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Abstract

Theobromine, a methylxanthine derived from cacao beans, reportedly has various
healthpromoting properties but molecular mechanism by which effects of theobromine

on adipocyte differentiation anddipogenesis remains unclear.ttis study,we aimed

to claify the molecular mechanisms of the aatiipogenic effect of theobromine in

vitro and in vivo. ICR mice (4 weegld) were administered with theobromiig@.1

g/kg) for 7 days.Theobromine administration attenuated gains in body and epididymal

adipose tisgse weights in mice and suppressed expressioadgiogenieassociated

genes in mouse adipose tissue. In 3L3 preadipocytes, theobromine caused
degradati on of C/ EBPR@otegsonetpahwaulldgwntadsay ubi qu
showed thatheobromineselectively interacts withadenosine receptor AAR1), and

AR1 knockdown inhibited theobromiien duced C/ EBPb degradati o
increased sumoyl ation of Ce¢ &mlPubiquiidike Ly s 1 3 3.
modifier (SUMO)-specific préease 2 (SENB2gene, coding for a desumoylation

enzyme, was suppressed by theobromine. In vivo knockdown studies showed that AR1
knockdown in mice attenuated the amdiipogenic effects of theobromine younger

mice. Theobromine suppresses adipocyte differentiatiod ani nduc e d C/ EBF
degradation by increasing its sumoylation. Furthermore, the inhibition of AR1 signaling

is important for theobromirke nduced C/ EBPDb degradati on.

Keywords: adenosen receptor; adipogenesis; CCAA&Rhancebinding protein;

sumoylationtheobromine
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1. Introduction

Obesity is a serious health problem in both developed and developing countries and
increases the incidence of many diseases, such as cardiovascular disease, hypertension
and type 2 diabetes mellitus [1, 2]. The excessive ntsnbt adipocyte cells and
increased adipocyte cell size in adipose tissuesibaterto induction of obesity [3
Adipocytes are differentiated from mesenchymal stem cells in adipose tissue. This
adipocyte differentiation process has two phases, commitnam terminal
differentiation. Mesenchymal stem cells are converted to committed preadipocytes, and
then differemiated into mature adipocytes][4Therefore, suppression of adipocyte
differentiation would be an effective strategy to prevand treabbesity.

Adipocyte differentiation and adipogenesis are regulated by transcriptional factors
including CCAAT/enhanceb i ndi ng protein (C/ EBP) fami |
C/ EBPb and C/ EBPU) a toréctivatedr recepiors (PPAR) J[5or ol i f e
C/ EBPb BRd €adkExpndsseor of PPAR aPnPdA RG/ BBIRIU
C/ EBPU can increase expression of such tar
perilipin. The expression l evel s o f C/ EBI
differentiation inducer isobuylmethylxanthine (IBMX). In early adipocyte
di fferentiati on, c AMP was repor twh t o [
transcriptional factor cAMPesponse eimentbinding protein (CREB) [B The protein
stability and transcr i ptulatednby Ipostarslationali t y of
modifications [910]. In particular, sumoylation was shown to decrease protein stability
of C/ EBPb by pr omot iubiguitinptoteasame gatheay flt i on vi a

Adenosine acts as an endogenous ligand for adenosieptoex (ARS) in the
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plasma membrane and is constitutively released from aglijigsues [1R ARs are G
proteincoupled receptors and AR signaling is an important regulator of proliferation
and differentiabn in mesenchymal stem cells [13Rs exist asdur sibtypes, AR1,
AR2a, AR2b and AR3, andganistbound ARs regulateadenylyl cyclase activity,
resulting in incrasedor decreasedAMP synthesis from ATP []4Exogenous ligands
of AR either positively or negatively regulated adenylate cyclase adtivitgrious cell
types [15]. AR signaling has been implicated in development of many diseases,
including type 2 diabetes, cardiovascudad nervous system disorders {1 and is,
therefore, a potential therapeutic target for lifestglated diseases.

Theobromine is a methylxanthine found in cacao beans. Cacao beans, a very
popular food worldwide, contaimpproximately 1% theobromine [[LIheobromine has
been implicated in the health benefits of cacao intake. For instance, theobromine intake
increasedapolipoprotein A1 and HDI-cholegerol blood levels in humans [R@nd
suppressed dietic kidney disease in rats [2However, the molecular mechanisms by
which the effect of theobromine on adipocyte differentiation remain unclear. In this
study, we repo t t hat t heobr omine promotes degr ad
inhibition of AR1 signaling, resulting in the attenuation of adipocyte differentiation in
3T3L1. Furthermore, administration of theobromine suppresses adipose tissue weight
gain in younger mie, whereas knockdown of AR1 canceled theobroraupmpressed

adipose tissue weight gain.

2. Materials and Methods

2.1. Cell culture
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Murine 3T3L1 preadipocytes were cultured in DMEM supplemented with 10%

bovine serum, 100 €9/ ml | penicilie. prheocelly weren and

maintained at 37°C in a 5% GO5% air atmosphere at 98% humidity. Adipocyte
differentiation was induced by treating confluent cells for the first 2 d with DMI
cocktail (10 e g/ mli i nsul in, 1 e M
3-isobuty-1-methylxanthine (IBMX)) in DMEM with high glucose (4.5 g/l glucose),
supplemented with 10% serum bovine serum and the same antibiotics. After the first 2
days, cells were induced to different.i

medium.

