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Beiging of white adipose tissue has potential antiobesity
and antidiabetes effects, yet the underlying signaling
mechanisms remain to be fully elucidated. Here we
show that adipose-specific knockout of Rheb, an up-
stream activator of mechanistic target of rapamycin
complex 1 (mTORC1), protects mice from high-fat diet–
induced obesity and insulin resistance. On the one hand,
Rheb deficiency in adipose tissue reduced mTORC1 sig-
naling, increased lipolysis, and promoted beiging and
energy expenditure. On the other hand, overexpression
of Rheb in primary adipocytes significantly inhibited
CREB phosphorylation and uncoupling protein 1 (UCP1)
expression. Mechanistically, fat-specific knockout of Rheb
increased cAMP levels, cAMP-dependent protein kinase
(PKA) activity, and UCP1 expression in subcutaneous
white adipose tissue. Interestingly, treating primary adi-
pocytes with rapamycin only partially alleviated the sup-
pressing effect of Rheb on UCP1 expression, suggesting
the presence of a novel mechanism underlying the inhib-
itory effect of Rheb on thermogenic gene expression.
Consistent with this notion, overexpression of Rheb sta-
bilizes the expression of cAMP-specific phosphodiester-
ase 4D5 (PDE4D5) in adipocytes, whereas knockout of
Rheb greatly reduced cellular levels of PDE4D5 concur-
rently with increased cAMP levels, PKA activation, and
UCP1 expression. Taken together, our findings reveal Rheb
as an important negative regulator of beige fat develop-
ment and thermogenesis. In addition, Rheb is able to sup-
press the beiging effect through an mTORC1-independent
mechanism.

Both white (WAT) and brown (BAT) adipose tissues are
important regulators of energy homeostasis in animals
and humans (1,2). Accumulation of WAT as a result of
extra energy storage and defects in thermogenic gene
expression in BAT are associated with obesity, type 2 di-
abetes, and other metabolic diseases (3,4). Recent studies
have uncovered a subset of cells in WAT that show a
“brown-like” or “beige” phenotype when induced by cer-
tain environmental or hormonal factors. This process,
known as beiging, has potential antiobesity and antidia-
betes effects (5–7). Extensive studies have been per-
formed to explore the molecular mechanisms underlying
the function and development of brown and beige fat at
the transcriptional level (6,8). However, the upstream sig-
naling pathways that regulate the beiging process remain
to be fully elucidated.

The mechanistic target of rapamycin (mTOR) complex
1 (mTORC1) is an energy sensor that integrates various
internal and external signals to regulate many cellular
processes, including protein synthesis, lipid metabolism,
energy expenditure, and autophagy (9,10). mTORC1 is ac-
tivated by the Ras-like small guanosine 59-triphosphatase
Rheb, which binds directly to the amino-terminal lobe of
the mTOR catalytic domain (11). In adipocytes, activation
of the mTORC1 signaling pathway suppresses lipolysis,
stimulates lipogenesis, and promotes lipid accumulation
(12,13). Conversely, inhibition of mTORC1 promotes lipol-
ysis and release of free fatty acids (FFAs), blocks adipogen-
esis, and impairs fat cell maintenance (14–17). The role of
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mTORC1 signaling in the regulation of adipocyte function
in vivo, however, is less clear. mTORC1 has been suggested
to act as a negative regulator of thermogenic gene expres-
sion in adipose tissue (16,18,19). However, some recent
studies show that activation of mTORC1 is essential for
b-adrenergic stimulation of adipose browning (20,21). These
findings raise a very interesting question about whether
adipose mTORC1 signaling plays distinct roles in the regu-
lation of thermogenesis and energy homeostasis under dif-
ferent conditions.

In response to environmental changes, especially cold
exposure, the sympathetic nervous system triggers adaptive
thermogenesis in adipose tissue. The increased thermo-
genic activities are stimulated by b-adrenergic receptors–
mediated activation of downstream effectors such as the
cAMP-dependent protein kinase A (PKA) and p38 mitogen-
activated protein kinase (MAPK) pathways (22). Cellular
cAMP levels are regulated by adenyl cyclase and cAMP-
specific phosphodiesterases (PDEs) such as PDE4D5, a PDE4
enzyme family member (23). In adipocytes, activated PKA
directly phosphorylates the transcription factor CREB, which
promotes the expression of key thermogenic genes such as
Pgc-1a and Ucp1 (6,24). Given that the PKA signaling path-
way is critical for beiging of WAT, we sought to determine
whether Rheb-mTORC1 signaling had any effect on PKA
activity and thermogenesis in adipose tissue.

Here we show that fat-specific knockout of Rheb, an
upstream activator of the mTORC1 signaling pathway,
promoted the beiging of WAT, increased energy ex-
penditure, and protected mice from high-fat diet (HFD)–
induced insulin resistance. Importantly, we showed that
fat-specific knockout of Rheb enhanced cAMP levels and
PKA activation by downregulation of PDE4D5 in subcutane-
ous WAT (sWAT). Rapamycin suppression of the mTORC1
signaling pathway had no effect on cAMP levels in primary
white adipocytes, suggesting that Rheb is able to negatively
regulate cAMP levels and PKA signaling via an mTORC1-
independent mechanism.

