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Thermoregulation is a process by which core body temperature is maintained in mammals. Males typically have a lower
body temperature than females. However, the effects of
androgens, which show higher levels in males, on adrenergic
receptor-mediated thermogenesis remain unclear. Here, we
demonstrate that androgen–androgen receptor (AR) signaling
suppresses the β-adrenergic agonist-induced rise of core body
temperature using castrated and AR knockout (ARKO) male
mice. Furthermore, in vitro mechanistic studies show that
activated AR inhibits cAMP response element (CRE)-mediated
transcription by suppressing cAMP response element-binding
protein (CREB) phosphorylation. The elevation of body temperature induced by the β-adrenergic agonist CL316243 was
higher in ARKO and castrated mice than in the control mice.
Similarly, CL316243 induced a greater increase in Uncoupling
protein 1 (Ucp1) expression and CREB phosphorylation in the
brown adipose tissue of ARKO mice than in that of controls.
We determined that activation of AR by dihydrotestosterone
suppressed β3-agonist- or forskolin-induced CRE-mediated
transcription, which was prevented by AR antagonist. AR
activation also suppressed CREB phosphorylation induced by
forskolin. Moreover, we found AR nuclear localization, but not
transcriptional activity, was necessary for the suppression of
CRE-mediated transcription. Finally, modiﬁed mammalian
two-hybrid and immunoprecipitation analyses suggest nuclear
AR and CREB form a protein complex both in the presence and
absence of dihydrotestosterone and forskolin. These results
suggest androgen–AR signaling suppresses β-adrenoceptorinduced UCP1-mediated brown adipose tissue thermogenesis
by suppressing CREB phosphorylation, presumably owing to a
protein complex with AR and CREB. This mechanism explains
sexual differences in body temperature, at least partially.

Core body temperature is mainly regulated by the autonomic nervous system. Vasoconstriction regulates core body
temperature by controlling heat loss through the skin, whereas
* For correspondence: Naoki Harada, naoki.harada@omu.ac.jp.

shivering and nonshivering thermogenesis contribute heat
production. Thus, while thermoregulation is extremely
complex (1), brown adipose tissue (BAT) plays a key role in
nonshivering thermogenesis (2). This metabolic process
involves the actions of uncoupling protein 1 (UCP1), an inner
mitochondrial membrane protein with proton transport activity that facilitates the production of heat instead of ATP
(2–4). It was previously thought that BAT is only present and
metabolically active in infants and regressed in the early years
of life in humans. However, studies using PET/CT show that
BAT is present in the paracervical and supraclavicular region
of human adults (5–7). In BAT, UCP1 increases in response to
noradrenaline–adrenergic receptor-mediated activation of the
cAMP/PKA/cAMP response elementbinding protein (CREB)
and p38MAPK pathway (8). β3-adrenoceptor (β3-AdR) is the
most abundant and crucial adrenoceptor for UCP1 induction
in BAT (3). Cold exposure is known to induce noradrenaline
release from sympathetic nerves and stimulates BAT both in
rodents and humans (2), indicating the role of BAT thermogenesis under stressed conditions. Recent studies have shown
that thermoneutral conditions (approximately 30  C in mice)
result in BAT whitening and the loss of BAT thermogenic
capacity (9). In addition, diet-induced adrenaline-mediated
thermogenesis is abolished in UCP-1 ablated mice (10).
Collectively, it is reasonable to assume that UCP1-dependent
BAT thermogenesis is functional not only under severely
stressed conditions (i.e., cold exposure) but also under normal
homeostatic conditions below the thermoneutral temperature
for breeding mice.
Androgen receptor (AR) is a member of the nuclear
receptor superfamily of ligand-activated transcription factors.
Androgens such as testosterone and dihydrotestosterone
(DHT) activate AR as a ligand. An increase of testosterone at
puberty initiates sexual maturation in males, which contributes
to the formation of sex differences in vertebrates (11–14).
There is a known sexual difference in core body temperature,
with males having a lower core body temperature than females,
both in mice (15) and humans (16, 17). Several studies have
reported that BAT activity detected by PET/CT imaging is
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Results
Core body temperature was higher in castrated and ARKO
male mice both before and after the administration of β3-AdR
agonist
Male mice castrated at 8 weeks of age showed an increase in
core body temperature from the second week after the surgery
(Fig. 1A). To evaluate the effect of androgen signaling on heat
production, changes in body temperature after intraperitoneal
injection of CL316243, a highly speciﬁc β3-AdR agonist (28),
were determined (Fig. 1B). Both saline and CL316243 were
administered to individual mice for two consecutive days.
Subsequently, the change in body temperature in each mouse
was calculated by subtracting the body temperature changes
during the saline treatment period from those during the
CL316243 treatment period. As shown in Figure 1C, treatment
with CL316243 raised the body temperature of castrated mice
more than that of their corresponding controls.
