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e Dietary theobromine (TB) induces browning of subcutaneous white adipose tissue (WAT).
e TB induces thermogenic and mitochondrial proteins in subcutaneous WAT.

e TB changes gene expression profile for browning of subcutaneous WAT.

e PPARy activation is required for TB-induced browning in mice primary adipocytes.

e TB increases mitochondria mass through inhibition of mitophagy.
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Abstract

The adipocytes play an important role in driving the obese-state—white adipose tissue
(WAT) stores the excess energy as fat, wherein brown adipose tissue (BAT) is responsible
for energy expenditure via the thermoregulatory function of uncoupling protein 1
(UCP1)—the imbalance between these two onsets obesity. Moreover, the anti-obesity
effects of brown-like-adipocytes (beige) in WAT are well documented. Browning, the
process of transformation of energy-storing into energy-dissipating adipocytes, is a
potential preventive strategy against obesity and its related diseases. In the present study,
to explore an alternative source of natural products in the regulation of adipocyte
transformation, we assessed the potential of theobromine (TB), a bitter alkaloid of the
cacao plant, inducing browning in mice (in vivo) and primary adipocytes (in vitro).
Dietary supplementation of TB significantly increased skin temperature of the inguinal
region in mice and induced the expression of UCP1 protein. It also increased the
expression levels of mitochondrial marker proteins in subcutaneous adipose tissues but
not in visceral adipose tissues. The microarray analysis showed that TB supplementation
upregulated multiple thermogenic and beige adipocyte marker genes in subcutaneous
adipose tissue. Furthermore, in mouse-derived primary adipocytes, TB upregulated the
expression of the UCP1 protein and mitochondrial mass in a PPARy ligand-dependent
manner. It also increased the phosphorylation levels of PPARY coactivator 1a without
affecting its protein expression. These results indicate that dietary supplementation of TB
induces browning in subcutaneous WAT and enhances PPARy-induced UCP1 expression

in vitro, suggesting its potential to treat obesity.



52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

Keywords: Autophagy; Browning; Beige adipocyte, Theobromine; Peroxisome
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1. Introduction

Obesity, caused by excessive accumulation of fat in the body without being consumed,
is a serious health problem worldwide. It is associated with the incidence of several
obesity-related diseases, including type 2 diabetes mellitus, cardiovascular disease and
hypertension [1]. Mammals have two different types of adipose tissues: white adipose
tissues (WAT) and brown adipose tissues (BAT). WAT stores energy in the form of
triglycerides, and WAT hypertrophy by excessive lipid accumulation leads to obesity. In
contrast, BAT accelerates the metabolism of triglycerides through B-oxidation and
releases energy in the form of heat by uncoupling the respiratory chain through the
uncoupling protein 1 (UCP1) [2]. Moreover, an inverse correlation between the amounts
of BAT and brown adipocytes with high body mass index, hyperglycemia, and adiposity
has also been reported [3]. Therefore, the therapeutic strategies to alleviate obesity target
the enhancement of BAT formation and activation of brown adipocytes. However, brown
adipocytes that are abundant in newborns decrease significantly in adults with growth. In
contrast, brown-like adipocytes, also known as beige or brite (brown-in-white) adipocytes,
are newly reported as adipocytes located in the WAT in adult humans and have a similar
biochemical and morphological phenotype as brown adipocytes [4]. Similar to brown
adipocytes, beige adipocytes are defined by high mitochondria content, multilocular lipid
droplet morphology, and the expression of a core set of brown adipocyte-specific genes,

such as Ucpl, Cidea, and Elvol3 [5]. In mice, the conversion of white adipocytes into
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beige adipocytes, known as "browning," has been reported to be induced by cold exposure
via the activation of proliferator-activated receptor y (PPARy) and P-adrenergic
stimulation [6]. Moreover, it has been reported that the subcutaneous adipocytes have a
greater differentiation potential compared to visceral adipocytes suggesting that the
subcutaneous adipocytes are more likely to induce browning than visceral adipocytes [5].
Recent studies indicated the existence of beige adipocytes in adult humans [7]; therefore,
it is expected that promoting the browning of white adipocytes could be a beneficial
health strategy against obesity and its related diseases.

The PPARs are a group of nuclear receptor proteins that function as transcription
factors regulating the expression of genes involved in metabolism and cellular
differentiation [8]. Of them, PPARy is the master regulator or crucial determinant of
adipocyte differentiation. It not only regulates the differentiation of white adipocytes but
is also involved in the browning of white adipocytes [8]. In rodent models, it has been
shown that the synthetic ligand-bound PPARYy directly binds to PPAR-response elements
(PPRESs) on the enhancer region of brown-adipocyte-selective and thermogenic genes,
including Ucpl, resulting in browning of white adipocyte [8-10]. The other major
regulators of browning are the PR domain containing 16 (PRDM16) and PPARy
coactivator lo (PGC-1a). Knockdown of PRDM16 expression decreases thermogenic
gene expression and browning in subcutaneous adipocytes, whereas PPARy agonist
increases UCP1 expression through stabilization of PRDM16 protein in WAT [11,12].
Nuclear PGC-1a enhances the expression of thermogenic genes through interaction with
PPARy. Additionally, it has been shown that the function of PGC-1a is regulated by its

expression levels and phosphorylation status. In brown adipocytes, the phosphorylation
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of PGC-1a by p38 mitogen-activated protein kinase is necessary for driving UCPI gene
transcription [13]. Moreover, it is known that PPARY regulates not only browning but also
white adipocyte differentiation; hence, activation of PPARy by excessive synthetic
ligands might cause side effects, such as weight gain [14]. Therefore, it is important to
identify effective alternative compounds that could induce browning from safe food-
derived compounds.

