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Brown adipose tissue (BAT) burns fat to produce heat when the body is exposed to cold and plays a role in
energy metabolism. Using fluorodeoxyglucose-positron emission tomography and computed tomography, we
previously reported that BAT decreases with age and thereby accelerates age-related accumulation of body fat
in humans. Thus, the recruitment of BAT may be effective for body fat reduction. In this study, we examined
the effects of repeated stimulation by cold and capsinoids (nonpungent capsaicin analogs) in healthy human
subjects with low BAT activity. Acute cold exposure at 19°C for 2 hours increased energy expenditure (EE).
Cold-induced increments of EE (CIT) strongly correlated with BAT activity independently of age and fat-free
mass. Daily 2-hour cold exposure at 17°C for 6 weeks resulted in a parallel increase in BAT activity and CIT and
a concomitant decrease in body fat mass. Changes in BAT activity and body fat mass were negatively correlated.
Similarly, daily ingestion of capsinoids for 6 weeks increased CIT. These results demonstrate that human BAT
can be recruited even in individuals with decreased BAT activity, thereby contributing to body fat reduction.

Introduction

Brown adipose tissue (BAT), a site of nonshivering thermogenesis,
shows promise in combating obesity, since it contributes to the regu-
lation of whole-body energy expenditure (EE) and body fat content
in small rodents (1). Recent studies using fluorodeoxyglucose-PET
(FDG-PET) in combination with CT revealed that adult humans
have considerable amounts of BAT (2-5). The prevalence and activity
of human BAT, as assessed by FDG-PET/CT, are inversely related to
body fat content and decrease with age (2-4). We previously reported
that the body fat content of subjects with undetectable activities of
BAT increased with age, while those of subjects with detectable activi-
ties of BAT remained unchanged from 20s to 40s (6), which suggests
that the age-related decrease in BAT activity accelerates the accu-
mulation of body fat. It is therefore expected that the reactivation
and/or recruitment of BAT may protect against the onset of obesity
and related metabolic disorders in humans. Vijgen et al. (7) reported
increased BAT activity after weight loss in obese patients given gastric
banding surgery, suggesting the effectiveness of successful recruit-
ment of BAT in body fat reduction in humans.

Cold exposure is the most powerful and physiological stimulus
for BAT activation, both in small rodents and in humans (2, 8-11).
It is known that the stimulatory effects of cold on BAT are medi-
ated through the activation of the sympathetic nervous system,
initiated by peripheral stimulation of transient receptor potential
(TRP) channels in sensory neurons (8, 12). This pathway is also
activated by some food ingredients, such as capsaicin and caps-
inoids, nonpungent capsaicin analogs (13, 14). Stimulation of
TRP channels by capsinoids is effective for enhancement of BAT
thermogenesis and upregulation of uncoupling protein 1 (UCP1),
a key molecule of BAT thermogenesis, in mice (14).

The present study explored how to reactivate and recruit human
BAT by examining the effects of chronic stimulation by cold and
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capsinoids on BAT in healthy adults with low or undetectable
activities of BAT. Our results showed that human BAT could be
recruited even in individuals who had lost BAT, thereby contrib-
uting to body fat reduction. This is the first report of successful
recruitment of BAT leading to reduced body fat in humans.

Results and Discussion
Acute effects of cold exposure on BAT thermaogenesis. The metabolic activity
of human BAT, as assessed by FDG-PET/CT, is undetectably low in
warm conditions, but increases within hours after cold exposure (2).
To examine the acute effects of cold on BAT in detail, we recruited
51 healthy young male subjects, in order to minimize any possible
effects of age and sex on BAT activity (2, 4). First, the subjects under-
went FDG-PET/CT after 2-hour cold exposure at 19°C to assess BAT
activity. Of the 51, 27 subjects (52.9%) showed cold-activated BAT
(BAT-positive subjects; Figure 1A), and 24 did not (BAT-negative sub-
jects; Figure 1B). This was closely consistent with our previous results
showing that cold-activated BAT could be detected in approximately
50% of young subjects (2, 6, 9). There was no significant difference
between the BAT-positive and -negative subjects with respect to age,
body weight, body fat mass, or fat-free mass (Figure 1E). BAT activity,
assessed by FDG uptake into supraclavicular fat depots, was signifi-
cantly higher in BAT-positive than BAT-negative subjects (5.5 + 0.6
vs. 1.2 + 0.1 standardized uptake value [SUV], P < 0.0001; Figure 1I).

