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Abstract

Brown adipose tissue (BAT), a major site for mammalian non-
shivering thermogenesis, could be a target for prevention and
treatment of human obesity. Transient receptor potential vanilloid
2 (TRPV2), a Ca2+-permeable non-selective cation channel, plays
vital roles in the regulation of various cellular functions. Here, we
show that TRPV2 is expressed in brown adipocytes and that mRNA
levels of thermogenic genes are reduced in both cultured brown
adipocytes and BAT from TRPV2 knockout (TRPV2KO) mice. The
induction of thermogenic genes in response to b-adrenergic recep-
tor stimulation is also decreased in TRPV2KO brown adipocytes
and suppressed by reduced intracellular Ca2+ concentrations in
wild-type brown adipocytes. In addition, TRPV2KO mice have more
white adipose tissue and larger brown adipocytes and show cold
intolerance, and lower BAT temperature increases in response to
b-adrenergic receptor stimulation. Furthermore, TRPV2KO mice
have increased body weight and fat upon high-fat-diet treatment.
Based on these findings, we conclude that TRPV2 has a role in BAT
thermogenesis and could be a target for human obesity therapy.
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Introduction

The prevalence of obesity has increased worldwide, and it is

believed to be the result of an imbalance between the intake and

expenditure of energy [1]. Obesity is also a serious health problem

that is implicated in various diseases including type II diabetes,

hypertension, coronary heart diseases, and cancer [2], and it is char-

acterized by increased adipose tissue mass that results from

increased fat cell size and number, suggesting that the main

contributor to obesity is adipose tissue [3]. Unlike white adipose

tissue (WAT), brown adipose tissue (BAT) is specialized for the effi-

cient dissipation of chemical energy in the form of heat, and BAT is

a major site for mammalian non-shivering thermogenesis with mito-

chondrial uncoupling protein 1 (UCP1) [4,5]. Although BAT was

originally identified in infants and rodents, recent studies have

reported that BAT also exists in adult humans as demonstrated

using a combination of high-resolution imaging techniques [6,7].

This novel finding highlights the crucial role for BAT in the

regulation of energy metabolism and fat deposition [8,9]. Upon cold

exposure or b-adrenergic receptor stimulation, BAT functions are

activated and “browning” of WAT occurs as well due to the

emerged UCP1-positive “beige” cells [10,11]. When activated, UCP1

in mitochondria uncouples the respiratory chain and heat is gener-

ated [12,13]. Moreover, BAT activity in human and the amount of

BAT tissue are inversely correlated with adiposity [14]. Thus, BAT

could be a promising target for human obesity prevention and treat-

ment, and understanding the molecular mechanisms for thermogen-

esis in brown adipocytes is the subject of intense investigation.

The concentrations of intracellular Ca2+ ([Ca2+]i) and the ampli-

tude of its fluctuations have primary importance for survival and

function in a plethora of cell types [15]. For many cells, there have

been extensive studies of [Ca2+]i signals, whereas relatively little

knowledge about Ca2+ signaling in white and brown adipocytes is

available despite its suggested importance [16].

Transient receptor potential vanilloid 2 (TRPV2) is activated by

noxious heat with an activation temperature threshold of higher

than 52°C [17] and by a number of chemical ligands, for example,

2-aminoethoxydiphenyl borate (2APB) and lysophosphatidylcholine

(LPC) in a species-specific manner [18,19]. SKF96365 (SKF) is a

TRPV2-selective antagonist [18,20]. Importantly, TRPV2 is also

reported to be a mechano-sensitive channel activated by mechanical

stretch and cell swelling [21,22]. Several studies have reported the

involvement of TRP channels in adipose tissue functions. For exam-

ple, TRPV1 was reported to be involved in the regulation of food
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intake and glucose homeostasis in white fat during obesity [23].

And the roles of TRPV1 and TRPV3 have been shown in the regula-

tion of adipogenesis; their activation-mediated Ca2+ influx prevents

white adipocyte differentiation and plays anti-adipogenic roles

in vivo [24,25]. TRPM8 stimulation by its ligands increased UCP1

expression in brown adipocytes and BAT through PKA phosphoryla-

tion [26]. Moreover, activation of TRPV1 by capsaicin or TRPM8 by

cold temperature or menthol enhanced UCP1 expression [27,28],

whereas knockdown of TRPV4 facilitated UCP1 expression in white

adipocytes [29]. Although recent studies indicate that the involve-

ment of [Ca2+]i increases in the functions of adipose tissues [26,29],

the roles of Ca2+ influx in BAT are still not well understood.

In this study, we demonstrated that TRPV2 was functionally

expressed in mouse brown adipocytes in culture. mRNA levels of

thermogenic genes were significantly lower in both cultured brown

adipocytes and BAT from TRPV2 knockout (TRPV2KO) mice, and

increases in the genes in response to b-adrenergic receptor stimula-

tion were significantly lower in TRPV2KO brown adipocytes and

significantly suppressed by reduction in intracellular Ca2+ concen-

trations in wild-type (WT) brown adipocytes. More interestingly,

TRPV2KO interscapular BAT (iBAT) showed impaired adaptive

thermogenesis upon cold exposure and administration of a b3-
adrenergic receptor agonist. And TRPV2KO mice showed significantly

heavier body weight and fat upon high-fat-diet (HFD) treatment for 8

weeks continuously. These data suggest that regulation of Ca2+

influx by TRPV2 is critical for maintaining iBAT thermogenic

functions under physiological conditions and stimulation.

Results

TRPV2 was functionally expressed in the differentiated mouse
brown adipocytes in culture

To explore the expression pattern of TRP channels in adipocytes, we

first examined TRPV2 expression in primary cultured brown adipo-

cytes and BAT. RT–PCR and real-time RT–PCR analyses revealed

that the expression level of Trpv2 mRNA looked the highest in the

differentiated mouse brown adipocytes among Trpv1, Trpv2, Trpv3,

and Trpv4 (Fig 1A and B). The same result was obtained in the

analysis of mouse iBAT (Fig 1C). The mRNA expression of Trpm8

was significantly lower than Trpv2 in iBAT (Fig EV1A). Although

Trpv2 mRNA expression was not different among brown adipocytes,

CD11b-negative (CD11b (�)) and CD11b-positive (CD11b (+),

macrophages) cells isolated from WT iBAT (Fig EV1B-D), the

CD11b (+) fractions were negligibly small compared with brown

adipocytes, suggesting the little contribution of macrophages to the

BAT functions. We next examined the expression of TRPV2 protein

in differentiated brown adipocytes from WT and TRPV2KO mice by

Western blotting, and lack of TRPV2 was confirmed in TRPV2KO

mice (Fig 1D). Then, we examined the functional expression of

TRPV2 in mouse brown adipocytes using Ca2+ imaging and whole-

cell patch-clamp methods. A TRPV2 agonist, either 2APB or LPC,

increased [Ca2+]i which was blocked by SKF (Fig EV1E and F), indi-

cating that the observed 2APB- or LPC-evoked [Ca2+]i increases

were mediated by TRPV2 activation. Adipocytes showed increases

in [Ca2+]i upon activation of a1-adrenergic receptor by nor-

epinephrine (NE) through Gq-coupled receptor signaling, indicating

that they were differentiated adipocytes (Figs 1E and EV1E–G), and

such 2APB- or LPC-evoked [Ca2+]i increases were drastically

reduced in TRPV2KO brown adipocytes (Figs 1E and EV1G), further

indicating the functional TRPV2 expression in WT differentiated

brown adipocytes. Whole-cell patch-clamp recordings showed that

2APB activated currents with outward rectification that was blocked

by SKF (Fig 1F). Mean densities of the 2APB-induced currents in

mouse brown adipocytes at �60 mV and + 100 mV were signifi-

cantly smaller in the cells given both 2APB and SKF compared with

cells given 2APB alone (Fig 1G). These results demonstrated that

TRPV2 is functionally expressed in the differentiated mouse brown

adipocytes.

