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Abstract We previously reported that curcumin induces
browning of primary white adipocytes via enhanced
expression of brown adipocyte-specific genes. In this study,
we attempted to identify target proteins responsible for this
fat-browning effect by analyzing proteomic changes in
cultured white adipocytes in response to curcumin treat-
ment. To elucidate the role of curcumin in fat-browning,
we conducted comparative proteomic analysis of primary
adipocytes between control and curcumin-treated cells
using two-dimensional electrophoresis combined with
MALDI-TOF-MS. We also investigated fatty acid meta-
bolic targets, mitochondrial biogenesis, and fat-browning-
associated proteins using combined proteomic and network
analyses. Proteomic analysis revealed that 58 protein spots
from a total of 325 matched spots showed differential
expression between control and curcumin-treated adipo-
cytes. Using network analysis, most of the identified pro-
teins were proven to be involved in various metabolic and
cellular processes based on the PANTHER classification
system. One of the most striking findings is that hormone-
sensitive lipase (HSL) was highly correlated with main
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browning markers based on the STRING database. HSL
and two browning markers (UCP1, PGC-10) were co-im-
munoprecipitated with these markers, suggesting that HSL
possibly plays a role in fat-browning of white adipocytes.
Our results suggest that curcumin increased HSL levels and
other browning-specific markers, suggesting its possible
role in augmentation of lipolysis and suppression of lipo-
genesis by trans-differentiation from white adipocytes into
brown adipocytes (beige).

Keywords Anti-obesity - Curcumin - Fat-browning -
Proteome - White adipocytes

Abbreviations

2-DE Two-dimensional electrophoresis

ANXA2 Annexin A2

AMPK AMP-activated protein kinase

ATP5B ATP synthase subunit beta, mitochondrial
CA3 Carbonic anhydrase 3

CS Citrate synthase

C/EBP/Cebp  CCAAT/enhancer-binding protein/
encoding gene

FABP4 Fatty acid binding protein 4

HADH Trifunctional enzyme subunit alpha

HSL Hormone-sensitive lipase

HSP90 Heat shock protein 90 kDa

PGC-1a Peroxisome proliferator-activated receptor
gamma co-activator 1-alpha

MDH Malate dehydrogenase

PPAR Peroxisome proliferator-activated receptor

PRDM16/ PR domain-containing 16/encoding gene

Prdml6

UCP/Ucp Uncoupling protein/encoding gene

WAT White adipose tissue
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Introduction

Obesity is associated with disorders such as hypertension,
dyslipidemia, endothelial dysfunction, and diabetes [1, 2].
It is mainly characterized by excessive deposition of adi-
pose tissues, and induction of lipolysis is considered as a
targeted therapy for the prevention and improvement of
obesity [3, 4]. White adipose tissue (WAT) stores excess
energy as triacylglycerol (TG) during fasting, and plays a
key role in energy metabolism by providing free fatty acids
(FFA) and glycerol through hydrolysis of TG [5]. In con-
trast, brown adipose tissue (BAT) is specialized for non-
shivering thermogenesis through fat burning and high
expression of mitochondrial uncoupling protein 1 (UCP1),
which uncouples respiration and dissipates chemical
energy as heat [6, 7].

Intriguingly, rediscovery of BAT in adult humans has
led to a renaissance in the study of this tissue as a target for
the development of therapeutic treatments for obesity [8].
Besides classical brown adipocytes, beige or “brite”
(brown in white) adipocytes are developmentally distinct
and are formed from transdifferentiation of mature white
adipocytes or differentiation of brown adipogenic progen-
itors [9, 10]. Transcriptional regulators important for con-
trolling expression of the BAT phenotype include
PRDM16, PGC-1a, and PPARY [9]. Among them, PGC-1a
controls mitochondrial biogenesis and heat production by
inducing expression of UCP1 and other respiratory factors.
Most studies on induced browning of white adipocyte have
been conducted under cold exposure and pharmacological
activation of B3-adrenergic receptors in WAT via promo-
tion of WAT remodeling by adipocyte progenitors [11, 12].