To quantify the contribution of BAT to whole-body EE in
humans, we measured whole-body EE under warm conditions
at 27°C and after 2-hour cold exposure at 19°C using a respi-
ratory gas analyzer (Supplemental Figure 1; supplemental mate-
rial available online with this article; d0i:10.1172/JCI67803DS1).
EE at 27°C was almost the same between BAT-positive and
-negative subjects (Figure 1C). After 2-hour cold exposure, EE
increased significantly in both BAT-positive and -negative sub-
jects. Cold-induced thermogenesis (CIT), calculated as the dif-
ference between EE values at 27°C and 19°C, was significantly
higher in BAT-positive than BAT-negative subjects (252.0 + 41.1
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Contribution of BAT to whole-body EE. (A and B) FDG-PET/CT images of subjects with detectable (A) and undetectable (B) activities of BAT.

(C) Whole-body EE at 27°C and after 2-hour cold exposure at 19°C. (D)

CIT. (E) Fat-free mass. (F-H) Relationships of fat-free mass to EE at

27°C (F), EE at 19°C (G) and CIT (H). (I) BAT activity. (J-L) Relationship of BAT activity to EE at 27°C (J), EE at 19°C (K), and CIT (L). *P < 0.05;

**P < 0.01; ***P < 0.001.

vs. 78.4 + 23.8 kcal/d, P < 0.01; Figure 1D). It is known that body
composition, especially fat-free mass, is a significant determinant
of EE (15). We therefore analyzed the associations of fat-free mass
and BAT activity with EE using regression analyses. Fat-free mass
closely related to EE at 27°C and 19°C, but not to CIT (Figure 1,
F-H). BAT activity was significantly related to EE at 19°C and to
CIT, but not to EE at 27°C (Figure 1,]J-L). Multivariate regression
models revealed independent associations of BAT activity with
EE at 19°C and with CIT (P < 0.001 and P < 0.0001, respectively;
Supplemental Table 1).

The metabolically active component of fat-free mass is mainly
skeletal muscle (15). It is also known that shivering by skeletal
muscle becomes one of the dominant components of EE in severe
cold conditions, such as at 5°C-10°C (16). Orava et al. (10) report-
ed that increased FDG uptake after cold exposure at 17°C was
evident in BAT, but negligible in other tissues, including skeletal
muscle. This implies that muscle shivering in the present study at
19°C may be negligible. In fact, we found no significant correla-
tion between fat-free mass and CIT. These results demonstrated
that BAT activity becomes a dominant component of CIT at 19°C,
independent of fat-free mass (Figure 1L), which indicates that CIT
at 19°C s an index of BAT activity.
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Chronic effects of cold exposure on BAT activity/thermogenesis and
body fat. In small rodents, prolonged cold exposure induces
BAT hyperplasia (1). To examine whether this is also the case in
humans, 22 subjects with low or undetectable activities of BAT
were randomly assigned to 2 groups: one was exposed to cold at
17°C for 2 hours every day (cold group; n = 12), while the other
maintained their normal lifestyles without any exposure (control
group; n = 10) (Supplemental Figure 1). Before and after a 6-week
period, EE, body composition, and BAT activity were measured.

Detectable activities of BAT were found in 3 of 8 subjects at
week 0 (subjects 3, 6, and 7) and in 6 subjects at week 6 (sub-
jects 1,2, 3, 6,7, and 8; Figure 2A). BAT activity increased after
the 6-week cold exposure from 2.46 + 0.40 to 3.89 + 0.64 SUV
(P =0.001; Figure 2B). Importantly, individuals with undetect-
able activities of BAT at week 0 (subjects 1, 2, and 8) showed
active BAT at week 6. In small rodents, chronic cold exposure
results in induction of UCP1, hyperplasia of BAT, and a concomi-
tant increase in 2-deoxy-D-glucose (2-DG) uptake into BAT (1).
Moreover, we previously demonstrated in mice that 2-DG uptake
into BAT is largely dependent on the presence of UCP1 (17).
Thus, it is quite likely that the increased BAT activity (assessed
by FDG uptake) is attributable to recruitment of BAT and/or
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Figure 2

