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Adipocyte browning is one of the potential strategies for the
prevention of obesity-related metabolic syndromes, but it is a
complex process. Although previous studies make it increas-
ingly clear that several transcription factors and enzymes are
essential to induce browning, it is unclear what dynamic and
metabolic changes occur in induction of browning. Here, we
analyzed the effect of a beta-adrenergic receptor agonist
(CL316243, accelerator of browning) on metabolic change in
mice adipose tissue and plasma using metabolome analysis and
speculated that browning is regulated partly by inosine
50-monophosphate (IMP) metabolism. To test this hypothesis,
we investigated whether Ucp-1, a functional marker of
browning, mRNA expression is influenced by IMP metabolism
using immortalized adipocytes. Our study showed that myco-
phenolic acid, an IMP dehydrogenase inhibitor, increases the
mRNA expression of Ucp-1 in immortalized adipocytes.
Furthermore, we performed a single administration of myco-
phenolate mofetil, a prodrug of mycophenolic acid, to mice and
demonstrated that mycophenolate mofetil induces adipocyte
browning and miniaturization of adipocyte size, leading to
adipose tissue weight loss. These findings showed that IMP
metabolism has a significant effect on adipocyte browning,
suggesting that the regulator of IMP metabolism has the po-
tential to prevent obesity.

Brown adipocyte and beige adipocyte contribute to an
enhancement of thermogenesis and prevention of obesity.
Recent studies have elucidated the functional and morpho-
logical characterization of these adipocytes partially. It is well
known that there are three types of adipocytes (white adipo-
cyte, brown adipocyte, and beige adipocyte). Although white
adipocyte is unilocular cell and has an ability to store energy as
triglyceride, brown adipocyte is multilocular cell and capable
of thermogenesis to maintain body temperature under the
condition of cold exposure (1, 2). The morphological feature of
beige adipocyte is similar to that of brown adipocyte (3). The
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differentiation of beige adipocyte is induced by stimulation of
cold exposure or adrenergic agonist treatment (known as
‘browning’) (4–6) and abolished by stop of these stimulations
(7). This reversible phenomenon is characteristic of beige
adipocytes. Previous studies have shown that brown adipose
tissue (BAT) is protective against body fat accumulation in
humans (8, 9). Therefore, the ability of brown adipocyte and
beige adipocyte to induce thermogenesis paves the way for
effective therapy of obesity-related diseases.

Uncoupling protein-1 (UCP-1) plays a critical role in ther-
mogenesis of brown adipocyte and beige adipocyte and in-
duces miniaturization of adipocytes. It is well known that
UCP-1 is activated by the stimulation of beta-adrenergic
receptor with its agonists (e.g., CL316243) and/or the activa-
tion of sympathetic nerve (e.g., cold exposure) and induces
thermogenesis via uncoupling of oxidative phosphorylation in
mitochondria of these adipocytes (5, 6). CL316243 is an
adrenergic-β3 receptor agonist, which plays a critical role in
the regulation of UCP-1 expression in vivo. The stimulation of
beta3-adrenergic receptor in adipocyte induces lipolysis and
UCP-1 upregulation via activation of adenylyl cyclase, protein
kinase A, and hormone-sensitive lipase (6). It has been also
reported that administration of acetic acid to mice increases
mRNA expression level of Ucp-1 and induced miniaturization
of adipocyte (10).

Although previous studies revealed the presence of several
transcription factors and enzymes contributing to differentia-
tion of brown adipocyte and beige adipocyte, it is largely un-
clear what metabolic pathway plays a key role in induction of
brown adipocyte and beige adipocyte via UCP-1 upregulation.
In the previous studies, it has been reported that PR domain
containing protein 16, one of the transcription factors, is
essential to differentiate into brown adipocyte (11) and that
differentiation into beige adipocyte is inhibited by knockdown
or KO of PR domain containing protein 16 (12). Furthermore,
proteome analysis revealed that UCP-1 upregulation and
browning of white fat is induced by knockdown of casein
kinase 2 α1 (13). Recently, it has been reported that branched
chain amino acid catabolism in brown adipocyte contributes to
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Table 1
Effect of CL316243 on body and adipose tissue weight

Weight Control CL316243

Body (g) 24.1 ± 0.8 23.7 ± 0.9
BAT (mg) 39.2 ± 6.0 46.9 ± 4.5*
IWAT (mg) 280.3 ± 45.4 232.6 ± 25.5
EWAT (mg) 292.3 ± 47.3 172.0 ± 38.9*

Data is expressed as means ± SD (n = 6–7/group). *p < 0.05 versus control group.

IMP was increased during mice adipocyte browning
thermogenesis (14). Furthermore, it has been demonstrated
that cinnamon extract has a browning activity in adipocytes
via UCP-1 upregulation (15). These findings suggest that
several primary metabolites and phytochemical contribute to
activation of brown adipocyte and beige adipocyte. On the
other hand, the relationship between browning and metabolic
changes in adipocyte remains poorly understood.