RESEARCH DESIGN AND METHODS

Materials and Chemicals
Antibodies against PDE3B, PDE4B, PDE4D, and PDE4D5
were from Abcam. The anti-uncoupling protein 1 (UCP1)
antibody was from Sigma-Aldrich. All other antibodies
were from Cell Signaling Technologies.

Animals
Fat tissue–specific Rheb knockout mice (RhebfKO) were gen-
erated by crossing female Rheb floxed mice (25) with male
adiponectin-cre mice (26). The floxed littermates were used
as controls. For the HFD-induced obesity experiments, the
mice were randomly distributed into weight-matched groups
fed a normal chow diet (ND) or an HFD (60 Kcal% fat, Cat
#D12492; Research Diets Inc., New Brunswick, NJ). All an-
imals were housed in a temperature-controlled environment
with a 12-h light/12-h dark cycle and had access to food and
water ad libitum.

For the in vivo insulin signaling study, mice (12 weeks
old) were fasted overnight, followed by an intraperitoneal
(i.p.) injection of insulin (5 units/kg body weight). Mice
were sacrificed 5 min after the insulin injection, and
mouse tissues were harvested for further analyses.

For b-adrenergic agonist treatment experiments, mice
(12 weeks old) were injected i.p. with 1 mg/kg body weight
of the b3-adrenergic receptor agonist CL 316,243 (CL;
Sigma-Aldrich). All animal studies were performed under a
protocol approved by the Central South University Animal
Care and Use Committee.

Body Weight, Body Composition, Histological Analysis,
and Immunoblotting
Mouse body weight was measured weekly. Fat mass, lean
mass, fluid mass, and percentage of fat were determined
using DEXA (GE Medical Systems, Madison, WI). Energy
expenditure in mice was determined by metabolic cage
studies at 25°C or 30°C to compare energy metabolism at
standard room temperature or under thermoneutral con-
ditions, respectively. The average oxygen consumption
was normalized to lean body mass (18). Hematoxylin
and eosin staining, real-time PCR, insulin, and glucose
tolerance experiments were performed according to similar
procedures as previously described in our recent study (18).

Measurement of Mitochondrial DNA Content
To determine mitochondrial DNA (mtDNA) content, total
cellular DNA was extracted based on the proteinase K–
organic solvent isolation method (27). Quantitative (q)PCR
was performed using the Applied Biosystems 7900HT Fast
Real-Time PCR System with primers targeting to 16s rRNA
(mtDNA) or hexokinase 2 (nuclear gene) (28). Relative
mtDNA levels were calculated based on the ratio of mtDNA
to the nuclear gene hexokinase 2.

cAMP Assay
cAMP levels in tissue or cells were analyzed by using a
colorimetric cAMP ELISA kit (Cell Biolabs), according to
the manufacturer’s instructions.

Cold Stress
Male mice (8 weeks old) were individually housed in cages
kept at room temperature (25°C) or cold temperature
(4°C) under a 12-h light/12-h dark cycle. Food and water
were available ad libitum. In cold temperature (4°C) groups,
mice were kept at 4°C for 4 h every day continuously for
4 days unless otherwise indicated. Inguinal sWAT was
isolated and analyzed further. For cold tolerance studies,
core body temperature was monitored using a telemetry
system at various time points at room temperature (25°C)
or after the start of cold exposure (4°C). Core body tem-
perature tests were performed as previously described
(18).

Lipolysis Measurement
RhebfKO and control mice (8 weeks old; n = 3/group) were
fed the ND or HFD for 17 weeks. Inguinal and interscapular
brown fat pads (;40–60 mg) from mice fasted overnight
were dissected and incubated in 500 mL KRBB (12 mmol/L
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HEPES, 121 mmol/L NaCl, 4.9 mmol/L KCl, 1.2 mmol/L
MgSO4, and 0.33 mmol/L CaCl2) containing 2% fatty acid–
free BSA and 0.1% glucose, with or without 10 mmol/L
isoproterenol, at 37°C for 6 h. The incubation buffer was
collected and used for FFA and glycerol analysis using the
NEFA C Kit (Wako, Osaka, Japan) and Free Glycerol Reagent
(Sigma-Aldrich), respectively (18,29,30).

Adipose Stromal Vascular Cell Isolation
Mouse primary stromal vascular fractions were isolated
and cultured as previously described (18). Briefly, subcu-
taneous white fat depots from 4-week-old male C57BL/6
mice were quickly isolated and minced. The tissue pieces
were digested by type II collagenase (Sigma-Aldrich). The
digested tissue was filtered through a 100-mm nylon
screen. Collected cells were centrifuged for 5 min. Cells
were resuspended in 2 mL culture medium and seeded on
a culture plate. Differentiation of cells was initiated accord-
ing to previously described methods (31,32).

Coimmunoprecipitation and Western Blot
For Western blot analysis, cultured primary subcutaneous
white adipocytes were transfected with plasmids encoding
wild-type (WT) Flag-tagged Rheb or RhebC181S, followed
by induction of differentiation. Differentiated cells were
lysed in radioimmunoprecipitation assay buffer, and Rheb
protein was immunoprecipitated using anti-Flag antibody
(M20008L; Abmart). Proteins coimmunoprecipitated with
Rheb were determined using specific antibodies as indicated.