Cacao, a widely consumed fruit, is rich in many polyphenols, including catechins and
procyanidins; therefore, it has gained increasing research interest. However, the health
benefits of theobromine (TB), a methylxanthine found in cacao beans (~ 1%) [15], have
not been explored fully [16-18]. Our previous study showed that short-term
administration of methylxanthine derivative-rich cacao extract suppresses weight gain in
mice [19]. In addition, TB suppresses adipocyte differentiation and adipogenesis in vitro
and in vivo [20]. These studies, though demonstrated the efficacy of TB to suppress
obesity, the effect of TB intake on the browning of WAT has not been explored. Therefore,
the present study investigates the effects of TB intake on the regulation of browning. It
demonstrates an increase in UCP1 protein levels and mitochondria mass in subcutaneous
WAT, increasing heat production and browning of subcutaneous WAT. Furthermore, we
suggest that the activation of PPARY is required for TB-induced adipocyte browning in

mice primary adipocytes.

2. Experimental Section

2.1. Animal experiments
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Six-week-old male C57BL/6N mice were purchased from Japan SLC, Inc. (Shizuoka,
Japan) and housed under controlled temperature (20 + 3°C) with a 12 h light/dark cycle
(lights were turned on at 8:00 am). The mice had free access to food and water and were
acclimated for 7 days before the experiments. The mice were randomly divided into three
groups and fed AIN-93 M diet containing different concentrations of TB —0% (CTL
group), 0.05% (0.05% TB group), and 0.1% (0.1% TB group)—for 63 days (n = 6). At
the end of the experiment, the skin temperature of mice was measured using a
thermographic camera (FLIR Systems), and then the mice were sacrificed under
anesthesia. Adipose tissues and plasma samples and tissues were collected under
anesthesia, and the samples were stored frozen (—80°C) until analysis. Plasma unesterified
fatty acid (NEFA) was determined by NEFA C-Test Wako (Fujifilm Wako Pure Chemical
Industries, Osaka, Tokyo). All animal experiments conformed to the protocols approved
by the Institutional Animal Care and Use Committee of Shinshu University Animal
Experimentation Regulations (Permission Number 290075 and 019024) and the Guide

for Care and Use of Laboratory Animals (NIH Publications No. 8023, revised 1978).

2.2.Cell culture

Adipose stromal cells (ASCs) were isolated and cultured following a previously
described method [21] with minor modifications. Briefly, ASCs were isolated from
inguinal WAT of mice. After digestion with collagenase II and centrifugation,

preadipocytes were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
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supplemented with 20% fetal bovine serum (FBS), 100 pg/mL streptomycin, and 100
units/mL penicillin. After reaching confluency, the cells were treated with a
differentiation-inducing cocktail (DIC; 1 uM dexamethasone, 0.5 mM 3-isobutyl-1-
methylxanthine, 10 pg/mL insulin, 8 ug/mL biotin, and 10 uM rosiglitazone) in DMEM
with high glucose (4.5 g/L glucose), supplemented with 10% FBS for the first 2 days.
Then the cells were cultured in the same medium with or without TB in the presence of
insulin (10 pg/mL) and biotin (8 pg/mL) for another 5 days (total 7 days). The medium
was exchanged every 2 days. The mouse 3T3-L1 adipocytes were cultured following the

method described previously [20].

2.3. Microarray analysis

DNA microarray analyses were carried out by a Kurabo custom analysis service
(Kurabo Industries Ltd., Osaka, Japan). In brief, total RNA (100 ng) was prepared from
inguinal WAT in the control group and 0.1% TB group (n = 2) using the GeneChip WT
PLUS Reagent Kit (Thermo Scientific) according to the manufacturer’s instructions. The
resultant single-strand cDNA was fragmented and labeled with biotin, then hybridized to
the Gene Chip Clariom S Mouse Assay (Thermo Scientific). The arrays were washed,
stained, and scanned using the Affymetrix 450 Fluidics Station and GeneChip Scanner
3000 7G (Thermo Scientific) according to the manufacturer’s recommendations.
Expression values were generated using Expression Console software, version 1.3
(Thermo Scientific), with default robust multichip analysis parameters. The fold changes

in expression between control and 0.1% TB groups were calculated, log 2-transformed,
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and further classified as not changed, increased (signal log ratio change > 2), or decreased
(signal log ratio change < 2), or marginally increased or decreased. We used DAVID, an
online bioinformatics tool designed to identify several genes or protein functions [22,23],
to visualize KEGG pathways (Kyoto Encyclopedia of Genes and Genomes, a database
resource that integrates genomic, chemical, and systemic functional information)

enriched by the TB-upregulated genes.

2 4. Immunohistochemical analysis and immunofluorescence microscopy

For immunohistology, inguinal WAT was fixed in 4% paraformaldehyde solution and
embedded in paraffin. Paraffin sections of 4 pm thickness were dewaxed and incubated
with rabbit anti-UCP1 antibody (GeneTex, Irvine, CA) in PBS containing 3% BSA and
immunostaining was performed using a peroxidase staining 3,3’-diaminobenzidine
(DAB) kit (Nacalai Tesque, Kyoto, Japan). For immunofluorescence microscopy of ASCs,
the cells were cultured on coverslips in 24 well plates. The adipocytes were incubated in
the presence of 100 nM MitoBright Red (Dojindo Molecular Technologies, Inc.,
Kumamoto, Japan) for 60 min, and then cells were fixed by using 4% paraformaldehyde
solution and permeabilized with 0.1% Triton X-100 in PBS. Subsequently, the cells were
treated with PBS containing 10% FBS, 5% BSA, and 0.1% sodium azide, and then
incubated with primary anti-UCP1 or anti-LC3 (MBL, Nagoya, Japan) antibody in PBS
containing 3% BSA, followed by incubation with Alexa Fluor 488-conjugated secondary
anti-rabbit IgG. Nuclei were stained with Hoechst 33258 (1 pg/mL; Nacalai Tesque) at

23+2°C for 20 min. The intensity of each fluorescent signal was quantified using ImageJ
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software (National Institutes of Health, Bethesda, MD), and the ratio of each signal level
was normalized to that of the Hoechst 33258 (Nuclei marker) level. Tissue sections and
cells were imaged with a confocal laser scanning microscope (FV1000-D; Olympus
Optical Co. Ltd., Tokyo, Japan). Adipocyte sizes were calculated from more than 300

cells in each group using the measurement tool in ImageJ software.