To determine the involvement of AR in androgen-suppressed
body temperature, ARKO mice were used. Analyses from the
weaning period show that the core body temperature of ARKO
mice was higher than that of the control mice of the same litter in
an age-dependent manner (Fig. 2A). This difference in body
temperature became apparent at 8 weeks of age. Intraperitoneal
injection of CL316243 elicited a greater increase in the body
temperature of ARKO mice than in that of control mice (Fig. 2, B
and C). These results indicate that androgen–AR signaling suppresses adrenoceptor-mediated heat production in male mice.
β3-AdR agonist upregulated Ucp1 expression in the BAT of
ARKO mice to a greater extent than in the BAT of control mice
ARKO caused a decrease, no effect, and an increase in body
weight, BAT weight, and subcutaneous inguinal white adipose
tissue (iWAT) weight, respectively (Fig. 3, A–C). To delineate
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lower in men than in women (18), and UCP1 levels are also
lower in the BAT of male mice than in that of female mice
(18, 19). While estrogens modulate body temperature both in
rodents and humans (20, 21), androgen ablation by AR
knockout (ARKO) in males, but not in females, and male
castration after puberty both increase body temperature in
mice (22–25). This suggests that male androgen signaling may
also contribute to sexual differences in body temperature. This
notion is supported by the ﬁnding that the activation of AR
suppresses Ucp1 expression in primary brown adipocytes from
male mice (26). Collectively, the function of androgens in BAT
might explain sexual differences in the body temperature
(15–17). However, it has not been elucidated whether androgens could affect β-agonist-induced increases in thermogenesis and body temperature in vivo.
Crosstalk between PKA signaling and AR has been reported,
such as PKA signaling enhancing the transcriptional activity of
AR (27). However, the effect of androgens on PKA signaling has
not yet been clariﬁed. In this study, we examined the effects of
androgen–AR signaling in adrenoceptor-mediated BAT thermogenesis in vivo and dissected the molecular mechanisms
underlying the effect of androgens on thermogenesis in vitro.
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Figure 1. Core body temperature was elevated in castrated male mice
both before and after administration of β3-agonist. Rectal body temperature was measured in castrated and sham-operated control male mice
operated at 8-weeks of age. A, core body temperature of castrated mice
during the study period. B, core body temperature changes after administration of the β3-adrenoceptor ligand CL316243 or vehicle in shamoperated or castrated mice from time 0. C, difference in core body temperature changes after administration of CL316243 or vehicle in each
mouse. Data are expressed as means ± SD. (sham: n = 8; castration: n = 6).
Asterisks indicate statistically signiﬁcant differences between sham-operated
and castrated mice at the same time point (p < 0.05).

the mechanism underlying the effect of AR-deﬁciency on
CL316243-mediated increases in body temperature, gene
expression proﬁling in BAT was conducted. Ar expression was
eliminated in ARKO mice (Fig. 3D). Ucp1 expression was
induced by CL316243 to a greater extent in ARKO mice than
in control mice (Fig. 3E). PGC1α was induced by β3-AdR
stimuli and contributed to the induction of UCP1 (8),
whereas there was no difference in the level of Pgc1α expression induced by the β3-AdR agonist between ARKO and
control mice (Fig. 3F). The expression of β3-AdR and BAT
marker genes (Prdm16 and Cidea) was not signiﬁcantly
affected by CL316243 treatment (Fig. 3, G–I). In addition, the
basal expression of these BAT genes also did not differ
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of the β-agonist CL316243 cannot induce UCP1 expression in
iWAT. Unlike in BAT, the β3-AdR agonist-induced Pgc1α
expression was higher in ARKO mice than in control mice
(Fig. 3L). This inconsistency could be caused by differences in
the regulation of Pgc1α by PKA via ATF2 (8) in BAT and via
CREB in WAT (29). The expression of β3-AdR was not
signiﬁcantly affected by ARKO and CL316243 treatment
(Fig. 3M). After β3-AdR stimuli, free fatty acids are produced
by the lipolysis of triglycerides and released from WAT. They
are utilized in BAT as a fuel for thermogenesis (30). Thus,
plasma-free fatty acid levels could reﬂect the β3-AdR signaling
in WAT and may inﬂuence on the heat production in BAT.
Free fatty acid levels in the plasma were increased by
CL316243 in both control and ARKO groups, but the extents
of induction did not differ between the two groups (Fig. 3N).
β3-agonist treatment induced phosphorylation of CREB in the
BAT of ARKO mice more effectively than in the BAT of control
mice
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We determined the effects of ARKO on β-adrenoceptoractivated PKA signaling by measuring the levels of CREB
phosphorylation. In multiple comparisons, CL316243 treatment had no signiﬁcant effect on CREB phosphorylation in the
control mice but led to a signiﬁcant increase in the ARKO
mice; there was a signiﬁcant difference between the two groups
(Fig. 4, A and B). There was a signiﬁcant difference (p < 0.05,
Student’s t test) in the direct comparison between the treated
and untreated control mice. These in vivo studies suggest that
AR signaling suppresses β3-agonist-induced Ucp1 expression
by suppressing CREB phosphorylation in BAT.