Oxygen Consumption Rate Analysis
Mitochondrial oxygen consumption rate (OCR) in intact
cells was measured using the XF-24 analyzer (Seahorse
Bioscience, North Billerica, MA) as described in the manu-
facturer’s instructions. Briefly, primary preadipocytes were
seeded into XF-24 microplates and induced to differentiation
at 37°C with 5% CO2. Cells were maintained at 37°C in a
non-CO2 incubator for at least 1 h before assay. ATP turn-
over and maximal uncoupled OCRs were determined by
treating the cells with oligomycin (1 mmol/L) (Sigma-Aldrich)
or carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP; 1 mmol/L) (Sigma-Aldrich), respectively. Rotenone
and antimycin A (1 mmol/L each) (Sigma-Aldrich) were
used to inhibit complex 1– and complex 3–dependent respi-
ration. OCR was normalized to protein content. Each exper-
imental condition was analyzed using four to six biological
replicates (33).

Generation of Lentiviruses Encoding Rheb
Rheb lentiviruses and control viruses were generated by
cotransfecting HEK293T cells with pWPI-Rheb or pWPI-
control plasmid, respectively, together with packaging
plasmid pMD2.G and envelope plasmid pAX2A. After
48 h, supernatant media containing viruses were collected
and used to infect primary preadipocytes.

Site-Directed Mutagenesis
The expression vector pWPI is from Addgene. To construct
the pWPI-flag-Rheb-WT and pWPI-flag-Rheb-C181S plasmids,

the same forward primer was (pWPI-Rheb-F or pWPI-
Rheb-C181S-F): 59-CTAGCCTCGAGGTTTAAACGCCACCA
TGGATTATAAGGATGACGACGATAAACCTCAGTCCAAGT
CCCGGAAGA-39. The reverse PCR primer for the WT
Rheb (pWPI-Rheb-R) was 59-TGCAGCCCGTAGTTTAAA
CTCACATCACCGAGCACGAAGACT-39. For RhebC181S mu-
tant, the reverse primer (pWPI-Rheb-C181S-R) was: 59-
TGCAGCCCGTAGTTTAAACTCACATCACCGAGCTCGAAGA
CT-39, in which the codon for cysteine (ACG) is replaced
with serine (TCG). Mutagenesis PCRs were performed us-
ing the PrimerSTAR Max DNA Polymerase (TAKARA) with
WT Rheb cDNA as a template. WT and mutant expression
vectors were generated by subcloning the PCR fragments
into the pWPI vector using the Quick-Fusion cloning kit
(Biotool). Mutations were confirmed by DNA sequencing.

Statistical Analysis
Statistical analysis was performed using SPSS 19.0 software
(SPSS Inc., Chicago, IL). Statistical analysis of the data was
performed using ANOVA or the Student t test. Data shown
are average6 SEM. A P value of#0.05 was considered to be
statistically significant.

RESULTS

Fat-Specific Knockout of Rheb Protects Mice Against
HFD-Induced Obesity and Hepatosteatosis
To determine the potential role of mTORC1 signaling in
the regulation of adipose biology and function, we generated
RhebfKO mice by crossing Rheb floxed mice (25) with adipo-
nectin-cre mice. Rheb expression was suppressed in WAT
and BAT of the RhebfKO mice but not in other tissues ex-
amined (Fig. 1A). Fat-specific knockout of Rheb had no sig-
nificant effect on food intake in mice fed the ND or HFD
(Supplementary Fig. 1A and B). Under ND feeding, the
RhebfKO mice displayed reduced body weight (Fig. 1C), fat
mass (Supplementary Fig. 1C), and basal glucose levels (Sup-
plementary Fig. 1D), but showed no significant change in
insulin sensitivity and fasting insulin levels when compared
with their Loxp control mice (Supplementary Fig. 1E and F).
When challenged with the HFD for 9 weeks, the RhebfKO

mice were smaller in body size and displayed lower body
weight and fat mass compared with the Loxp control litter-
mates (Fig. 1B–D). In agreement with these findings, the
size (Fig. 1E) and weight (Fig. 1F) of the white fat pads
were significantly reduced in RhebfKO mice compared with
Loxp control mice. In addition, white adipocyte cell size was
smaller in the RhebfKO mice than in the control littermates
(Fig. 1G and H). Fat-specific knockout of Rheb also markedly
alleviated diet-induced steatosis in the liver (Fig. 1I and J),
which is most likely a secondary effect stemming from the
ability of RhebfKO mice to resist the metabolically deleterious
effects associated with HFD feeding.