Lack of TRPV2 facilitated brown adipocyte differentiation

In order to examine the involvement of TRPV2 in adipocyte differen-

tiation like TRPV1 and TRPV3 [24,25], we compared the mRNA

expression of Trpv1, Trpv2, Trpv3, and Trpv4 in pre-adipocytes from

mouse iBAT and 6-day differentiated brown adipocytes. Only Trpv2

mRNA level was significantly increased in 6-day differentiated

Figure 1. TRPV2 was functionally expressed in mouse differentiated brown adipocytes.

A RT–PCR analysis of the expression of b-actin, Trpv1, Trpv2, Trpv3, and Trpv4 using mouse differentiated brown adipocytes after 29 (upper) and 35 (lower) thermal
cycles with (RT (+)) and without (RT (�)) reverse transcription (RT). Control (Ct.) lanes indicate the results with each plasmid DNA as a template.

B Results of real-time RT–PCR analysis of Trpv1, Trpv2, Trpv3, and Trpv4 expression using mouse differentiated brown adipocytes. Expression levels of mRNA were
normalized to that of the ribosomal protein gene (36B4), a housekeeping gene unaffected by adipogenesis. Data are presented as mean � SEM, n = 6.

C Results of real-time PCR analysis of Trpv1, Trpv2, Trpv3, and Trpv4 expression using mouse interscapular brown adipose tissue (iBAT). mRNA expression levels were
normalized to that of 36B4. Data are presented as mean � SEM, n = 5.

D Western blot results of TRPV2 and tubulin from WT and TRPV2KO brown adipocytes. Upper bands in the TRPV2 blots likely indicate glycosylated forms.
E Averaged traces of [Ca2+]i changes in response to 500 lmol/l 2APB in differentiated brown adipocytes from WT (black) and TRPV2KO (red) mice. One lmol/l NE was

used to confirm differentiation. Five lmol/l ionomycin was used to confirm cell viability. Ratio values correspond to the real [Ca2+]i of differentiated mouse brown
adipocytes. Data are presented as mean � SEM, n = 149 of WT cells, and n = 112 of TRPV2KO brown adipocytes; **P < 0.01. Unpaired Student’s t-test.

F A representative trace of whole-cell current activated by 3 mmol/l of 2APB in the presence or absence of 10 lmol/l SKF in mouse differentiated brown adipocyte. The
left inset indicates a voltage-ramp pulse protocol. The right inset indicates the current–voltage curves of basal current (a, black), current in the presence of 2APB+SKF
(b, blue), and current in the presence of 2APB alone (c, red) at the time points of a, b, and c, respectively.

G Comparison of the mean densities of basal currents (Base, black), currents in the presence of 2APB alone (red), and currents in the presence of 2APB+SKF (blue)
at �60 mV and + 100 mV in mouse differentiated brown adipocytes. Data are presented as mean � SEM, n = 10; **P < 0.01 vs. Base; ##P < 0.01 vs. 2APB alone.
One-way ANOVA followed by 2-tailed t-test with Bonferroni correction.
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brown adipocytes (Fig 2A). To further clarify the involvement of

TRPV2 in the differentiation and the thermogenic function of mouse

brown adipocytes, we analyzed the brown adipocytes from WT and

TRPV2KO mice. Continuous treatment with either 2APB or LPC for

6 days significantly reduced the number of differentiated brown

adipocytes (Fig 2B). Then, we compared the differentiated brown

adipocyte number in WT and TRPV2KO cells. Although number of

differentiated brown adipocytes and triglyceride levels were not dif-

ferent between WT and TRPV2KO cells with control differentiation

medium, significantly more differentiated brown adipocytes and

higher triglyceride levels were observed in TRPV2KO adipocytes

when we used ten-time-diluted differentiation medium (Fig 2C

and D). These results can be interpreted that differentiation was

saturated in the condition with control medium and that the

difference became significant in the condition with reduced

differentiation efficiency. This TRPV2-dependent brown adipocyte

differentiation is consistent with the data shown in Fig 2B. These

results demonstrated that TRPV2 could be activated even in the

in vitro condition and that this activation could prevent mouse

brown adipocyte differentiation.

TRPV2-dependent increases in the expression of thermogenic
genes could involve intracellular Ca2+ signaling in
brown adipocytes

Because expression of Trpv2 was increased in the differentiated

brown adipocytes, we also compared mRNA levels of thermogenic

genes between WT and TRPV2KO brown adipocytes. Ucp1 and per-

oxisome proliferator-activated receptor gamma coactivator 1-alpha

(Pgc1a) mRNA levels were significantly lower in TRPV2KO brown

adipocytes, while peroxisome proliferator-activated receptor c (Pparg)
and b3-adrenergic receptor (Adrb3) mRNA levels were not different

(Fig 3A), suggesting that TRPV2 is involved in the thermogenic

function of brown adipocytes. It is known that the mRNA levels of

A

B C D

Figure 2. Brown adipocytes from TRPV2KO mice exhibited facilitated differentiation.

A Results of real-time RT–PCR analysis of Trpv1, Trpv2, Trpv3, and Trpv4 expression in mouse pre-adipocytes and differentiated brown adipocytes. Expression levels of
mRNA were normalized to those of 36B4. Data are presented as mean � SEM, n = 6. *P < 0.05 vs. pre-adipocytes. Unpaired Student’s t-test.

B The number of 6-day differentiated mouse brown adipocytes treated with TRPV2 agonists, 100 lmol/l 2APB or 10 lmol/l LPC. Mean � SEM, n = 6, *P < 0.05 and
**P < 0.01 vs. dimethyl sulfoxide (DMSO) group. One-way ANOVA followed by 2-tailed t-test with Bonferroni correction.

C, D Comparison of the numbers of 6-day differentiated mouse brown adipocytes (C) and triglyceride levels (D) in the cells from WT and TRPV2KO mice with different
differentiation media. 1/10 suppl. indicates differentiation medium ten-time-diluted with DMEM. Mean � SEM, n = 8, **P < 0.01 vs. control group, ##P < 0.01 vs.
WT group. One-way ANOVA followed by 2-tailed t-test with Bonferroni correction.
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Figure 3. Basal expression of genes related to BAT function and their changes.