2.2. Anmal experiments

All animal experimentsonformed to the protocols approved by thstitutional
Animal Care and Use Committees and performed according to the Kobe University and
Shinshu University animal experimentation regulations (Permission Ne33-@8 and
280043, respectivelyand the Guide for Care and Use of Laboratory animals (NIH
Publications No. 8023, revised 197B)ale ICR mice were from Japan SLC (Shizuoka,
Japan). Mice were housed under controlled conditions (temperature 23+2°C, alternating
light-dark cycles with 12 h of light and 12 h of darkness) and had free access to food
and water. The mice (4 weeld) were randomly divided into theobromine and vehicle
groups (1 = 6 per group). The groups received theobromine (0.1 g/kg) or vehicle alone,
once daily by oral gavage, for 7 days.

For thein vivo siRNA experiment, we usedpaieviously described method [RMice

were randomly divided into two groups £ 5 per group). In one group, mice received

ded

at e
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si RNA of control of  AhR dight @rid Ceft epiliglymal adipaser s f e c t

tissue, respectively, using Atelocollagen (AteloGene Local Use; Koken, Tokyo, Japan).
Mice then received theobromine (0.1 g/kg) daily by oral gavage for 7 days. In the other
group, siCont was transfected to the rigigididymal adipose tissue and the left
epididymal adipose tissue was shaperated. These mice received vehicle by oral
gavage daily for 7 days. At the end of the experiment, the mice were sacrificed under

pentobarbital anesthesia athe liver and adiposéissue were harvested.

2.3. Primary preadipocyte cultures

Primary preadipocyte cultures were gexted as previously described J23vith
minor modifications. Briefly, primary preadipocytes were isolated from epididymal
adipose tissue of male mice (ICRweekold). After digestion with collagenase Il and
centrifugation, preadipocytes were cultured in DMEM. When preadipocytes were fully

confluent, they were treated with 0.5 mM IBMX for 8 h.

2.4.siRNA

The sequences for SiRNA duplexes: SIAR1#1
5-CUCCUUGGGUGUGAAUAUUGA-3" (SigmaAldrich, Saint Louis, MO).
SiAR1#2 and control siRNA were from Dharmacon (Chicago, IL) and Siiahach,
respectively. The duplexes (20 nM) were transiently transfected intoLBT3
preadipocytes using Lipofectamine RNAIMAX reagémvitrogen, Carlsbad, CA) and
Opti-MEM (Life Technologies, Inc., Gaithersburg, MD) for 24 h, following the

manufacturers' protocols.
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2.5 Plasmids

Mouse C/EBP cDNA was amplified by nested PCR in two sequential steps and
subcloned using Kpn | and Xba ltes in p3XFLAGCMV (SigmaAldrich), yielding a
C/ EBPD expression vect orterminali tFILAG tagsr e e t a
(p3xFLAG-C/ EBPb) . The C/ EBPBHB(K133R) cDNA encodi
Arg for Lys substituit on a't position 133 wasAaganer at e
template. The MNerminal FLAGt agge d C/ EBPb( K133R) expres
constructed, and is termed ) d.AG-C/ EB P b ( KLu@f&dRg reporter vector
pGL4.14SENP2 (Wild-type) was constructed by introducing the promoter region
(nucleotide sequence240 to-209) of mouseé&sen® gene with CREN pGL4.14 vetor
(Promega Corp., Madison, WI), amdutation of theSenp2promoter region of the
vector pGL4.14SENP2(Mutant drm) was consucted according to Churgt al [24].
The CREBresponsive reporter vector (p6xCRHc) was constructed by insertion of
six tandem repeats of CREs in pGL4.14 vector (Promega Corp., Madison, WI). The
insertion sequence of the CRE oligonucleotide is:
5-CTGACGTCAACGGTGACGTCAACGGTGACGTCAGCTAGCTGACGTCAAC

GGTGACGTCAACGGTGACGTCAAS..

2.6. Staining of intracellular lipid droplets
3T3L1 adipocytes were induced toward adipocyte differentiation by treatment with
DMI cocktail for 6 days. The cells were & with 4% paraformaldehyde in

phosphatéuffered saline (PBS), permeabilized and incubated with Sudan Il for 1 h at
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room temperature. After staining, cells were washed and the lipid droplets extracted
with isopropanol containing 4% (v/v) Nonidetd®. Theextracted dye was measured in
a Wallac spectrophotometer (ARVO, Perdhmer Life Sciences, Boston, MA), at an

absorbance of 490 nm.

2.7. Western blotting analysis

3T3L1 preadipocytes were induced toward adipocyte differentiation by IBMX or
DMI cocktalil, in the presence or absence of theobromine, for 8 h or 6 days, respectively.
For detection of exogenous C/EBRBT3-L1 preadipocytesvere transiently transfected
with  FLAG-C/EBFb or FLAG-C/EBFB(K133R) expression vectors using
Lipofectamine 2000 (Invitrogen) for 24 h, followed by incubation, with or without
IBMX, for 8 h. The cells were lysed in lysis buffer (50 mM TFHECI, pH 7.4 containing
150 mM NacCl, 0.5% Nonidg?40, 10 mM sodium pyrophosphate, 2 mM EDTA, 1 mM
phenyl met hyl sul fonyl fluoride and 10 ¢€g/ ml
to SDSPAGE and analyzed by western blotting using the following rabbit polyclonal
antibodies: antP P A R 2-10Q), FantiC/ E B P b19),(a@t#CREB (240; Santa Cruz
Biotechnology, Santa Cruz, CA), aifiditty acid synthesis (C20G5), akerilipin
(D1D8), antiubiquitin (Cell Signaling Technology, Inc. Danvers, MA), ahR1
(SigmaAldrich), antrSENP2or anttAR2a (Abcam Cambidge, MA); other antibodies
used were goat polyclonal ai@ti/ E B P-9, $aia Cruz Biotechnology) and mouse
monoclonal antb-actin (clone; C4) and arBUMO-1 (clone; D11; Santa Cruz
Biotechnology) antibodies. After incubation with primary antibodiéstslwere washed

and incubated with horseradish peroxidasejugated secondary antibodies and reacted
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with Immunostar LD (Wako, Osaka, Japan).