Meanwhile, there has been considerable investigation of
pharmacological nutritional/dietary agents as well as sig-
naling pathways that contribute to browning of WAT [13].
Several dietary compounds such as capsaicin, berberine,
orexin, and irisin have been reported as browning pro-
moters by energy expenditure and lipolysis [14—16]. Here,
we focused on curcumin, a natural compound extracted
from rhizomes of Curcuma species, since it is a naturally
occurring curcuminoid of turmeric, which is a member of
the ginger family (Zingiberaceae) [17]. Moreover, dietary
curcumin administration was reported to prevent weight
gain and play an anti-inflammatory role in obesity [18].
Our previous study indicated that curcumin along with a
browning cocktail could synergistically induce the brite
phenotype and drive BAT thermogenesis through signifi-
cant elevation of brown fat-specific genes [19].

For comprehensive understanding of the role of adipose
tissue in obesity, several proteomic studies using rodent
adipose tissues have been carried out, and proteins in BAT
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and WAT from rodents subjected to high fat diet have been
compared [20, 21]. Furthermore, comparative proteomic
analysis was also carried out during brown preadipocyte
differentiation or adipose tissue lipolysis [22, 23]. These
studies demonstrated several mechanistic pathways that
control expression of thermogenesis proteins in BAT.
Previously, we reported that the expression of several
thermogenic and lipogenic proteins varies in adipose tis-
sues of obese prone and obese-resistant rats [20]. Another
research group compared expression of proteins in WAT
and BAT between calorie-restricted and control rats [24].
The results showed that ATP-citrate synthase (ACLY) was
up-regulated by caloric restriction, which altered activities
of proteins associated with energy metabolism.

In this study, we observed that curcumin has a browning
effect on white adipocytes based on its ability to alter
expression of brown adipocytes marker proteins in white
adipocytes, thereby inducing acquisition of BAT features.
To obtain more detail, we performed comparative proteomic
analysis of primary white adipocytes between control and
curcumin-treated adipocytes, as curcumin and a browning
cocktail synergistically induced the brite phenotype. In
addition, network analyses suggested that enhanced
expression of HSL and other browning-specific markers by
curcumin treatment reduces body fat by increasing lipolysis
and suppressing lipogenesis by trans-differentiation from
white adipocytes into beige adipocytes.

Materials and methods

Culture and differentiation of primary white
adipocytes

Ten-day-old sprague-dawley (SD) rats were purchased from
Daehan Experiment Animals (Seoul, Korea). Rats were used
for isolation of primary stromal vascular fractions (SVFs)
from rat inguinal fat pads, cultured, and differentiated into
mature primary adipocytes as described previously [25]. In
brief, inguinal fat pads were minced with scissors and
digested with type I collagenase (1 mg/ml; Sigma-Aldrich)
at 37 °C in a water bath shaker. After 90 min, contents were
immediately filtered in mesh and centrifuged at 1000 x g for
10 min. The layer of floating cells was then washed three
times with PBS. Adipocytes were incubated in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10 % FBS and 100 units/ml of penicillin—streptomycin
(Sigma-Aldrich) under a 5 % CO, atmosphere at 37 °C.
After reaching confluence (day 1), cells were initiated for
adipocyte differentiation by incubation with differentiation-
inducing medium consisting of 10 pg/ml of insulin (Sigma,
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St. Louis, MO, USA), 0.25 M dexamethasone (Sigma), and
0.5 mM 3-isobutyl-1-methylxanthine (IBMX, Sigma) in
DMEM, followed by maturation medium containing 10 %
FBS and 10 pg/ml of insulin. During treatments, unless
otherwise stated, cells were maintained in complete medium
containing 20 uM curcumin for 6-8 days before further
analysis, and maturation medium was changed every 2 days.
The range of curcumin doses (1-20 uM) used in this study
was determined based on previous reports [19, 26]. For
induction of adipocyte browning, differentiation-inducing
medium was supplemented with 50 nM triidothyronine,
whereas maturation medium was supplemented with 50 nM
triidothyronine and 1 puM rosiglitazone (browning cocktail).