A Basal mRNA expression of Ucp1, peroxisome proliferator-activated receptor gamma coactivator 1-alpha (Pgc1a), peroxisome proliferator-activated receptor c
(Pparg), and b-adrenergic receptor 3 (Adrb3) in the differentiated brown adipocytes from WT and TRPV2KO mice. Data are presented as mean � SEM, n = 5;
**P < 0.01 vs. WT. Unpaired Student’s t-test.

B, C Changes in Ucp1 (B) and Pgc1a (C) mRNA expression in the differentiated brown adipocytes from WT and TRPV2KO mice with and without 10 lmol/l isoproterenol
(ISO) for 4 h. Data are presented as mean � SEM, n = 5; **P < 0.01 vs. DMSO group; #P < 0.05; ##P < 0.01 vs. WT group. One-way ANOVA followed by 2-tailed
t-test with Bonferroni correction.

D, E Changes in Ucp1 mRNA expression (D) and non-esterified fatty acid (NEFA) release (E) in the differentiated brown adipocytes from WT and TRPV2KO mice with or
without 10 lmol/l forskolin for 4 h. Data are presented as mean � SEM, n = 6; *P < 0.05; **P < 0.01 vs. DMSO group; ##P < 0.01 vs. WT group. One-way ANOVA
followed by 2-tailed t-test with Bonferroni correction.

F, G Changes in Ucp1 mRNA (F) and Pgc1a mRNA (G) in the differentiated brown adipocytes treated with 10 lmol/l ISO alone or 10 lmol/l ISO plus 10 lmol/l BAPTA-
AM for 4 h. Data are presented as mean � SEM, n = 6; *P < 0.05; **P < 0.01 vs. DMSO group; ##P < 0.01 vs. ISO group. One-way ANOVA followed by 2-tailed
t-test with Bonferroni correction.
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Ucp1 and Pgc1a are enhanced by sympathetic nerve activation after

cold exposure [30,31]. Thus, we examined the effect of isoproterenol

(ISO), a b-adrenergic receptor agonist, on brown adipocytes.

Although WT brown adipocytes exhibited the increases in Ucp1 and

Pgc1a mRNA expression levels after ISO treatment, these increases

were almost abolished in the TRPV2KO cells (Fig 3B and C). Thus,

modulation of the basal expression level of thermogenic genes and

the response to b-adrenergic receptor stimuli may be impaired in

TRPV2KO brown adipocytes. In order to investigate the pathways

downstream of b-adrenergic receptor activation, we examined the

effects of forskolin on brown adipocytes. mRNA expression level of

Ucp1 (Fig 3D) and non-esterified fatty acid (NEFA) release (Fig 3E)

were significantly enhanced in brown adipocytes from WT mice

treated with forskolin. On the other hand, the enhancement was

significantly reduced in TRPV2KO brown adipocyte. These results

suggested that TRPV2-dependent induction in the expression of ther-

mogenic genes in brown adipocytes involves a cyclic adenosine

monophosphate pathway. To test the importance of [Ca2+]i for the

thermogenic gene expression in brown adipocytes, we applied

BAPTA-AM, a cell-permeant Ca2+ chelator. BAPTA-AM treatment

significantly reduced the induction of Ucp1 and Pgc1a mRNA

expression by ISO (Fig 3F and G), suggesting that [Ca2+]i changes

possibly due to Ca2+ influx through TRPV2 are critical for the

induction of thermogenic genes upon activation of sympathetic

nervous system.

TRPV2KO mice might have exhibited an energy imbalance

We examined whether TRPV2KO mice exhibited impairments in

energy metabolism. Table 1 depicts a comprehensive evaluation of

the multiple metabolic parameters in WT and TRPV2KO mice.

Under at libitum feeding conditions, blood glucose, plasma insulin,

NEFA, and serum cholesterol levels were not different between WT

and TRPV2KO mice. TRPV2KO mice exhibited significantly smaller

body weights until 8 weeks of age (Fig 4A) as previously reported

[32]. On the other hand, food intake and water intake were not dif-

ferent between WT and TRPV2KO mice (Fig 4B and C). We then

compared the weights of tissues related to energy metabolism upon

normalization to their body weights to minimize the effects of body

weight difference. The normalized weights of iBAT, iWAT, and

epididymal WAT (eWAT) were significantly larger in TRPV2KO

mice compared with WT mice at 8 weeks of age (Fig 4D). More-

over, the mRNA levels of Ucp1 and Pgc1a were significantly lower

in TRPV2KO iBAT similar to the brown adipocytes (Fig 3A), while

Pparg, Adrb3, cytochrome c oxidase subunit 4 isoform 1 (Cox4i1)

mRNA levels were not different (Fig 4E). PR domain containing 16

(Prdm16) expression was not different, either (Fig 4E), suggesting

that differentiation of brown adipocytes is not different in the tissue

level. On the other hand, the Ucp2 expression levels were not dif-

ferent between WT and TRPV2KO iBAT probably because expres-

sion levels were very low. Interestingly, the expression levels of

genes associated with lipid metabolism (lipoprotein lipase (Lpl) and

cluster of differentiation 36 (Cd36)) were slightly higher in

TRPV2KO iBAT although the differences were not significant

(Fig 4E). These results suggested that an energy imbalance might

have existed in TRPV2KO mice.

Adipocytes from TRPV2KO iBAT exhibited an accumulation of
lipid droplets and an increase in cell size

To further explore the involvement of TRPV2 in mouse iBAT func-

tion, we performed a histological study by a hematoxylin and eosin

staining. Surprisingly, we observed more and larger lipid droplets

rather than multiple lipid droplets in adipocytes from 8-week-old

TRPV2KO mice (Fig 5A). When comparing the droplet size

distribution, mean values were significantly larger in TRPV2KO

iBAT in 8-week-old mice compared with WT iBAT (Fig 5B). In addi-

tion, cell diameters were also distributed over larger ranges in

TRPV2KO adipocytes than in WT cells (Fig 5C), and mean diame-

ters of TRPV2KO adipocytes were significantly larger than those of

WT cells (Fig 5D). These data suggested that iBAT “whitening”

could have occurred in the iBAT lacking TRPV2. We also examined

the iWAT from WT and TRPV2KO mice. mRNA expression of Trpv2

was not significantly different between inguinal WAT (iWAT) and

Table 1. Blood biochemical parameters and oxygen consumption in WT and TRPV2KO mice.

Blood glucose
(mg/dl)

Plasma insulin
(ng/ml)

Serum NEFA
(mEq/l)

Serum cholesterol
(mg/dl)

Oxygen consumption (ml/kg/h)

Dark Light

WT 157.63 � 9.79 0.94 � 0.13 0.91 � 0.16 58.09 � 8.69 3804.74 � 151.62 3044.55 � 151.21

TRPV2KO 154.50 � 6.22n.s. 1.39 � 0.27n.s. 0.84 � 0.13n.s. 44.52 � 4.46n.s. 4063.26 � 90.85n.s. 2984.90 � 66.20n.s.

NEFA: Non-esterified fatty acid. Data are represented as the mean � SEM of 8 mice in each group. n.s. indicates that no significant differences were observed
between WT and TRPV2KO mice. Unpaired Student’s t-test.

Figure 4. Energy imbalance in TRPV2-deficient mice.