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Figure 2. Core body temperature was elevated in ARKO male mice both
before and after administration of β3-agonist. A, core body temperature
of ARKO or control mice during the study period (4–12 weeks old). B, core
body temperature changes after administration of the β3-adrenoceptor
ligand CL316243 or vehicle in ARKO or control mice from time 0. C, difference in core body temperature changes after the administration of
CL316243 and vehicle in each mouse. Data are expressed as means ± SD.
(control: n = 8; ARKO: n = 8). Asterisks indicate statistically signiﬁcant differences between control and ARKO mice at the same time point (p < 0.05).
ARKO, androgen receptor knockout.

between ARKO and control mice, suggesting that AR does not
affect the differentiation of BAT. UCP1 protein levels were
higher in ARKO mice than in control mice when CL316243
was administered, whereas they did not differ between the
control and ARKO mice when CL316243 was not administered (Fig. 3J), likely reﬂecting mRNA levels.
We also examined the effects of ARKO on CL316243
response in iWAT. Ar expression was ablated in ARKO mice
(Fig. 3K). Ucp1 expression was extremely low in iWAT (data
not shown). The expression of UCP1 in iWAT is induced by
intermittent β-AdR stimulation (e.g., cold exposure or subsequent β-agonist treatment) accompanying the browning of the
iWAT. In our study, it is assumed that a single administration

We next examined the mechanism by which AR suppresses
CRE activation in vitro with overexpression experiments. In
T37i brown adipocytes, CL316243 activated CRE-mediated
transcriptional activity, which was attenuated in the presence
of DHT when cells exogenously expressed AR (Fig. 5A). Since
similar results were observed with HEK293FT cells (Fig. 5B),
subsequent experiments were performed with HEK293FT
cells. AR activation also suppressed forskolin-induced CRE
activity, which was abrogated by bicalutamide, an AR antagonist (Fig. 5C). Similarly, DHT inhibited the phosphorylation
of CREB at Ser133, which was induced by forskolin (Fig. 5D).
AR levels were increased by DHT but not affected by forskolin
(Fig. 5E). Ucp1 promoter activity was also induced by forskolin,
which was attenuated by DHT in AR-overexpressed
HEK293FT cells (Fig. 5F, left panel). As CREB regulates
Ucp1 expression via the CRE4 site, but not the CRE2 site, of
the Ucp1 promoter (8), we constructed Ucp1 promoters
mutated at the CRE2 or CRE4 sites. Forskolin induced the
Ucp1 promoter activity of the CRE2 mutant but failed to
induce the activity of the CRE4 mutant (Fig. 5F, middle and
right panels). AR suppressed the promoter activity of the CRE2
mutant but did not affect the activity of the CRE4 (CREB
binding site) mutant. Collectively, these results suggest that
J. Biol. Chem. (2022) 298(12) 102619
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Figure 3. Ucp1 expression in BAT was upregulated in ARKO mice to a greater extent than in control mice during β3-adrenoceptor agonist
treatment. A, body weight, B, BAT weight, and C, iWAT weight of ARKO mice. Data are expressed as means ± SD. (control: n = 16; ARKO: n = 20). Expression
of (D) Ar, (E) Ucp1, (F) Pgc1α, (G) Adrb3, (H) Prdm16, (I) Cidea mRNAs, and (J) UCP1 protein in BAT of ARKO mice 2 h after administration of vehicle or the β3adrenoceptor agonist CL316243. Expressions of (K) Ar, (L) Pgc1α, and (M) Adrb3 in iWAT of ARKO mice. N, plasma-free fatty acid levels. Data are expressed as
the means ± SD (control + vehicle: n = 8; control + CL316243: n = 8; ARKO + vehicle: n = 10; ARKO + CL316243: n = 10). Asterisks and different letters
indicate statistically signiﬁcant differences (p < 0.05). ARKO, androgen receptor knockout; BAT, brown adipose tissue; iWAT, subcutaneous inguinal white
adipose tissue.
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agonist-activated AR inhibits CRE4-mediated Ucp1 gene
expression by suppressing the activation of CREB.
Nuclear AR suppressed CRE-mediated gene expression
independent of AR transcriptional activity
We used AR mutants to further investigate the mechanism
by which AR suppressed CRE activation. As shown in
Figure 6A, a K630A/K632A/K633A mutant of AR, which does
not enter the nucleus owing to disruption of the nuclear
localization signal (31), was unable to suppress CRE activity.
In contrast, a C619Y mutant, which lacks the ability of AR to
bind to DNA (32), retained its repressive activity. Unlike wildtype AR, both the K630A/K632A/K633A and C619Y mutants
lacked transcriptional activity (Fig. 6B). Other AR mutants,
such as L26A/F27A or E897Q, which both lack the N-terminal and C-terminal interaction capacity of AR (33, 34);
ΔpolyQ+Q6+Q5, which lacks three glutamine tracts (35); and
C806A, which lacks the palmitoylation site for cellular
membrane translocation (36) had no effect on the ability of
AR to repress CRE activity (Fig. 6A). Collectively, these results indicate that AR nuclear localization, but not transcriptional activity, is required for the AR-mediated
repression of CRE.