2.5. Western blotting

Cell lysate preparation and western blotting were performed as previously described
[20]. In brief, the cells and adipose tissues were lysed and homogenized in the lysis buffer,
respectively. The lysates were then subjected to SDS-PAGE and analyzed by western
blotting using the following mouse mAb: anti-GAPDH (clone; 5A12, Fujifilm Wako,
Osaka, Japan) and rabbit polyclonal [anti-ATG3 (GeneTex, Irvine, CA), anti-COXIV
(Proteintech, Chicago, IL), anti-LC3, anti-p62 (Cell Signaling Technology), and anti-
UCP1 antibodies]. The immunoreactive complexes were detected with the LAS500 (GE
healthcare). The intensity of each band was quantified using ImageJ, and the ratio of each

protein level was normalized to that of the GAPDH (loading control) level.

2.6. Quantitative real-time PCR (qgPCR)

Total RNA was extracted from inguinal WAT and ASCs using Sepal-RNA II Super
(Nacalai Tesque) according to the manufacturer’s instructions, and cDNAs were

synthesized. qPCR was performed with KAPA SYBER FAST qPCR Master Mix

10
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(NIPPON Genetics, Kyoto, Japan) using the specific primers (see Supplementary Table
S1). The relative expression levels of each gene were calculated using the 224t (CT,
cycle threshold) method, and data were normalized to the expression level of Gapdh,

which was used as an endogenous control.

2.7. Oxygen consumption rate (OCR)

The extracellular OCR was measured using Oxygen Consumption Rate Assay Kit
(Cayman Chemical, MI, USA) according to the manufacturer's instructions. ASCs were
grown to confluence and differentiated into mature adipocytes with or without TB (5 uM)
in the presence or absence of rosiglitazone (10 uM) for 7 days in 96-well culture plates.
The spent culture medium was replaced with fresh DMEM supplemented with high
glucose. To calculate basal respiration, proton leak, and ATP production rate, the cells
were incubated with 1.5 uM oligomycin or 1 uM antimycin A for 90 min. Fluorescence
(excitation at 380 nm; emission at 630 nm) of phosphorescent oxygen probe was
measured using a multi-detection microplate reader (Powerscan HT; Dainippon

Pharmaceutical, Osaka, Japan).

2.8. Luciferase reporter assay

The transcriptional activity of PPARy was measured by transiently transfecting cells
with reporter vectors [p3XPPRE-Luc and pRL-SV40 (control reporter vector; Promega)]

and Myc-PPARy expression vector (pLVSIN-Myc-PPARY). Signal activities of the 3-

11
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adrenergic receptor (B3-AR) were measured by using transfection with CRE-responsive
reporter vector (p6xCRE-Luc) and B3-AR expression vectors (pLVSIN-Myc-B3-AR).
After transfection, the cells were incubated with 5 uM TB for 24 h. Firefly and Renilla
luciferase activities were measured using the Dual-Luciferase reporter assay kit and
GloMax 20/20 Luminometer (Promega). Transfection efficiency was normalized to that
of Renilla luciferase. Data are expressed as relative light units (RLU; firefly levels divided

by Renilla levels).

2.9. Isolation of phosphorylated proteins and immunoprecipitation

Phosphorylated proteins in ASCs were isolated using Phos-tag agarose (Fujifilm
Wako) according to the manufactures' instructions. Briefly, the cells were lysed with lysis
buffer, and the cell lysates (15 pg proteins) were incubated with 40 pL of Phos-tag agarose
(50% slurry: Fujifilm Wako) for affinity-purification of phosphorylated proteins. The
resin was washed, and protein bound to the resin was subjected to SDS-PAGE, followed
by western blot analysis. Immunoprecipitation was performed as previously described
[24]. In brief, the cell lysates were incubated with unimmunized control IgG or mouse
monoclonal anti-PPARY IgG, followed by incubation with 40 pL protein G-Sepharose
resin (80% slurry; GE Healthcare) at 4°C for 1 h. The resin was washed, and proteins

bound to the resin were separated by SDS-PAGE and analyzed by western blotting.

2.10. Statistical analysis

12
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Data were analyzed by one- or two-way analysis of variance with Tukey’s post hoc
testing. Statistical analysis was performed with JMP statistical software version 11.2.0
(SAS Institute. Cary, NC). In vivo and in vitro data are expressed as means = SEM and +

SD, respectively. A p-value of < 0.05 was considered statistically significant.

3. Results

3.1. Dietary TB decreases weight gain and increases skin temperature

We investigated the effect of TB administration on the accumulation of body fat in
mice. The dietary intake of TB decreased the weight gain of the mice in the 0.1% TB
group compared to the mice in the control group. In addition, the final body weight was
smaller in the 0.1% TB group than in the control group (p = 0.067; Fig. 1A). To determine
the effects of TB intake on body temperature, the skin temperature of the inguinal region
was measured by using an infrared thermography camera, which revealed that TB
significantly increased skin temperature of the inguinal region in mice of the 0.1% TB
group (Fig. 1B). No difference in skin temperature was observed between the control
group and the 0.05% TB group. Therefore, the subsequent analysis mainly compared the
control group and the 0.1% TB group.