Preparation of protein samples for two-dimensional
electrophoresis (2-DE)

Cells were lysed in 200 pL of rehydration buffer solution
containing 7 M urea, 2 M thiourea, 4 % CHAPS, 20 mM
DTT, 1 mM PMSF, 2 % IPG buffer (Ampholyte 3/10, Bio-
Rad), and a trace of bromophenol blue. Lysed tissues were
then homogenized by a homogenizer (PT 1200E, Kine-
matica, Luzern, Switzerland) on ice, after which extracts
from homogenized WAT were centrifuged at 13,000x g for
20 min. The supernatant was then stored at —80 °C until
analysis. Protein content of cells was determined using RC
DC™ protein assay (Bio-Rad).

2-DE

2-DE was performed in duplicate using protein samples
from rat primary white adipocytes, which consisted of
control and curcumin-treated cells. 2-DE experiments were
conducted using previous methods outlined by our labo-
ratory [20, 27, 28]. Briefly, immobilized pH gradient
(IPG)-isoelectric focusing (IEF) of WAT samples was
performed on pH 3-10, 18 cm IPG DryStrips (GE
Healthcare, Buckinghamshire, UK) in a PROTEIN IEF cell
(Bio-Rad) using the protocol recommended by the manu-
facturer. IPG strips were rehydrated passively for 12 h in
strip holders with 350 pL of rehydration solution, which
included 7 M urea (Bio Basic, Ontario, Canada), 2 M
thiourea (Sigma, St. Louis, MO, USA), 4 % CHAPS (Bio
Basic), | mM PMSF (Sigma), 20 mM DTT (GE Health-
care), 2 % IPG buffer (Bio-Rad), and 150 pg of primary
white adipocyte proteins. IEF was executed as previously
described [28]. Gel strips were then placed onto a
20 x 20 cm 12 % polyacrylamide gel for resolution in the
second dimension. Fractionation was performed using the
Laemmli SDS discontinuous system at a constant voltage
of 15 mA per gel for 14 h. For image analysis and peptide
mass fingerprinting (PMF), a total of six gels, including

two gels per group with separated proteins, were visualized
by silver staining [28].

Image acquisition and data analysis

Gels were imaged on a UMAX PowerLook 1120 (Maxium
Technologies, Akron, OH, USA), and modified Image-
Master 2-D software V4.95 (GE Healthcare) was used for
comparison of images. A reference gel was selected from
gels of the control group, and detected spots from other
gels were matched with those in the reference gel. Relative
optical density and relative volume were calculated in
order to correct differences in in-gel staining. Each spot
intensity volume was processed by background subtraction
and total spot volume normalization, and the resulting spot
volume percentage was used for comparison.

Protein identification

For protein identification by PMF, protein spots were
excised, digested with trypsin (Promega, Madison, WI,
USA), mixed with CHCA in 50 % ACN/0.1 % TFA, and
subjected to MALDI-TOF analysis (Microflex LRF 20,
Bruker Daltonics). Spectra were collected from 300 shots
per spectrum over an m/z range of 600-3000 and calibrated
by two-point internal calibration using trypsin auto-diges-
tion peaks (m/z 842.5099, 2211.1046). Peak list was gen-
erated using Flex Analysis (ver 3.0). The threshold used for
selecting peaks was executed as previously described [28].
Protein score is —10x Log (p), where p is the probability
that the observed match is a random event, and greater than
61 is significant (p < 0.05).

Immunoblot analysis

Cell lysates were prepared using RIPA buffer (Sigma) by
homogenization and centrifugation at 14,000xg for
20 min. Immunoblot analyses were performed as previ-
ously described [28]. Briefly, the membrane was rinsed
three times consecutively with TBS-T buffer, followed by
incubation for 1 h with 1:500-1000 dilutions of primary
monoclonal antibodies against ANXA2, ATP5B, HSP90,
CA3, MDH, pB-actin, PPARy, p-AMPK, and HSL
(1:200-500, Santa Cruz Biotechnology) in TBS-T buffer
containing 1 % skim milk. After three washes, the mem-
brane was incubated for 1 h with horseradish peroxidase-
conjugated anti-goat IgG or anti-rabbit IgG secondary
antibody (1:1000, Santa Cruz Biotechnology) in TBS-T
buffer containing 1 % skim milk. Development was carried
out using enhanced chemiluminescence (West Zol,
iNtRON Biotechnology). Quantification of band intensities
was performed by using ImageJ software (NIH).
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Network analysis