Fat-Specific Knockout of Rheb Stimulates
Lipolysis in Mice
The mRNA and protein levels of hormone-sensitive lipase
(HSL) were significantly higher in sWAT of RhebfKO mice
compared with WT littermates (Fig. 2A and B). Consistent
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Figure 1—RhebfKO mice are lean and resistant to HFD-induced obesity. A: Western blot analysis of Rheb expression in 6-week-old
RhebfKO (KO) and Loxp (L) control mice. GAPDH was used as a loading control. eWAT, epididymal WAT. B: Representative images of
mice after a 9-week HFD feeding regimen starting at 8 weeks of age. C: Body weight of mice (mean 6 SEM, n = 6 – 8/group) fed the ND or
HFD beginning at 8 weeks of age. D: Body composition of HFD-fed KO (n = 6) and Loxp control littermates (n = 8). E: Representative images
of fat pads from HFD-fed mice. F: Weights of sWAT and eWAT of HFD-fed KO (n = 6) and Loxp control (n = 8) mice. G: Representative
images of hematoxylin and eosin staining of sWAT and eWAT sections from HFD-fed KO and Loxp control mice. H: The average diameters
of fat cells in KO and control mice were analyzed and quantified by the Image-Pro Plus 6.0 software. I: Representative images of liver from
HFD-fed mice. J: Representative images of Oil Red O staining of liver sections from HFD-fed KO and Loxp control mice. For D–J, mice were
fed the HFD for 17 weeks. Scale bars: 50 mm. Data are mean 6 SEM. *P < 0.05; **P < 0.01.
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with increased lipolysis, the basal and b-adrenergic recep-
tor agonist-stimulated release of glycerol and FFA was
also significantly increased in sWAT of RhebfKO mice,
but was not in BAT (Fig. 2C and D). Interestingly, fat-
specific disruption of Rheb expression also increased the
mRNA levels of several lipogenic genes, including Srebf1,
Acca, Accb, and Fasn in the sWAT of RhebfKO mice (Fig.
2A), suggesting the possible presence of a fat-futile cycle
in lipid production and utilization in RhebfKO mice.

Fat-Specific Knockout of Rheb Protects Mice From
HFD-Induced Insulin Resistance
Under the HFD, RhebfKO mice showed improved glucose
tolerance and insulin sensitivity compared with control
mice (Fig. 3A and B). In addition, insulin-stimulated phos-
phorylation of Akt (both Thr308 and Ser473) and FOXO1
were higher in sWAT (Fig. 3C) and BAT (Fig. 3D) of the
RhebfKO mice compared with control littermates. Insulin-
stimulated Akt and FOXO1 phosphorylation was also
markedly increased in muscle and liver of the RhebfKO

mice compared with control littermates (Fig. 3E and F),
which is probably from an indirect effect resulting from
the reduced obesity in the RhebfKO mice. Consistent with

this notion, although fat-specific knockout of Rheb reduced
S6K phosphorylation in sWAT and BAT (Fig. 3C and D),
no difference was observed in muscle and liver between
RhebfKO mice and control littermates (Fig. 3E and F).

Fat-Specific Knockout of Rheb Increases Energy
Expenditure and Enhances Mitochondrial Respiratory
Chain Activity in Mice
Because fat-specific Rheb knockout did not affect food
intake (Supplementary Fig. 1A and physical activity (data
not shown), we investigated whether energy expenditure
was increased in the RhebfKO mice. Although energy ex-
penditure was similar between RhebfKO mice and control
mice at thermoneutrality (30°C) (Supplementary Fig. 2A
and B), RhebfKO mice had higher OCRs in the dark com-
pared with control littermates at room temperature (Fig.
4A and B). These findings suggest that the difference in
OCRs observed at room temperature is not an inherent
property of the cellular system/perturbation but a response
to the environmental temperature. Given the RhebfKO mice
are smaller than the WT control mice, these findings suggest
a possibility that a difference in body surface area may con-
tribute to the observed difference in energy expenditure.

Figure 2—Fat-specific knockout of Rheb promotes lipolysis in mice. A: The mRNA levels of lipolytic and lipogenic genes in sWAT of
RhebfKO (KO) and control mice (4 months old; n = 6/group) were determined by quantitative real-time PCR. B: Western blot analyses of FAS,
ACC, P-HSL, HSL, and ATGL protein levels in sWAT of RhebfKO and control mice. P, phosphorylated. Glycerol release (C ) and FFA release
(D) from primary subcutaneous white adipocytes isolated from RhebfKO and control (Ctrl) mice (n = 3/group) treated with or without
10 mmol/L isoproterenol (Iso) for 6 h at 37°C. Data are mean 6 SEM. *P < 0.05; **P < 0.01.
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Increased OCR was also observed in 9-week HFD-treated
RhebfKO mice compared with the Loxp controls (Supple-
mentary Fig. 2C and D). In response to oligomycin treat-
ment, the reduction rate of the OCR (slope) showed no
difference between the Loxp and knockout groups, indi-
cating that Rheb deficiency might have no significant effect
on uncoupled respiration (ATP production). However, the
total respiration and FCCP-induced uncoupled respiration
were significantly higher in primary adipocytes derived
from sWAT of the RhebfKO mice compared with control
mice (Fig. 4C), demonstrating that the Rheb deficiency

might increase mitochondrial electron transport capacity.
In agreement with these findings, knockout of Rheb in-
creased the expression of genes involved in mitochondrial
biogenesis and fatty acid oxidation, including the nuclear
encoded tricarboxylic acid cycle gene, Aco2 (encoding aco-
nitase 2), and the essential fatty acid oxidation gene, Cpt2
(encoding carnitine palmitoyltransferase 2), in sWAT of
mice fed the HFD (Fig. 4D and Supplementary Fig. 2E). In
addition, mtDNA content was increased in sWAT of the
RhebfKO mice compared with control mice (Fig. 4E). How-
ever, fat-specific knockout of Rheb had no significant

Figure 3—Fat-specific Rheb ablation potentiates insulin signaling. RhebfKO (KO) and Loxp control mice (8 weeks old) were fed the HFD for
17 weeks. Glucose tolerance tests (A) and insulin tolerance tests (B) were performed in RhebfKO (n = 6) and Loxp control mice (n = 8). Insulin
signaling in sWAT (C ), BAT (D), muscle (E), and liver (F ) of RhebfKO and control mice was examined by Western blot. Ins, insulin;
P, phosphorylated. *P < 0.05; **P < 0.01.
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effect on mitochondrial biogenesis and fatty acid oxida-
tion gene expression in the BAT of mice fed the ND (Sup-
plementary Fig. 2F).