AR formed a protein complex with CREB
We examined the protein interactions between overexpressed AR and CREB using immunoprecipitation in
HEK293FT cells. Flag-CREB was coimmunoprecipitated with
both ligand-bound and ligand-unbound AR, irrespective of

forskolin stimulation (Fig. 7A). In contrast, Flag-CREB was not
coimmunoprecipitated with a mutant AR (K630A/K632A/
K633A) lacking nuclear localization ability (Fig. 7B). This
suggests that the nuclear AR interacts with CREB. We further
assessed the ability of AR to interact with CREB using a
modiﬁed mammalian two-hybrid assay in which a nuclear
receptor ligand dependently transactivates a luciferase reporter
gene when the receptor binds to a bait protein. This assay
allows the evaluation of binding between a nuclear receptor
(i.e., AR) and a bait protein (i.e., CREB) only in the presence of
an agonist for a nuclear receptor (i.e., DHT). When
GAL4DBD-fused CREB was expressed, the luciferase reporter
was induced, presumably by the transcriptional activity of
CREB. This is supported by the ﬁnding that reporter gene
activity was signiﬁcantly activated in the presence of forskolin.
Moreover, the ability of GAL4DBD-fused CREB to stimulate
reporter gene activity was further enhanced by AR in a DHTdependent manner (Fig. 7C). The binding site of CREB that
interacts with AR was determined using a modiﬁed mammalian two-hybrid assay. Luciferase reporter activity was signiﬁcantly enhanced by AR activation when CREB mutants
containing the N-terminal region (amino acids 1–101) were
used as the bait protein (Fig. 7D). Although AR activation also
enhanced luciferase activity when CREB mutants not containing the 1 to 101 region were used as the bait protein
(Student’s t test: 102–341, p < 0.05; 154–341, p < 0.05;
276–341, and p < 0.05), they did not reach statistical signiﬁcance in multiple comparisons. These results suggest that the
N-terminal region of CREB is effective but that multiple regions of CREB may be involved in binding to the AR. It was
previously shown that the N-terminal domain (NTD) of AR
can form a protein complex with CREB bridged by p300 (27).
We successfully reproduced this result with the mammalian
two-hybrid assay (Fig. 7E). In contrast, p300 had no effect on
the complex formation when the NTD of AR was replaced
with full-length AR (Fig. 7F). An immunoprecipitation assay
supported the notion that the binding of AR and CREB is not
affected by p300 (Fig. 7G).

Discussion
BAT is responsible for metabolic heat production, thereby
controlling body temperature. Sex differences in body temperatures are observed in rodents and humans, with males
exhibiting lower body temperature than in females (15–17).
Accordingly, both castrated mice and ARKO mice exhibited
higher body temperatures (22, 23). It has been proposed that
AR suppresses Ucp1 expression based on studies with primary
and immortalized brown adipocytes (26, 37). Recent evidence
suggests that BAT thermogenesis contributes to normal homeostatic thermoregulation under thermoneutral temperatures for breeding mice (9, 10). However, it has not been
clariﬁed whether androgens affect β-adrenoceptor-mediated
thermogenesis in vivo. Further, the mechanistic roles of androgens in thermoregulation have not been elucidated. In the
present study, we showed that AR-mediated androgen
signaling suppressed the thermogenesis elicited by the
J. Biol. Chem. (2022) 298(12) 102619
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with β3-adrenoceptor expression vector (pcDNA3.2-β3-AdR-V5), AR expression vector (pcDNA-3.1 (mock) or pcDNA3.1-AR), luciferase reporter vector
(p4xCRE-TATA-Luc2P or WT or mutant pUCP1-pro-Luc2P), and Renilla luciferase reporter vector (pGL4.74[hRluc/TK]) for 24 h. Cells were incubated in the
presence of 10 nM DHT for 16 h and then stimulated with 10 μM CL316243 or 10 μM forskolin for an additional 4 h (A–C and F) or 5 min (D and E). A–C and
F, luciferase reporter assay was performed. D, Western blotting with anti-pCREB (Ser133) and anti-CREB was performed, and band intensity was calculated.
E, Western blotting with anti-AR and anti-β-actin was performed, and band intensity was calculated. Data are expressed as means ± SD. (n = 4). Different
letters or asterisks indicate signiﬁcant differences (p < 0.05). AR, androgen receptor; CRE, cAMP response element; CREB, cAMP-response element-binding
protein; UCP1, uncoupling protein 1; DHT, dihydrotestosterone.

β-adrenergic agonist via the repression of CREB phosphorylation and Ucp1 expression in vivo, presumably by acting on
BAT. In addition, activated AR suppressed CRE-mediated
gene expression by forming a protein complex with CREB
and repressing CREB phosphorylation. Taken together, these
results indicate that androgen-activated AR suppresses β3AdR/CREB/CRE/UCP1-mediated thermogenesis in BAT by
forming a protein complex with CREB and suppressing its
phosphorylation.