A Body weight changes from 3 weeks to 8 weeks of age between the two genotypes (n = 11). Data are presented as mean � SEM; *P < 0.05; **P < 0.01 vs. WT
group. Unpaired Student’s t-test.

B, C Changes in food intake (B) and water intake (C) from 3 weeks to 8 weeks of age between WT and TRPV2KO mice (n = 6). Data are presented as mean � SEM.
D Weights of tissues related to energy metabolism normalized to their body weights in WT and TRPV2KO mice (n = 15). Data are presented as mean � SEM;

*P < 0.05; **P < 0.01 vs. WT group. Unpaired Student’s t-test.
E The expression levels of mRNA related to energy metabolism in iBAT from WT and TRPV2KO mice. mRNA expression levels of Ucp1, Pgc1a, Pparg, Adrb3, cytochrome

c oxidase subunit 4 isoform 1 (Cox4i1), PR domain containing 16 (Prdm16), Ucp2, lipoprotein lipase (Lpl), and cluster of differentiation 36 (Cd36) were examined and
normalized to the levels of 36B4. Data are presented as mean � SEM, n = 15; *P < 0.05 vs. WT group. Unpaired Student’s t-test.
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iBAT (Fig EV2A), and histological analysis showed no difference in

WT and TRPV2KO iWAT, either (Fig EV2B).

TRPV2KO mice exhibited cold intolerance

To address the involvement of TRPV2 in thermogenesis in iBAT,

we analyzed TRPV2KO mice exposed to a cold environment.

mRNA expression of Ucp1 and Pgc1a was significantly increased

upon exposure to cold stimulus at 4°C in WT iBAT, but the

increases were small in TRPV2KO iBAT (Fig 6A and B), while

mRNA level of Pparg was not changed upon cold exposure in these

two genotypes (Fig 6C). Moreover, we found that Trpv2 mRNA

expression was significantly up-regulated in iBAT from WT mice

upon cold exposure for 3 days (Fig 6D). Up-regulation of Trpv2

A B

C D

Figure 5. Comparison of adipocyte sizes between WT and TRPV2KO iBAT.

A Representative morphological results of iBAT by hematoxylin and eosin staining from 8-week-old WT and TRPV2KO mice. Scale bars indicate 100 lm.
B Comparison of lipid droplet size histograms from 8-week-old WT (black) and TRPV2KO (red) iBAT with hematoxylin and eosin staining. Mean values are 9.5 � 0.2 lm

in 8-week-old WT adipocytes, and 14.7 � 0.2 lm in 8-week-old TRPV2KO adipocytes (P < 0.01). 1,000 to 1,400 droplets were counted. Data are presented as
mean � SEM, n = 4.

C Comparison of adipocyte size histograms from 8-week-old WT (black) and TRPV2KO (red) iBAT with hematoxylin and eosin staining. 800 to 1,000 cells were counted.
Data are presented as mean � SEM, n = 4.

D Mean diameters of adipocytes in 8-week-old WT mice (black) and TRPV2KO mice (red). Mean values are 15.8 � 0.4 lm in 8-week-old WT adipocytes, and
19.8 � 0.3 lm in 8-week-old TRPV2KO adipocytes. Data are presented as mean � SEM, n = 4; *P < 0.05 vs. WT group. Unpaired Student’s t-test.
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Figure 6. TRPV2KO mice show impaired cold-induced thermogenesis.

A–D Changes in mRNA expression of Ucp1 (A), Pgc1a (B), Pparg (C), and Trpv2 (D) in iBAT of WT and TRPV2KO mice before (25°C), after 1-day and 3-day cold (4°C)
exposure. Mean � SEM, n = 5–8; *P < 0.05; **P < 0.01 vs. 25°C group; #P < 0.05 vs. WT group. One-way ANOVA followed by 2-tailed t-test with Bonferroni
correction.

E, F Western blot results of UCP1 protein in iBAT from WT and TRPV2KO mice before (25°C) and after 3-day cold (4°C) exposure (E). Comparison of UCP1 protein levels
before and after cold exposure in iBAT from WT and TRPV2KO mice (F). Mean � SEM, n = 6; *P < 0.05 vs. 25°C group; #P < 0.05 vs. WT group. One-way ANOVA
followed by 2-tailed t-test with Bonferroni correction.

G, H Averages of core body temperatures (G) and activities (H) of WT and TRPV2KO mice with or without cold (4°C) exposure. Data are presented as mean � SEM,
n = 5; *P < 0.05 vs. WT group. Unpaired Student’s t-test.
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mRNA was also observed in iWAT upon cold exposure (Fig EV2C)

which was accompanied by significant Ucp1 increase, suggesting

the iWAT “browning” (Fig EV2D). mRNA expression of Ucp2 and

Lpl was not different between WT and TRPV2KO iWAT (Fig EV2E).

Increase in Pgc1a mRNA upon cold exposure was significantly

smaller in TRPV2KO iWAT than in WT iWAT (Fig EV2G), while

Pparg mRNA levels were not changed upon cold exposure in both

WT and TRPV2KO iWAT (Fig EV2H). Increase in Ucp1 mRNA

upon cold exposure tended to be smaller in TRPV2KO iWAT, while

no statistical significance was observed (Fig EV2F). These data

suggested that TRPV2 plays some roles in iWAT similar to iBAT

upon cold exposure. In addition, although an increase in UCP1

protein level was not observed in iBAT from WT mice exposed to a

cold environment for 1 day (Fig EV3A and B), a significant

increase in UCP1 protein was observed in iBAT from WT mice

exposed to a cold environment for 3 days (Fig 6E and F). However,

in iBAT from TRPV2KO mice, we did not observe cold exposure-

induced induction of UCP1 protein after 3 days. Core body

temperature and activity were not different between WT and

TRPV2KO mice at a 25°C environment. Moreover, oxygen

consumption in both dark and light periods did not differ between

WT and TRPV2KO mice, either (Table 1). On the other hand, core

body temperature was significantly decreased upon cold exposure

in TRPV2KO mice without changes in activity (Fig 6G and H),

suggesting that the basal level of energy expenditure was intact,

while thermogenic function upon cold exposure was impaired in

TRPV2KO mice.

b3-adrenergic receptor agonist-induced thermogenesis was
impaired in TRPV2KO mice

To clarify the underlying mechanism of cold intolerance in

TRPV2KO mice, we examined the thermogenic function of iBAT by

intraperitoneal administration of a specific b3-adrenergic receptor

agonist BRL37344. Ucp1 and Pgc1a mRNA levels were significantly

increased in WT iBAT by the BRL37344 administration, whereas the

increases were significantly reduced in TRPV2KO iBAT (Fig 7A and B).

Pparg mRNA levels were not increased in either WT or TRPV2KO

iBAT (Fig 7C). Temperature increases in iBAT and the rectum in

response to BRL37344 administration were significantly smaller in

TRPV2KO iBAT than in WT iBAT (Fig 7D and E). Moreover, we did

not observe any difference in iBAT NE turnover rates (Fig 7F) or

rate constant k (Fig 7G) in WT and TRPV2KO mice upon cold

stimulation. These results demonstrated that b3-adrenergic receptor

stimulation-induced thermogenesis in BAT was impaired in

TRPV2KO mice.