For gene/protein classification and network analysis,
identified proteins obtained from proteomic analysis toge-
ther with major fatty acid metabolic proteins were analyzed
using the Protein ANnotation THrough Evolutionary
Relationship (PANTHER) and Database for Annotation,
Visualization, and Integrated Discovery (DAVID) classi-
fication systems [29, 30]. These public databases allow the
systematic division of large gene lists in an attempt to
assemble a summary of related biological functions, path-
ways, and protein classes. DAVID provides a comprehen-
sive set of functional annotation tools to understand the
biological relevance of such a large list of genes/proteins.
Identification of gene enrichment categories was carried
out according to SP-PIR keywords combining the annota-
tion from both Swiss-Prot (SP) and Protein Information
Resource (PIR). Associations of differentially expressed
genes/proteins with broadly defined molecular networks
were combined and visualized using the STRING database.

Real-time RT-PCR

Transcription levels of genes were quantitatively deter-
mined by real-time RT-PCR (Stratagene Mx 3000p QPCR
System, Santa Clara, CA, USA). Total RNA was isolated
from WAT tissues using an easy-spin TM (DNA-free)
Total RNA Extraction kit, and reverse-transcription was
carried out using a Maxime RT Premix kit (iNtRON
Biotechnology). FastStart Universal SYBR Green Master
(Roche Diagnostics, Indianapolis, IN, USA) was employed
for real-time RT-PCR. Transcription levels of each gene
(Acca2, Atp5b, AtpSh, Cebpb, Cs, Fabp4, Gpd, Hadha,
Hspdl, Hspel, Lipe, Mdh2, Ppard, Pparg, Ppargcla,
Prdmli6, Ucpl, Ucp2, Ucp3, and Vdacl) were normalized
to Gapdh transcription levels, and relative changes in gene
expression were quantified using the AACt method [31].
Oligonucleotide sequences of the primers used are shown
in Table 1.

Co-immunoprecipitation (Co-IP)

To identify UCP1/PGC-1a-interacting partner proteins in
primary white adipocytes in response to curcumin treat-
ment, Co-IP was performed with slight modifications as
outlined in our laboratory [32]. Primary white adipocytes
containing 500 pg of protein were incubated with 15 pl of
anti-UCP1/PGC-1a antibody (Santa Cruz Biotechnology)
at 4 °C for 3 h on a rotary shaker, after which 20 pl of A/G
PLUS agarose conjugate suspension (Santa Cruz Biotech-
nology) was added and allowed to mix at 4 °C for 12 h on
arotary shaker. After centrifugation at 4000 x g for 5 min at
4 °C, the supernatant was collected and the beads washed
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three times with RIPA buffer (Sigma). Then, 2 x Laemmli
buffer was added and boiled for 5 min. For the negative
control sample, control rabbit IgG (Santa Cruz Biotech-
nology) was used. After Co-IP, all samples were separated
by 8-12 % SDS-PAGE, after which samples were trans-
ferred to a PVDF for immunoblot analysis.

Statistical analysis

All experimental results were compared by One-way
Analysis of Variance (ANOVA) using the Statistical
Package of Social Science (SPSS, version 17) program;
data are expressed as the mean &+ SEM. A protected least-
significant difference (LSD) test, which is a method for
multiple comparison consisting of single-step procedures in
One-way ANOVA, was used to demonstrate significant
differences between means (p < 0.05).