Metabolome analysis is essential for overview analysis of
metabolic variance. Over the past decade, metabolome analysis
based on liquid chromatography coupled with ultra-accurate
mass spectrometer is applied to investigation of animals
(16–18), plants (19–21), and human (22, 23) metabolism.
Metabolome analysis makes it possible to determine molecular
formula provided by exact mass data and speculate on com-
pound structure by metabolite database. Therefore, metab-
olome analysis is effective approach for comprehensive
analysis and monitoring of phytochemical or animal metabo-
lites. In the recently, mass spectrometry (MS)–based lipidomes
of adipocytes showed that white adipocytes differed from beige
and brown adipocytes in their lipid class and species profile,
and this study identified that beta-adrenergic stimulation in-
duces lysophosphatidylcholine in brown adipocytes leading to
alteration of mitochondrial bioenergetics (24). Furthermore,
several previous studies using metabolome analysis revealed
that the exposure to cold or treatment with CL316243 induces
the change of metabolomic profiling in brown and beige adi-
pose tissue (25, 26). These findings showed that metabolome
analysis is needed to better understand how metabolic change
is reflected in adipocyte browning.

Our study aimed to find out metabolic pathway contributing
induction of brown adipocyte and beige adipocyte. We per-
formed metabolome analysis of mice adipose tissue and
plasma metabolites treated with or without beta-adrenergic
stimulation. In this analysis, we estimate that adipocyte
browning is regulated by inosine 50-monophosphate (IMP)
metabolism. We showed that an administration of IMP de-
hydrogenase inhibitor to mice contributes to the upregulation
of Ucp-1 mRNA expression and miniaturization adipocyte
size, leading to adipose tissue weight loss. Our findings showed
that IMP metabolic pathway contributes to regulation of
adipocyte browning.
Results

The effect of CL316243 on body and adipose tissues weight,
cell size, and browning of murine adipocyte

We hypothesized that endogenous metabolite that regulates
browning is identified by the analysis of mice treated with or
without adrenergic agonist. To test this hypothesis, we inves-
tigated the effect of CL316243, a selective β3-adrenoceptor
agonist, on browning and metabolism. We analyzed the ef-
fect of CL316243 on body and adipose tissues weight, cell size,
and browning of murine adipocyte. There were no significant
differences in body weight among control and CL316243, an
adrenergic receptor agonist, treatment group animals
(Table 1). In the individual adipose tissues weight, although
BAT was increased, epididymal adipose tissue (EWAT) was
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decreased by CL316243 treatment (Table 1). CL316243 had a
tendency to decrease inguinal adipose tissue (IWAT) weight
(Table 1). CL316243 had an ability to decrease adipocyte size
(Fig. 1, A–D) and increase the mRNA expression of Ucp-1 in
the individual adipose tissues (Fig. 1E). IWAT treated with
CL316243 was the maximum change ratio of Ucp-1 mRNA
expression among IWAT, EWAT, and BAT (Fig. 1E). Histo-
logical analysis suggested that CL316243 leads to a substantial
increase in UCP-1 expression in the individual adipose tissues
(Fig. 1F).

Metabolomic analysis of mice adipose tissue and plasma
treated with CL316243

We performed metabolomic analysis of mice adipose tissue
and plasma treated with CL316243 in order to search for
metabolites associated with browning. At first, we analyzed the
influence of CL316243 treatment on detected peaks in adipose
tissue and plasma (Dataset S1). Among them, the change ratio
of detected peaks was highest in IWAT (Fig. 2A). Approxi-
mately 3.4%, 7.3%, 8.3%, and 0.6% of detected peaks were
changed in BAT, EWAT, IWAT, and plasma, respectively
(Fig. 2A). In principal component analysis of metabolic
profiling, it is difficult to be distinguished between control and
CL316243 treatment group in each adipose tissue (Fig. 2B). On
the other hand, the number of IWAT-specific changed peaks
was maximum in significant different peak between control
and CL316243 treatment group (Fig. 2, C and D).

Next, compound name of detected peaks was estimated by
Kyoto Encyclopedia of Genes and Genomes (KEGG) database
based on exact mass data. About 1624 compounds were esti-
mated (Dataset S2) and classified as ‘Amino acids group’,
‘Carbohydrates groups’, ‘Hormones and transmitters group’,
‘Lipids group’, ‘Nucleic acids group’, ‘Vitamins and cofactors
group’, and ‘Others group’ (Fig. 3A). Among metabolite groups
except for others group, metabolites of amino acids group
including branched chain amino acids (BCAAs) were espe-
cially increased by CL316243 treatment in the individual adi-
pose tissue (Fig. 3B and Dataset S3). Remarkably, metabolites
of nucleic acids group in IWAT and EWAT were increased by
CL316243 treatment (INC-5, INC-6, and INC-7 group, Fig. 3,
C and D). On the other hand, lipid changes took significant
proportion in the decreased metabolites (Fig. 3, B and D).