P=0.001

BAT activity (SUV)

6 wk

0 wk

BAT recruitment by chronic cold exposure. FDG-PET/CT images (A) and BAT activity (B) of 8 subjects before and after the 6-week daily cold

exposure. SUV of both sides of the neck was plotted.

induction of UCP1. This is compatible with a report by Lee et al.,
who demonstrated higher UCP1 expression in human subjects
with higher BAT activities, as assessed by FDG-PET/CT (18).

EE at 27°C did not change during the 6-week period in both the
cold group and the control group. However, EE after 2-hour cold
exposure of the cold group significantly increased after 6 weeks,
whereas it did not change in the control group (Supplemental Fig-
ure 2A). In fact, CIT of the cold group at week 6 (289.0 = 70.0 kcal/d)
was significantly higher than the cold group at week 0
(108.4 + 22.8 kcal/d, P < 0.05) and the control group at week 6
(108.2 £ 31.1 kcal/d, P < 0.05; Figure 3D). The change in CIT dur-
ing the 6-week period for the cold group was significantly higher
than that for the control group (180.6 = 69.5 vs. 5.0 £ 39.5 kcal/d,
P <0.05), and positively correlated to the change in BAT activity
(r=0.43,P < 0.05; Figure 3G). These results, together with the high-
ly positive correlation between CIT and BAT activity (Figure 1L),
indicate that recruited BAT actually contributes to CIT.

Body fat mass of the cold group significantly decreased at week 6
compared with week 0 (-5.2% + 1.9% change, P < 0.05), whereas body
weight and fat-free mass did not change significantly (Figure 3A). In
contrast, in the control group, there was no significant change in these
parameters. During the 6-week period, body fat mass decreased more in
the cold group than in the control group (-0.70 + 0.23 vs. 0.03 £ 0.21 kg,
P <0.0S; Figure 3C). The change in body fat mass was inversely cor-
related with that in BAT activity (» = -0.62, P < 0.01; Figure 3F) and
insignificantly with that in CIT (r = -0.43, P = 0.08; Figure 3H),
which suggests that increased BAT leads to body fat reduction.

Chronic effects of capsinoids on BAT activity/thermogenesis and body
fat. Although our results are the first demonstration of the
effective recruitment of human BAT, it would seem difficult to
increase exposure to cold in daily life. To explore more practical
methods for the recruitment of BAT, we focused on the chemi-
cal stimulants of TRP channels, particularly capsinoids. Because
capsinoids activate TRPV1 and TRPA1 (13) and increase BAT
thermogenesis (14, 19), we reasoned that long-term capsinoid
treatment could possibly recruit BAT in humans, as chronic cold
exposure does.
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To test this idea, we selected 10 subjects with low or undetect-
able activities of BAT and examined the effects of daily ingestion
of capsinoids on BAT (Supplemental Figure 1). In this experiment,
we measured CIT before and 6 weeks after ingestion as a predictive
index of BAT activity, instead of repeated FDG-PET/CT. Resting
EE at 27°C was almost the same before and after treatment with
capsinoids or a placebo. A significant increase in EE by 2-hour cold
exposure was found only after capsinoid treatment (Supplemental
Figure 2B). CIT after capsinoid treatment (200.0 + 33.9 kcal/d) was
higher than that before capsinoid treatment (20.6 + 43.0 kcal/d,
P <0.01) and after placebo treatment (81.0 + 32.5 kcal/d, P < 0.01;
Figure 3E). As CIT was proportional to BAT activity, as assessed by
FDG-PET/CT, the capsinoid-induced increase in CIT appears to
reflect enhanced thermogenic capacity and BAT activity.

Ono et al. reported that prolonged treatment of rats with caps-
inoids resulted in increased UCP1 expression and decreased body
fat (14). Body fat reduction and increased EE were also shown after
capsinoid treatment for 12 weeks in mildly obese human subjects
(20). In the present study in nonobese subjects, the 6-week cap-
sinoid treatment increased EE, although it caused only a slight
and insignificant reduction of body fat (2% reduction; Figure 3B).
All these results suggest that the antiobesity effects of capsinoids
are based on the thermogenic activity of recruited BAT. Thus,
repeated ingestion of capsinoids can mimic the chronic effects of
cold exposure on BAT and body fat in humans.

