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ABSTRACT

Background: The thermogenic effects of green tea catechin have
been repeatedly reported, but their mechanisms are poorly understood.
Objective: The aim of this study was to investigate the acute and
chronic effects of catechin on brown adipose tissue (BAT), a site
specialized for nonshivering thermogenesis, in humans.

Design: Fifteen healthy male volunteers underwent fluorodeoxyglucose-
positron emission tomography to assess BAT activity. To examine the
acute catechin effect, whole-body energy expenditure (EE) after a
single oral ingestion of a beverage containing 615 mg catechin and
77 mg caffeine (catechin beverage) was measured. Next, to investi-
gate the chronic catechin effects, 10 men with low BAT activity
were enrolled. Before and after ingestion of the catechin beverage
2 times/d for 5 wk, cold-induced thermogenesis (CIT) after 2 h of
cold exposure at 19°C, which is proportional to BAT activity, was
examined. Both the acute and chronic trials were single-blinded,
randomized, placebo-controlled, season-matched crossover studies.
Results: A single ingestion of the catechin beverage increased EE
in 9 subjects who had metabolically active BAT (mean * SEM:
+15.24 £ 1.48 kcal, P < 0.01) but not in 6 subjects who had
negligible activities (mean * SEM: +3.42 = 2.68 kcal). The in-
gestion of a placebo beverage containing 82 mg caffeine produced a
smaller and comparative EE response in the 2 subject groups. Mul-
tivariate regression analysis revealed a significant interaction be-
tween BAT and catechin on EE (8 = 0.496, P = 0.003). Daily
ingestion of the catechin beverage elevated mean = SEM CIT (from
92.0 = 26.5 to 197.9 = 27.7 kcal/d; P = 0.009), whereas the
placebo beverage did not change it.

Conclusion: Orally ingested tea catechin with caffeine acutely
increases EE associated with increased BAT activity and chroni-
cally elevates nonshivering CIT, probably because of the recruit-
ment of BAT, in humans. These trials were registered at www.
umin.ac.jp/ctr/ as UMIN000016361. Am J Clin Nutr doi: 10.
3945/ajcn.116.144972.
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INTRODUCTION

Brown adipose tissue (BAT)® is a tissue specialized for non-
shivering metabolic thermogenesis induced by cold exposure
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and food intake, thereby an intriguing target to combat obesity
and related metabolic disorders (1). BAT thermogenesis is
acutely activated by cold exposure; moreover, cold exposure
generates long-term effects, such as increased BAT activity and
thermogenic uncoupling protein 1 expression, which are asso-
ciated with increasing energy expenditure (EE), decreasing ad-
iposity, and improving insulin sensitivity (2-8). Although a
[33-adrenergic receptor agonist and bile acids are capable of
activating human BAT (9, 10), neither the cold regimen nor such
pharmacologic agents would be easily applicable for sustained
interventions because of unwanted side effects (9, 11).

The cold-induced activation of BAT through temperature-
sensitive transient receptor potential (TRP) channels and the
sympathetic nervous system can be mimicked by oral ingestion of
natural food ingredients. For example, capsaicin analogs cap-
sinoids, which have agonistic activities at TRPV1 and TRPAI,
enhance efferent discharges of sympathetic nerves connecting to
BAT (12), thereby triggering thermogenesis (13). In addition to
capsinoids, there are thermogenic food ingredients consumed
world-wide, one of which is green tea catechin, a class of low-
molecular-weight polyphenols. Since the first report by Dulloo
et al. (14), the thermogenic effect of green tea extract rich in
catechin has repeatedly been shown in humans (15-18). A
synergistic effect of caffeine, which is also rich in green tea, was
also reported for the thermogenic effect of catechin (16, 19).
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Despite the abundance of evidence for the thermogenic effect
of catechin, the action mechanisms of its active compound are
not fully understood. Although catechin is believed to stimulate
fatty acid degradation in the liver and adipose tissue (20, 21),
controversy still exists as to how this food ingredient generates
heat. Kurogi et al. (22, 23) reported agonistic activities of epi-
gallocatechin gallate (EGCG), one of the major catechins found
in green tea, at cold-sensitive TRPA1. Moreover, a combination
of green tea and exercise induces brown-like (beige) adipocytes
formation in mice (24). Given that BAT of adult humans mainly
possesses beige adipocytes (25, 26), it seems conceivable that the
thermogenic effect of catechin is mediated through the activation
of BAT. To test this, in the present study, we investigated the acute
and chronic effects of oral administration of catechin with caf-
feine on whole-body EE, with special references to BAT activity,
in healthy humans.