In order to better understand the information of compound
structure, MS2 spectrums were analyzed by mzCloud database.
The 36, 3, 53, and 9 peaks’ name of amino acids group, lipids
group, nucleic acids group, and vitamins and cofactors group,
respectively, were estimated by MS2 spectrums data (Dataset
S2, Figs. S1, and 4A). We analyzed the effect of CL316243



Figure 1. Effect of CL316243 on adipocyte size, Ucp-1 mRNA, and UCP-1 protein expression level in mice. A, histological sections of BAT, EWAT, and
IWAT. Adipocyte size population and average cell diameter (right panel, n = 300 cells/group) in (B) BAT, (C) EWAT, and (D) IWAT. E, Ucp-1 mRNA expression
level of BAT, EWAT, and IWAT. F, UCP-1 immunostaining of BAT, EWAT, and IWAT (n = 6–7/group). Data are expressed as means ± SD. *p < 0.05, **p < 0.01,
***p < 0.001 versus Cont. Cont: control group; CL: CL316243 treatment group; the scale bar represents 200 μm. BAT, brown adipose tissue; EWAT,
epididymal adipose tissue; IWAT, inguinal adipose tissue.

IMP was increased during mice adipocyte browning
treatment on purine metabolism (Dataset S4 and Fig. 4B).
KEGG and mzCloud database analysis suggested that IMP
metabolism in IWAT and EWAT is strongly influenced by
CL316243 (Dataset S4 and Fig. 4B).
The effect of isoproterenol and mycophenolic acid on Ucp1
mRNA expression level, cAMP, and IMP metabolism in
immortalized adipocytes

We tested the hypothesis that adrenergic agonist activates
IMP metabolism in vitro. Isoproterenol (Iso), an artificial
catecholamine and an adrenergic receptor agonist used as a
positive regulator of Ucp-1 in cultured cells in general, induced
not only cAMP (Fig. 5A) but also IMP (Fig. 5B) in immortal-
ized adipocytes. We confirmed that the mRNA expression of
Ucp-1 is increased by Iso treatment (Fig. 5C). Furthermore, we
demonstrated that mycophenolic acid (MPA), an IMP dehy-
drogenase inhibitor, not only induces IMP (Fig. 5E) but also
increases cAMP (Fig. 5D) and the mRNA expression of Ucp-1
(Fig. 5F) in immortalized adipocytes.
The effect of mycophenolate mofetil on body and adipose
tissues weight, cell size, and browning of murine adipocyte

To test whether IMP metabolism regulates browning, we
performed an administration of mycophenolate mofetil
(MMF), a prodrug of MPA, to mice. There were no signifi-
cant differences in body and BAT weight among control and
MMF treatment group animals (Table 2). MMF had no effect
on food intake (control group: 4.40 ± 0.52 g/day; MMF
J. Biol. Chem. (2022) 298(10) 102456 3



Figure 2. Effect of CL316243 on the variance of metabolic profile. A, the proportion of peaks altered by CL316243 treatment significantly. B, principal
component analysis of adipose tissue in mice treated with or without CL316243. C and D, classification of peaks altered by CL316243 treatment significantly.
Individual number of Venn diagrams show the number of peaks altered significantly by CL316243 treatment in individual region, respectively. Cont. Cont:
control group; CL: CL316243 treatment group. The peak data is provided in Dataset S1.

IMP was increased during mice adipocyte browning
group: 4.03 ± 0.91 g/day; p = 0.66). On the other hand,
IWAT and EWAT weight were decreased by MMF treatment
(Table 2). We investigated the effect of MMF on plasma
glucose, triglyceride (TG), and nonesterified fatty acid
(NEFA) level and showed that plasma glucose level tends to
be decreased by MMF treatment (Table S1). MMF had no
effect on plasma TG and NEFA level (Table S1). In addition,
we also showed that MMF has no effect on plasma glutamic
oxaloacetic transaminase (GOT) and glutamic pyruvic
transaminase (GPT) level (Table S1). We showed that the
mRNA expression of Ucp-1 in the individual adipose tissues
is increased by MMF treatment (Fig. 6A). We investigated the
effect of MMF on other markers of thermogenesis (Pgc1a),
brown/beige adipocyte identity (Cidea and Prdm16), and
general adipogenesis (Pparγ, aP2, and Adiponectin). Although
Cidea expression level tended to be increased by MMF
treatment, the mRNA expressions of these markers were not
influenced by MMF treatment statistically (Fig. S2). Histo-
logical analysis suggested that MMF leads to a substantial
increase in UCP-1 expression especially in BAT and IWAT
(Fig. 6B). Furthermore, we demonstrated that MMF has an
ability to decrease adipocyte size in the individual adipose
tissues (Fig. 6, C–F). MMF had no effect on adenosine, the
known browning activator, level in adipose tissue (Table S2).
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The relation between IMP dehydrogenase (Impdh) and Ucp-1
mRNA expression levels