Is BAT recruited by cold and capsinoids composed of brown adipocytes
or beige cells? Current evidence suggests that rodents possess 2
types of UCP1-positive adipocytes arising from distinct develop-
mental lineages: “classical brown adipocytes,” derived from Myf5-
positive myoblastic cells, and “beige cells,” which reside in white
adipose tissue and are induced in response to some environ-
mental cues, such as cold exposure and 3-adrenergic receptor
agonists (21). BAT in the supraclavicular region of human sub-
jects was reported to be mainly composed of beige cells (22, 23).
Lee et al. also demonstrated that preadipocytes isolated from
supraclavicular fat of subjects with undetectable BAT have the
ability to differentiate into UCP1-expressing adipocytes in vitro
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Figure 3

Effects of chronic stimulation by cold and capsinoids. (A and B) Body composition after cold (A) and capsinoid (B) stimulation. An outlier (x) was
excluded from the analysis. (C) Change in body fat mass after repeated cold exposure. (D and E) CIT after repeated cold exposure (D) and daily
ingestion of capsinoids (E). (F and G) Relationships of repeated cold-induced change in BAT activity (data as in Figure 2B) to those in body fat
mass (F) and CIT (G). (H) Relationship between repeated cold-induced changes in CIT and body fat mass. *P < 0.05; **P < 0.01.

(24). It therefore appears likely that the BAT recruited by cold
and capsinoids in our present study is composed of beige cells.

In conclusion, we demonstrated here that human BAT can
be recruited by chronic cold exposure and capsinoid inges-
tion even in individuals who have lost active BAT. Our findings
could contribute to developing practical, easy, and effective
antiobesity regimens.

Methods
Further information can be found in Supplemental Methods.

Subjects. 51 healthy malevolunteers (age,24.4+0.5years; BMI,22.0+0.4kg/m?;
body fat mass, 11.7 + 0.7 kg; fat-free mass, 54.0 + 0.7 kg) participated in
the present study.

FDG-PET/CT. All subjects underwent FDG-PET/CT after 2-hour cold
exposure at 19°C in winter as described previously (2, 6,9, 19).
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Indirect calorimetry. EE was measured using a respiratory gas analyzer at
27°C and after 2-hour cold exposure at 19°C as described previously (6).

Repeated cold exposure. 22 subjects showing low or undetectable activities
of BAT were randomly divided into 2 groups: one was exposed to cold at
17°C for 2 hours every day for 6 weeks (cold group; n = 12); the other main-
tained their usual lifestyles without cold exposure during the same period
(control group; # = 10). Body fat content and EE at 27°C and after 2-hour
cold exposure at 19°C were measured before and after the 6-week period
(Supplemental Figure 1). 8 of the 12 subjects of the cold group underwent
FDG-PET/CT examination again after 6-week cold exposure.

Daily ingestion of capsinoids. Capsinoids were extracted from CH-19
Sweet (Capsicum annuum L.), purified, and encapsulated (19). 10 subjects
with low or undetectable activities of BAT participated in this random-
ized, single-blinded, placebo-controlled crossover trial. They ingested
the capsules containing 9 or 0 mg (placebo) capsinoids every day for
Number 8 3407
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6 weeks. Before and after the 6-week period, body fat content and EE at
27°C and after 2-hour cold exposure at 19°C were measured (Supple-
mental Figure 1).

Statistics. Data are expressed as mean + SEM. Comparisons between
groups were analyzed using ¢ test or nonparametric test; 2-sided P values
are given. Correlations were assessed using univariate and multivariate
regressions. A Pvalue less than 0.05 was considered statistically significant.

Study approval. The protocols were approved by the Institutional
Research Ethics Review Board of Tenshi College (Sapporo, Japan).
The trials were registered at http://www.umin.ac.jp/ctr/ (trial IDs
UMIN000009005 and UMIN000006810). All participants were carefully
instructed regarding the study and gave their informed consent.
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