TRPV2KO mice showed severer obese phenotype after
HFD treatment

Then, we asked whether TRPV2KO mice are prone to be obese

when challenged with HFD because of the impaired thermogenesis

in BAT. We treated both WT and TRPV2KO mice (13 week old)

with HFD for 8 weeks continuously. Significant difference in body

weight between WT and TRPV2KO mice (Fig 4A) was gone at an

age of 10 weeks at a normal diet (Fig 8A). As expected, TRPV2KO

mice showed significantly heavier body weight after starting a HFD

treatment. Energy intake and water intake in TRPV2KO mice were

also larger than in WT mice upon HFD (Fig EV3C and D). There

was no significant difference in blood glucose levels (Fig 8B), while

plasma insulin levels in TRPV2KO mice were significantly higher

than in WT mice (Fig 8C). These results suggested that TRPV2KO

mice showed insulin resistance. We also analyzed the weights of

tissues related to energy metabolism in WT and TRPV2KO mice and

found that weights of iBAT, iWAT, eWAT, and liver were signifi-

cantly larger in TRPV2KO mice than in WT mice without significant

difference in the weights of skeletal muscle (Fig 8D). Expression of

Ucp1 and Pgc1a mRNA in TRPV2KO iBAT was significantly lower

than WT mice (Fig 8E) after 8-week HFD treatment, indicating that

iBAT thermogenesis is significantly impaired in TRPV2KO mice

even after HFD treatment. Trpv2 mRNA was significantly up-regu-

lated in both WT mice with HFD treatment (Fig EV4A) and db/db

mice (Fig EV4B). These results revealed that TRPV2 is involved in

the modulation of BAT thermogenesis under pathological conditions

as well.

Discussion

In this study, we provided several lines of evidence that TRPV2

plays an important role in the maintenance of thermogenic function

in BAT. We demonstrated that TRPV2 is functionally expressed in

primary brown adipocytes. [Ca2+]i changes possibly due to Ca2+

influx through TRPV2 are important for the induction of the

thermogenic genes upon activation of sympathetic nervous system.

Moreover, TRPV2KO mice exhibited cold intolerance and impaired

BAT thermogenesis upon b3-adrenergic receptor activation. Most

importantly, mice lacking TRPV2 are prone to be obese and insulin

resistance upon fed with HFD. These findings demonstrate that

TRPV2 activation in BAT could be an intriguing target for the treat-

ment and prevention of human obesity and related metabolic

diseases.

It is interesting that TRPV2 expression level was increased in the

6-day differentiated brown adipocytes. This increase also supports

our findings that TRPV2 is involved in brown adipocyte differentia-

tion (Fig 2B–D) and that TRPV2 is critical in the modulation of ther-

mogenic gene expression (Fig 3B and C). However, transcription

and translation mechanisms of TRPV2 are still unknown, while up-

regulation of voltage-gated K+ channels [33] and TRPM8 [28] was

also observed during adipocyte differentiation. Genomewide binding

analyses have revealed that many different genes were up-regulated

during the differentiation of adipocytes through PPARc and C/EBPa
cooperation on multiple binding sites in their promoter regions

[34,35]. Similar mechanisms might be involved in the TRPV2 up-

regulation during adipocyte differentiation. It is reported that

[Ca2+]i increases stimulated by ionomycin inhibited white adipocyte

differentiation [36]. In white adipocytes, either TRPV1 or TRPV3

activation-mediated Ca2+ influx prevents adipogenesis and plays

anti-adipogenic roles in vivo [24,25]. In this study, we found that

activation of TRPV2 by its ligands negatively regulated brown

adipocyte differentiation. Furthermore, brown adipocytes lacking

TRPV2 exhibited the facilitated differentiation. Thus, increase in

[Ca2+]i by TRPV2 activation might negatively regulate brown

adipocyte differentiation in vitro as well.

TRPV2 could have a cell autonomous effect on the basal

expression of thermogenic genes because the basal expression of
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Ucp1 and Pgc1a was reduced in cultured TRPV2KO brown adipo-

cytes (Fig 3A). Similar reductions in Ucp1 and Pgc1a were

observed in TRPV2KO iBAT (Fig 4E) although there is a possibility

that gene expression was induced upon mild cold exposure at

25°C in mice not kept in the thermoneutral condition at around

29°C [37]. Alternatively, some ligands for TRPV2 exist both

in vitro and in vivo. Candidate TRPV2 stimuli include mechanical

stimulation (membrane stretch), LPC, LPI, and endocannabinoids

A

D

F G

E

B C

Figure 7. Comparison of thermogenic functions of iBAT in WT and TRPV2KO mice.

A–C Changes in mRNA expression of Ucp1 (A), Pgc1a (B), and Pparg (C) from WT and TRPV2KO iBAT 4 h after intraperitoneal administration (i.p., arrows) of saline or a
selective b3-adrenergic receptor agonist, BRL37344 (600 lg/kg body weight). Mean � SEM, n = 5–7; *P < 0.05 vs. saline group; #P < 0.01 vs. WT BRL37344
administration group. One-way ANOVA followed by 2-tailed t-test with Bonferroni correction.

D, E Average traces of changes in iBAT temperature (D) or rectal body temperature (E) from WT and TRPV2KO mice after BRL37344 (600 lg/kg body weight)
administration (i.p., arrows). Mean � SEM, n = 5. *P < 0.05 vs. WT group. Unpaired Student’s t-test.

F, G iBAT NE turnover rates (F) and rate constants k (G) in WT and TRPV2KO mice upon cold exposure (4°C) for 4 h. Data are presented as mean � SEM, n = 8.
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[19,21,22,38]. Moreover, IGF-1 is known to enhance transient

translocation of TRPV2 from intracellular compartments to the

plasma membrane through a PI3K-dependent pathway [39,40]. In

that case, an increase in TRPV2 incorporation into the plasma

membrane could be sufficient for TRPV2 activation due to

membrane stretch. In addition, our data suggest a possibility that

TRPV2 activation is involved in b3-adrenergic receptor-mediated

thermogenesis without changes in b3-adrenergic receptor

expression.

In addition to the in vitro analysis, in vivo studies demonstrate

that the absence of TRPV2 led to down-regulation of thermogenic

genes (Fig 4E), enlarged sizes of brown adipocytes in iBAT

(Fig 5), and impaired BAT thermogenesis in response to cold

stimulus (Fig 6). Similar iBAT abnormalities were reported in

aged and obese mice [41,42]. It has also been reported that

UCP1 knockout mice show accumulated lipid droplets in brown

adipocytes and consume less oxygen upon treatment with a

b3-adrenergic receptor agonist [43]. Taken together, we conclude

that TRPV2KO mice exhibited impairments in iBAT thermogene-

sis. However, basal blood glucose levels, plasma insulin levels,

lipid metabolism parameters, and oxygen consumption in both

dark and light periods showed no differences between these two

genotypes (Table 1). These data indicate that impairment of iBAT

function in TRPV2KO mice is not sufficient to cause the changes

A

D E

B C

Figure 8. Comparison of the changes upon high-fat-diet treatment between WT and TRPV2KO mice.