METHODS

Study protocols

We performed 2 separate randomized, single-blinded, placebo-
controlled, season-matched crossover trials; one was designed to
investigate if a single oral ingestion of catechin acutely increases
EE through the activation of BAT (acute trial), and another was
designed to test whether BAT can be reactivated and recruited by
daily ingestion of catechin even in subjects who had decreased
BAT activity and mass (chronic trial). The protocols were ap-
proved by the Institutional Research Ethics Review Board of
Tenshi College (Sapporo, Japan). The trials were registered at
http://www.umin.ac.jp/ctr/ (UMIN000016361). All participants,
who had been living in Sapporo, Japan, for =3 y, were carefully
instructed regarding the study and provided written, informed
consent.

Test beverages

Test beverages used in the present study were provided by Kao
Corporation and were prepared from a green tea extract as de-
scribed previously (27). A bottle of the active beverage contained
615 mg tea catechin and 77 mg caffeine in 350 mL, and the
control beverage contained 0 mg catechin and 81 mg caffeine,
hereinafter referred to as the catechin beverage and the placebo
beverage, respectively (Table 1).

Participants

Fifteen healthy young male volunteers participated in the acute
catechin trial (Table 2). The BAT activity was evaluated by using
fluorodeoxyglucose-positron emission tomography (PET) com-
bined with computed tomography (CT) in the winter season
(December or January). They were randomly assigned to 2
groups based on age, body composition, and BAT activity.
Then their whole-body EE and its response to the catechin or
placebo ingestion were measured by indirect calorimetry
between January and March (winter) in a randomized cross-
over design with a washout period of ~2 wk (Figure 1A).
Anthropometric variables were also measured on the day of
the measurements.

For the chronic catechin trial, healthy young men who par-
ticipated in our previous study (28) and showed low or no BAT
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TABLE 1
Composition of the test beverages

Catechin beverage Placebo beverage

Water, g 350.0 350.0
Energy, kcal 14.0 0.0
Carbohydrate, g 3.5 0.0
Fat, g 0.0 0.0
Protein, g 0.0 0.0
Ash, g 0.0 0.0
Sodium, mg 35.0 6.3
Catechin, mg 33.2 0.0
Epicatechin, mg 34.8 0.0
Gallocatechin, mg 135.2 0.0
Epigallocatechin, mg 114.5 0.0
Catechin gallate, mg 22.9 0.0
Epicatechin gallate, mg 39.9 0.0
Gallocatechin gallate, mg 108.4 0.0
Epigallocatechin gallate, mg 125.9 0.0
Total catechins, mg 614.9 0.0
Caffeine, mg 77.0 81.2

activity assessed by fluorodeoxyglucose-PET/CT after 2 h of cold
exposure were enrolled until a population of 10 subjects was
achieved. They were randomly assigned to 2 groups based on age,
body composition, and BAT activity and were treated with either
the catechin beverage or the control beverage for 5 wk in the
crossover design. Five men were first treated with the catechin
beverage and second with the placebo beverage, whereas the
other 5 men were treated with the test beverages in the reverse
order (Figure 1B). To minimize the possible effects of season on
BAT and cold-induced thermogenesis (CIT) (2, 29), both treat-
ments were conducted in the winter season from January to
March of either 2012 or 2013, thus an 11-mo washout period was
applied. Before and after the treatments, CIT on 2 h of cold
exposure was measured by indirect calorimetry as a noninvasive
predictive index of BAT activity (6, 30) instead of the repeated
4-time fluorodeoxyglucose-PET/CT examination. Likewise, an-
thropometric variables were also monitored.

Fluorodeoxyglucose-PET/CT

After overnight fasting for 6-12 h, subjects were exposed to
cold by being kept in an air-conditioned room at 19°C with light
clothing, and they intermittently placed their feet on an ice block
wrapped in cloth. After 1 h under these cold conditions, they
were given an intravenous injection of '®F-fluorodeoxyglucose
(1.66-5.18 MBg/kg body weight) and subsequently kept under
the same cold conditions. One hour after the fluorodeoxyglucose
injection, PET/CT scans were performed by using a PET/CT
system (Aquiduo; Toshiba Medical Systems). According to the
detection of cold-activated BAT with a standardized uptake
value (SUV) of fluorodeoxyglucose =2.0 and Hounsfield Units
from —300 to —10 in the supraclavicular region, subjects for the
acute trial were divided into the high- and low-BAT groups (2, 5,
6, 13, 28-32). Their BAT activity was quantitatively assessed
from an SUV in the supraclavicular fat deposits. Similarly, BAT
activity of 10 subjects selected for the chronic trial was also
quantified as an SUV, and their activity was undetectably or
faintly detectable as low by visual inspection of the PET/CT
images and an SUV of 1.9 = 0.3.
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TABLE 2
Profiles of the participants for the acute trial'

All High BAT Low BAT

(N =15) (n=9) (n=06)