2.8 Quantitative reatime PCR (qPCR)

Total RNA was extracted from 3713l preadipocytes using TRIzol (Invitreg).
cDNAs were synthesized using RevaTra AG&T-101; Toyobo, Osaka, Japaaid
subjected to gPCR using the primésee Suppl. Table S1). gPCR was performed with
SYBR PremixEx Taq Il (Takara Bio., Shiga, Japan) and astep PCR method on a
ThermalCycler Dice reatime system (Takara Bio.). The relative mRNA levels for each
gene were calculated using th&®Cmethod[25, 26] and data were normalized to

values forGapdhas an endogenous control.

2.9. Reporter assay

3T3L1 preadipocytes were traesitly transfected with reporter vectors
[pGL4.14SENP2(Wildtype), pGL4.14SENP2(Mutant form) orpCRELuc, and
pRL-SV40 (cantrol reporter vector; Promegalising Lipofectamine 2000 for 24 h.
After the medium was replaced with fresh medium, the cells wetdated with IBMX
and theobromine (25 €M) for 8 h. Transfect
pRL-SV40. Firefly and Renilla luciferase activities were measured using the Dual
Luciferase reporter assay kit and GloMax 20/20 Luminometer (Promega). dbat

expressed as relative light units (RLU; firefly levels divided by Renilla levels).

2.10 Analysis of intracellular cAMP

3T3-L1 preadipocytes were incubated with IBMX cocktail in the presence or absence

10
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of theobromine (25 ¢hdjhogenired in 8.4 M perchlonceacicc e | | s

using sonication, followed by centrifugation at 20,000 x g for 10 min. The supernatant
was neutralized with 1 M acetic acid buffer, pH 8.0. The pellet wasssslved in 1 M
acetic acid buffer, pH 8.0, by sonicationdathe protein content of each sample
determined with the Bradford assay. Intracellular cAMP was analyzed as previously
describé [27] with slight modifications. Briefly, the analysis was performed with a
triple quadrupole mass spectrometer (LGBIBIO, Shimadzu Corp., Kyoto, Japan).
Chromatographic separation was performed usirgplumn2 ODS (1.5 x 150 mm;
Chemical Evaluation and Resel Institute, Tokyo, Japan). Mobile phase A was 0.1%
formic acid in water and mobile phase B was 100% acetonitrile. The following gradient
elution profile was applied at a flow rate of 0.2 ml/min: 0.00 min, 0% B; 1.00 min, 0%
B; 2.00 min, 90% B; 4.40 mir®0% B; 4.60 min, 100% B; 9.60 min, 100% B; 9.70 min,

0% B; 14.70 min, 0% B.

2.11.Immunoprecipitation

3T3L1 preadipocyteswerepienc ubat ed with MG132 (10

by incubation withBMX i n t he presence or aNysoe&hce of

The cells werdysed indenaturing cell extraction buffer (50 mM THCI, pH 7.5,
containing 70 mMb-mercaptoethanol and 2% SDS) at 95°C for 10 min. The cell lysates
were diluted 2€old with dilution buffer (20mM TrisHCI, pH 7.5, containing50 mM
NaCl, 1 mM EDTA, ImMEGTA, 1% TritonX100, 2.5 mM sodium pyrophosphate and

protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan)) and centrifuged at 20,000 x

g for 30 s. The supernatant was incubated with rabbit polyclonalCantE BPh | g G

11

t
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anttFLAG IgGor contr ol |l gG at 4AC overnight, f o
protein GSepharose resin (50% slurry; GE Healthcare, Waukesha, WI) at 4°C for 1 h.
The resin was washed with lysis buffer three times and proteins bound to the resin were

separatd by SDSPAGE and analyzed by western blotting.

2.12.Competitionbinding assay
First, CNBractivated Sepharose 4B resin (0.2 g freégxzed powder; GE Healthcare)
was activated by 1 mM HCI and incubated wi
(0.1 NaHCQG and 0.5 M NaCl) at room temperature for 2 h. The Sepharose resin was
then washed three times with coupling buffer and incubated with 0.1 MHOlispH
8.0, at room temperature for 2 h, followed by washing with coupling buffer. This resin
was termedadenosinaffinity resin. Next, 3Td.1 preadipocytes were lysed in lysis
buffer, using sonication, and centrifuged at 20,000 x g at 4°C for 10 min. The
supernatant (1 mg protein) was incubated with adena@sihd i ni ty resin (10
slurry) in the presnce or absence of adenosine (1 mM) or theobromine (1 mM) at 4°C
for 1 h. The resin was washed with lysis buffer three times and bound proteins separated

by SDSPAGE and analyzed by western blotting.