A Body weight changes between WT and TRPV2KO mice treated with high-fat diet (HFD) for 8 weeks continuously from 13 weeks of age.
B, C Blood glucose level (B) and plasma insulin level (C) of WT and TRPV2KO mice after 8-week HFD treatment.
D Weights of tissues related to energy metabolism in WT and TRPV2KO mice after 8-week HFD treatment.
E mRNA expression of Ucp1 and Pgc1a in iBAT from WT and TRPV2KO mice after 8-week HFD treatment.

Data information: All data are presented as mean � SEM, WT mice (n = 6), TRPV2KO mice (n = 8); *P < 0.05; **P < 0.01 vs. WT group. Unpaired Student’s t-test.
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in above parameters in the basal condition and that TRPV2 is

critical for iBAT thermogenesis in the specific conditions such as

cold environment. Meanwhile, we cannot exclude the involve-

ment of TRPV2 expressed in other tissues [32,44] although NE

utilization was normal in TRPV2KO mice (Fig 7F and G) and

contribution of TRPV2 in BAT macrophages did not look great

(Fig EV1). Nevertheless, the fact that similar difference in gene

expression and temperature increases between WT and TRPV2KO

mice were observed not only in response to cold exposure (Fig 6)

but also to administration of a b3-adrenergic receptor agonist

(Fig 7) indicates that TRPV2 in iBAT is critical for adaptive

thermogenesis.

TRPV2KO mice are prone to be obese and showed insulin resis-

tance after HFD treatment (Fig 8A). These findings further support

our conclusion that the impaired thermogenesis has occurred in

BAT lacking TRPV2. It has been reported that several TRP knockout

mice are resistant to HFD-induced obesity [29,45–47], an opposite

phenotype observed in TRPV2KO mice. Our results suggest that acti-

vation of TRPV2 could be an intriguing therapeutic approach for the

treatment and prevention of human obesity. And specific TRPV2

agonists are necessary to be developed. Insulin resistance observed

upon a HFD treatment suggests that other tissues could be also

involved in the severe obese phenotype of TRPV2KO mice since

TRPV2 has been reported to be expressed in many cell types such as

pancreatic b-cells [48]. Up-regulation of Trpv2 in obese mice also

indicates the involvement of TRPV2 in iBAT thermogenesis under

pathological conditions (Fig EV4A and B). Moreover, the increase in

Trpv2 in iWAT of WT mice (Fig EV2C) and the impaired induction

of Pgc1a in iWAT of TRPV2KO mice upon cold exposure (Fig EV2G)

suggest that TRPV2 could play a relevant role in white adipocytes

and might be involved in iWAT “browning” in vivo as well. Taken

together, our results suggest that the importance of TRPV2 in iBAT

thermogenesis contributes to the obese phenotype in TRPV2KO

mice fed with HFD.

It is still unclear how TRPV2 activation modulates energy expen-

diture. There is one study in which slow [Ca2+]i increases were

observed upon b3-adrenergic receptor stimulation in brown adipo-

cytes [49]. It has also been reported that TRPM8 stimulation by its

ligands increased UCP1 expression in brown adipocytes and BAT

through PKA phosphorylation [26]. Moreover, in white adipocytes,

activation of TRPV1 by capsaicin or TRPM8 by cold temperature or

menthol enhanced UCP1 expression [27,28]. On the other hand,

ERK1/2 were reported to be activated by TRPV4 signaling [50], and

TRPV4 activation caused a rapid phosphorylation of ERK1/2 and

JNK1/2, which further suppressed the mRNA levels of Ucp1 and

Pgc1a [29]. A TRPV1 agonist, capsaicin prevented adipogenesis in

both in vitro and in vivo conditions [24], which is probably through

the calcineurin pathway [51]. TRPV3 activation inhibited the

expression of adipogenic genes, PPARc and C/EBPa via a PI3K/

Akt/FOXO1 pathway, which further suppressed the adipogenesis of

white adipocyte in vitro and WAT in vivo [25]. In this study, lack of

TRPV2 suppressed the mRNA levels of Ucp1 and Pgc1a in brown

adipocytes and impaired BAT thermogenic function without

changes in the expression of Trpv1, Trpv3, or Trpv4 (Fig EV4C).

Since TRPV2 is a non-selective Ca2+-permeable cation channel, acti-

vation of TRPV2 leads to [Ca2+]i increases (Figs 1E and EV1E–G),

indicating that [Ca2+]i changes could be involved in the differentia-

tion and thermogenic gene induction upon b-adrenergic receptor

activation. Indeed, BAPTA-AM significantly suppressed the

increased expression of thermogenic genes, Ucp1 and Pgc1a

inducted by ISO (Fig 3F and G). Therefore, [Ca2+]i increases possi-

bly through Ca2+-permeable TRP channels could be important for

the adipocyte functions. And high mRNA expression of Trpv2 in

BAT suggests that regulation of Ca2+ influx by TRPV2 is critical for

BAT functions. Because adipocytes play a lot of pivotal functions,

multiple Ca2+ influx pathways could exist although we still do not

know the mechanisms of apparent opposite functions between

TRPV4 and others. It would be intriguing to examine which

pathways described above are involved in the [Ca2+]i increases

downstream of TRPV2 activation.

In conclusion, our study clearly established a role for TRPV2-

mediated Ca2+ influx in the thermogenic function and differentia-

tion of BAT. With the recent reports that BAT is present in adult

humans [6], approaches modulating BAT function through TRPV2

could be intriguing ways to treat human obesity and related

metabolic disorders although there have been no reports of the

expression of TRPV2 in human brown adipocyte cell line or human

brown adipose tissues.

Materials and Methods

Animals

Male C57Bl/6NCr mice (SLC, Hamamatsu, Japan) were housed in a

controlled environment (12-h light/dark cycle; 22–24°C; 50–60%

humidity) with food and water ad libitum. For all in vivo experi-

ments, 8- to 13-week-old wild-type (WT) and TRPV2KO male mice

were individually housed in controlled environmental chambers

(Nihon Medical and Chemical Instruments) in which temperature is

easily manipulated. For HFD treatment experiments, WT or

TRPV2KO mice were fed with HFD (40% fat by calories; CLEA

Rodent Diet Quick Fat, Japan) ad libitum for 6–12 weeks. BKS.Cg-

Dock7m+/+Leprdb/J (db/db mice) and BKS.Cg-Dock7m+/+Leprdb/+/J

(control mice) were purchased from Charles River (Yokohama,

Japan). All animal protocols were approved by the Animal Research

Committee, National Institute for Physiological Sciences of Japan

(Okazaki, Japan), and were performed in accordance with institu-

tional guidelines. We made a randomization in the in vivo analyses

and did the experiments in the blinding manner.