Age, y 23.1 £ 0.6 22.7 = 0.6 23.8 = 1.1
Height, cm 170.1 £ 1.6 169.7 £ 2.6 170.7 £ 0.8
Weight, kg 62.1 £23 604 =23 64.7 = 4.6
BMI, kg/m* 214 = 0.7 209 = 0.5 222 + 1.6
Body fat content, % 154 £ 13 15.6 = 1.0 152 £29
Fat mass, kg 9.8 £ 1.1 95 038 103 £ 2.6
Fat-free mass, kg 523 1.5 509 =+ 1.8 543 £ 2.6
Waist circumference, cm 757 1.9 74.6 = 1.6 773 = 4.4

"'Values are means = SEMs. Statistical analysis was performed by
using the Student’s ¢ test or Mann-Whitney U test, as appropriate. There
were no significant differences between the high- and low-BAT groups
(P > 0.05). BAT, brown adipose tissue.

Anthropometric parameters

Body weight and body fat mass were estimated by using the
multifrequency bioelectric impedance method (HBF-361; Omron
Health Care). The BMI (in kg/mz) and fat-free mass (FFM) were
calculated as body weight in kilograms divided by the square of
height in meters and as the difference between the body weight
and fat mass, respectively. Waist circumference was measured at
the level of the umbilicus by using a flexible plastic tape. Sys-
tolic and diastolic blood pressure and fasting blood glucose were
measured with the subjects in a quietly resting state by using a
standard electronic sphygmomanometer (W500; Terumo) and a

A

In winter (Dec & Jan)

30f9

blood glucose meter (GT-1641; Sanwa Kagaku Kenkyusho),
respectively.

EE response to a single oral ingestion of the test
beverages (acute trial)

After overnight fasting for 6-12 h, the subjects relaxed on a
bed in an air-conditioned room while wearing light clothing for
>30 min under a thermoneutral condition at 27°C. Then oxygen
consumption (VO,) and carbon dioxide production (VCO,) were
recorded for ~30 min by using a respiratory gas analyzer
connected to a ventilated hood (AR-1; Arco System). Sub-
sequently, the subjects ingested a bottle of either the catechin or
placebo beverage in 2 min, and VO, and VCO, were again re-
corded for 3 h with 4-5 short breaks to avoid restraint stress. At
0, 15, 30, 60, 90, and 120 min after ingestion, EE was calculated
from the stable values of a 10-min period. Overall thermogenic
effects of the catechin and placebo beverages were calculated as
the incremental AUC (1IAUC) of EE.

EE and CIT before and after the daily ingestion of the test
beverages (chronic trial)

The subjects ingested a bottle of either the catechin or placebo
beverage with breakfast and another bottle with dinner every day
for 5 wk. Total daily dose of catechins was 1230 or 0 mg/d, and
that of caffeine was ~ 160 mg/d. Participants were instructed to
maintain their daily lifestyle, including dietary intake and
physical activity during the 5-wk treatment period. Consumption

In winter (Jan-Mar)

Group 1 (n=8) Indirect Indirect
--High BAT,n=5 calorimetry calorimetry
I --Low BAT,n=3 (Catechin) (Catechin)
BAT assessment using High BAT
FDG-PET/CT combined (n=9)
with cold exposure Low BAT
(n=15) (n=8) Group 2 (n=T7) Indirect Indirect
—High BAT,n=4 —— calorimetry calorimetry
--Low BAT,n=3 (Placebo) (Placebo)
! Y J
Periods between the measurements were ~2 wk.
B Wash-out Period
In winter (Jan-Mar) (~11 mo) In winter (Jan-Mar)
Group 1 Treatment with Treatment with
(n=15) catechin (5 wk) catechin (5 wk)
Low BAT
(n=10)
Group 2 Treatment with Treatment with
(n=5) placebo (5 wk) placebo (5 wk)

1

Indirect
calorimetry

Indirect
calorimetry

t t t

Indirect
calorimetry
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FIGURE 1 Study protocols for the acute and chronic trials. (A) Study protocol of the acute trial. (B) Study protocol of the chronic trial. Both of the trials
were single-blinded, randomized, placebo-controlled, season-matched crossover studies. BAT, brown adipose tissue; Dec, December; FDG-PET/CT, fluo-
rodeoxyglucose-positron emission tomography and computed tomography; Jan, January; Mar, March.
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of caffeine-rich drinks and foods such as tea, coffee, cocoa,
other commercial drinks containing caffeine, and cacao-rich
chocolate were limited throughout the treatment period. Alter-
natively, decaffeinated coffee and caffeine-free barley tea were
supplied to them as they needed.