2.13 Histology of adipose tissues

Epididymal adipose idssues were fixed in 4% paraformaldehyde in PBS and
embedded in paraffin. Paraffin sections, 1
hematoxylin and eosin (H&E) to assess morphology. Tissue sections were imaged with

a FSX100 digital microscopy (Olymp@ptical Co. Ltd, Tokyo, Japan). The mean area

12
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of adipocytes was calculated from three epididymal adipose tissue samples per group

and 300 cells per mouse, using the measurement tool in ImageJ software (National

Institutes of Health, Bethesda, MD).

2.14 Immunofluorescent microscopy

3T3-L1 preadipocytes were cultured in DMEM on round coverglasses. The confluent

cell s were

ncubated, with or without

8 h. The cells were fixed in 4% paraformaldehyde in PBS andgadilized with 0.1%

Triton X-100 in PBS. Cells were treated with blocking solution containing 10% fetal

25

bovine serum, 5% BSA and 0.1% sodium azide in PBS at room temperature for 1 h.

Cell samples were incubated with primary antibodies-@0tO-1 and antC/ EBP b )

in PBS containing 3% BSA at@ overnight, followed by incubation with Alexa Fluor

488-conjugated secondary amébbit IgG or Alexa Fluor 594onjugated secondary

antrmouse IgG in PBS containing 3% BSA at room temperature for 1 h. Nuclei were

ss ai ned with

DAPI (1

FSX100 fluorescence microscope.

2.15 ChIP

e |

eg/ ml) at room temper &

3T3-L1 preadipocytes were incubated with IBMX cocktail in the presence or absence

of t heobr omi

ne

(25

eddlls anfl tissues8 Chi? .assaysowere c u |l t u

perfamed as described previoudl28]. Briefly, cell lysates and tissue homogenates

were incubated with rabbit polyclonal a@REB IgG or control rabbit IgG at 4°C

overnight,

f

ol

|l owed

13

b y -Sepharasd rasini(50% sluwy) &t h

30

€
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4°C for an additional 1 h. Immunopredagtied proteirDNA complexes were washed

and eluted at 65°C for 6 h. The promoter region of the SENP2 gene was amplified by
gPCR using the following primer set: forward primer
5-CCTGTTGCTAGGCTTACAAGGAGE3’ and reverse primer
5-CTTCAGCCGTAGCCAGGATCAG3" [24]. The gPCR profiles consisted of the
following program: 94°C for 30 s, 65°C for 15 s and 72°C for 20 s. The relative
amounts of each promoter region were calculated using-#®&“thethod[25, 2], and

data were normalized to values obtained for tipatisample

2.16 Statistical Analysis

Data wer e analtysterdydngor totwa g e MING@OsVA wi t h  Tu k.
post hoc testing. Statistical analysis was performed with JMP statistical software version
11.2.0 (SAS Institute. Cary, NC). Data argoessed as means + SD gmwd.05 was

considered statistically significant.

3. Results
3.1. Theobromine suppressed the adipose tissue weight gain and gene expression of
adipogenesisssociated gene in younger generation

In adult organismsadipocyte differentiation,adipogenesisand lipolysis occur
simultaneouslyn adipose tissues. Thus, we investigated effects of theobromine on and
adipose tissue weight gain and adipogenesis using younger mice (bMedhemice
were orally administed theobromin€0.1 g/kg)for 7 days. Body weights were lower

in the theobromine group than in the vehicle group. In addition, theobromine suppressed

14
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gains in weight of epididymal armgkrirenal adipose tissues (FIgA and Suppl. Fig. S1).
In contrastthe liver weights were no different in the two groups. The mean adipocyte
area was smaller in the theobromine group than in the vehicle group @&)g. 1
Theobromine decreased expression of PPARO,
FAS and perilipin, in pididymal adipose tissue (FigCL

Next, we investigated effects of theobromine on adipogenesis inLBT3
preadi pocyt es. Theobr omi ne, at concentrat
accumulation in these cells (FigDL Cell viability was not affected btheobromine
(Suppl. Fig. S2). Theobromine, at concentrations above 25 puM, suppressed protein
expression of PPARDO, C/ EBB.UrheamRNA levels g o ge ni ¢
these genes were also decreased by theobromine HigiHese results indicatebat

theobromine had an#dipogenic effects.

15
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Fig. 1. Inhibitory effects of theobromine on adipogenesivivo and in vitro. (A)
Body and epididymal adipose tissues weights for mice treated with either vehicle (Veh
white bas) or theobromine (TBblack bars) (n = 6 per group). Tissue weights were
normalized to body weights (BW). (B) Hematoxylin and eosin stained paraffin sections
of epididymal adipose tissues from mine=(3 per group). Scale bar indicates 50rm
(left pane). The data represent mearosss e ct i on a | ar e®aof Bahéd cel | s,
paraffin sections from epididymal adipose tissuight{ pane). White bar shows vehicle
group, and black bar shows TB groupata are means + SIhE 3). * p<0.05 vs. Veh.
(C) Western bl oW,s FAS &PPARper iCl/IEBIPn protein
tissues from mice administered either Veh or B 8 per group). (D) Lipid contents in
3T3L1 preadipocytes after induction of differentiation with DMI, in the presence of the
indicated concentrationsfd B, for 6 days. Lipid droplets in the cells were stairett (
panel scal e bar i s bight pang))Data areimegns a 8 G 3).i ed (
Significant differencesp&0.05) are indicated by corresponding lette&) Protein
expression of PPARO, C/ E BIA Upreadipody®es ater d peri
induction of differentiation with DMI, in the presence of the indicated concentrations of
TB, for 6 days. ( F)PpagP CR/ &EB®DA) FASiFasn)and P PARD
perilipin (Plin) gene expression in 373l preadipocytes after induction of
differentiation with DMI,in the presence (black bars) or absence (white bars) of TB (25
€ MYor 6 days. Data were normalized ®apdh levels. For western blotting,the
intensiy of each band waguantified by ImageJ 1.44, and the ratio of each band was
nor mal i z-adin @laadirtg boatrolblevel. Error bars represent the mean + SD

(n = 3). * p<0.05 vs. in the absence of TBata shown in (D) to (F) are representative

17
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of triplicate independent experiments.