At the end of the experiment, we collected inguinal adipose tissue as subcutaneous
WAT, perigonadal and retroperitoneal adipose tissues as visceral WAT and interscapular
adipose tissue was collected as BAT. The adipose tissue weights of inguinal and

retroperitoneal regions were lower in the 0.1% TB group than that in the control group

13
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(Fig. 1C). In contrast, TB did not affect adipose tissue weight of perigonadal WAT and
interscapular BAT. Furthermore, the NEFA levels were attenuated in the 0.1% TB group
(Fig. 1D), whereas the average daily energy intake during the 63 days was not influenced
by TB intake (Fig. 1E). These results indicate that dietary intake of 0.1% TB decreased

the weight gain of WAT and increased skin temperature in mice.

3.2. Dietary TB induces expression of thermogenic proteins and miniaturization of

adipocytes in subcutaneous WAT

The induction of UCPI protein expression and adipocyte miniaturization are the
characteristic feature of the browning of WAT. Therefore, we examined the effect of TB
intake on the expression levels of UCP1 protein and mitochondrial marker protein in each
adipose tissue. The results demonstrated that TB intake significantly induced UCP1
protein in inguinal WAT of mice in the 0.1% TB group, whereas the protein expression
of UCPI was not detected in the WAT of the mice in the control group (Fig. 2A).
Furthermore, the mitochondrial marker protein COXIV levels were increased in inguinal
and perigonadal WAT in the 0.1% TB group than that in the control group. However, the
dietary intake of TB did not change the protein levels of UCP1 and COXIV in BAT among
the three groups. The protein induction of UCP1 and COXIV was also obtained by dietary
0.2% TB intake (Supplementary Fig. S1). Inmunohistochemical staining showed that the
UCP1-immunopositive area was distinctly expanded in inguinal WAT of the 0.1% TB
group (Fig. 2B), whereas it did not affect the UCP1-immunopositive area in perigonadal

adipose tissues. Furthermore, we quantified the effect of dietary supplementation of TB
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on the adipocyte size and demonstrated that the 0.1% TB group had smaller adipocytes
with a reduction in mean adipocyte area than those in the control group (Fig. 2C). In
addition, the frequency distribution of adipocyte size was shifted toward a smaller size in
TB-supplemented mice than in control mice (Fig. 2D). These results indicate that TB
intake induces the UCP1 expression in subcutaneous WAT but not in visceral WAT. In
addition, it induces healthy expansion of WAT through adipocyte hyperplasia by

increasing the number of small and healthy adipocytes.

3.3. TB changes gene expression profile for browning of subcutaneous WAT

To determine whether TB affects transcriptomic changes for other browning-associated
genes in inguinal WAT, we performed the genome-wide analysis using GeneChip assay.
It identified that 636 genes were significantly differentially expressed (fold change > 2 or
< 0.5) in inguinal WAT between the control and 0.1% TB groups (Supplementary Table
S2). These differentially expressed genes included the genes involved in brown cell
differentiation and beige adipocyte markers (Table 1). TB increased the expression of
Ucpl and browning-associated genes, such as Elovi3, Cidea, Cox7al, Cox8b, and Cptlb
in inguinal WAT, and similar results were obtained by qPCR (Fig. 3A), whereas some
other browning-associated genes, such as Prdml6, Ppargcla, Ppargclb, were largely
unchanged by TB intake (Supplementary Table S2). To understand the possible pathway
of TB-upregulated genes, KEGG pathway enrichment was re-analyzed using DAVID
Bioinformatics Resources. Results showed that six genes (UCPI, FABP3, CPT-1,

FATP1/4, FABP, and FATP) were markedly enriched in the PPAR signaling pathway. In
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particular, four genes (UCP1, FABP3, CPT-1 and FATP1/4) are downstream of PPARy
(Supplementary Fig. S2). However, TB suppressed the expression levels of PPARy target
genes such as Fabp4, Cd36, and Lep in WAT (Fig. 3B), whereas PPARY levels were not
affected by TB intake (Fig. 3B and 3C). These results indicate that TB induces WAT
browning at transcriptional levels and suggests that PPARy is involved in TB-induced

browning.

34. Direct effect of TB treatment on browning-associated genes in mice primary

adipocytes

From the in vivo experiments, it was unclear whether TB induces the browning of white
adipocytes by directly stimulating the preadipocytes. Therefore, we analyzed the direct
effect of TB on white adipocyte browning using primary culture cells; we prepared
adipose stromal cells (ASCs) capable of differentiating into brown adipocytes from
inguinal WAT. The results showed that TB alone did not influence UCP1 protein levels
in ASCs; however, in combination with rosiglitazone, a synthetic PPARy ligand, it
increased UCP1 protein levels (Fig. 4A). In addition, COXIV protein levels were also
synergistically increased by TB and rosiglitazone, and the increase in UCP1 and COXIV
proteins demonstrated a dose-dependency (Fig. 4B). Moreover, the protein levels of
PPARy and PRDM16 were increased by rosiglitazone, whereas TB did not influence these
protein levels. Furthermore, the expression level of the Ucpl gene was also
synergistically enhanced by TB in the presence of rosiglitazone (Fig. 4C and 4D). In

addition, it also upregulated the expression of browning-associated genes (Fig. 4E). On
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the contrary, TB did not influence the expression of PPARYy target genes such as Fabp4
and Cd36 in WAT. These results indicate that TB induces browning of ASCs in a PPARYy

activation-dependent manner.

3.5. Effect of TB on proton leak in mitochondria

Based on the findings that TB enhanced UCP1 expression in a rosiglitazone
concentration-dependent manner, we hypothesized that TB might change uncoupled OCR
from proton leak in the mitochondrial respiration. To prove our hypothesis, OCR was
measured in differentiated ASCs using oligomycin, an inhibitor of ATP synthase, and
antimycin, an inhibitor of the mitochondrial electron transport chain. Rosiglitazone
elevated basal OCR and uncoupled OCR from proton leak, which were further enhanced
by TB (Fig. 5 left panel and middle panel). On the contrary, TB had no influence on ATP-
generating OCR in the presence of rosiglitazone (Fig. 5, right panel). Our results indicate
that TB enhances mitochondrial uncoupling respiration in parallel with increased UCP1

protein levels in a PPARY activation-dependent manner.