Because frequent, repeated fluorodeoxyglucose-PET/CT for
the same subjects may result in an unacceptable radiation ex-
posure, in this intervention trial we assessed the change in BAT
activity by measuring BAT-dependent CIT as the difference
between the whole-body EE at 27°C and at 19°C. Before and
after the 5-wk treatment, respiratory parameters were measured
at 27°C and after 2 h of cold exposure at 19°C (Figure 1B).
Subjects fasted overnight for 6-12 h and were seated in a
comfortable chair in an air-conditioned room at thermoneutral
27°C while wearing light clothing and relaxing for >30 min.
Then VO, and VCO, were recorded for ~20 min as described
above. Subsequently, the subjects moved to a cold room kept at
19°C and intermittently placed their feet on an ice block
wrapped in cloth while they were in the sitting position. After
100 min under these cold conditions, VO, and VCO, were re-
corded for 20 min. The EE and respiratory exchange ratio were
calculated from stable values of the last 10-min period. Because
protein oxidation remains unaltered by mild cold exposure (33),
VO, and VCO, were adjusted for those by estimated protein
oxidation (21.4% of resting EE at 27°C) and used for the cal-
culation of fat and carbohydrate oxidation, as described pre-
viously (29). CIT and cold-induced fat and carbohydrate oxidation
were calculated from the difference between the values at 27°C
and 19°C.

Statistical analyses

Data were expressed as the means = SEMs and analyzed by
using statistical software (SPSS 18.0; IBM Japan). Whole-body
EE was adjusted for FFM by means of the linear regression
equation (29). Comparisons between the 2 groups were analyzed
by using the paired 2-tailed 7 test or Wilcoxon’s Signed Rank
test and Student’s ¢ test or the Mann-Whitney U test, as ap-
propriate. Changes in EE over 3 h after single ingestion of
the catechin or placebo beverage were analyzed by using 2-
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or 3-factor ANOVA for repeated measures on 2 within-subject
factors (time and treatment) and/or one between-subject factor
(BAT) with post hoc multiple comparisons by Tukey’s post hoc
test, as appropriate. Simple correlations were assessed by using
the Pearson correlation, the Spearman rank correlation coefficient,
or Kendall’s 7 rank correlation coefficient, as appropriate. In-
dependent associations of age, body compositions, and BAT ac-
tivity with the iAUC of EE were estimated by using stepwise
multiple regressions. CIT and cold-induced fat and carbohydrate
oxidations before and after daily ingestion of either the catechin or
placebo beverages were analyzed by means of 1-factor repeated-
measures ANOVA. A P value was considered statistically signif-
icant if =0.05.

RESULTS

Acute thermogenic effects of a single ingestion of tea
catechin and caffeine

To examine the acute thermogenic effects of catechin in our
settings, first we measured the response of whole-body EE to a
single ingestion of either a beverage containing 615 mg catechin
and 77 mg caffeine or a placebo beverage containing 0 mg
catechin and 81 mg caffeine in the crossover design with a 2-wk
washout period (Figure 1A). Whole-body EE before the ingestion
of the test beverages was positively correlated with FFM
(r = 0.691, P < 0.001; Figure 2A). Moreover, a close positive
correlation between whole-body EE measured before the catechin
and placebo ingestions (y = 1.012x, r = 0.869, P < 0.001; Figure
2B) was observed, indicating a minimal intraindividual variation
of resting EE and validating our reproducible measurements.

After ingestion of either the catechin or placebo beverage, EE
increased significantly and peaked at 15 min (time effect P < 0.001;
Figure 2C, Supplemental Figure 1). EE after ingestion of the
catechin beverage remained high at 30, 60, and 90 min,
whereas EE after ingestion of the placebo beverage declined
to a nadir at 60 and 90 min (Figure 2C). Two-factor ANOVA
revealed a significant treatment effect on EE (P < 0.001), al-
though there was no significant interaction between time and
treatment (P = 0.157). The thermogenic effect of the catechin
beverage expressed as iAUC was notably higher than that of
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FIGURE 2 Acute thermogenic effects of catechin and caffeine (n = 15). (A) Relation of FFM with resting EE measured before ingestion of either the
catechin beverage containing 615 mg catechin and 77 mg caffeine or the placebo beverage containing 0 mg catechin and 81 mg caffeine. (B) Correlation
between resting EE measured before oral ingestion of the catechin beverage and EE measured before the placebo ingestion. The Pearson correlation coefficient
was used to determine the relation between the variables. (C) AEE after the ingestion of the test beverages. EE was adjusted for FFM by means of the linear
regression equation. Two-factor ANOVA for repeated measures was used to analyze the AEE adjusted for FEM before and after the ingestion of either catechin
or the placebo. (D) Thermogenic effects of the catechin or placebo beverage expressed as iAUC of EE. A paired 2-tailed ¢ test or Wilcoxon’s Signed Rank test
was used to compare the iAUC between the catechin and placebo beverages. Data are expressed as means = SEMs. *P < 0.05. EE, energy expenditure; FFM,
fat-free mass; iAUC, incremental AUC; AEE, change in energy expenditure.
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the placebo beverage at 0-90 and 0-180 min (P < 0.05; Figure
2D) although the difference disappeared at 90180 min (P = 0.13).
These results suggest that a single ingestion of catechin elicits a
slight but significant increase in EE in healthy, young men.