Fat-Specific Knockout of Rheb Promotes
Thermogenic Gene Expression and Beige Fat
Development in Mice
We performed whole-genome microarray assays to iden-
tify genes differentially expressed in the sWAT of RhebfKO

mice versus control littermates. The microarray study
showed that the mRNA levels of a number of thermogenic
genes, including Ucp1, Ppargc1a, Prdm16, Dio2, Cidea, and
Elovl3, were all higher in the sWAT of RhebfKO mice than
in control littermates (Supplementary Fig. 3A). Real-time
PCR experiments confirmed the increased expression of
a subset of thermogenic genes (Ucp1, Ppargc1a, Prdm16,
Cebpb, Dio2, and Cidea) and beige cell markers (Cd137,
Tbx1, and Tmem26) (6) (Fig. 5A). Consistent with the
mRNA data, protein levels of UCP1, peroxisome proliferator–
activated receptor-g coactivator 1a (PGC1a), and Prdm16
were all significantly increased in sWAT of RhebfKO

mice fed the ND (Fig. 5B). Increased expression of ther-
mogenic and beige cell marker genes was also observed
in sWAT of RhebfKO mice compared with controls fed
the HFD (Supplementary Fig. 3B and C). Furthermore,

immunohistochemistry analysis showed that UCP1 was
induced in sWAT of RhebfKO mice fed the ND (Fig. 5C).

To determine whether disrupting Rheb signaling affects
cold-induced thermogenic gene expression, we exposed
RhebfKO and their floxed control mice to 4°C for 4 h/day
for 4 days. At room temperature (25°C), the RhebfKO mice
showed higher expression levels of UCP1, PGC1a, and
Prdm16 in sWAT than the Loxp control mice (Fig. 5D).
Cold exposure further enhanced the expression of these
thermogenic proteins (Fig. 5D), suggesting that inhibi-
tion of Rheb signaling has a synergistic effect on cold
exposure–induced thermogenesis. Consistent with this result,
CL stimulation of b-adrenergic signaling enhanced UCP1 ex-
pression in sWAT of RhebfKO mice (Fig. 5E), indicating that
Rheb deficiency promotes the induction of thermogenic
gene expression and recruitment of beige adipocytes in
WAT in response to pharmacological (b3-adrenergic re-
ceptor agonist) or physiological (cold exposure) stimuli
of thermogenesis. The core body temperature was also
higher in RhebfKO mice than in the floxed control mice
exposed to cold (Fig. 5F). No significant difference in
core body temperature was observed between these
mice housed at room temperature (Supplementary Fig.
3D). Taken together, our model shows that fat-specific
disruption of Rheb can promote thermogenesis in sWAT,

Figure 3—Continued.
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thereby creating conditions favorable for the beiging
process to occur.

Rheb Deficiency Promotes UCP1 Expression via
Activation of the PKA Pathway in White Adipocytes
PKA activation is critical for UCP1 expression in both
beige and brown fat (6). To determine whether Rheb de-
ficiency affects PKA signaling, we measured the phosp-
horylation of PKA substrates and CREB in the sWAT of

RhebfKO and control mice fed the ND. Fat-specific knock-
out of Rheb greatly increased the phosphorylation of PKA
substrates (Supplementary Fig. 4A) and CREB at Ser133

(Fig. 6A), a direct PKA-mediated phosphorylation site (34).
Suppressing Rheb expression also greatly enhanced CREB
phosphorylation and UCP1 expression in sWAT-derived
primary adipocytes (Fig. 6B), demonstrating that Rheb
deficiency exerts a cell-autonomous effect on PKA signal-
ing. In contrast, overexpression of Rheb greatly inhibited

Figure 4—RhebfKO mice have higher energy expenditure and enhanced mitochondrial respiration. A: VO2 of RhebfKO (KO) and control
(Loxp) mice (4 months old; n = 6/group) was measured by indirect calorimetry using the Comprehensive Lab Animal Monitoring System. B:
Mean VO2 was normalized to lean body mass and analyzed by t test. C: OCR of primary white adipocytes of KO and Loxp control mice. VO2

consumption was normalized to protein content. OL, oligomycin; Rot, rotenone; Anti, antimycin. D: Quantitative real-time PCR analyses of
mRNA levels of genes involved in mitochondrial and fatty acid metabolism in sWAT of 4-month-old KO and Loxp control littermates (n =
6/group) fed the ND. FAO, fatty acid oxidation. Data were normalized to b-actin and expressed as mean 6 SEM. *P < 0.05; **P < 0.01 vs.
control. E: The relative mtDNA content in sWAT of 4-month-old KO and Loxp control littermates (n = 6/group) fed the ND. Data were
mean 6 SEM. *P < 0.05.
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CREB phosphorylation and UCP1 expression (Fig. 6C).
However, although rapamycin treatment had a stimula-
tory effect on UCP1 expression in control cells, it only
partially rescued the inhibitory effects of Rheb on CREB
phosphorylation and UCP1 expression (Fig. 6C), suggest-
ing that Rheb is able to regulate PKA activity and UCP1
expression via mTORC1-independent mechanisms.