3. 2. Theobromine promoted degradati on (
ubiquitin-proteasome pathway

To determine the phase of differentiation at which theobromine exerted its
antradipogenic effects, the compound was admiresteat different times during
adipocyte differentiation, as indicated in the figure (Suppl. Fid\)SB groups 2 and 3,
theobromine decreased lipid accumulation during adipocyte differentiation, whereas in
other groups, it did not (Suppl. Fig. B3 . Furthermore, theobromine
and C/ EBPU e x p ramdS(Suppl.rFig.iS®). Theseoresyts i@dicated that
the inhibitory effects of theobromine on adipogenesis occurred at an early phase of
adipocyte differentiation. Theobromifr@5¢ Mdecr eased protein | eve
(0.61-fold), a transcription factor active in early phase adipocyte differentiation (Fig.
2A), but not its mMRNA (Fig. B) in 3T3-L1 preadipocytes. To assess the mechanism of
theobromind nduced C/ EB BLdpeegdipacytes tvérendifferentiated in
the presence of the proteasome inhibitor MG132. MG132 inhibited
theobromind nduced degr adat i €n ImmouhopreipitatidrP with ( Fi g .
anttC/ EBPb 1 gG showed that t heobreBWwbn ewietnhh a n
polyubiquitin (Fig. D). Furthermore, in a primary culture system, preadipocytes
isolated from epididymal adipose tissues and cultured in differentiation medium, we
confirmed that theobromine decr &aBesd pr ot e
resul ts indicated t hat theobr omine pr omec

ubiquitinproteasome pathway.

18
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quantifiedboy | maged 1. 44, and the rati-atin@f each
loading control) levelAll data, eror bars represent the mean = SD (n = 3). Significant
differences §<0.05) are indicated by the corresponding lettdResults shown are each

representative of triplicate independent experiments.

3.3. AR1 was involved in theobrominenduced C/ EBPb degradati on
Certain methylxanthines, such as caffeinel #meophylline, are AR ligands [39

Theobromind nduced C/ EBPb degr ada(Fig.o3w). Owshe i nhi b

other hand, knockdown of AR2a did not cancel theobrofimed uc e d C/ EBPD

degradation (Suppl. Fig. S4). To assess whether theobromine acted as an AR1 ligand in

our experiments, we performed competitive binding assays, using

adenosinegmmobilized Sepharose (adenosgiinity resin) and theobromine. Free

adenosine inhibited interaction of the adenosifimity resin with AR1 or AR2a in

3T3L1 preadipocyte lysates (Fig. BB Theobromine blocked interaction of

adenosinaffinity resin with AR1, but not with AR2a. We next investigated tissue

distribution of the AR1 in mice. Thédoral gene (coding for AR1) was highly

expressed in the epididymal and meseatadipose regions of white adipose tissues

(Fig. X), indicating that exyession of AR1 was tisstselective. Theobromine did not

have antiadipogenic effects in 3TFB1 preadipocytes with AR1 knocked down (Fig.

3D) . Al t hough insulin and dexamethasone min

i ncreased C/ EBPDb opamme attenmated thisreffdct{Supph Flg. 35h e

IBMX increased intracellular cAMP levels, leading to inductiof adipocyte

differentiation [3Q. Theobromine suppressed IBMXduced cAMP accumulation (Fig.

20



1 3E). AR1 knockdown prevented the theobrominduced decrease in intracellular
2  cAMP levels (Fig. B). These results indicated that theobromine suppressed adipocyte

3 differentiation by decreasing intracellular cAMP levels, through AR1 stimulation.
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4  Fig. 3. Involvement of ARInitheobromingnducedsuppressionof adipogenesis. (A)

5 3T3L1 preadipocytes were transfected with AR1 SiRNA (SiAR1#1 or siAR1#2) or

6 control siRNA (siCTL). After transfection with siRNA, the cells were induced to

7 differentiate with | BMX, i n t he¢Bpfor@8b.ence or
8 Cell lysates were analyzed by western blotting with -@nti E B &8 anti-AR1

9 antibodies.The ntensiy of each band as quantified by ImageJ 1.44, and the ratio of
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each band was nraotin @ddingzcendol) tewel(B) Puddown assay

of AR1 in 3T3&.1 preadipocytes. The cell lysates were incubated with aderafiniy

resin, in the presence or absence of adenosine (1 mM) or TB (1 mM), followed by

western blotting with arWAR1 and antiAR2a antibodies. (C) mRNA e&psion of

Adoral(coded AR1) in various tissues of mioe=(4). Adorallevels were normalized

to Gapdhlevels in each tissue, and relative levels were based on levels in brain tissue.