Involvement of BAT in the acute thermogenic effects of tea
catechin and caffeine

To examine a possible role of BAT in the thermogenic effect of
catechin, we assessed the BAT activity of 15 subjects by using
fluorodeoxyglucose-PET/CT combined with 2 h of cold expo-
sure, which is a standard method for the evaluation of human
BAT. The fluorodeoxyglucose-PET/CT examination revealed
detectable cold-activated BAT with an SUV =2.0 in 9 subjects
(high-BAT group, mean SUV = 9.6 = 1.7) and undetectable
BAT with an SUV <2.0 in 6 subjects (low-BAT group, mean
SUV = 1.1 = 0.2) (Figure 3A, B). The age and anthropometric
variables, including FFM, were not significantly different be-
tween the subject groups (Table 1). After the single ingestion of
the test beverages, EE in the high-BAT group significantly in-
creased; it was greater after ingestion of the catechin beverage
than after ingestion of the placebo beverage (Figure 3C, Sup-
plemental Figure 2). In contrast, in the low-BAT group, the EE
responses to ingestion of the catechin beverage were not sig-
nificantly different from responses to ingestion of the placebo
beverage (Figure 2C, Supplemental Figure 3). Three-factor
ANOVA revealed a significant time effect (P < 0.001), treat-
ment effect (P = 0.002), BAT effect (P < 0.001), and interaction
effect (time X treatment X BAT, P = 0.004). Thus, the iAUC of
EE after ingestion of the catechin beverage was notably higher
in the high-BAT group than in the low-BAT group (Figure 3D).
Moreover, iAUC of EE for the catechin beverage, but not for the
placebo beverage, was positively correlated with the BAT ac-
tivity assessed by the SUV (Figure 4A-D). Multivariate re-
gression analysis confirmed a significant interaction effect
between BAT and treatment during 0-90 min (P = 0.008), 90—
180 min (P = 0.006), and 0-180 min (P = 0.003) independent of
age, fat mass, and FFM (Table 3). A significant beverage effect
on iAUC of EE (P = 0.017 for 0-90 min, P = 0.031 for 0-180
min; Table 3) was also observed independent of BAT.

Increased cold-induced thermogenic capacity after daily
ingestion of tea catechin and caffeine

To test whether tea catechin has the potential to recruit BAT,
we next examined the effects of daily ingestion of the catechin
beverage in 10 young, male subjects with low BAT activity
(Figure 5A) in a season-matched crossover design (Figure 1B).
The mean BAT activity, the SUV, of the 10 subjects was 1.9 =
0.3, which was significantly lower than that of the high-BAT
subjects (P < 0.001) but not significantly different from that
of the low-BAT subjects shown in Figure 2B. There was no
significant change in body weight, BMI, fat mass, FFM, waist
circumference, fasting glucose, or blood pressure before and
after the 5-wk treatment with either the catechin or placebo
beverage (Table 4). Whole-body EE at thermoneutral 27°C
depended partly on FFM (r = 0.65, P < 0.001; Figure 5B), and
then EE was adjusted for FFM. Although whole-body EE and
that adjusted for FFM at 27°C did not change by the 5-wk
treatment, they increased in response to 2 h of cold exposure at
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FIGURE 3 Catechin-induced thermogenesis and BAT activity as-
sessed by FDG-PET/CT. (A) Representative FDG-PET/CT images of the
high- and low-BAT subjects. (B) Quantitative BAT activity as the SUV of
the high- (n = 9) and low-BAT (n = 6) subjects. (C) AEE of the high- and
low-BAT subjects. Three-factor ANOVA for repeated measures on 2
within-subject factors (time and treatment) and 1 between-subject factor
(BAT) with Tukey’s post hoc test was used to analyze the AEE adjusted for
fat-free mass. (D) iAUC of EE for the high- and low-BAT subjects. Two-
factor ANOVA with post hoc multiple comparisons by Tukey’s post hoc
test was used to analyze the iAUC of the high- and low-BAT groups.
Interaction effects between BAT and treatment were P = 0.014 for iAUC
0-90 min, P = 0.026 for iAUC 90-180 min, and P = 0.010 for iAUC 0-180
min. Data are expressed as means = SEMs. G¥ssisikxCompared with
placebo: WP < 0.1, *P < 0.05, **P < 0.01, **P < 0.001.
-1t Compared with low BAT: ‘PP < 0.1, 1P < 0.01. BAT, brown adi-
pose tissue; EE, energy expenditure; FDG-PET/CT, fluorodeoxyglucose-
positron emission tomography and computed tomography; FFM, fat-free
mass; iAUC, incremental AUC; SUV, standardized uptake value; AEE,
change in energy expenditure.

