclerotic plaque growth or in-
stability in mice (71), although human BAT can be activated and 

Thermogenic 
capacity

Body fat 
content

BAT mass 
and activity

6-wk cold exposure

  Figure 3.     Recruitment of human BAT aft er chronic cold exposure. Repeated cold exposure for 6 weeks recruited BAT, increased whole-body EE, and 
decreased body fatness. Adapted from Yoneshiro et   al. (33).  
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capsinoid-induced increase in CIT would refl ect an enhancement 
of the thermogenic capacity and activity of BAT. Th ese results, 
together with the stimulatory eff ects of capsinoids on BAT-
dependent EE (77), suggest that the anti-obesity eff ects of capsi-
noids are attributable, at least in part, to the thermogenic activity 
of recruited BAT. Th e primary action site of capsaicin/capsinoids 
would be TRPV1 on sensory neurons located in the gastrointesti-
nal tract, but it seems also possible that a part of the eff ects may be 
through the action on TRPV1 expressed in BAT and WAT (78). 
TRPV1 as well as other subtypes of TRP may also be involved in 
the direct action of cold on white and beige adipocytes (79). 

 Not only agonists of TRPV1 but also those of other subtypes of 
TRPs are candidates for BAT recruiters. For example, TRPM8 and 
TRPA1 are the most likely receptor candidates sensitive to low 
temperatures. Th e mean activation temperatures of TRPA1 and 
TRPM8 are around 20 ° C, being comparable with those applied 
in human studies to activate BAT. Th ere are various ingredients 
in food acting as agonists for these TRPs (80), a representative of 
which is menthol, a cooling and fl avor compound in mint, acting 
on TRPM8. TRPA1 is activated by allyl- and benzyl-isothiocya-
nates, pungent elements in mustard and wasabi (Japanese horse-
radish). Animal studies have demonstrated that these compounds 
increase BAT thermogenesis through the activation of TRPs and 
the sympathetic nervous system, and decrease body fat. Th us, 
these food ingredients as well as capsaicin/capsinoids are promis-
ing as an anti-obesity regimen easily applicable in daily life.   

 Endocrine and paracrine activators of BAT 
thermogenesis 
 Th e eff ects of cold exposure and TRP stimulation on BAT are pri-
marily mediated through the activation of the sympathetic nerve 
and  β AR system, which is undoubtedly a central regulator of 
brown and beige adipocytes. In addition to or in combination 

recruited by rather mild cold conditions at 10 – 19 ° C (33,37). It is 
known that the stimulatory eff ects of cold on BAT are initiated 
by peripheral stimulation of transient receptor potential (TRP) 
channels in sensory neurons (72,73). TRP vanilloid (TRPV) is 
a family of transient receptor potential ion channels. TRPV1 is 
activated by a number of environmental cues such as heat greater 
than 43 ° C and some pungent compounds in chili peppers such 
as capsaicin. Capsaicin is known to increase EE and fat oxida-
tion through the activation of the adreno-sympathetic nervous 
system, and to reduce body fat in small rodents and also in 
humans (74,75). However, because of its strong pungency, not all 
people can take it in large quantities. Capsinoids, non-pungent 
capsaicin analogs, are also known to activate TRPV1 to a similar 
extent to capsaicin. Although capsinoids are much less pungent 
than capsaicin, they are as potent as capsaicin to increase sym-
pathetic nerve activity, thermogenesis, EE, and fat oxidation, and 
to reduce body fat both in small rodents and humans (74 – 76). 
We reported previously that a single oral ingestion of capsinoids 
increases EE in human individuals with metabolically active BAT, 
but not in those without it, indicating that the thermogenic eff ect 
of capsinoids is mediated through the activation of BAT (77). 

 Such acute eff ects of capsinoids are quite similar to those of 
cold exposure, thus implying repeated capsinoid treatment can 
mimic the chronic eff ects of cold exposure and may recruit BAT 
in humans. To test this idea, we examined the eff ects of a daily 
ingestion of capsinoids on BAT and whole-body EE in subjects 
with low or undetectable activities of BAT (33). EE under a ther-
moneutral condition at 27 ° C was almost the same before and 6 
weeks aft er the daily ingestion of capsinoids or a placebo, while 
EE aft er 2-h cold exposure at 19 ° C was increased only aft er capsi-
noid treatment. Consequently, CIT aft er capsinoid treatment was 
signifi cantly higher than before the treatment and aft er placebo 
treatment. As CIT is proportional to BAT activity assessed by 
FDG-PET/CT, and thus a predictive index of BAT activity, the 
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  Figure 4.     Sympathetic and endocrine control of brown and beige/brite adipocytes.  
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conserved start codon ATG to ATA, and thereby producing only 
a small amount of full-length protein (99). It is thus obvious that 
further studies are needed, particularly to translate the benefi cial 
eff ects of irisin observed in mice to humans.   