To further elucidate the mechanism by which Rheb
deficiency promotes UCP1 expression, we treated primary
white adipocytes isolated from RhebfKO mice with the
PKA inhibitor H89. H89 treatment greatly inhibited CREB
phosphorylation and UCP1 expression in sWAT cells derived
from RhebfKO mice (Fig. 6D), suggesting that activation of
the PKA signaling pathway plays an important role in Rheb

deficiency–induced UCP1 expression. However, UCP1 ex-
pression was not significantly different in BAT between
RhebfKO and control mice (Supplementary Fig. 4B), in-
dicating that the increased energy expenditure in the
RhebfKO mice is most likely a result of increased thermo-
genic activity in the beige fat. To determine whether
Rheb deficiency affects adipocyte differentiation, we ex-
amined several adipocyte differentiation markers, such
as adiponectin, FABP4, and perilipin, in primary adipo-
cytes isolated from fat-specific RhebfKO mice and their
control littermates (Fig. 6E). We found that although the
mRNA level of adiponectin was decreased in RhebfKO

mice, fat-specific knockout of Rheb had no significant
effects on the levels of FABP4 and perilipin (Fig. 6E),

Figure 5—Adipose tissue Rheb ablation promotes thermogenic gene expression in WAT and increases cold tolerance. A: mRNA levels of
thermogenic and beige marker genes in sWAT of RhebfKO (KO) and Loxp control mice (4 months old; n = 6/group) were quantified by
quantitative real-time PCR and normalized to b-actin. B: Western blot analyses of thermogenic proteins in sWAT. C: Immunohistochemical
staining of UCP1 in sWAT of KO and Loxp control mice fed the ND (original magnification 3400). D: Cold exposure–induced thermogenic
protein expression in sWAT of KO and Loxp control mice (n = 3). E: UCP1 protein expression in sWAT of KO and Loxp control mice treated
with CL i.p. for 24 h. F: Body temperature of 12-week-old KO and Loxp control mice exposed to cold (4°C) on the ND feeding condition (n =
4). Data are mean 6 SEM. *P < 0.05, **P < 0.01 vs. control.
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indicating that Rheb deficiency had no major effect on
adipogenesis.

Rheb Deficiency Downregulates PDE4D5 and
Increases cAMP Levels via an mTORC1-Independent
Mechanism
Fat-specific knockout of Rheb significantly increased cAMP
levels in mouse sWAT (Fig. 7A) and in primary adipocytes
(Fig. 7B). Several cAMP-selective cyclic nucleotide PDEs,
including PDE4B, PDE3B, and PDE4D isoforms, have
been shown to regulate cAMP levels in adipocytes (35).
On the one hand, fat-specific knockout of Rheb had no
significant effect on the mRNA (data not shown) and pro-
tein (Fig. 7C) levels of PDE4B and PDE3B. On the other
hand, the protein (Fig. 7C and D) but not the mRNA (Fig.
7E) levels of PDE4D5 were markedly decreased in sWAT or
primary white adipocytes isolated from sWAT of RhebfKO

mice compared with those from the floxed control mice.
Cycloheximide (CHX) treatment decreased PDE4D5 levels
in primary white adipocytes in a dose-dependent manner,
and the suppressing effect of CHX was greatly enhanced in
primary white adipocytes isolated from RhebfKO mice (Fig.

7F). However, the inhibitory effect of CHX on PDE4D5
levels was greatly rescued by overexpressing Rheb back
into the knockout cells (Fig. 7F), indicating that Rheb can
maintain cellular PDE4D5 levels by promoting its stability.
Interestingly, rapamycin treatment had no significant ef-
fects on PDE4D5 protein levels (Fig. 7G) or intracellular
cAMP levels (Fig. 7H), suggesting that Rheb is able to reg-
ulate PDE4D5 stability and, consequently, cAMP levels via
an mTORC1-independent mechanism.

PDE4D5 has been found to selectively interact with
Rheb in HEK293 cells (35–37). We confirmed the interac-
tion of these two proteins in primary white adipocytes by
coimmunoprecipitation experiments (Fig. 7I). To investi-
gate the role of the Rheb-PDE4D5 interaction in regulating
thermogenesis in adipocytes, we generated flag-tagged WT
and the C181S mutant of Rheb (RhebC181S) by site-directed
mutagenesis. RhebC181S protein expressed in primary white
adipocytes migrated at a slower rate on SDS-PAGE com-
pared with WT (Fig. 7J), probably as a result of impaired
isoprenylation (38,39). Coimmunoprecipitation experi-
ments showed that WT Rheb but not RhebC181S inter-
acted with PDE4D5 in primary white adipocytes (Fig. 7J).