19°C (Figure 5C, Supplemental Figure 4). Cold exposure for
2 h reduced the respiratory exchange ratio (Figure 5D), re-
flecting an increased fat oxidation. The calculated CIT was
significantly increased after the catechin beverage treatment
from 92.0 * 26.5 to 197.9 = 27.7 kcal/d (P = 0.009; Figure 5E),
whereas it did not change after the placebo beverage treatment
(70.2 = 46.5 and 99.2 = 37.0 kcal/d, P = 0.507). Cold-induced
fat oxidation was notably higher after the treatment with the
catechin beverage (33.7 = 4.8 mg/min; Figure 5F) than before
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FIGURE 4 Linear regression analysis between catechin-induced thermogenesis and BAT activity (n = 15). Correlation of BAT activity expressed as the
SUV (A and B) and log SUV (C and D) with iAUC of EE for catechin (A and C) and placebo ingestions (B and D). The Pearson correlation coefficient (C and
D) or Spearman’s correlation coefficient (A and B) was used to determine the relations between BAT activity and iAUC of EE, as appropriate. BAT, brown
adipose tissue; EE, energy expenditure; iAUC, incremental AUC; n.s., not significant; SUV, standardized uptake value.

the treatment (22.8 * 3.8 mg/min, P = 0.042) and after the
treatment with the placebo beverage (15.2 = 5.8 mg/min, P = 0.019).
In contrast, there was no difference in cold-induced changes in
carbohydrate oxidation between before and after the treatments
(Figure 5G). No subjects reported any harmful effect of the
catechin or placebo beverage treatment.

DISCUSSION

Although BAT may be a novel target to modulate EE, ac-
ceptable human interventions aiming at activating BAT have been
limited. In the current study, we examined the stimulatory effects
of tea catechin with caffeine on BAT thermogenesis in humans. In
the acute trial of the present study, we observed a rapid increase in
EE after an oral ingestion of a beverage containing catechin and
caffeine (the catechin beverage) in subjects with active BAT
assessed by fluorodeoxyglucose-PET/CT but not in subjects with
undetectable activity. Multivariate regression analysis revealed
that BAT is significantly involved in the catechin beverage—
induced thermogenesis independent of age and body composi-
tions. These results suggest that the acute thermogenic effect of
the catechin beverage is attributable to the activation of BAT in
humans. This may explain the inconsistent results in the earlier
studies examining the thermogenic effects of similar tea bever-
ages, in which the interindividual and seasonal variations of
BAT activity were not taken into account. In addition, the effect
of the catechin beverage on EE was still statistically significant
after the adjustment for BAT, suggesting that some other
mechanisms may also be involved in the observed effects of the
catechin beverage. It is to be noted that the placebo ingestion
slightly elevated EE in the early phase (15 min). As the placebo
beverage used was free of catechin but contained 81 mg caffeine
in 350 mL, the observed responses after the placebo ingestion
may reflect the thermogenic action of caffeine- (19, 20) and/or
water-induced thermogenesis (34). Collectively, it is likely that
the thermogenic response to the catechin beverage is largely
attributable to catechin itself; in other words, human BAT is
activated by oral ingestion of catechin. This does not exclude,
however, a possible synergistic action of catechin and caffeine;
that is, catechin action is potentiated by caffeine or vice versa, as
proposed previously (20, 21).

We and others have shown that BAT is chronically recruited by
cold exposure and some TRPV1 agonists in humans (2, 4). To test
that this is also true for catechin, we randomly selected low-BAT
subjects for the chronic catechin trial and found that BAT-dependent

thermogenic capacity, CIT, was significantly increased after the
catechin, but not the placebo, treatment. This implies that daily
ingestion of the catechin beverage successfully recruits BAT even