Results

Proteomic analysis and classification of rat primary
white adipocyte proteome

For identification of differentially expressed proteins
between control (CN) and curcumin-treated adipocytes, all
protein samples were separated by 2-DE (Fig. 1a) and
identified by MALDI-TOF-MS (Table 2), and database
searches were performed with high confidence based on
high score and sequence coverage using MASCOT server.
A total of 325 individual matched spots ranging in mass
from 6 to 240 kDa between pH 3-10 were detected. Fifty-
eight spots were identified with statistically different
intensities between the CN and CR groups. These differ-
entially altered spots showed dramatic alterations in
response to curcumin treatment, suggesting that curcumin
possibly plays a pivotal role in obesity prevention and
lipolysis in primary white adipocytes. Next, differentially
expressed proteins identified from the two groups were
subjected to functional analysis using the PANTHER
database. Functional analysis classified the identified pro-
teins as related to biological processes, molecular function,
and protein class by PANTHER classification (Fig. 1b).
These proteins were involved in metabolic processes
(50 %), cellular processes (18.1 %), and localization
(12.5 %) based on GO Biological Process. These proteins
were also involved in catalytic and transporter activities
based on GO Molecular Function. In PANTHER Protein
Class, identified proteins were classified as oxidoreductase
(24.5 %), hydrolase (14.3 %), cytoskeletal protein (8.2 %),
transferase (8.2 %), and chaperone (8.2 %). Among the
differentially expressed spots, 25 spots were significantly
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Table 1 List of primers for

RT-PCR used in this study Genes Primer sequence (5'-3')
Acca? F AGAGGTGGAAAGCCGCTAAC R CTGTGACCGTCCCCTCTTTC
Atp5b F CCAAGGGTGGGAAAATCGGA R GGTCCTCTCACCAACACCAG
Atp5Sh F CCAGCGATTGACTGGGCTTA R CCTCAGGCACAGGGATCTTC
Cebpb F CAAGCTGAGCGACGAGTACA R CAGCTGCTCCACCTTCTTCT
Cs F TGCATGGACTAGCAAACCAG R ATATCCTGGGACAACCCGTC
Fabp4 F AGAAGTGGGAGTTGGCTTCG R ACTCTCTGACCGGATGACGA
Gpd F TGGGCTTGAGAGTGAGGTTGC R GCCACCGTTTTCCAGTCACA
Hadha F GGGAATCTTACCAGGAGCCG R TGCTCTGTCTGCACGAATGT
Hspdl F CTCACTCGCCGCAGACG R CACTGGTCTCATCTGGCGAA
Hspel F ACACGGAGGCACCAAAGTAG R AGTGGAATGGGCAGCTTCAT
Lipe F TCCCTGTACCACAGCAATCA R AGCTGGAGGTGGTTCTGCT
Mdh2 F GACCCAGCTCGAGTCAATGT R CCTTCACGACTTCAGTGCCA
Ppard F AGGACATGAGCCATCCAAAG R TACACCCCTTCCCTTCAGTG
Pparg F CCCTGGCAAAGCATTTGTAT R ACTGGCACCCTTGAAAAATG
Ppargcla F ATGTGTCGCCTTCTTGCTCT R ATCTACTGCCTGGGGACCTT
Prdmli6 F AGAGGATGAGGAACCACCCA R AAATGCTTCCTCAGCTGCTCT
Ucepl F AATCAGCTTTGCTTCCCTCA R GCTTTGTGCTTGCATTCTGA
Ucp2 F GCAGTTCTACACCAAGGGCT R GGAAGCGGACCTTTACCACA
Ucp3 F TGGCCTCTACGACTCTGTCA R CTCCAGTTCCCAGGCGTATC
Vdacl F GTCACCGCCTCCGAGAAC R CACTTTGGTGGTCTCCGTGT
Internal control
Gapdh F ATCCCAACTCAGCCCCCAAC R ATGGTATTCGAGAGAAGGGAGGGC

F sequence from sense strands, R sequence from anti-sense strands

down-regulated, whereas 33 spots were up-regulated in
curcumin-treated adipocytes (Fig. 2).