Figure 5—Continued.
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Figure 6—Rheb deficiency promotes UCP1 expression via activation of the PKA pathway in white adipocytes. A: Phosphorylation (P) and
protein levels of S6K, 4EBP1, and CREB in sWAT of RhebfKO (KO) and Loxp control mice after 17 weeks of ND. B: Primary adipocytes
isolated from sWAT of C57BL/6 mice (4-week-old) were treated with Rheb-specific small interfering RNA (siRNA) or control siRNA for 24 h,
followed by induction of differentiation at 37°C for 6 days. Phosphorylation and protein levels of S6K, 4EBP1, and CREB were analyzed by
Western blotting using phosphorylated- and protein-specific antibodies. C: Primary subcutaneous white adipocytes were infected with
lentivirus encoding green fluorescent protein (GFP) or both GFP and Rheb, followed by induction of differentiation. Cells were treated with
or without rapamycin (Rap) (20 nmol/L) for 24 h and analyzed for protein expression using the indicated antibodies. Data are representative
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Given that cysteine 181 is critical for Rheb farnesylation
(40), we asked whether the Rheb-PDE4D5 interaction is
dependent on Rheb farnesylation. Treating primary adi-
pocytes with the farnesyl transferase inhibitor FTI-276
greatly inhibited the interaction between Rheb and
PDE4D5 (Supplementary Fig. 5A), confirming a critical
role of RhebCys181 farnesylation in regulating its binding
to PDE4D5. Overexpression of WT but not the RhebC181S

mutant in RhebfKO-derived primary white adipocytes no-
tably increased the cellular levels of PDE4D5 concurrently
with reduced CREB phosphorylation and UCP1 levels in
primary white adipocytes (Fig. 7K). Taken together, these
results demonstrated that interaction of PDE4D5 with
Rheb helps to promote its stability, which may be regu-
lated by farnesylation, thereby reducing thermogenic sig-
naling and beiging of WAT.

DISCUSSION

In the current study, we show that fat-specific knockout
of Rheb leads to decreased adiposity in the RhebfKO mice,
demonstrating an important role of Rheb in the regula-
tion of lipid metabolism. Rheb deficiency in adipose tissue
increased the mRNA and protein levels of HSL in sWAT of
mice (Fig. 2A and B), suggesting that the reduced adiposity
in the RhebfKO mice could be a result of increased lipolysis.
Consistent with this, the basal and b-adrenergic receptor
agonist–stimulated glycerol and FFA release were all signif-
icantly increased in adipocytes isolated from sWAT of
RhebfKO mice compared with control mice (Fig. 2C and
D). However, fat-specific ablation of Rheb also increased
mRNA levels of several lipogenic genes, including Srebf1,
Acca, Accb, and Fasn in sWAT of the RhebfKO mice (Fig.
2A), which may be a result of increased insulin signaling
in adipose tissue of the RhebfKO mice (Fig. 3C). Never-
theless, given that the RhebfKO mice are leaner than the
control mice, it is more likely that increased lipolysis,
rather than reduced lipogenesis, plays a major role in
reducing adiposity in the RhebfKO mice. Rheb deficiency
in BAT had no significant effect on lipolysis in BAT (Fig.
2C and D), suggesting that Rheb has a selective effect on
lipid metabolism in mouse WAT and BAT. Interestingly,
there seems to be a signature of increased lipogenesis in
the RhebfKO mice compared with the floxed control mice,
suggesting the presence of a possible futile cycle through
a combination of lipolysis, lipogenesis, and some of this
energy also being consumed by oxidation.

Adipose mTORC1 signaling has been well established
as a key regulator of lipid metabolism, but there are some
controversies on the role of mTORC1 in the regulation
of thermogenesis. Inhibition of mTORC1 signaling has

been shown to synergize the stimulatory effect of the
b-adrenergic–cAMP/PKA pathway on HSL phosphoryla-
tion and lipolysis (17). In addition, fat-specific knockout
(with aP2-Cre) of raptor enhances UCP1 expression and
energy expenditure (16). These results suggest that the
mTORC1 signaling pathway is a negative regulator of PKA
signaling and thermogenesis. Consistent with this notion,
fat-specific knockout of Grb10, a negative regulator of the
mTORC1 signaling pathway, increases mTORC1 signaling
and reduces energy expenditure in mice (18). However, two
recent studies show that inhibition of mTORC1 by rapa-
mycin treatment or by fat-specific knockout of raptor
blocks the ability of b-adrenergic signaling to induce beige
adipocytes and the browning of WAT, suggesting that acti-
vation of mTORC1 is essential for b-adrenergic–stimulated
adipose browning (20,21). Similarly, we found that cold
exposure for 6 and 24 h (Supplementary Fig. 3F) or
4 days (Supplementary Fig. 3E) greatly induced S6 and
S6K phosphorylation in mouse adipose tissue. In addi-
tion, cold exposure–induced phosphorylation of S6 and
S6K was markedly suppressed in RhebfKO mice, indicat-
ing that Rheb plays a key role in cold exposure–induced
activation of the mTORC1-signaling pathway. However,
exposing the mice to cold for 7 days greatly increased
PKA activity and UCP1 expression but not S6, S6K, and
4EBP1 phosphorylation (Supplementary Fig. 3F). These
findings reflect a complex regulatory paradigm by which
the mTORC1 and b-adrenergic signaling pathways work
to regulate thermogenesis in vivo. In the current study,
we found that fat-specific knockout of Rheb suppresses
mTORC1 signaling and increases thermogenic gene expres-
sion. However, the inhibitory effect of Rheb on UCP1 ex-
pression was only partially suppressed by rapamycin (Fig.
6C), suggesting that Rheb is able to regulate UCP1 expres-
sion via an mTORC1-independent mechanism.