Male control mice showed an age-related decrease in body
temperature, and differences in body temperature between
control and ARKO mice were observed from 8 weeks of age.
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This time frame coincides with an alteration of testosterone
levels, which rise from 4 weeks of age and lead to sexual
maturation at approximately 8 weeks of age (11, 12). In contrast,
mice castrated at 8 weeks of age had a higher body temperature
than sham-operated mice after 2 weeks of the operation. Similar
to the normal body temperature increases in both castrated and
ARKO male mice (22-25), these mice also showed β3-agonistinduced increases in their body temperature, strongly suggesting that the thermogenesis caused by the deﬁciency of
androgen action is regulated by a common mechanism.
Although recent studies proposed that TRPM8 (38), OXER1
(39), GPRC6A (40), and ZIP9 (41) act as membrane ARs (42),
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Figure 6. Nuclear androgen receptor-suppressed CRE-mediated gene expression independent of its transcriptional activity. HEK293FT cells
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are expressed as means ± SD. (n = 4). Different letters or asterisks indicate signiﬁcant differences (p < 0.05). ARE, androgen receptor response element; CRE,
cAMP response element; DHT, dihydrotestosterone.

the present study provides evidence that androgen–AR
signaling contributes to lower body temperature.
Similar to castrated male mice (43), serum testosterone and
DHT levels are markedly decreased in global ARKO male
mice (44), which may be owing to their atrophic testes. As
testosterone can be converted to 17β-estradiol by aromatase,
our results from the in vivo study cannot exclude the possibility that 17β-estradiol is altered by castration or ARKO and
is involved in the observed effects. However, a recent study
using highly sensitive and speciﬁc GC/MS/MS shows that
both intact and castrated male mice have extremely low
circulating 17β-estradiol levels, as do ovariectomized female
mice (43). In addition, 17β-estradiol stimulates BAT thermogenesis acting on the hypothalamus but not in peripheral
tissues in female mice (45). CL316243 is selective to β3-AdR
(28), which is highly expressed in white adipose tissue and
BAT (46). Although β3-AdR is also expressed in the hypothalamus, hypothalamic β3-AdR is not involved in thermoregulation (47). Therefore, it is reasonable to expect that
androgens, but not estrogen, are involved in the observed β3agonist-induced thermogenesis in the castrated and ARKO
mice.
The increase of body temperature by the β-adrenergic
agonist was greater in ARKO and castrated mice than in their
respective controls, whereas the expression levels of BAT
β3-AdR was similar in control and ARKO mice (Fig. 4C). The
latter was supported by the evidence that BAT β3-AdR protein
levels do not differ between young adult male and female

young adult rats (48). It is therefore suggested that BAT
β3-AdR expression is not affected by sex or male hormones.
Similarly, the induction of Ucp1 by the β-adrenergic agonist
was higher in ARKO mice, whereas the Pgc1α induction was
similar between control and ARKO mice. This difference is
explained by the fact that the expression of Ucp1 and Pgc1α is
differentially regulated by PKA (8). PKA/p38MAPK/ATF2
increases both the expression of Ucp1 and Pgc1α, whereas
PKA/CREB increases Ucp1 alone (8). Our results that CREB
activation was enhanced by ARKO supports the notion that
Pgc1α expression is independent of CREB activation.
Cold exposure affects noradrenaline release from sympathetic nerves within the hypothalamus (2) and is associated
with sexual differences in UCP1 expression in the BAT of rats
(19). Both the release of noradrenaline from sympathetic
nerves innervating BAT in rats (49) and blood noradrenaline
levels in humans (50) respond to cold exposure more strongly
in males than in females, despite the fact that estrogen receptor α induces noradrenaline release from the hypothalamus
leading to thermogenesis in BAT (51). Taking AR expression
in the hypothalamus (52) into account, androgens can also
affect noradrenaline release. To eliminate the inﬂuence of
endogenous noradrenaline, we employed β-adrenergic agonist
treatment instead of cold exposure to determine the role of
androgen signaling in BAT thermogenesis, and our results
were similar to a recent study that demonstrates that UCP1
expression levels are higher in the WAT of castrated rats than
sham-operated mice under cold exposure (53). Our study
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Figure 7. AR bound to CREB in a modiﬁed mammalian two-hybrid assay in vitro. A, B, and G, HEK293FT cells were transiently transfected with
pcDNA3.1-AR or pcDNA3.1-AR(K630A/K632A/K633A), pCF CREB, and pSG5 or pSG5-HA-p300. The cells were treated with 10 nM DHT for 16 h and further
incubated in the presence of 10 μM forskolin for 5 min. The cells were harvested, and immunoprecipitation was performed. Proteins bound to the resin
were analyzed by Western blotting. The graphs are a representative of three independent experiments. C and D, HEK293FT cells were transiently transfected
with pBIND or pGAL-CREB, pcDNA3.1 or pcDNA3.1-AR, pG5luc, and pGL4.74[hRluc/TK] for 24 h. E and F, HEK293FT cells were transiently transfected with
pGAL-CREB, pACT-AR(NTD) or pcDNA3.1-AR, pG5luc, pGL4.74[hRluc/TK], and pSG5 (mock) or pSG5-HA-p300. pACT-AR(NTD) or pcDNA3.1-AR to pSG5-HAp300 ratio was adjusted to 1:2.5. The cells were treated with 10 nM DHT for 16 h and further incubated in the presence of 10 μM forskolin for 4 h. Luciferase
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reveals the direct effects of androgen–AR signaling on the
β3-AdR signaling in BAT.