TABLE 3
Univariate and multiple regression analysis for iAUC EE'
Univariate
regression Multivariate regression
R P B Standardized B P
iAUC EE,? kcal/0—180 min
Age]’y 0.030 0877 — — —
Fat mass,’ kg 0.009 0962 — — —
FFM,?* kg -0.322 0089 — — —
BAT*® 0268 0.088 — — —
Treatment™*® 0.349  0.026 3.304 0.396 0.017
BAT X treatment® 0.421 0.004 1.204 0.448 0.008
iAUC EE,’ kcal/0—180 min
Age’y —0.038 0845 — — —
Fat mass,” kg —-0.180 0351 — — —
FFM,? kg -0.200 0297 — — —
BAT*® 0.346 0.028 — — —
Treatment™®° 0.226 0.150 — — —
BAT X treatment® 0432 0.003 1.209 0.500 0.006
iAUC EE,? kcal/0-180 min
Age’y -0.072 0711 — — —
Fat mass,” kg -0067 0732 — — —
FFM,? kg —-0.304 0.109 — — —
BAT*® 0332 0.035 — — —
Treatment™*¢ 0.322  0.040 5.205 0.350 0.031
BAT X treatment® 0.483 <0.001 2.373 0.496 0.003

! Independent associations of various parameters with iAUC of EE were
assessed by using univariate and multivariate stepwise regression analysis.
N = 15 subjects. BAT, brown adipose tissue; EE, energy expenditure; FFM,
fat-free mass; iAUC, incremental AUC.

2 ANOVA R = 0.616, P = 0.002.

3 Univariate regression analysis was performed by using Pearson’s
product-moment correlation coefficient.

#Univariate regression analysis was performed by using Kendall’s 7
rank correlation coefficient.

5 Subjects were divided into 2 groups based on the BAT activity assessed
by fluorodeoxyglucose-positron emission tomography and computed tomogra-
phy and coded as O (the low-BAT group) and 1 (the high-BAT group).

SThe catechin ingestion and the placebo ingestion were coded as 2
and 1, respectively.

7 ANOVA R = 0.500, P = 0.006.

8 ANOVA R = 0.625, P = 0.002.
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FIGURE 5 Chronic effects of catechin and caffeine on cold-induced thermogenic capacity. (A) Representative FDG-PET/CT image of the subjects for the
chronic trial. (B) Relation of FFM with resting EE at 27°C. Resting EE at 27°C before and after daily ingestion of either the catechin or placebo beverage was
plotted against FEM, thus n = 40. Spearman’s correlation coefficient was used to determine the relations between EE and FFM. (C) EE adjusted for FFM by means
of the linear regression equation before and after 2 h of cold exposure at 19°C. (D) Respiratory exchange ratio. (E) CIT. (F) Cold-induced fat oxidation. (G) Cold-
induced CHO oxidation. Data are expressed as means = SEMs. N for each data point for panels C-G is 10. Wp < 0.1, *P < 0.05, **P < 0.01, ***P < 0.001.
One-factor repeated-measures ANOVA revealed significant main effects for CIT (E, P = 0.03) and cold-induced fat oxidation (F, P = 0.05) but not for cold-induced
CHO oxidation (G, P = 0.20). A paired 2-tailed ¢ test or Wilcoxon’s Signed Rank test was used to analyze the changes in EE, respiratory exchange ratio, CIT, cold-
induced fat oxidation, and cold-induced CHO oxidation between the 2 groups, as appropriate. CHO, carbohydrate; CIT, cold-induced thermogenesis; EE, energy
expenditure; FDG-PET/CT, fluorodeoxyglucose-positron emission tomography and computed tomography; FFM, fat-free mass.

in the low-BAT individuals. This seems compatible with reports  beverage increases the BAT density assessed by near-infrared
that catechin administration induces browning of white fatin small ~ time-resolved spectroscopy in humans (36). Moreover, a signifi-
rodents (24, 35) and that prolonged ingestion of a catechin-rich  cantincrease in cold-induced fat oxidation was observed after daily

TABLE 4
Profiles of the participants in the chronic trial’
Catechin (n = 10) Placebo (n = 10)

0 wk 5 wk 0 wk 5 wk
Age, y 22.6 = 0.6 — 228 = 0.8 —
Height, cm 176.0 = 1.4 — 176.0 = 1.4 —
Weight, cm 642 + 14 648 £ 1.5 63.5 1.3 63.7 £ 12
BMI, kg/m* 20.8 = 0.5 209 =05 20.5 = 0.5 20.6 = 0.5
Body fat content, % 14.8 = 0.9 15.1 = 0.7 142 = 0.8 143 = 0.7
Body fat mass, kg 9.6 = 0.8 9.8 + 0.6 9.1 %07 92 0.5
Fat-free mass, kg 54.6 £ 0.8 550 £ 1.0 544 *+ 0.8 546 £ 1.0
Waist circumference, cm 7377 £ 20 74.1 £ 19 725 £ 1.5 734 £ 1.5
Fasting glucose, mg/dL 86.1 =22 86.7 = 3.1 85.7 =29 83.1 = 1.7
Systolic blood pressure, mm Hg 106 =2 107 = 1 106 = 2 108 £ 1
Diastolic blood pressure, mm Hg 71 x£2 71 £ 1 70 £ 2 73 £2

"Values are means + SEMs. There were no significant differences between before and after the treatments and
between catechin and placebo treatments (2-factor repeated-measures ANOVA).
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ingestion of the catechin beverage. These results, together with a
report demonstrating a large amount of fatty acid uptake into cold-
activated BAT (37), imply that the BAT recruited by catechin
preferentially utilizes fatty acids as an energy substrate for heat
production.