3.6. Direct effect of TB treatment on browning-associated factors

The ligand-bound PPARY and B3-AR induce adipocyte browning of white adipocyte,
respectively. Therefore, it is expected that TB could act as a PPARy or 3-AR agonist. To
test this possibility, we analyzed the PPARy and B3-AR-mediated transcriptional activity

of TB. The results showed that TB did not influence PPARY transactivation and B3-AR-
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mediated transcriptional activity (Fig. 6A and 6B), suggesting that TB enhances PPARYy

signaling; however, it does not act as a PPARYy ligand.

3.7. TB promotes phosphorylation of PGC-1a

Next, we investigated the effect of TB on the status of PGC-1a in ASCs. Although TB
slightly increased the gene expression of Ppargcla, its protein (PGC-1a) levels did not
increase (Fig. 7A and 7B), whereas rosiglitazone neither influenced the expression of the
Ppargcla gene nor its protein and mRNA levels. Subsequently, to determine whether TB
affects the phosphorylation of PGC-1la, the phosphorylated proteins were affinity-
purified from TB-treated ASCs using Phos-tag agarose, and PGC-1a was detected with
western blotting. The overall phosphorylation level of PGC-1a was increased by TB in
the presence of rosiglitazone, but not by rosiglitazone alone (Fig. 7C). Furthermore, co-
immunoprecipitation showed that TB increased the interaction with PPARy and PGC-1a
in the presence of rosiglitazone (Fig. 7D). These results suggest that TB enhances PPARy

activation by regulation of PGC-1a phosphorylation levels.

3.8. TB increases mitochondria mass through inhibition of mitophagy

Fluorescence staining of mitochondria with MitoBright revealed that rosiglitazone
increased MitoBright-positive areas in ASCs, whereas TB enhanced the effect of
rosiglitazone on mitochondrial mass (Fig. 8A). Furthermore, like MitoBright, the

fluorescent area of UCP1 in mitochondria was expanded by TB in the presence of
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rosiglitazone, indicating the synergistic effects of TB and rosiglitazone on mitochondria
mass. As mitochondria mass is regulated by biogenesis and mitophagy, the specific
autophagic elimination of mitochondria [25], we investigated the influence of TB on the
expression levels of mitochondrial biogenesis-associated genes, such as Tfam, Nrfl, and
Cycs. The results demonstrated no significant influence of TB on the expression of these
genes (Fig. 8B). Similarly, to determine whether TB regulates mitophagy, we assessed
the autophagosome marker LC3 in TB-treated ASCs and observed a decrease in the
conversion ratio of LC3-1to LC3-II in a dose-dependent manner (Fig. 8C). These findings
indicate the suppression of autophagy. Furthermore, the autophagy adaptor protein p62
and autophagy-related 3 (ATG3) were accumulated in TB-treated ASCs, while these gene
expression levels were not increased by TB (Fig. 8D), indicating that TB suppresses
protein degradation of p62 and ATG3 by autophagy. Furthermore, immunofluorescence
microscopy revealed the formations of LC3-II-derived punctate structures in ASCs,
which were attenuated by TB treatment (Fig. 8E). These results indicate that TB increases

mitochondria mass through the suppression of mitophagy.

4. Discussion

The activation of brown and beige adipocytes can prevent obesity and its-associated
diseases by increasing thermogenesis and improving lipid and carbohydrate metabolism.
In humans, brown adipocytes are abundant in newborns; whereas, they decrease
significantly with growth. However, the beige adipocyte in adult humans plays a similar

role in BAT. Furthermore, they exhibit a similar genotype as that of mouse beige
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adipocytes [26], indicating that induction of transformation of beige adipocytes from
white adipocytes in mice could be applied to human researches. In addition, it has also
been shown that the thermogenic activity of inducible beige adipocytes is higher than that
of brown adipocytes [27]. Therefore, the induction of white adipocyte browning has more
potential as a therapeutic strategy for obesity and its associated diseases. Several studies
have attempted to induce browning by chemical materials; however, due to the adverse
side effects of the chemicals, the research interests in nutraceuticals have increased. In
this study, we made a concerted effort to show the efficacies of TB, a natural alkaloid
found in cocoa. The findings demonstrated that TB induces the development of beige
adipocytes in inguinal WAT in mice. Furthermore, our data indicate that PPARYy signaling
is essential for TB-mediated induction of beige adipocyte differentiation in primary
culture cells.

Several studies have reported that the chemical molecules activate thermogenesis and
directly or indirectly induces adipocyte browning via various signaling pathways [28-30].
However, dietary foods, such as curcumin, capsaicin, fish oil, etc., which are rich in
eicosatetraenoic acid and docosahexaenoic acid, induce WAT browning via the
sympathetic nervous system (SNS) [28-30]. These food-derived bioactive components
activate SNS by binding to transient receptor potential vanilloid 1 (TRPV1), which
subsequently stimulates the release of norepinephrine, a catecholamine [28-30]. The
released norepinephrine then induces white adipocyte browning by binding to 3-AR on
adipocytes. Although the P3-AR signaling is a dominant pathway to activate
thermogenesis in beige adipocytes and brown adipocytes, f3-AR agonists have been

shown to have clinical side effects of cardiovascular diseases [31]. Here, we demonstrated
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that TB did not stimulate B3-AR signaling in B3-AR-overexpressed adipocytes (Fig. 6B),
indicating that TB could be a valuable food-derived compound that induces adipocyte
browning by directly stimulating adipocytes in a f3-AR-independent manner.