AR inhibited CRE-mediated transcription by suppressing
CREB phosphorylation, presumably by forming a protein
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complex with CREB. This action of AR was independent of its
transcriptional activity but required AR nuclear localization.
This result would lead to an outcome opposite to that of a
pharmacological dose of testosterone, which can inhibit PDE
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activity and increase cAMP levels (54). In addition to PKA
signaling, CREB can be phosphorylated and activated by PKC
and MAPK signaling. Activation of AR stimulates the phosphorylation of CREB (Ser133) in a PKC-dependent manner in
hippocampal neurons (55) and in an ERK-dependent manner
in prostate cancer cells (56) and Sertoli cells (57). In these
studies, the effects of AR on CREB differ from those in this
study. In spermatogenic cells (58), testosterone induced the
phosphorylation of CREB (Ser133) in an AR-independent
manner (58), suggesting a role played by other ARs (e.g.,
TRPM8 (38), OXER1 (39), GPRC6A (40), or ZIP9 (41)).
Collectively, these results suggest that AR selectively inhibits
CREB phosphorylation by PKA. In contrast, PKA signaling
enhances the transcription of AR in prostate cancer cells (27).
The NTD of AR and CREB can form a protein complex
bridged by p300 (27), which was reproduced in this study.
However, in our modiﬁed mammalian two-hybrid system,
p300 did not form a protein complex with full-length AR. This
discrepancy may result from structural differences between the
forms of AR (i.e., the NTD of AR and full-length AR). These
results suggest that full-length AR can form protein complex
with CREB even in the absence of p300.
Meta-analyses of epidemiological studies indicate that a low
testosterone level increases the risks of cardiovascular and allcause death (59, 60), although not all experiments support this
notion (61, 62). Several studies, including a large longitudinal
cohort analysis, show that a high core body temperature is
associated with a short lifespan (17, 63, 64). High-fat diet-fed
ARKO mice also exhibited shortened lifespans, accompanying
high core body temperatures (22). Therefore, the mechanisms
we found in this study may contribute to early death via
hyperthermia.
In this study, we show that androgen reduces adrenalineinduced thermogenesis by suppressing adrenaline-activated
CREB phosphorylation in BAT. A limitation of this study is
that it was performed in mice, and further studies are needed
to determine if the current results observed in mice are
consistent in humans, as some differences are seen between
mouse and human BAT. Since CREB has various physiological
roles (65), crosstalk between AR and CREB is expected to be
involved in a variety of physiological and pathophysiological
processes. Future studies are warranted to further understand
the importance of this interaction in biological processes.

Experimental procedures
Animals
Male global ARKO mice (CAG-cre; ArΔ/y) were generated
using the Cre-loxP system as described previously (22). Brieﬂy,
female ARﬂox/ﬂox mice (66) (C57BL/6 background) were crossed
with CAG-cre mice (67) (C57BL/6 background) in which the
expression of Cre recombinase is controlled by a ubiquitous
CAG promoter. Male Arﬂox/y littermates were used for their
controls. The mice were weaned at 4 weeks of age. For the
castration studies, male 7-week-old C57BL/6J mice were obtained from Kiwa Laboratory Animals Co and castrated or sham
operated at 8 weeks of age under anesthesia. Sham-operated

mice and castrated mice were separated so that there was no
difference in core body temperature before the operation. Mice
were maintained under controlled temperatures (23  C ± 3  C)
and a 12:12-h light: dark cycle (lighting period starting at 08:00)
with ad libitum access to standard chow food (CE2, CLEA Japan
Inc) and water. Rectal temperature was measured with a thermometer (KN-91, Natsume Seisakusho Co, Ltd) between 14:00
and 15:00 to evaluate weekly changes. At 12 weeks of age, shamoperated and castrated mice were intraperitoneally injected with
vehicle (4% DMSO in saline) between 13:30 and 14:30, and body
temperature was analyzed for 3 h. The next day, the vehicle was
changed to 0.1 mg/kg CL316243 and body temperature was
again measured for 3 h. Mice were euthanized at 13 weeks of age
under anesthesia 2 h after injection with 0.1 mg/kg CL316243
(between 13:30 and 14:30), and the plasma and organs were
obtained for further analysis. Free fatty acid level in plasma was
determined using the NEFA C-Test (FUJIFILM Wako Pure
Chemical Industries, Ltd). Mice from the two groups were
alternately treated and dissected. All animal experiments were
approved by the Animal Care and Use Committee of Osaka
Prefecture University (Nos. 20-29, 21-21, and 21-22) and were
performed in compliance with its guidelines.