We investigated the direct effect of Impdh-1 and Impdh-2
gene on Ucp-1 mRNA expression levels using HB2 adipocytes,
which are brown adipocyte originated from p53 KO mice. The
mRNA expression of Ucp-1 in HB2 adipocytes was also
decreased by Impdh-1 and Impdh-2 double-knockdown using
siRNA (Fig. S3). We also investigated the effect of cold
exposure on Impdh mRNA expression level in mice IWAT.
We confirmed that Ucp-1 expression level is increased by cold
exposure (Fig. 7A). In addition, we also demonstrated that
Impdh-1 expression level is decreased by cold exposure con-
dition (Fig. 7B). The cold exposure had no effect on the mRNA
expression level of Impdh-2 (Fig. 7C).
Discussion

In the principal component analysis of control group, PC1
axis distinguished between BAT and white adipose tissue
(WAT) (IWAT and EWAT). PC2 axis distinguished between
IWAT and EWAT. On the other hand, the adipose tissues
treated with CL316243 were not distinguished by PC1 and
PC2 axes, suggesting that metabolic profile of WAT is changed
by browning. IWAT in mice treated with CL316243 was not



Figure 3. Estimated categorization of metabolites in individual adipose
tissue and plasma. Estimated metabolic categorization of (A) 1624 peaks
among detected peaks, (B) peaks altered by CL316243 treatment signifi-
cantly, and (C and D) 14 regions in Venn diagrams (INC1-7 and DEC1-7)
using KEGG database. There was no estimated metabolic categorization
in DEC3 region. Cont. Cont: control group; CL: CL316243 treatment group.
The data of categorization information is provided in Dataset S2. KEGG,
Kyoto Encyclopedia of Genes and Genomes.

IMP was increased during mice adipocyte browning
only the maximum change ratio of Ucp-1 mRNA expression
but also maximum change of metabolites among IWAT,
EWAT, and BAT. In the previous study, it has been reported
that an administration of CL316243 on mice reduces WAT
weight and adipocyte size, and these phenomena were partly
abolished by UCP-1 KO (27), supporting our findings.
Furthermore, we analyzed the effect of CL316243 on meta-
bolism in adipose tissue and revealed that the maximum
number of significant different peak between control and
CL316243 treatment group is IWAT in each adipose tissue
and plasma. Our data suggested that the effect of CL316243 on
nucleic acids metabolism of IWAT and EWAT is larger than
that of BAT. Further investigations are needed in order to
reveal the difference of the effect of CL316243 on these adi-
pose tissues. We showed that BCAAs are increased by
CL316243 treatment. It has been reported that BCAAs con-
tributes to thermogenesis via UCP-1 (14), supporting our data.
CL316243 is an adrenergic-β3 receptor agonist and contrib-
utes to enhancement of lipid metabolism. Our metabolome
data showed that lipid changes take significant proportion in
the decreased metabolites, suggesting the effect of CL316243
on lipid metabolism.

It was demonstrated that adrenergic agonist induces not
only upregulation of Ucp-1 mRNA but also that of IMP in
adipocyte. Previous study has been reported that adrenergic
agonist increases Ucp-1 mRNA expression via upregulation of
cAMP concentration in adipocyte (6, 28, 29), supporting our
data. Our study showed that IMP in adipocytes is also
increased by adrenergic agonist, suggesting the participation of
IMP in regulation of UCP-1 expression. To test this hypoth-
esis, MPA was used to evaluate the effect of IMP dehydroge-
nase (IMPDH) on Ucp-1 mRNA expression in adipocyte.
IMPDH catalyzes the oxidation of IMP to xanthosine mono-
phosphate, which is the pivotal step in the biosynthesis of
guanine nucleotides (30–33). It is well known that MPA is a
potent and specific inhibitor of IMPDH (34, 35). Our study
revealed that MPA contributes to upregulation of cAMP and
Ucp-1 mRNA expression in murine adipocytes. These data
supported our hypothesis. Furthermore, we demonstrated that
the mRNA expression level of Impdh-1 in IWAT is decreased
by cold exposure, supporting the hypothesis that the inhibition
of IMPDH activity increases UCP-1 expression. This finding
suggests the existence of a regulation mechanism of UCP-1
expression in adipose tissue via IMPDH under physiological
condition.