 Perspectives 
 It is now accepted that BAT is signifi cantly involved in adaptive 
thermogenesis, and thereby in the regulation of whole-body 
EE and body fatness, in not only small rodents but also adult 
humans. Human BAT can be recruited even in individuals 
who have undetectably small amounts of BAT and thereby get 
obese. Th is encourages us to develop practical, easy, and eff ective 
anti-obesity regimens, particularly by searching for thermogenic 
food ingredients and endogenous factors inducing beige/brite 
adipocytes. In addition to the regulatory roles of BAT in EE and 
body fatness, BAT may be relevant to some metabolic disorders. 
Some clinical studies of thousands of patients have shown a 
negative association of BAT activity with diabetic status or blood 
glucose level (4,46,100,101). We have also found a signifi cant 
independent impact of cold-activated BAT on blood glucose 
and hemoglobin A1c (HbA1c) in healthy human subjects, sug-
gesting a possible eff ect of BAT on glucose metabolism, in ad-
dition to but independently of those of body fatness (102). Th is 
is compatible with the well-known ameliorating eff ect of cold 
exposure on insulin sensitivity (103,104), and also with recent 
reports in mice demonstrating augmented glucose tolerance and 
insulin sensitivity in animals transplanted with a tissue piece of 
BAT (9,64,105) or brown adipocytes diff erentiated from human 
iPS cells  in vitro  (10). Moreover, a regulatory role of BAT was 
proposed for plasma triglyceride metabolism (10,106,107). Th us, 
BAT may be an intriguing target for combating not only obesity 
but also some related metabolic disorders.            
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with this system, some hormones and factors have been identi-
fi ed as activators/recruiters of BAT (Figure 4). A representative 
is triiodothyronine (T3), which is well established as a potent 
transcriptional activator of the UCP1 gene. Th ere are reports 
showing an association of BAT activity with thyroid function 
both in mice and humans (81). However, it is noted that T3 in 
BAT is produced from thyroxin (T4) by the action of type II 
deiodinase (D2) in this tissue, more than derived from circulat-
ing T3, at least in small rodents (81). A critical role of D2 for 
BAT thermogenesis was confi rmed by a fi nding that D2-defi cient 
mice were cold-sensitive (82). As D2 in BAT is greatly activated 
by noradrenaline released from sympathetic nerves (83), it is 
likely that the sympathetic nervous system is important for the 
thyroidal control of BAT thermogenesis and recruitment. D2 in 
BAT is also shown to be activated by bile acids coming from the 
liver (84). Th is may explain why bile acids cause increased EE 
and reduced body fatness without considerable eff ect on food 
intake. Th us, the eff ects of thyroid hormones are to be evaluated 
in association with these other interacting factors. 

 FGF21, another liver-derived endocrine factor, has gathered 
increasing attention because it reduces body fatness and improves 
glucose tolerance when administrated to rodent models of obe-
sity and type 2 diabetes (85). FGF21 has potential for inducing 
the thermogenic program in BAT, and also for driving beige/
brite adipocyte recruitment in WAT (86). Th is may be a cause 
of the favorable eff ects on metabolism, and crucial for activating 
thermogenesis particularly in neonates, where hepatic produc-
tion of FGF21 is markedly increased in response to suckling 
(87). In addition to being produced in the liver, FGF21 is also 
produced in BAT aft er cold exposure and adrenergic stimulation 
(56,88). Th us, BAT is not only a target for but also a secreting site 
of FGF21, indicating an autocrine action of FGF21 on BAT (65). 

 Th ere have been reports demonstrating signifi cant roles of 
heart-derived natriuretic peptides (NP), well-known regulators 
of fl uid and hemodynamic homeostasis, in BAT recruitment 
(89). NP enhances whole-body EE, probably due to an upregula-
tion of UCP1 in BAT and also due to induction of WAT brown-
ing (90). Importantly, high circulating levels of NP are found 
aft er cold exposure (90,91), and associated with weight loss in 
humans (91), suggesting its physiological and clinical relevance. 
Mechanistically, NP triggers lipolysis, UCP1 expression, and 
WAT browning through its binding to a specifi c receptor NPRA 
and resulting activation of cyclic GMP-dependent protein ki-
nase, which phosphorylates various proteins responsible for lipid 
metabolism and thermogenesis (92). Th us, this pathway works 
in parallel with the well-established  β AR-cyclic AMP-dependent 
protein kinase pathway. 

 Irisin was fi rst identifi ed as a peroxisome proliferator-activated 
receptor  γ  co-activator-1 α  (PGC-1 α )-dependent myokine that is 
cleaved from a membrane protein, fi bronectin type III domain-
containing 5 (FNDC5). Irisin promotes a thermogenic gene 
program in primary adipocytes  in vitro , and adenoviral delivery 
of FNDC5 in the mouse liver induces beige/brite adipocytes in 
WAT and protects animals from diet-induced obesity (93). Since 
endurance exercise was reported to increase tissue expression and 
circulating level of irisin, this unique peptide seems to be a factor 
responsible for various benefi cial eff ects of exercise, including on 
body fatness. However, the recent data in humans are rather con-
troversial (94). In fact, there is a report that neither longer-term 
nor single exercise markedly increases skeletal muscle FNDC5 
expression or serum irisin levels (95). Some studies showed 
a positive correlation of serum irisin with BMI (96,97), while 
others reported a negative correlation (98). Moreover, the 
human  FNDC5  gene was revealed to have a mutation of the 
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