Cell culture
Mouse brown adipocyte T37i cells (Sigma-Aldrich) or
HEK293FT cells (Thermo Fisher Scientiﬁc) were cultured in
Dulbecco’s Modiﬁed Eagle Medium/Nutrient Mixture F-12
Ham (1:1 Mixture) or Dulbecco’s Modiﬁed Eagle Medium
supplemented with 10% fetal bovine serum, 100 units/ml
penicillin, and 100 mg/ml streptomycin. Steroid-free medium
was prepared using dextran-coated charcoal-treated 10% fetal
bovine serum and phenol red-free medium and used for all
experiments for the determination of ligand dependency. Cells
were maintained at 37  C in an atmosphere containing 5%
CO2 and 95% air atmosphere.
Plasmids
Mutant AR expression vectors pcDNA3.1-AR(K630A/
K632A/K633A) and pcDNA3.1-AR(C806A), in which Ala was
substituted for Lys630/Lys632/Lys633 or Cys806, respectively,
were constructed by site-directed mutagenesis using speciﬁc
primers (sense: 50 -CTCTGGGAGCCCGGGCACTGGCAGC
ACTTGGTAATCTGAAAC-30 and antisense: 50 -GTTTCAGA
TTACCAAGTGCTGCCAGTGCCCGGGCTCCCAGAG-30
or sense: 50 -CCCAGGAATTCCTGGGCATGAAAGCACTG
C-30 and antisense: 50 -GCAGTGCTTTCATGCCCAGGAAT
TCCTGGG-30 ) and pcDNA3.1-AR (68) as a template. The Flagtagged CREB expression vector pCF CREB, the GAL4BD-fused
CREB expression vector pGAL-CREB, and pSG5-HA-p300
were kindly provided by Dr Marc Montminy (Addgene, #22968)
(69), Dr Ugo Moens (Addgene, #15221) (70), and Dr Elizabeth
Wilson (Addgene, #89094) (71), respectively. For construction
of pUCP1-pro-Luc2P, the 3.8 kbp of mouse Ucp1 promoter and
TK promoter from pUCP1-pro-Luc (72) were inserted into
pGL4.11 (Promega). The CRE2 (73) and CRE4 (8) mutants of
pUCP1-pro-Luc2P were constructed by site-directed
J. Biol. Chem. (2022) 298(12) 102619
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mutagenesis using speciﬁc primers (sense: 50 -ACCACACTG
AACTAGTTGTCACCTTTCCACTC-30 and antisense: 50 -GA
GTGGAAAGGTGACAACTAGTTCAGTGTGGT-30 or 50 -A
GGGCTTTGGGAGTGTGGCGCGGCTGGGAG-30 and 50 CTCCCAGCCGCGCCACACTCCCAAAGCCCT-30 ).
Luciferase reporter assay and modiﬁed mammalian twohybrid assay
HEK293FT cells were seeded in 48-well plates at 6.0 × 104 cells/
well using steroid-free medium and cultured overnight. For
determination of CRE- or androren response element (ARE)mediated transcriptional activity, cells were transfected with β3AdR expression vector (pcDNA3.2-β3-AdR-V5 (74)), AR
expression vector (pcDNA3.1-AR (68), pcDNA3.1-AR (K630A/
K632A/K633A), pcDNA3.1-AR (C619Y) (32, 75), pcDNA3.1-AR
(L26A/F27A) (76), pcDNA3.1-AR (E897Q) (76), pcDNA3.1-AR
(ΔpolyQ+Q6+Q5) (35), pcDNA3.1-AR (C806A)), luciferase reporter vector (p4xCRE-TATA-Luc2P (74), pGL4-ARE2-TATALuc (77), or pUCP1-pro-Luc2P), and Renilla luciferase reporter
vector (pGL4.74[hRluc/TK] (Promega)) with PEI MAX (Polysciences Inc) and Opti-MEM (Thermo Fisher Scientiﬁc) for 24 h.
For the mammalian two-hybrid assay, cells were transfected with
pGAL-CREB, pcDNA3.1-AR or pACT-AR (NTD) (76), pG5luc
(Promega), and pGL4.74[hRluc/TK] with PEI MAX and OptiMEM for 24 h. Cells were incubated in the presence of 10 nM
DHT for 16 h and then stimulated with 10 μM CL316243 or
10 μM forskolin for an additional 4 h. Cells were treated with the
AR antagonist bicalutamide (10 μM) 30 min prior to DHT
treatment. Luciferase reporter activity was determined as
described previously (68). Data are expressed as relative light units.