Black and white bars indicate white adipose tissues (WAT) ahdr dissues,

respectively. BATs brown adipose tissug€D) Lipid content in 3T3.1 preadipocytes

transfected with siAR1#1, siAR1#2 or siCTL). After siRNA transfection, cells were

induced to differentiate, in the presence (black bars) or absence (white bami)(@6

eM), for 6 days. Li pi d dr defi papefssaleibaris50h e adi p

em) and qgighapane). E) Qudntifi¢ation of intracellular cAMP in 3T31

preadi pocytes incubated, in the)for&sence o]

(F) Quantification of intracellular cAMP in 3FB1 preadipocytes with AR1 knocked

down, after induction of differentiation, in the presence (black bars) or absence (white

bars) of TB (F@Z%A) antM(D) to (F)pdta aB mbans + SIh = 3).

Significant differencesp&0.05) are indicated by the corresponding letters. Results

shown are each representative of triplicate independent experiments.

3.4. Theobromine increased C/EBPb sumoyl at.

Co-localization and profile plotsvere constructed to demonstrate the subcellular

di stributions ofl. C/Il mB Ptbh ea nadb sUIME@ of

SUMO-1 were mainly localized to the nucleus (Fid\ #ft panel$. However, in the
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nucleus, these two proteins differed in th&ibcompartmental localizations (FigA 4
right pane) . Il n contrast, with theobr¢lcmwade tr eaf
similar subcompartment al |l ocali zations in t
was sumoylated in the presence of theobromine.unwoprecipitation results showed

that theobromine i ncr eas dehlswas/inhiBitedby ARLmoy | at |

knockdown (Fig. B). To i dentify the sumoyl ation sit
C/ EBPD mut ant wi t h Lys133, t heth Brgg MO acc
(C/ EBPHb(K133R)). Unli ke the wildtype, t hi .

sumoylation induced by theobromine (F#LC). Theobromine did not affect protein

l evel s of C/ EBP Db ( KD).3 3 RFurthermore,F i gwhen

C/ EBPDb ( Wvkerexpressed 3TB1 prealipocytes were differentiated for 6 day,
protein | evel of endogenousvenPbhdfResen onfd C/ EBF
theobromine(Fig. 4E). These results indicated that theobromine decreased protein

|l evel s of C/EBPb t hr onaglpsl3B.ncreasing its sun
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corresponding lettersResults shown are each representative of three independent

triplicate experiments.
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3.5. Theobromine decreased SENP2 gene expression through suppression of CREB
activity

SENP2 gene expression was inducgdBMX and theobromine suppressed this in a
dosedependent manner (FigA% AR1 knockdown restored theobromidecreased
SENP2 mRNAand SENP2 protein expression in the presence of IBMX (Bgard
5C). We examined the effect of theobromine on the promatgvity of SENP2 using a
luciferase reporter vector, pGL4-BENP2(wildtype), which contains promoter region
of Senp2gene [24]. IBMX increased promoter activity of SENP2(wype), and
theobromine suppressed IBMKduced promoter activity of SENP2(aditype) (Fig.
5D). Senp2gene isregulated by CREBand there areAMP response element€RE)
in promoter region oSenp2gene [24]. To determine whether the CRE is important for
theobrominemediated suppression of SENP2 promoter activity, we constructed
pGL4.14SENP2(Mutant form), which mutated CRE sequence in pGE3HMP2
(wild-type). IBMX and theobromine did not affechet promoter activity of
SENP2(Mutant form)Theobromine suppressed IBMKRduced formation of the active,
phosphorylated form of CREB (FighE). We examined whether theobromine
suppressed the transcriptional activity of CREB using a luciferase reportgr assa
Theobromine suppressed IBMKRduced CREB transactivation and AR1 knockdown
prevented this effect (FigF). In addition, we determined whether theobromaices as
an AR1 agonist or antagortisTwo AR1 selective agonists, ®Cyclopentyladenosine
and 2Chloro-N®-cyclopentyladenosine, enhanced CREB transactivation in-L3T3
preadipocytes, both the presence and absence of IBMX (Suppl. Fign@6éating that

theobromine might be an antagonist of AREesults from ChIP assays showed that
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10

IBMX increased CREBInding to the CRE on the promoter region of the SENP2 gene
and that this binding was suppressed by theobromine @&. When AR1 was
knocked down in 3T3.1 preadipocytes, theobromine did not affect binding of CREB to
CRE (Fig.5H). Data from ChIP assayusing primary adipocytes from epididymal
adipose tissues also showed that theobromine decreased CREB binding to CBIE (Fig.
These results indicated that theobromine suppressed SENP2 expression by inhibiting

CREB activation.
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Fig. 5. Association of CREB and CRE on the SENP2 gene in the presence of
theobromine. (A) qPCR analysis of SENP2 gene expression Hh13pBadipocytes

after induction of differentiation with IBMX, in the presence of indicated concentrations
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of theobromine (TBYor 8 h. Data were normalized Bapdhlevels. (B) Quantification

of SENP2 gene expression in 3IB preadipocytes transfected with AR1 sSiRNA

(siAR1#1 or siAR1#2) or control siRNA (siCTL), after induction of differentiation with

IBMX, in the presence (blac bar s) or absence (white bars)

were normalized t@apdhlevels. (C)3T3L1 preadipocytes were transfected with AR1

SiRNA (siAR1#1 or siAR1#2) or control siRNA (siCTL). After transfection with siRNA,

the cells were induced tofférentiate with IBMX, in the presence or absence o025l

theobromine (TB), for 8 h. Cell lysates were analyzed by western blotting with

anti-SENP2 antibody. (D)Senp2 promoter activity in 3913l preadipocytes were

transiently transfected with pGL4.-Bmp2(Wildtype) or pGL4.145enp2(Mutant form)

vector, followed by induction of differentiation witiigck bars) or without White bars)