Because catechins are known to inhibit the catecholamine-
degrading enzyme catechol-O-methyltransferase (COMT) in
vitro, this enzyme has been argued as a primary target of the
thermogenic effect of catechin. However, the circulating levels
of catechins after a single ingestion of catechin-tea were re-
ported to be 50-100 nM (27), which are much lower than the
half-maximal inhibitory concentration of catechins for the
COMT activity (12-14 umol EGCG/L) in rat hepatocytes (38).
Consistently, Lorenz et al. (39) showed that COMT activity is
not impaired by high doses of EGCG in humans. It is thus ob-
vious that further studies are needed to specify COMT as a
significant target for the thermogenic effect of catechin. Mean-
while, EGCG and its auto-oxidation products were reported to
activate TRPA1 and TRPVI1, with a concentration of 100-
200 mmol/L (22, 23). Because the EGCG concentration in the
test beverage we used was ~ 700 mmol/L, it is possible that the
ingested catechin activates and recruits BAT via the direct action
on TRPA1/TRPV1 located in the sensory neuron of the gastro-
intestinal tract similarly to capsinoids (12). Further studies
in vitro and in vivo are needed to clarify the role of TRP in the
catechin-induced activation of BAT.

A limitation of this work is that the BAT activity was assessed
by fluorodeoxyglucose-PET/CT after acute cold exposure. Al-
though fluorodeoxyglucose uptake is accepted as an index of BAT
thermogenesis under cold conditions, it may not always be
proportional to total fuel utilization and absolute caloric con-
sumption in this thermogenic tissue. It would be more appropriate
in future studies to evaluate the absolute thermogenic activity of
BAT by measuring the rates of oxygen consumption and blood
flow in the tissue itself (40) in addition to PET by using fluo-
rodeoxyglucose and fatty acid derivatives including ''C-acetate
(37). Moreover, in the present study, the chronic effect of the
catechin beverage on BAT was assessed by measuring CIT but
not by fluorodeoxyglucose-PET/CT. However, frequent PET/CT
scanning in the crossover study design, in which measurements
are necessary 4 times, is difficult because of unacceptable ra-
diation exposure. Although CIT could be the sum of BAT
thermogenesis, skeletal muscle shivering, and nonshivering
thermogenesis in some organs including skeletal muscle (41),
neither apparent signs of shivering nor response of fluorodeoxy-
glucose uptake into the skeletal muscle is detected under our
experimental condition of mild cold exposure (29, 30). Earlier
studies confirmed that, during mild cold exposure causing no
muscle shivering, CIT is fairly proportional to cold-activated
BAT activity (5-7, 42, 43). Consistently, our previous finding
demonstrated that intraindividual and interindividual variations
of CIT are significantly related to BAT activity (6, 29); thus CIT
is a predictive index of BAT activity (6, 30).

Another limitation of this study is that, despite the increased
thermogenesis, there was no significant change in adiposity
variables, such as body fat content (+1.5%, P = 0.66 for catechin;
+0.9%, P = 0.80 for placebo) and waist circumstance (+0.5%,
P = 0.62 for catechin; +1.3%, P = 0.32 for placebo) after the
5-wk treatment period. This seems conflicting with previous
reports showing a slight but significant reduction of body fatness

YONESHIRO ET AL.

after a catechin treatment of 8—12 wk in obese subjects (18).
This may be because of the difference in the adiposity of par-
ticipants and the treatment period. Further studies on chronic
effects of catechin on BAT and their effect on adiposity in obese
human subjects are required.

In conclusion, our results indicate that oral ingestion of tea
catechin with caffeine acutely increases EE by triggering BAT
thermogenesis and chronically elevates nonshivering thermo-
genic capacity during mild cold exposure, suggesting the re-
cruitment of BAT, in healthy adults. These effects on BAT are
quite similar to those of cold exposure and thermogenic cap-
sinoids (7). Unlike cold exposure or pharmacologic agents, the
tea catechin regimen would be applicable to the sustained in-
terventions aimed at activating BAT.

TY, MH, HT, and MS: designed the research; TY and MM: enrolled the
subjects and conducted the research; TK and HS: conducted PET/CT exam-
ination; TY: analyzed the data and wrote the manuscript; MH, HT, MT, KY,
and YK: contributed the materials; TY and MS: had primary responsibility for
the final content; and all authors: read and approved the final manuscript.
None of the authors reported a conflict of interest related to the study.
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