Western blotting
BAT was homogenized in RIPA buffer containing phosphatase and protease inhibitors (50 mM Tris-HCl, pH7.5,
150 mM NaCl, 1% TritonX-100, 1% sodium deoxycholate,
0.1% SDS, 2 mM EDTA, 10 mM sodium pyrophosphate,
10 mM sodium molybdate, 10 mM sodium ﬂuoride, 1 mM
sodium orthovanadate, 10 μg/ml leupeptin, 1 μg/ml aprotinin,
and 1 mM PMSF). HEK293FT cells were plated in steroid-free
medium and transiently transfected with pcDNA3.1-AR for
24 h. Cells were cultured in the presence of 10 nM DHT for
16 h, followed by stimulation with 10 μM forskolin for 5 min.
Cells were washed twice with TBS and harvested and lysed in
buffer containing phosphatase and protease inhibitors (50 mM
Tris-HCl, pH7.5, 150 mM NaCl, 0.5% NP-40, 2 mM EDTA,
10 mM sodium pyrophosphate, 10 mM sodium molybdate,
10 mM sodium ﬂuoride, 1 mM sodium orthovanadate, 10 μg/
ml leupeptin, 1 μg/ml aprotinin, and 1 mM PMSF). After
sonication and centrifugation of the tissue and cell culture
lysates, the supernatant was subjected to SDS-PAGE, followed
by Western blotting with monoclonal anti-CREB (1:5000,
48H2, Cell Signaling Technology, RRID:AB_10699020),
monoclonal anti-pCREB (10E9, Santa Cruz Biotechnology,
RRID:AB_1125727), polyclonal anti-AR (N-20, 1:3000, Santa
Cruz Biotechnology, RRID: AB_1563391 or RB3838 (antigen:
KLH-conjugated the N-terminal 20 amino acids of AR,
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MEVQLGLGRVYPRPPSKTYR–Cys), 1/3000, GL Biochem),
and monoclonal anti-β-actin (1:5000, 2D4H5, Proteintech,
RRID:AB_2687938) antibodies. After immunoreaction with
horseradish peroxidase-conjugated secondary antibodies
(1:10,000, Bio-Rad), immunoreactive bands were developed
using Immobilon Western Chemiluminescent HRP Substrate
(Merck Millipore) and detected using an LAS4000 imager (GE
Healthcare). Densitometry measurements were performed by
using ImageJ software [version 1.4.3.67, RRID:SCR_003070,
National Institutes of Health, https://imagej.nih.gov/].
Immunoprecipitation
HEK293FT cells were plated in steroid-free medium and
transiently transfected with pcDNA3.1-AR or pcDNA3.1-AR
(K630A/K632A/K633A), pCF CREB, and pSG5 or pSG5-HAp300 with PEI MAX for 24 h. Cells were cultured in the
presence of 10 nM DHT for 16 h, followed by stimulation
with 10 μM forskolin for 5 min. Cells were washed twice with
PBS and harvested and lysed in buffer (20 mM Hepes-NaOH,
pH7.5, 150 mM NaCl, 0.5% NP-40 substitute, 2 mM EDTA,
10% glycerol, 1 mM DTT, 10 μg/ml leupeptin, 1 μg/ml
aprotinin, and 1 mM PMSF) on ice for 30 min. After
centrifugation at 20,000g for 20 min, the supernatant (1 mg)
was incubated with 1.5 μg of normal rabbit IgG (FUJIFILM
Wako) or afﬁnity puriﬁed anti-AR RB3838 IgG overnight at 4

C, followed by reaction with Dynabeads Protein G (Veritas)
for 2 h. The resin was washed four times with the same buffer,
and proteins bound to the resin were analyzed by Western
blotting.
Preparation of complementary DNA and real-time PCR
Total RNA was isolated from mouse tissues using Sepasol
RNA I super G (Nacalai Tesque) by disrupting cells with zirconia beads using a Multi-Beads Shocker (Yasui Kikai Corp),
followed by treatment with DNase I. Complementary DNA
was synthesized from total RNA using ReverTra Ace
(TOYOBO), oligo(dT)20 primer, and random hexamer
primers. Real-time PCR was performed using TB Green Premix Ex Taq II DNA polymerase (Takara Bio) and Thermal
Cycler Dice TP870 (Takara Bio). The sequences of the speciﬁc
primers for target genes and their annealing temperatures are
described in Table S1. The relative expression of target genes
was calculated by the standard curve method using Ct values
and normalized by that of the control gene. The speciﬁcity of
each PCR product was conﬁrmed by electrophoresis and
dissociation curve analysis.
Statistical analysis
Data were analyzed by Student’s t test or one-way ANOVA
with Tukey-Kramer’s or Dunnett’s post hoc tests using JMP
statistical software (version 8.0.1., SAS Institute). Data are
shown as means ± SD, and a p-value (p) < 0.05 was considered
statistically signiﬁcant. Signiﬁcance is indicated in the ﬁgures
by asterisks or different letters. Bars not sharing the same letter
show signiﬁcant differences between the groups.
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Data are available within the article or its supplementary
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