The findings also revealed that TB enhanced UCP1 protein levels in primary culture
cells in a PPARY activation-dependent manner. PPARY is required to differentiate white
and brown adipocytes, while overexpression of PPARY is not sufficient for the browning
of white adipocytes [32], indicating that the activation of PPARy by its agonists is
required for browning of white adipocytes. Moreover, the ability of PPARY agonists to
induce UCP1 has also been documented [8,9,12]. Studies have also shown that PPARy
synergistically promotes UCP1 expression and adipocyte browning by coordinating with
other factors, such as the fibroblast growth factor 21 (FGF21), a predominant liver-
derived hormone that regulates lipid and glucose homeostasis. Subcutaneous injection of
FGF21 increases Ucpl expression and promotes WAT [33]; however, direct treatment to
culture cells (preadipocyte or adipocyte) hardly increases Ucpl expression [34].
Interestingly, the combination of FGF21 and PPARy agonist has been shown to
synergistically increase Ucpl expression, indicating that FGF21 can induce browning of
adipocytes, but only with PPARy activation [34]. The increase in UCP1 protein levels
demonstrated in this study by TB is similar to the effect of FGF21 in a PPARY activation-
dependent manner.

Furthermore, our results revealed that TB increased the phosphorylation of PGC-1a;
however, it had no influence on the PGC-1a protein level (Fig. 7B). Although PGC-1a is
not required for adipocyte differentiation, it is essential for cold- or B3-AR agonist-

induced thermogenic gene expression in WAT [35]. Reportedly, PGC-1a expression and
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activity are regulated by p38 mitogen-activated protein kinase in response to f3-AR
agonist, and B3-AR signaling-induced phosphorylation of PGC-la regulates the
thermogenic gene expression through interaction with PPARy in brown adipocytes [13].
Furthermore, the activation of AMP-activated kinase in skeletal muscle increases glucose
uptake and gene expression of UCP2, UCP3 by the phosphorylation of PGC-1a [36].
Taken together, these results indicate that TB synergistically enhances UCP1 expression
and adipocyte browning by coordinating with PPARY, and the increased phosphorylation
of PGC-1a by TB regulates the PPARy-mediated UCP1 expression.

TB further enhanced the rosiglitazone-induced elevation in basal respiration and proton
leak. Reportedly, increased protein expression of UCP1 promotes uncoupling respiration
from proton leak [2]. Furthermore, it has also been shown that rosiglitazone and (-
adrenergic stimulation enhances the expression of UCP1 protein and mitochondrial
respiration, including basal respiration and uncoupling respiration, wherein UCPI
knockdown decreased the rosiglitazone-induced increase in uncoupling respiration in
adipocytes [37], indicating that UCP1 plays an important role in the regulation of
uncoupling respiration by PPARYy activation. Concordant with these findings, our findings
demonstrated a similar mechanism of increase in mitochondrial uncoupling respiration
by TB is mediated via an increased expression of UCP1 in adipocytes. UCP1-mediated
uncoupling respiration is known to generate heat. It has been shown that food-derived
bioactive compounds that promote the browning of WAT improve cold tolerance by
increasing the expression of thermogenic genes that generates heat [38]. Consistent with
this study findings, our data provide evidence that TB intake increases UCP1 protein

levels in subcutaneous WAT and skin temperature in mice (Fig. 1B and 2A), suggesting
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that it might play a role in adaptation to cold; however, further studies are required to
explore this aspect of TB and its underlying mechanisms.

TB decreased the conversion of LC3-I to LC3-II, an autophagy marker, in a dose-
dependent manner, indicating that autophagy is suppressed by TB. It has been shown that
mitochondrial degradation by mitophagy is involved in decreasing beige adipocytes, and
the activation of autophagy has been observed in adipose tissue of obese individuals [39].
Furthermore, the knockout of the autophagy-related gene Arg7 has been shown to increase
the mitochondrial mass and brown-like adipocyte in WAT and protect from diet-induced
obesity [40,41]. In addition, pharmacological inhibition of mitophagy has been reported
to maintain the functional beige adipocytes even after withdrawal of the browning stimuli
[40]. In contrast, browning stimuli also increase the mitochondrial mass by inducing
mitochondrial biogenesis regulators, such as PGC-1a, Nrfl, and Tfam [25]. However, TB
did not influence the expression levels of these transcriptional regulators (Fig. 8B).
Interestingly, Altshuler-Keylin et al. (2016) reported that mitochondrial biogenesis
contributes to the maintenance of high mitochondrial mass in brown adipocytes, while
down-regulation of mitophagy plays a critical role in the mitochondrial homeostasis in
beige adipocytes [42]. Taken together, our results suggest that TB increases mitochondrial
mass and maintains the characteristic of brown-like adipocytes by down-regulation of
mitophagy.

In this study, we treated the ASCs with rosiglitazone, a synthetic PPARy agonist, to
selectively activate PPARy. Several studies have reported that the endogenous ligands for
PPARY include long-chain fatty acids and prostanoids with low binding affinities do not

activate PPARY signaling at their physiological concentrations [12,43,44]. In contrast,
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Baker et al. (2005) and Schopfer et al. (2005) found nitroalkene derivatives of unsaturated
fatty acid (nitrolinoleic acid and nitrooleic acid) in human plasma serve as strong
endogenous PPARYy ligands [45,46]. Like rosiglitazone, nitrolinoleic acid activates
PPARy at physiological concentrations and exhibits antidiabetic and antiadipogenic
effects in vivo [46,47]. Our results showed that TB induced browning of WAT even
without administration of rosiglitazone in vivo, indicating that TB might promote
browning of WAT by interacting with the activation of PPARy and could serve a potent
endogenous ligand in vivo.