On the other hand, it remains unknown whether IMP has a
direct and/or indirect action of Ucp-1 mRNA upregulation. At
first, we tried to decrease the mRNA expression level of Impdh
using the immortalized adipocytes and siRNA knockdown
approach. However, the knockdown efficiency was very low
using the immortalized adipocytes. Next, we investigated the
direct effect of Impdh-1 and Impdh-2 gene on adipocyte
browning using HB2 cells and siRNA knockdown approach.
HB2 cells are pre–brown adipocyte originated from p53 KO
mice and useful for in vitro studies of BAT and UCP functions
(36). HB2 cells differentiate into brown adipocytes after in-
duction of differentiation. Although this alternative method
solved the problem of knockdown efficiency, the mRNA
expression of Ucp-1 in HB2 adipocytes was decreased by
Impdh-1 and Impdh-2 double knockdown, suggesting that
Ucp-1 expression level is influenced by IMPDH activity.
However, these data does not support our data including the
immortalized adipocytes and administration of MMF to mice.
The results using the immortalized adipocytes provide support
for the results of in vivo experiments. The immortalized adi-
pocytes obtained from WAT differentiate into beige/brite cells
(37). On the other hand, HB2 cells were obtained from BAT
(36). Therefore, the difference between HB2 adipocyte’s data
and the immortalized adipocyte’s data might be attributed to
differences in the cell type. In the previous study, it has been
reported that adenosine activates BAT and beige adipocytes
via adenosine receptor (38). Adenosine is one of metabolites of
IMP. Therefore, we investigated the effect of MMF adminis-
tration on adenosine level in adipose tissue in order to eluci-
date the molecular mechanisms underlying IMPDH-regulated
adipocyte browning. MMF had no effect on adenosine level in
adipose tissue, suggesting that MMF induces the expression of
Ucp-1 via adenosine-independent pathway. T1R families and
adenylosuccinate synthetic pathway may be the possible
involvement in the molecular mechanisms underlying
IMPDH-regulated adipocyte browning. T1R1/T1R3, the
J. Biol. Chem. (2022) 298(10) 102456 5



Figure 4. Estimated metabolic pathway analysis using MS2 spectrum data. A, heat map of metabolites estimated by mzCloud data. A: amino acids
group; L: lipids group; N: nucleic acids group; V: vitamins and cofactors group. The peak data and MS2 data in detail are provided in the Dataset S2 and
Fig. S1, respectively. B, the estimated effect of CL316243 on purine metabolic pathway. The peak data of the pathway in detail are provided in the Dataset
S4. MS, mass spectrometry.

IMP was increased during mice adipocyte browning
members of the T1R families of G protein–coupled receptors
and known as taste receptor, responds to the umami taste
stimulus L-glutamate, and this response is enhanced by IMP
(39). In addition, it has been reported that T1R2 and T1R3 are
expressed throughout adipogenesis and in adipose tissues (40).
The findings of the previous studies and our study leave open
the possibility of the involvement of T1R families in browning.
Furthermore, IMP is metabolized to xanthosine mono-
phosphate or adenylosuccinate via IMPDH or adenylosucci-
nate synthetase, respectively. Adenylosuccinate is substrate for
AMP, which is indirect source of ATP and cAMP. Therefore, it
may be also assumed that IMPDH inhibition promotes the
influx of IMP to adenylosuccinate synthetic pathway, which
induces the regulation of UCP-1 expression.

We showed that an administration of MMF to mice induces
upregulation of Ucp-1 mRNA and inhibition of cell size and
tissue weight in white/beige adipose tissue. We showed that
6 J. Biol. Chem. (2022) 298(10) 102456
the mRNA expressions of thermogenesis and brown/beige
adipocyte markers are not influenced by MMF treatment. The
sensitivity of Ucp-1 to browning is higher than that of other
markers (41). Therefore, it is suggested that the short-term
MMF administration in this study has a significant effect on
only Ucp-1 and has no effect on other markers. In addition, we
also showed that the mRNA expressions of general adipo-
genesis markers were not influenced by MMF treatment,
suggesting that the short-term MMF administration in this
study has no effect on general adipogenesis. The result of food
intake and plasma chemical analysis suggested that the short-
term MMF administration in this study has little effect on liver
and plasma metabolism and there are no major safety con-
cerns. MPA is the active form of the ester prodrug MMF.
Although several previous studies have been reported that
MPA has antiviral and anticancer activity in cell culture
models (42, 43), the efficacy of MPA in vivo appears to be



Figure 5. Effect of isoproterenol and MPA on Ucp1 mRNA expression level, cAMP, and IMP metabolism in immortalized adipocytes. Effect of
isoproterenol (Iso, 1 μM) on (A) cAMP and (B) IMP concentration and (C) Ucp-1 mRNA expression level. Effect of mycophenolic acid (MPA, 10 μM) on (D)
cAMP and (E) IMP concentration and (F) Ucp-1mRNA expression level. Data are expressed as means ± SD (n = 5–6/group). *p < 0.05, **p < 0.01 versus Cont.
Cont: control group; Iso: isoproterenol treatment group; MPA: mycophenolic acid treatment group. IMP, inosine 50-monophosphate; MPA, mycophenolic
acid.