Generation of TRPV2KO mice

Construction of the targeted allele, establishment of targeted

embryonic stem (ES) cells, and generation of the chimera and F1

mice were carried out by Unitech Co. (Chiba, Japan). Briefly, the

exons 3–5 of mouse Trpv2 were flanked by two loxP sequences

(Fig EV5A). An Flp recognition target (FRT)-flanked neo-cassette

was inserted upstream of exon 3. The targeting vector was electro-

porated into C57BL/6 mouse ES cells. Positive clones were

selected, and homologous recombination was confirmed by South-

ern blotting (Fig EV5B). The targeted ES cells were injected into

blastocysts (BALB/c), and then, chimera mice were bred with

C57BL/6 mice to generate founder mice. The founder mice were

crossed with the FLPe deleter mice, producing heterozygous

flox mice without the neo-cassette (TRPV2lox/+). The heterozygous
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flox mice were intercrossed to obtain homozygous flox mice

(TRPV2lox/lox). Genotyping was performed using PCR (Fig EV5C).

PCR primers for genotyping were as follows: forward primer, 50-
GTCTCACTGAACTCTGCTAGACTGG-30 on the short arm, reverse

primer 1, 50-ATAGCCTGGGATACTCTGTCTCAAG-30 on exon 3,

yielding PCR products of 248 bp (WT allele) and 432 bp (targeted

allele), and reverse primer 2, 50-GTGATAACCACAGCAGAACA
TAGTG-30 on the long arm, confirming successful Cre recombina-

tion. After Cre-mediated recombination, all of TRPV2 channel struc-

ture and detectable protein were ablated. To overcome prenatal

lethality observed in TRPV2KO mice on a C57Bl/6NCr background,

we generated WT and TRPV2+/� F3 hybrids by crossing C57Bl/

6NCr TRPV2+/� mice with ICR WT mice, and then, TRPV2+/� F3

hybrids were mated to each other to generate F3 hybrids TRPV2KO

mice. The resulting TRPV2KO mice appeared as healthy as WT

mice. WT mice with the same background were also obtained by

crossing TRPV2+/� F3 hybrids.

Primary culture of mouse brown adipocytes

Primary culture of mouse brown adipocytes was done according

to previously reported methods with slight modification [52]. In

brief, pre-adipocytes were isolated from iBAT of six male mice

(3 week old). After getting confluent, pre-adipocytes were

inducted in standard medium supplemented with 500 lmol/l

3-isobutyl-1-methylxanthine and 1 lmol/l dexamethasone (induc-

tion medium) at the standard incubation condition for 2 days, and

then, cells were differentiated in standard medium supplemented

with 50 nmol/l triiodothyronine (T3) and 17.4 mmol/l insulin (dif-

ferentiation medium) for 6 more days. For the pharmacological

studies in the thermogenesis experiments, compounds were

applied in differentiation medium after 6 days of differentiation.

To check the involvement of TRPV2 in brown adipocyte differenti-

ation, we used two kinds of medium with different concentrations

of T3 and insulin: the same as above differentiation medium (con-

trol) and ten-time-diluted medium containing 5 nmol/l T3 and

1.74 mmol/l insulin (1/10 suppl.). TRPV2 agonists were applied

when medium was changed from the induction medium to the

differentiation medium for 6 consecutive days to induce differenti-

ation.

Isolation of adipose tissue macrophages from iBAT

Brown adipocytes and stromal vascular fractions (SVFs) were

isolated from 5 WT mice (8 week old) iBAT by collagenase diges-

tion and mechanical shaking following a method previously

reported with a few modifications [53]. Cell suspensions of SVFs

were further divided using a magnetic cell sorting system (Miltenyi

Biotec, Auburn, CA, USA) to obtain CD11b-positive cells (macro-

phages, CD11b (+) cells) following the manufacturer’s instructions.

Isolated adipocytes, CD11b-negative cells, and macrophages from

iBAT were used for further experiments.

RT–PCR

Total RNA was isolated using Sepasol-RNA I Super G (Nacalai

Tesque Inc., Kyoto, Japan) according to the manufacturer’s proto-

col. In brief, mouse tissues or cells were freshly collected and

homogenized in Sepasol-RNA I Super G on ice. RT–PCR was

performed using the SuperScript� III kit (Invitrogen, Carlsbad,

CA, USA). The RNA was digested with RNase H at 37°C for

20 min. The primer sequence information is summarized in

Table EV1.

Quantitative real-time RT–PCR

Copy numbers of mouse genes were determined by quantitative RT–

PCR (qRT–PCR) using SYBR Green MASTER (Invitrogen, Carlsbad,

CA, USA) following the manufacturer’s protocol. Data were

collected during each extension phase of the PCR and analyzed

using ABI-7700 SDS software (Applied Biosystems, Foster City, CA,

USA). The results were standardized for comparison by measuring

levels of 36B4 mRNA in each sample. The primer sequence

information is shown in Table EV2.

Immunoprecipitation and Western blotting

Brown adipocytes were collected and lysed in 100 ll RIPA lysis

buffer with complete protease inhibitor cocktail (Roche Molecular

Biochemicals, Basel, Switzerland). HEK293 cells transfected with

mTrpv2 plasmid DNA were used for the positive control. Cells were

lysed in 100 ll RIPA lysis buffer with protease inhibitor cocktail.

Cell lysates were pre-cleared with protein G Sepharose beads (GE

Healthcare, Buckinghamshire, UK) with rotation at 4°C for 2 h. The

supernatants were collected after centrifugation and incubated with

anti-TRPV2 antibody (TransGenic, Kobe, Japan) at 4°C overnight,

and precipitated with protein G Sepharose beads (GE Healthcare)

for 2 h in Micro Bio-Spin Chromatography Columns (Bio-Rad,

Munich, Germany). The samples were denaturized at 95°C for

5 min and separated on an 8% SDS–PAGE gel and transferred onto

a PVDF membrane. The membrane was blocked using BlockAce

reagent (Snow Brand Milk Products Co., Tokyo, Japan) at 4°C over-

night and then incubated with an anti-TRPV2 antibody or anti-

tubulin monoclonal antibody diluted 1:1,000 at room temperature

for 1 h. After three washes with PBS-T (0.1% Triton X-100), the

membrane was incubated at room temperature for 1 h with an anti-

rabbit IgG or anti-mouse IgG HRP-linked antibody (Cell Signaling

Technology, Boston, MA, USA) diluted 1:5,000. The signals were

visualized with an ECL kit (Pierce, IL, USA), and the PVDF

membrane was photographed using a LAS-3000 imaging system

(Fujifilm, Tokyo, Japan).

Ca2+-imaging

Intracellular Ca2+ concentration was monitored by loading primary

cultured brown adipocytes with Fura-2 AM fluorescent dye (Invitro-

gen, Carlsbad, CA, USA). Adipocytes were incubated with 5 lmol/l

Fura-2 AM for 30 min and used in experiments within 3 h. Fluores-

cent signals were collected with a CCD camera (Hamamatsu

Photonics, Hamamatsu, Japan) and recorded by IP Lab software

(Scanalytics, Inc., Rockville, MD, USA) at three-second intervals.

The bath solution contained 140 mmol/l NaCl, 5 mmol/l KCl,

2 mmol/l MgCl2, 2 mmol/l CaCl2, 10 mmol/l HEPES, and

10 mmol/l glucose, pH 7.4, adjusted with NaOH. A positive

response was obtained when the 340/380 ratio increased more than

0.2 evoked by 2APB or LPC. Norepinephrine responses indicated
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cells were differentiated brown adipocytes. Cell viability was con-

firmed with 5 lmol/l ionomycin. All the experiments were

performed at room temperature.