The effects of nutraceuticals derived from the bioactive components of food vary
depending on their concentration. For example, it has been reported that the daily intake
of a high dose of TB tends to result in higher blood concentrations, and in the human
intervention studies with TB, its blood concentrations increase to about 28.75 uM [48].
We have previously demonstrated that a high concentration of TB (25 uM) suppresses
adipogenesis and adipocyte differentiation in 3T3-L1 adipocytes and younger mice. It
also reduces the expression of PPARy [20]. In addition, another study has reported that
adipogenesis is decreased by high concentrations of TB {150 pg/mL (877 uM)} [49].
Here, we show that UCP1 is upregulated by TB at a concentration of 5 pM, indicating
that a low concentration of TB affects white adipocytes browning but not adipogenesis
and PPARY protein levels. Collectively, these results suggest that TB could exert different
effects depending on its concentration.

The present results demonstrate that TB directly induces adipocyte browning; however,
the target proteins to which TB binds to induce adipocyte browning are elusive.

Methylxanthine compounds, including TB, caffeine, and theophylline, play as antagonists
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of the adenosine receptor (AR) family. ARs regulate adipogenesis, lipolysis, and
adipocyte browning, whereas AR1 and AR2a show contrasting actions in adipocytes [50].
In WAT, AR1 agonist inhibits lipolysis, followed by a greater capacity for thermogenesis
and activation of UCP1 [51], and knockout or pharmacological inhibition of ARI
increases lipolysis in white adipocytes of mice [52]. On the contrary, AR2a agonist
increases UCP1 expression and induces adipose browning without affecting
norepinephrine production [52]. Previously we have shown that TB exerts an anti-
adipogenic effect by interaction with AR1, but not with AR2a in 3T3-L1 adipocyte [20].
These results suggest that TB inhibits the function of AR1 by binding to it as an antagonist,
resulting in the activation of AR2a, which in turn promotes UCP1 expression and adipose
browning. However, for precise identification of the target proteins and to clarify the
exact molecular mechanism of TB-induced browning, further studies are warranted.

In summary, this is the first study to show that TB intake induces UCP1 and
thermogenesis in subcutaneous WAT in vivo and enhances PPARY signaling in vitro.
These data provide evidence that dietary intervention of TB could be useful in inducing
adipocyte browning and assist in developing a potential therapeutic strategy for the

prevention of obesity and its associated diseases.
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Figure legend

Fig. 1. Body and adipose tissue weight in theobromine (TB) treated mice. (A)
C57BL/6J mice were administered a diet containing 0%, 0.05% or 0.1% TB. Body weight
was recorded for 63 days. (B) Skin temperature of the inguinal region. (C) The weight of
the liver and each adipose tissue of mice with TB supplementation. Ing; inguinal adipose
tissue, Peri; perigonadal adipose tissue, Retro; retroperitoneal adipose tissue, IS;
interscapular BAT. Inguinal, perigonadal, and retroperitoneal adipose tissues are
categorized as WAT. (D) Levels of plasma no-esterified fatty acid (NEFA) in mice with
0.1% TB supplementation. (E) Daily food intake for mice with 0.1% TB supplementation.
Data are presented as the mean £ SEM (n = 6). Statistically significant differences are

indicated by an asterisk (*p < 0.05).

Fig. 2. Effect of dietary TB on the expression of thermogenesis and fat size in adipose
tissues. (A) Protein expression of UCP1 and COXIV in WAT or BAT from mice following
63 days treatment with either vehicle (CTL), 0.05% TB or 0.1% TB. Western blotting
data shows two samples randomly selected from 5 samples in each group (left panels).
The ratio of each band was normalized to that of GAPDH. Western blotting data are
presented as the mean £ SEM (n = 5) (right panels). Inguinal, perigonadal, and
retroperitoneal adipose tissues are categorized as WAT. Interscapular adipose tissues are
categorized as BAT. (B) Immunohistochemical staining of UCP1 in inguinal or
perigonadal adipose tissues from mice following 63 days treatment with 0.1% TB. Scale

bar indicates 50 um. (C) The average size of adipocytes was determined in the CTL and
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0.1% TB. (D) Distribution of adipocytes on the transverse section was calculated (more
than 300 cells were measured in each group) in the CTL and 0.1% TB. Histological data

are presented as means £ SEM (n = 3). *p <0.05 vs CTL.

Fig. 3. Effect of dietary supplementation of TB on browning at gene expression levels.
(A) The expression of browning-associated genes in inguinal WAT from mice following
63 days of treatment with either vehicle (CTL) or 0.1% TB. (B) The expression of PPARy
target genes in inguinal WAT from mice. (C) Protein expression of PPARY in inguinal
WAT of mice treated with 0.1% TB. The intensity of each band was quantified using
ImageJ 1.44, and the ratio of each band was normalized to that of GAPDH. Data are

presented as the mean + SEM (n = 3), *p < 0.05 compared with control group.

Fig. 4. Involvement of PPARY in the TB-mediated expression of browning-associated
genes. (A) Western blotting of UCP1 and COXIV in ASCs after induction of adipocyte
differentiation with a differentiation-inducing cocktail (DIC) in the presence or absence
of either 10 uM rosiglitazone (Rosi), 5 uM TB or both for 7 days. The intensity of each
band was quantified using ImageJ 1.44, and the ratio of each band was normalized to that
of GAPDH. n.d. (not detected). (B) Protein expression of UCP1 and COXIV in ASCs
after induction of adipocyte differentiation with the indicated concentrations of TB in the
presence of Rosi. The band intensity was quantified, and the ratio of each band was
normalized to that of GAPDH (middle and right panels). (C) Gene expression of Ucpl
in ASCs after induction of adipocyte differentiation with DIC with or without 5 uM TB

in the presence or absence of Rosi. (D) Gene expression of Ucpl in ASCs after induction

35



776

7T

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

of adipocyte differentiation with the indicated concentrations of TB in the presence of
Rosi. (E) Gene expression in ASCs after induction of adipocyte differentiation with or
without TB in the presence of Rosi. *p <0.05 compared with TB non-treated group. Data
are presented as the mean + SD (n = 3). Statistically significant differences are indicated
by different letters (p < 0.05). If the groups share at least one letter between them, the
difference is not statistically significant. However, if there is no common letter between
the groups, the difference between them is statistically significant. All data shown are

representative of triplicate independent experiments.