IMP was increased during mice adipocyte browning
limited (35, 36). MPA eventually reached the clinic as an
immunosuppressive drug for the prevention of transplant
rejection in the form of MMF (35, 44, 45). In this study, we
revealed that MMF has abilities to induce Ucp-1 mRNA
expression, miniaturize adipocyte size, and reduce adipose
tissue weight in mice. These findings are new effect of MMF,
to our knowledge, and suggest that IMPDH inhibitor including
MMF opens the possibility of new effective therapy of obesity-
related diseases. Although MMF is a prodrug of MPA and a
specific inhibitor of IMPDH (34, 35), MMF might increase
UCP-1 expression via not only IMPDH inhibition but also
other mechanism of action. In order to understand the effect
of MMF on antiobesity in human, further investigations are
needed.
Table 2
Effect of MMF on body and adipose tissue weight

Weight Control MMF

Body (g) 24.9 ± 0.2 24.2 ± 1.1
BAT (mg) 59.3 ± 33.5 57.0 ± 3.4
IWAT (mg) 300.7 ± 41.4 243.0 ± 16.9*
EWAT (mg) 373.3 ± 35.9 266.0 ± 53.9*

Data is expressed as means ± SD (n = 3–4/group). *p < 0.05 versus Control group.
It is likely that other metabolic pathways, except for purine
metabolism, regulate Ucp-1 mRNA expression, cell size, and
tissue weight in adipose tissue. In the present study, we
analyzed the metabolites that were estimated by KEGG and
mzCloud database. Other metabolites may contribute to
regulation of UCP-1 expression level in adipocytes. Further
investigations are needed in order to reveal the effect of other
metabolic pathway, except for purine metabolism, on the
regulation of UCP-1 expression and cell size in adipose tissue.

In conclusion, our study demonstrated the involvement of
IMP metabolism in the regulation of UCP-1 expression and
cell size in adipose tissue and provided new insight, to our
knowledge, into the effect of MMF on browning in adipose
tissue. These findings suggest that IMP metabolism is a po-
tential therapeutic target for antiobesity.
Experimental procedures

Material and chemicals

All chemicals were obtained from Wako, Nacalai tesque,
and Sigma. Buffers used were of HPLC or LC-MS grade.
J. Biol. Chem. (2022) 298(10) 102456 7



Figure 6. Effect of MMF on adipocyte size, Ucp-1 mRNA, and UCP-1 protein expression level in mice. A, Ucp-1 mRNA expression level (n = 3–4/group)
and (B) UCP-1 immunostaining of BAT, EWAT, and IWAT. C, histological sections of BAT, EWAT, and IWAT. Adipocytes size population and average cell
diameter (right panel, n = 300 cells/group) in (D) BAT, (E) EWAT, and (F) IWAT. Data are expressed as means ± SD. *p < 0.05, **p < 0.01 versus Cont. Cont:
control group; MMF: MMF treatment group; LQ: low limited of quantification. The scale bar represents 200 μm. BAT, brown adipose tissue; EWAT,
epididymal adipose tissue; IWAT, inguinal adipose tissue; MMF, mycophenolate mofetil.

IMP was increased during mice adipocyte browning
Animal experiment
The animal experiments were performed as described in

previous studies (46, 47) with some modifications. Male
C57BL/6J mice (10 weeks) were purchased from CLEA Japan
and maintained for 7 days on a standard diet. These mice were
kept in individual cages in a temperature-controlled room at
23 �C ± 1 deg. C and maintained under a constant 12 h light/
dark cycle. All the animal experiments were approved by the
Kyoto University Animal Care Committee (NO. 31-62). In the
experiment of administration of CL316243 to mice, the mice
were divided into two groups of similar average body weights
8 J. Biol. Chem. (2022) 298(10) 102456
and then each group was administered of saline solution
(control group) or CL316243 (1 mg/kg body weight/day,
CL316243 treatment group) for 1 week. In the feeding
experiment of MMF, the mice were divided into two groups
and then each group was maintained on a standard diet
(control group) and standard diet containing 0.2% (w/w) MMF
for 3 days. In the experiment of cold exposure, male C57BL/6J
mice (6 weeks) were divided into two groups of similar average
body weights and then each group were kept in individual
cages in a temperature-controlled room at 23 �C ± 1 deg. C
(RT group) or 4 �C (CE group) for 24 h.



Figure 7. The effect of cold exposure on Ucp-1 and Impdh mRNA expression level in mice IWAT. The relative mRNA expression level of (A) Ucp-1,
(B) Impdh-1, and (C) Impdh-2 in mice IWAT treated with RT or CE. Data are expressed as means ± SD (n = 6–7/group). *p < 0.05, **p < 0.01 versus RT. RT:
room temperature (control) group; CE: cold exposure group. IWAT, inguinal adipose tissue.