TB

(25 €M) i n the presence or absence

expressed as relative light units (RL(E) Levels of CREB phosphorylation in 3L3

preadipocytes after induction of differentiation with IBMX, in the presence or absence

of

TB (25 &gM), f o r-actth wére usell abaaihg coOBtRIE®) an d

Transcriptional activity of CREB in 3731 preadipocytes injected with SiAR1#1,

SiAR1#2 or siCTL. siRNAjected 3T3L1 preadipocytes were transiently transfected

with a pCRELuc vector, followed by induction of differentiation in the presence (black

bars) or absence (white bars) of IBMX orimé¢ presence of | BMX

(grey bars), for 8 h. Luciferase activities are mgsed as RLU(G) ChIP using

anti-CREB 1gG or control rabbit IgG in 3FB1 preadipocytes after induction of

differentiation with IBMX,n the presence (black bars) or sdnce (white bars) of TB

(25

, oM3 h. Ceimmunoprecipitated CREBNA complexes were analyzed by
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gPCR. H) 3T3L1 preadimpcytes were transfected WstAR1#1, siAR1#2 or siCTL,
followed by induction of differentiation with IBMX) the presence (blackars) or
absence (whi te b a rf )8 h.o CREBINA cqmpléxes svite
immunoprecipitated using arBREB IgG, then analyzed by gqPCR) Primary
preadipocytes from epididymal adipose tissuesigemwere incubated, with B ( 25 & M
black barg or without TB (white bars)in the presence of IBMX for 8 h. The cells were
crosslinked and soluble chromatin was immunoprecipitated withGREB 1gG or
control rabbit IgG. Ceimmunoprecipitated CREBNA complexes were analyzed by
gPCR.All data are means £[3(n = 3). For western blottingtheintensily of each band

was quantified by ImageJ 1.44, and the ratio of each band was normalized to the
b-actin (C) or total CREB (E)levek. Significant differenceg€0.05) are indicated by

the corresponding lettergesults shown are each representative of three independent

triplicate experiments.

3.6. AR1 knockdown in mice prevented the theobromadheed decreased fat mass in
epididymal adipose tissues

To assess whether theobromine would decrease fat accumulation through AR1
signalingin vivo, we transfected AR1 siRNA into the epididymal adipose tissue of male
mice. Although theobromine decreased fat mass in epididymal adipose tissue
transfected with cdrol siRNA, this effect was attenuated with AR1 siRNA (Fié\.) 6
There was no difference between mice receiving a sham operation and those transfected
with control siRNA. Immunohistochemical showed theobromine decreased adipocytes

size in control siRNAransfected adipose tissues, and knockdown of AR1 canceled
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1 theobrominedecreased adipocyte size (Fig. 6B). Furthermore, we investigated the
2 expression level of adipogenic proteins in ARiockdwon adipose tissues. This AR1

3  knockdown also decreased the effemftsheobromine on protein expression of PBAR

4 C/EBRUand FAS (Fig. €). Thesein vivo results strongly supported tlie vitro data,

5  both showing that theobromine suppressed adipogenesis by attenuating AR1 signaling.
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7  Fig. 6. Involvement of AR1 in thegbbromineinduced decrease in fat mass of mouse
8 epididymal adipose tissue. (A) Left epididymal adipose tissues in mice in the vehicle
9 group were injected with control siRNA (siCTL). Control and AR1 siRNAs were injected

10 into right and left epididymal adipestissues, respectively, in mice in the theobromine
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group. Mice were treated with or without theobromine for 7 days. The ratio of
epididymal adipose tissue/body weight was calculated for each sample. Data are means

(n = 5 per group). (B) Hematoxylin and €0 stained paraffin sections of epididymal

adipose tissues from mice £ 3 per group). Scale bar indicates 50 maper panéel

The data represent mean cres ct i on al ar e g bfx@ited pamffil s , i n
sections from epididymal adipose tissuestiom panél Error bars represent the mean

£+ SD (n = 3).( C) Western blots for PPARO, C/ EBPI
siRNAtransfected epididymal adipose tissues in mice receiving Veh arhiEBntensiy

of each band asquantified by ImageJ 1.44, atige ratio of each band was normalized

t o-acfin (a loading control)level. The data are presented as means +18D § per

group).Significant differenceg€0.05) are indicated by corresponding letters.

4. DISCUSSION

Obesity is associated with adversetabolic consequences, such as type 2 diabetes
and cardiovascular diseases. Recent studies reported that various phytochemicals had
antradipogenic effects, including inhibition of adipocyte difintiation and
adipogenesis [3B3]. We elucidated molecular mechanism by which theobromine
suppresses adipocyte differentiation vitro and in vivo. Theobromine induced
degradation of C/ EBPD by suppressing AR1
adipocyte differentiation.