Electrophysiology

For whole-cell patch-clamp recording experiments, 6-day differen-

tiated mouse brown adipocytes were used. The bath solution was

the same as that used for Ca2+ imaging. The pipette solution

contained 140 mmol/l KCl, 5 mmol/l EGTA, and 10 mmol/l

HEPES, pH 7.4, adjusted with KOH. Data were sampled at

10 kHz and filtered at 5 kHz using an Axopatch 200B amplifier

(Axon Instruments, Sunnyvale, CA, USA). The membrane poten-

tial was clamped at �60 mV during the whole-cell patch-clamp

recordings, and voltage-ramp pulses from �100 mV to + 100 mV

for 300 ms were applied in a 5-s period. All patch-clamp experi-

ments were performed at room temperature. Data were analyzed

using pCLAMP10.4 software (Axon Instruments, Sunnyvale, CA,

USA).

Oil red O staining and triglyceride level measurement of
brown adipocytes

Oil red O staining was performed using oil red O dye (Sigma, St.

Louis, USA). In brief, the adipocytes were fixed with 4% formalin

and incubated at room temperature for at least 1 h. After fixation,

cells were washed with purified water twice and washed with 60%

isopropanol at room temperature for 5 min. The cells were let dried

completely at room temperature, and oil red O solution was added

and then incubated at room temperature for 10 min. Oil red O solu-

tion was removed with addition of purified water immediately, and

the cells were washed 4 times with purified water. Images were

acquired under the microscope (Olympus, Tokyo, Japan) for analy-

sis. For the measurement of triglyceride levels, all the water was

removed and cells were dried completely. Oil red O dye was eluted

with 100% isopropanol and incubated with gently shaking for

10 min. The OD values were measured at 490 nm using a multi-

scan spectrum (Thermo Scientific, Waltham, MA, USA) with 100%

isopropanol as a blank.

The number of differentiated brown adipocytes counting

Differentiated brown adipocytes were counted in the pictures taken

under the microscope. At least six random fields were chosen in

each dish. Adipocytes could be distinguished from pre-adipocytes

by the presence of visible lipid droplets. For better visualization,

lipids were stained with oil red O and only cells positive for this

stain were considered as differentiated adipocytes.

Histological analysis

Eight-week-old WT and TRPV2KO male mice with the same back-

ground were used. iBAT and iWAT tissues were fixed in 4%

paraformaldehyde/PBS, embedded in paraffin wax, and sectioned at

8 lm. iBAT sections were then de-paraffinized in xylene. The

sections were stained in hematoxylin solution for 5 min and eosin

solution for 10 min. Then, the sections were immersed in decreas-

ing ethanol solutions from 100% to 70% following a dehydration

process. The sections were finally penetrated with xylene for 5 min,

3 times, mounted, and observed by light microscopy (Keyence,

Tokyo, Japan). Adipocyte sizes were assessed by measuring the

diameter of lipid droplets and adipocyte sizes using ImageJ software

(National Institutes of Health, Bethesda, MD, USA).

Blood biochemical measurements

Blood glucose levels were measured using a glucose monitor

(Arkray, Kyoto, Japan), and plasma insulin levels were examined

using ELISA (Morinaga Institute of Biological Science, Inc., Yoko-

hama, Japan). Total cholesterol and non-esterified fatty acid (NEFA)

levels were measured using commercial kits following instructions

from the manufacturer (WAKO Pure Chemical Industries, Ltd.,

Osaka, Japan).

Measurement of oxygen consumption

The oxygen consumption was measured using an indirect calorimet-

ric system (Oxymax Equal Flow 8 Chamber/Small Subject System;

Columbus Instruments, Columbus, OH, USA) equipped with an

eight-chamber airtight metabolic cage at room temperature. The

data for each chamber were collected every 9 min, with room air as

a reference, and measured for 20 h from 9 PM to 5 PM.

Body temperature measurement of freely behaving mice

Core body temperature and activities were monitored using trans-

mitter devices (TA-F10 Mouse Temperature Transmitter, DSI

Company, St. Paul, USA) surgically implanted in the peritoneal

cavity under anesthesia (2.0% isoflurane in 100% O2 through a

tracheal cannula with the animal’s spontaneous ventilation). After

surgery, each animal was housed alone in a cage and allowed to

recover from surgery for more than 1 week. Data were recorded by

placing each cage containing an animal implanted with a radiotrans-

mitter on a receiver plate (DSI PhysioTel� Receivers—RPC-1, DSI

Company). A Vital View Data Acquisition System (Dataquest ART,

DSI Company) was used for data collection and analysis. After cold

exposure, iBAT was dissected and collected immediately for the

designated experiments.

In vivo iBAT temperature recording

Eight-week-old mice were anesthetized with 2.0% isoflurane in

100% O2 through a tracheal cannula with the animal’s spontaneous

ventilation. Each mouse was fixed on an electric heating pad to keep

core body temperature within the range of 37–37.5°C. Thermo-

probes (Unique Medical, Japan) were inserted into the iBAT tissue

and the rectum. Recordings were started 20 min after the signals

became stable. BRL37344 (600 lg/kg body weight) was adminis-

trated by intraperitoneally. Spike 2 software was used to obtain a

continuous measurement of iBAT, rectal, and ambient

temperatures.

iBAT norepinephrine measurement and calculation

Twenty-four mice were handled carefully for 7 days at the same

time point (11 AM) of the day. Mice were divided into 4 groups.
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The experiment started at 11 AM, and the concentrations of

norepinephrine (NE) in iBAT following intraperitoneal injection of

a-methyl-L-tyrosine (AMPT) 300 mg/kg 4 h without (25°C) or with

cold exposure (4°C) were measured. After cold exposure, iBAT was

rapidly dissected, weighed, and frozen in nitrogen to measure NE

concentrations. For measurement of NE concentrations, dihydroxy-

benzylamine hydrobromide was added as an internal standard, and

the tissue was homogenized in 1 ml of 0.4 mol/l perchloric acid

(PCA). After centrifugation, the NE in the supernatant was purified

with activated alumina, as described previously [54]. Then, tissue

NE was eluted with 100 ll of 0.4 mol/l PCA. NE was assayed by

high-performance liquid chromatography with electrochemical

detection [55]. The detector potential was set at 700 mV maintained

across a glassy carbon working electrode. Methanol buffer (10:90,

v/v) composed of 50 mmol/l potassium phosphate buffer (pH 3.5),

10 lmol/l EDTA�2Na, and 100 mg/l sodium 1-octanesulfonate was

used as the mobile phase at a flow rate of 1 ml/min. The NE turn-

over rates and rate constants were calculated as previously reported

[56].

Statistical analysis

Group data are presented as the mean � SEM. Statistical analysis

was performed with Student’s t-test or one-way ANOVA followed by

multiple t-tests with Bonferroni correction using Origin 8.5 software.

Only two-tailed P-values < 0.05 were considered to represent a

significant difference.

Expanded View for this article is available online.
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