Differential expression of proteins involved in lipid
metabolism and mitochondrial biogenesis

Prior to comparison of differentially altered proteins
between the CN and CR groups, we classified proteins
based on DAVID bioinformatics resources. To identify
enriched functional gene groups in DAVID, identified
proteins were converted from a UniProt protein ID into a
DAVID gene ID. Candidate proteins were classified
according to gene ontology entries in UniProt. After sub-
mitting the converted list into DAVID, top affected gene
functions in curcumin-treated adipocytes were related to a
central role in mitochondrial metabolism (Fig. 3a). Four-
teen (ACCA2, ACO2, ALDH2, ATP5B, ATPS5H, CS,
DLD, GLUDI, HADHA, HSPDI1, HSPEl, MDH?2,
PRDXS, and VDACI1) proteins were mainly localized to
mitochondria and were shown to exert a variety of mito-
chondrial functions; proteins required for transport or
transfer of fatty acids or proteins involved in lipid meta-
bolism were observed frequently. DAVID analysis showed

that three (ALDH2, ATP5B, PRDXS5) out of 14 proteins
were down-regulated in adipocytes by curcumin treatment,
whereas ATP5B expression was elevated by Western blot
analysis. In functional pathway analysis by DAVID, two
proteins (ACCA2 and HADHA) were shown to be
involved in fatty acid degradation in mitochondria from the
KEGG database (Fig. 3b). This process includes three
major steps as follows: (1) lipolysis of and release from
adipose tissue; (2) activation and transport into mitochon-
dria; and (3) B-oxidation. Fatty acid degradation is the
process in which fatty acids are broken down into their
metabolites as the main energy supply of animals. Fatty
acids must be activated before they can be transported to
mitochondria for fatty acid oxidation.

To elucidate interactions between the identified proteins
and brown fat-specific markers in primary white adipo-
cytes, six proteins associated with fatty acid metabolism
and mitochondrial function were verified by Western blot
analysis (Fig. 4a). Two mitochondrial proteins (ATP5B
(Atp5b) and MDH (Mdh2)) were significantly up-regulated
in response to curcumin treatment, whereas expression of
HSP90 was reduced. Two fatty acid metabolic proteins
(HSL (Lipe) and CA3) were significantly up-regulated in
primary white adipocytes with curcumin treatment,
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Fig. 1 Representative silver-stained 2-DE gel images of rat primary
white adipocyte proteome. a Differentially regulated proteins and
proteins of interest are marked with circles and arrows. The numbers

whereas ANXA2 was down-regulated. Based on these
results, enhanced lipolysis mediated by increased HSL
induction upon curcumin treatment affects lipid metabo-
lism through alterations of adipose differentiation and
adipose-derived hormone levels.
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in gels are listed in Table 1. b Fifty-eight identified proteins were
classified into biological process, molecular function, and protein
class using the PANTHER classification system

Validation network analysis using real-time RT-
PCR

To evaluate the results of the DAVID classification,
mitochondrial function-associated genes were further
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Table 2 List of identified proteins showing differential expression in rat primary white adipocytes