Fig. 5. Effect of TB on mitochondrial respiration. The OCR of from the basal
respiration (left panel), proton leak (middle panel), and ATP production (right panel) rates
were measured by using oligomycin and antimycin A in ASCs treated with 10 uM
rosiglitazone (Rosi) and 5 uM TB for 7 days. Data are representative of triplicate
independent experiments presented as the mean + SD (n = 3). Statistically significant
differences between the groups are indicated by different letters (p < 0.05). If the groups
share at least one letter between them, the difference is not statistically significant.
However, if there is no common letter between the groups, the difference between them
is statistically significant. All data shown are representative of triplicate independent

experiments.

Fig. 6. PPARY or B3-AR ligand activity of TB. (A) Luciferase reporter assay for
transcriptional activity of PPARY in cells treated with 5 pM TB or 10 uM rosiglitazone

(Rosi). (B) Luciferase reporter assay for B3-AR-mediated transcriptional activity in cells
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treated with 5 uM TB or 100 nM CL316243, a B3-AR-selective agonist. Data are
presented as the mean £ SD (n = 3). Data are representative of triplicate independent
experiments presented as the mean = SD (n = 3). Statistically significant differences

between the groups are indicated by different letters (p < 0.05).

Fig. 7. Effect of TB on status of PGC-1a in ASCs. (A) Gene expression of Ppargcla
(PGC-1a) in ASCs after induction of adipocyte differentiation with DIC with or without
5 uM TB in the presence or absence of 10 uM rosiglitazone (Rosi) for 7 days. Data are
representative of triplicate independent experiments presented as the mean + SD (n = 3).
Statistically significant differences between the groups are indicated by different letters
(p < 0.05). (B) Western blotting of PGC-1a in ASCs after induction of adipocyte
differentiation with DIC in the presence or absence of Rosi and TB. (C) Detection of
phosphorylation of PGC-1a proteins in ASCs after induction of adipocyte differentiation
with DIC with or without TB in the presence of Rosi. Phosphorylated proteins were pulled
down (PD) and analyzed by western blotting. (D) Co-immunoprecipitation of PPARy and
PGC-1a in ASCs treated with or without TB in the presence of Rosi. PPARy-interacted

proteins were immunoprecipitated (IP), followed by western blot analysis.

Fig. 8. Involvement of TB in mitochondrial biogenesis and degradation. (A)
Immunofluorescence staining of intracellular mitochondria (Red) and UCP1 (Green) in
ASCs after induction of adipocyte differentiation with or without 5 uM TB in the presence
of 10 uM rosiglitazone (Rosi). Nuclei were stained with Hoechst 33258 (blue). Scale bar

indicates 30 um (left panels). The ratio of fluorescent signals was normalized to nuclear
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signals (right panels). (B) mRNA expression of mitochondria biogenesis-associated
genes in ASCs after induction of adipocyte differentiation with or without TB in the
presence of Rosi. (C) Western blotting of autophagy-associated proteins in ASCs after
induction of adipocyte differentiation in the indicated concentration of TB in the presence
of Rosi (left panels). The ratio of LC3-II and other proteins was normalized to LC3-I and
GAPDH, respectively (middle and right panels). (D) Gene expression of LC3 (Map1lc3a),
ATG3 (Azg3) and p62 (Sgstml) in ASCs after induction of adipocyte differentiation with
or without TB in the presence of Rosi. (E) Immunofluorescence analysis of LC3 (Green)
in ASCs incubated with or without TB in the presence of Rosi. Nuclei were stained with
Hoechst 33258 (Blue). The arrow shows the LC3-II puncta structure. Scale bar indicates
50 um (left panels). The ratio of fluorescent signals was normalized to nuclear signals
(right panels). (B-D) Data are representative of triplicate independent experiments
presented as the mean = SD (n = 3). (B,D) *p < 0.05; with TB vs. without TB; (C)
Statistically significant differences between the groups are indicated by different letters

(p <0.05).
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Table 1. Browning-associated genes encoding TB-upregulated genes in subcutaneous

adipose tissue

Gene Accession | Gene Symbol | Fold change | Category

NM_009463 Ucpl 183.15 brown adipocyte marker

NM 007703 Elovi3 29.97 beige adipocyte marker

NM 010174 Fabp3 9.50 brown fat cell differentiation
NM 009944 Cox7al 7.18 beige adipocyte marker

NM 007702 Cidea 6.04 beige adipocyte marker
NM_ 009948 Cptlb 5.54 beige adipocyte marker

NM 007751 Cox8b 5.03 beige adipocyte marker

NM 133904 Acach 3.91 beige adipocyte marker

NM_ 001164047 | Mb 3.90 brown fat cell differentiation
NM 011068 Pexlla 3.88 brown fat cell differentiation
NM 001163010 | Mupl 3.27 brown fat cell differentiation
NM 010050 Dio2 2.35 beige adipocyte marker

NM 024437 Nudt7 2.28 brown fat cell differentiation
NM 009204 Slc2a4 2.28 brown fat cell differentiation
NM 018825 Sh2b2 2.13 brown fat cell differentiation
NM_ 029844 Mrap 2.03 brown fat cell differentiation
NM 009941 Cox4il 2.02 beige adipocyte marker
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