How does Rheb regulate PKA activity and UCP1 ex-
pression via an mTORC1-independent mechanism? Rheb
has been found to regulate B-Raf and Notch signaling
(41,42). However, no significant difference in B-Raf and
Notch signaling was observed in sWAT of Rheb1fKO mice
compared with control mice (data not shown). p38 MAPK
is an important downstream target of the b-adrenergic–
cAMP/PKA signaling pathway in adipocytes, and activa-
tion of this kinase has been shown to stimulate UCP1
gene expression in brown adipocytes (34,43). On the
one hand, we detected no significant difference in the
protein levels or phosphorylation of p38 MAPK between
sWAT of RhebfKO mice and the Loxp mice (data not
shown), suggesting that activation of p38 MAPK is un-
likely the mechanism underlying Rheb deficiency–induced

of three independent experiments, each with a similar result. D: Subcutaneous white preadipocytes of KO and Loxp control mice (4 weeks
old) were isolated and induced to differentiation. Cells were treated with or without H89 (10 nmol/L) for 24 h and expressions of the in-
dicated proteins were analyzed by Western blot. Data are representative of three independent experiments, each with a similar result. *P <
0.05; **P < 0.01. E: mRNA levels of adiponectin (Adipoq), FABP4, and perilipin in primary adipocytes isolated from fat-specific RhebfKO mice
and their control littermates were quantified by quantitative real-time PCR and normalized with actin. Data are mean 6 SEM. *P < 0.05.
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Figure 7—Rheb deficiency downregulates PDE4D5 and increases cAMP levels via an mTORC1-independent mechanism. A: cAMP levels
in sWAT of RhebfKO (KO) and Loxp mice (n = 3/group). B: cAMP levels in the primary subcutaneous white adipocytes isolated from KO and
Loxp mice. Data are mean 6 SEM. *P < 0.05; **P < 0.01. C: Protein levels of PDE4D5, PDE4D4, PDE4D3, PDE4B, and PDE3B in sWAT of
KO and Loxp mice. D: Protein levels of PDE4D5 in primary adipocytes from sWAT of KO and Loxp mice. E: mRNA level of PDE4D5 in sWAT
of KO and Loxp control mice (4 months old; n = 4/group) were quantified by quantitative real-time PCR and normalized to b-actin. F:
Subcutaneous white preadipocytes of KO and Loxp mice were infected with lentivirus encoding PDE4D5, followed by injection with
lentivirus encoding green fluorescent protein (GFP) or both GFP and Rheb. Cells were treated with CHX (10 mg/mL) at the indicated times
and analyzed for PDE4D5 protein expression at various times (hours) as shown. Data are representative of three independent experiments,
each with a similar result. Protein levels of PDE4D5 (G) and cAMP levels (H) in primary subcutaneous white adipocytes were treated with or
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UCP1 expression. On the other hand, Rheb deficiency
greatly reduces the cellular protein levels of PDE4D5 (Fig.
7C and D), suggesting that Rheb may suppress cAMP levels
by stabilizing PDE4D5. We found that WT but not the

C181S mutant of Rheb interacted with PDE4D5, suggesting
that the interaction, which may be regulated by Rheb farne-
sylation at Cys181, plays a key role in protecting PDE4D5
degradation. Taken together with the observation that

Figure 7—Continued.

without rapamycin (Rap) (20 nmol/L) for 24 h. NS, not significant. I: The immunoprecipitation (IP) of Rheb and coimmunoprecipitation (co-IP)
of PDE4D5 in primary subcutaneous white adipocytes. J: The IP of Flag-Rheb and co-IP of PDE4D5 in primary subcutaneous white ad-
ipocytes expressing WT Flag-tagged Rheb (WT) and Rheb mutant (C181S). K: Protein levels of PDE4D5, phosphorylated (P)-CREB, P-S6K,
P-4EBP1, and UCP1 in primary subcutaneous white adipocytes isolated from RhebfKO mice expressing WT Flag-tagged Rheb (WT) and
Rheb (C181S). L: A proposed model of the mechanism by which Rheb regulates thermogenesis in white adipocytes. AC, adenylyl cyclase;
AR, adrenergic receptor; Gs, the Gs family alpha-subunit of G-protein; TG, triglyceride.
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overexpression of Rheb increased PDE4D5 in adipocytes
(Fig. 7F), these findings suggest that Rheb may downregu-
late cAMP levels by stabilizing PDE4D5. However, we cannot
completely exclude the possibility that Rheb may inhibit
UCP1 expression and thermogenesis through additional un-
identified mechanisms. Further investigations will be needed
to clarify this possibility.

In conclusion, we demonstrate that fat-specific disruption
of Rheb expression promotes thermogenic gene expres-
sion in sWAT, thereby revealing a key role for Rheb in
the regulation of beige fat development and thermogenesis.
We further identify that Rheb deficiency upregulates
UCP1 expression via mTORC1-dependent and -independent
mechanisms in white adipocytes. Lastly, we uncover a novel
mechanism by which Rheb regulates cAMP levels and PKA
activity via the stabilization of PDE4D5. Identification of key
regulators of the beiging process and better understanding
of the mechanisms regulating energy expenditure may guide
the development of new pharmacological tools to more
efficiently treat obesity and obesity-induced metabolic
diseases, especially type 2 diabetes.
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