IMP was increased during mice adipocyte browning
Histological analysis

Histological analysis was performed as described in pre-
vious studies (48, 49) with some modifications. Briefly, tissues
were excised from each mouse and fixed in 4% (v/v) para-
formaldehyde/PBS. After ethanol dehydration, the fixed
samples were embedded in paraffin, cut into 5 μm sections
with a microtome, and mounted on microscope slides
(Matsunami Glass). The sections were stained with modified
Mayer’s hematoxylin (Merck) and eosin Y (Wako Pure
Chemical Industries Ltd). For immunohistochemistry anal-
ysis, the sections were incubated in 1% (v/v) hydrogen
peroxide in methanol and treated with 10% (v/v) normal goat
serum, rabbit anti-UCP1 (U6382; 1:200; Sigma–Aldrich), goat
anti-rabbit IgG (Nichirei), and avidin-biotin-peroxidase
complex (Nichirei).

Plasma chemical analysis

All plasma chemical indexes were measured by kit accord-
ing to the manufacturer’s instructions. Plasma glucose, TG,
and NEFA level were determined with glucose CII-test Kit
(Wako), triglyceride E-test Kit (Wako), and NEFA C-test Kit
(Wako), respectively. Plasma GOT and GPT were determined
with transaminase CII-test Kit (Wako).

Metabolomic analysis

LC-MS–based metabolome analysis and sample extracts
were performed as described in a previous study (17, 18, 50)
with some modifications. Briefly, plasma and adipose tissue
were extracted by 80% methanol (n = 4–7/group). LC-MS was
performed using a HPLC system coupled to an LTQ Orbitrap
XL-MS system (Thermo Fisher Scientific) equipped with an
electrospray source operating in the positive ion mode. An
aliquot of the extracted sample was injected into an Inertsil
ODS-4 reversed-phase column (column size, 3.0 × 250 mm;
particle size, 3.0 μm; GL Sciences Inc). Mobile phases A (0.1%
formic acid) and B (acetonitrile including 0.1% formic acid)
were used. The buffer gradient consisted of 5.0% B for 0.0 to
5.0 min, 5.0 to 95.0% B for 5.0 to 30.0 min, 95.0% B for 30.0 to
45.0 min, 95.0 to 5.0% B for 45.0 to 46.0 min, and 5.0% B for
14.0 min before the next injection, at a flow rate of 400 μl/min.
These data were acquired using Compound Discoverer 2.1
(Thermo Fisher Scientific) linked to mzCloud database
(Thermo Fisher Scientific) and KEGG database. Compound
Discoverer 2.1 is a software package for detection and anno-
tation of peaks obtained using LC-MS. The value of peak area
was used to calculate the rate of change between different
groups. In the processing of predictive composition and KEGG
search, the mass tolerance was set at 5 ppm. In the processing
of mzCloud search, the precursor mass tolerance and the
fragment mass tolerance were set at 10 ppm and 0.4 Da,
respectively.
Cell culture

Immortalized adipocytes were kindly provided by Shingo
Kajimura, PhD (37). Immortalized adipocytes were cultured
in a growth medium comprising Dulbecco’s modified Eagle’s
medium (DMEM), supplemented with fetal bovine serum
(10% v/v), penicillin (100 units/ml), and streptomycin
(100 μg/ml), at 37 �C under CO2 (5%). The cells were
cultured in a differentiation medium containing insulin
(5 μg/ml), triiodothyronine (1 nM), indomethacin
(0.125 mM), dexamethasone (2 μg/ml), rosiglitazone
(0.5 μM), and IBMX (0.5 mM) in growth medium and
incubated for 48 h (day 0–2). On the second day (day 2), the
medium was replaced with a fresh regular growth medium
containing insulin (5 μg/ml) and triiodothyronine (1 nM).
On the fourth and sixth day, the medium was replaced with
fresh regular growth medium. Iso (1 μM) or MPA (10 μM)
were used for treatment for 4 h or 24 h, respectively, before
total RNA and IMP extraction. Total RNA and IMP in
immortalized adipocytes were extracted at day 8. Iso or
MPA were treatment for 15 min or 5 min, respectively,
before the measurement of cAMP in immortalized adipo-
cytes at day 8.

HB2 cells were kindly provided by Masayuki Saito, PhD (36).
HB2 cells which are brown adipocyte cell lines induced to
develop into brown adipocytes by treating with 1 μM dexa-
methasone and 0.5 mM IBMX for 48 h (day 0–2) (induction
J. Biol. Chem. (2022) 298(10) 102456 9
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medium). The cells were maintained in DMEM containing
10 μg/ml insulin and 50 nM triiodothyronine (maintenance
medium). On the fourth day, the medium was replaced with
fresh maintenance medium.