Theobrominei ncr eased sumoyl ati on of wil dtype
( K133R) (Fi g. 4E) . The functi on of C/ EBI

posttranslational modifications, including phosphorylation, acetylatiomnguitination
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and sumoylation [10, 11, B4Sumoyhtion was shown to affect multiple aspects of
protein function, including transcriptional activity, subcellular lacation and protein
stability[3 . Sumoyl ati on at Lys 17 3itstanscriptiomab n
activity [36] and C/ Ed&dd bt LysiB3Inshaowed increased degradation through

the ubiquith-proteasome pathway in mice J1Bimilarly, our results indicated that, in

C/ EB

mi c e, t heobromine induced C/ EBPb degradat i

Lys133. Furthermore, our data showttht theobromine suppressed IBMixduced

SENP2 expression (Fig.C). Balances in sumoylation are regulated by SUMO E3

ligase and deumoylation protease. Expression of SUMO E3 ligase was decreased

during adipocyte differentiation while, conversely, thatS&fNP2 was increased aketh

early phase of the processJ11 SENP2 knockdown increased (

and promoted its degratitan in 3T3L1 preadipocytes [34 Furthermore, SENP2
overexpression increased fatty asighthesis in skeletal muscle [37Taken together,
our results indicated that theobromine
sumoylation, through suppression of SENP2 expression.

Theobromind nduced C/ EBPb degradation was
but not of AR2a. AR2a expssion was higher in brown adipocytes than in white
adipocytes, whereas AR1 was primarily expressed in white adgsm both mice and
humans [38 Adenosine increased adipogenesis through ARfhating in white
adipocytes [39, 40 Adipogenic differenation resulted in increased AR1 expression in
mesenchymal stem cells and activation of this receptor was associated widr furth
increases in adipogenesis J[4Beyond its role in adipocytes, AR1 was implicated in

adipogenesis in other tissues. For exanBR1 overexpression increased mMRNA levels
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of an adipocyte marker and led to lipid accumulation in a murine oatgimecursor

cell line, 7F2 [42 These results indicated that suppression of AR1 signaling attenuated
adipogenesis in both adipocytes gréadipocytes. Interestingly, our data showed that
theobromine administration suppressed weight gain in epididymal, but not in mesentery,
adipose tissue (FigAl. As one possible reason for these differences in the two adipose
tissues, adenosine recepsignaling is believed to have different potencies in different
cells. Thus, AR1 signaling activation would have opposing effects in preadipocytes,
compaed wth in mature adipocytes [15, B3 The effects of theobr
degradation were consisteint 3T3-L1 preadipocytes and primary preadipocytes from
epididymal adipose tissue (FI@E and 3), suggesting that AR1 affected adipocyte
differentiation in both 3T3.1 preadipocytes and epididymal adipocytes. These results
indicated that theobromine exed its antiadipogenic effects through suppression of
ARL1 signaling.

Theobromine decreased intracellular cAMP pools and the transcriptional activity of
CREB. These effects were prevented by AR1 knockdown. As a second messenger,
cAMP is important for intreellular signal transduction in many tissues. Increasing
intracellular cAMP levels initiated, and decreased levels inhibitadipocyte
differentiation [44. cAMP activated protein kinase A and CREB, and the activated
CREB inducedexpression of the SENPZge [24, 4h Our data showed that AR1
agonists, selectively, enhanced CREB transcriptional activ@upgl. Fig. S6,
indicating that AR1 signaling increased intracellular cAMP pools in adipocytes.
However, many studies reported that AR1 signaling suppdeadenylate cyclase (AC)

activity, through activation of Gi protein, resulting in decreased intracellular cAMP
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pods [46]. Thus, these reports indicated that inhibition of AR1 signaling would increase
intracellular cAMP poolsgontrary to our findings (§. 3F). As a potential explanation,
although Gi activation inhibited the activity of AC type | in the hippocampus, AC type
Il was constitutvely activated by Gi protein [4.7Therefore, our data suggested that
theobrominebound AR1 decreased intracellu@kMP pools by activating AC type lI,
although further research would be needed to confirm this.

Theobromine inhibited the interaction of adenosine with AR1, but not with AR2a.
Caffeine and theophylline, both methylxanthines, all acted as nonselectigeristta
for adenosine receptorsgR Likewise theobromine, caffeine and theophylline showed
similar effects on central nervougstem and locomotor activity [48However, recent
and growing evidence indicated that theobromine had different psychoactivesa
and blood pressure effects thard ccaffeine and theophylline [49 Furthermore,
theobromine significantly inhibited carrageerinduced lung inflammation, through
suppression of poly(ADIbose)polymerasé, while the effects of caffeine othis
process were very weak [pGVe propose that these differences might have been caused
by different alkyl group positions in theobromine, compared with in the other
methylxanthines. Our results indicated that theobromine acted as a selective ARL1 ligand
in adipocytes.

Our data showed that theobromine, at concentrations above 25 uM, exhibited
antradipogenic effects. Jargg al reported that theobromine decreased adipogenesis in
3T3L1 preadipocytes, througactivationof AMP-activated protein kinase and ERK

signal i ng, at 150 e].glh muman (ir@ervéntiorr Mydies,| Matma

concentrations of theobromine were increase
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theobromine peday for 4 weeks [Z0 In addition, peak plasma concentrations of

theobrominewer appr oxi mately 50

t hat physi ol ogi cal pl as ma

e M b2h sudgestimg n s

concentrThe i ons

effects demonstrated in our study were caused by theobromine at physiological

concentrations.

ARs have ben considered potential therapeutic targets in some diseases, including

cardiz ard inflammatory disorders [14, 16Drug discovery approaches led to

development of selective ligantts each of the AR subtypes [B®ur results indicated

that theobromineacted as a selective AR1 ligand and, consequently, attenuated

adi pocyte di fferentiati on

t hrough

C/ EBPD

antradipogenic phytochemical, might be new therapeutic agents to suppress obesity.
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