RNA preparation and quantification of gene expression

The experiment of gene expression was performed as
described in previous studies (51, 52) with some modifications.
Total RNA was extracted from adipose tissue and immortal-
ized adipocytes using Sepasol-RNA I Super reagent (Nacalai
Tesque), in accordance with the manufacturer’s protocol.
Total RNA was reverse transcribed using M-MLV reverse
transcriptase (Promega Corporation). To quantify the mRNA
expression, real-time PCR was performed using a Light cycler
system (Roche Diagnostics) and SYBR Green (TOYOBO CO,
LTD). The oligonucleotide primer sets of genes were designed
as follows: mouse Ucp-1 (forward [Fwd]: 50- CAAAG
TCCGCCTTCAGATCC-30; reverse [Rev]: 50- AGCCGGCT-
GAGATCTTGTTT-30), mouse Impdh-1 (Fwd: 50-GTGTCT
CCGGTTCCATCCAG-30; Rev: 50-GCCGCTTCTCGTAA-
GAGTGT-30), mouse Impdh-2 (Fwd: 50-AGGTCATTG-
GAGGCAATGTAGTC-30; Rev: 50-ATAGCAGCCCGAGAC
AGTAG-30), mouse Pparγ (Fwd: 50-GGAGATCTCCAGTGA
TATCGACCA-30; Rev: 50-ACGGCTTCTACGGATCGAAAC
T-30), mouse aP2 (Fwd: 50-AAGACAGCTCCTCCTCGAA
GGTT-30; Rev: 50-TGACCAAATCCCCATTTACGC-30),
mouse Adiponectin (Fwd: 50-TACAACCAACAGAATCATT
ATG-30; Rev: 50-GAAAGCCAGTAAATGTAGAGTCGTTG
A-30), mouse Pgc1α (Fwd: 50-CCCTGCCATTGTTAAGACC-
30; Rev: 50-TGCTGCTGTTCCTGTTTTC-30), mouse Cidea
(Fwd: 50-ATCACAACTGGCCTGGTTACG-30; Rev: 50-TAC-
TACCCGGTGTCCATTTCT-30), mouse Prdm16 (Fwd: 50-
CAGCACGGTGAAGCCATTC-30; Rev: 50-GCGTGCATCC
GCTTGTG-30), and mouse 36B4 as an internal control (Fwd:
50-TCCTTCTTCCAGGCTTTGGG-30; Rev: 50-GACACCCT
CCAGAAAGCGAG-30). All data indicating mRNA expression
levels are presented as a ratio relative to a control in each
experiment.

RNAi

Six days after the differentiation induction, HB2 cells were
transiently transfected using the transfection reagent, Lip-
ofectamine RNAiMAX (Invitrogen). Impdh-1 (Silencer Select
siImpdh1, s76613, Thermo Fisher), Impdh-2 (Silencer Select
siImpdh2, s76617, Thermo Fisher), and a nontargeted control
siRNA (MISSION siRNA universal negative control, Sigma–
Aldrich) were used. The siRNA molecules (4 pmol/well) and
1.2 μl/well of Lipofectamine were first diluted in 100 μl/well of
reduced serum medium (Opti-MEM; Invitrogen) and then
mixed in the 24-well cell culture plate (IWAKI). The mixture
was incubated for 20 min at room temperature and 300 μl/well
of cell suspension containing 1.2 × 105 cells/well of differen-
tiated HB2 were added to the siRNA mixture. After 48 h of
transfection, media containing siRNA were removed and fresh
DMEM was added. The next day, cells were harvested for later
analysis.
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Quantification of IMP, adenosine, and cAMP in immortalized
adipocytes

About 80% methanol was used for extraction of IMP and
adenosine. LC-MS for IMP and adenosine quantification
analysis was performed using a Acquity UPLC system coupled
to a Xevo QTOF-MS system (Waters), equipped with an
electrospray source operating. The capillary, sampling cone,
and extraction cone voltages were set at 1000, 10, and 1.0 V,
respectively. The source and desolvation temperatures were
120 �C and 450 �C, respectively. The cone and desolvation gas
flow rates were set at 50 and 800 l/h, respectively. An aliquot of
the extracted sample (3 μl) was injected into an Acquity UPLC
BEH-C18 reversed phase column (column size, 2.1 × 100 mm;
particle size, 1.7 μm). Mobile phases A and B were used. The
column temperature was set at 40 �C. The buffer gradient
consisted of 0.1% to 30.0% B for 0 to 7 min, 30.0% to 99.0% B
for 7 to 7.1 min, 99.0% B for 7.1 to 10.75 min, 99.0% to 0.1% B
for 10.75 to 11 min, and 0.1% B for 11 to 15 min before the
next injection, at a flow rate of 250 μl/min. These data were
acquired with the MassLynx software (Waters).

The cAMP content was enzymatically determined with a
cAMP-Glo max assay kit (Promega) according to the manu-
facturer’s instructions.
Statistical analysis

The data are presented as the mean ± SD. Data were
analyzed by Student’s t test. Differences were considered sig-
nificant at p < 0.05.
Data availability

All data that support the findings of this study are included
in this article and Supplemental Information.
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