Spot  Gene ID UniProtKB Description Acc. No.? Nominal Calculated  Score®
ID mass PI
M)
51 Hsp90abl  P34058 Heat shock protein 90 kDa alpha (cytosolic), class B gil51859516 83,631 4.97 170
member 1
59 Aco2 QY9ER34 Aconitate hydratase, mitochondrial precursor 2il40538860 86,121 7.87 195
79 Hpse Q71RP1 Heparanase precursor 2il12018276 60,816 9.36 82
80 Hadha Q64428 Trifunctional enzyme subunit alpha, mitochondrial — gil148747393 83,297 9.16 135
precursor
94 Rab19 Q5M7U5 Ras-related protein Rab-19 RAB19_RAT 24,658 6.06 55
105 Emc3 Q5U2V8 ER membrane protein complex subunit 3 EMC3_RAT 29,960 6.33 52
116  Faah P97612 Chain A, Crystal Structure Of Fatty Acid Amide gil198443139 65,408 7.86 58
Hydrolase Conjugated With The Drug-Like
Inhibitor Pf-750
122 Dpysl2 P47942 Dihydropyrimidinase-related protein 2 DPYL2_RAT 62,638 5.95 100
129  Blvrb BSDF65 PREDICTED: Flavin reductase (NADPH) isoform  gil672035614 13,504 6.69 69
X1
130  Pgml Q499Q4 Phosphoglucomutase- 1 gil77627971 61,637 6.14 112
135 Hspdl P63039 Heat shock protein (hsp60) precursor gil56383 61,098 591 180
136 Tepl P28480 T-complex protein 1 subunit alpha gil6981642 60,835 5.86 111
139  Gpi Q6P6VO Glucose-6-phosphate isomerase 2il46485440 62,958 7.38 96
147  DId Q6P6R2 Dihydrolipoyl dehydrogenase, mitochondrial gil40786469 54,574 7.96 87
precursor
156  Pdia3 P11598 Protein disulfide-isomerase A3 precursor gil8393322 57,010 5.88 175
159 Cct2 Q5XIM9 T-complex protein 1 subunit beta 21154400730 57,764 6.01 99
170 Gludl P10860 Glutamate dehydrogenase 1, mitochondrial 2il6980956 61,719 8.05 170
precursor
172 Tubala P68370 Tubulin, alpha 1A 2il38328248 50,816 4.94 131
176 Aldh2 P11884 Mitochondrial aldehyde dehydrogenase precursor gil45737866 56,079 6.69 101
182 Enol P04764 Alpha-enolase gil158186649 47,440 6.16 125
194  Atp5Sb P10719 ATP synthase subunit beta, mitochondrial precursor gil54792127 56,318 5.19 75
202 Enol P04764 Alpha-enolase gil158186649 47,440 6.16 148
215  Gda Q9JKB7 Guanine deaminase gill48747414 51,439 5.48 143
223 Actb P60711 Actin, cytoplasmic 1 ACTB_RAT 42,052 5.29 69
230  Acaa2 P13437 Acetyl-Coenzyme A acyltransferase 2 ¢il149027157 38,753 8.64 142
(mitochondrial 3-oxoacyl-Coenzyme A thiolase),
isoform CRA_g
239 Actb A1Z0K8 Beta-actin 2il119959830 31,955 5.24 75
255  Aldoa P05065 Aldolase A 2il202837 39,691 8.31 149
256  Akrlal P51635 Alcohol dehydrogenase [NADP(+)] 2il13591894 36,711 6.84 139
258  Amotl2 AOAO0G2KAV3 PREDICTED: Angiomotin-like protein 2 isoform 2il564365265 88,391 7.15 58
X1
267  Gapdh P04797 Glyceraldehyde-3-phosphate dehydrogenase gil8393418 36,090 8.14 78
277  Anxa2 Q07936 Annexin A2 2il9845234 38,939 7.55 131
278  Mdh2 P04636 Malate dehydrogenase, mitochondrial precursor gil42476181 36,117 8.93 122
293  Hnrnpa2bl A7VIC2 Heterogeneous nuclear ribonucleoprotein A2 gil157059859 36,089 8.67 82
299  Vdacl Q9Z2L0 Vdacl protein, partial 2il38051979 32060 8.35 94
302 Gpdl 035077 Glycerol-3-phosphate dehydrogenase [NAD(+)], gil57527919 38,112 6.16 94
cytoplasmic
304  Anxad P14668 Chain A, Rat Annexin V Crystal Structure: Ca2 + - gil157836327 35,458 4.97 243
Induced Conformational Changes
309  Cbrl P47727 Carbonyl reductase [NADPH] 1 2il9506467 30,844 8.22 120
313 Lipe P15304 Hormone-sensitive lipase, HSL (internal fragment)  gil386000 22,825 5.84 54

@ Springer



58

Mol Cell Biochem (2016) 415:51-66

Table 2 continued

Spot  Gene ID UniProtKB Description Acc. No.? Nominal  Calculated  Score®
1D mass P1
(M,)°
322 Gstm2 P08010 Glutathione S-transferase Mu 2 gil28933457 25,857 6.90 69
328  Car3 P14141 Carbonic anhydrase 3 gil31377484 29,698 6.89 149
344 Gstm2 P08010 Glutathione S-transferase Mu 2 gil28933457 25,857 6.90 72
353  Prdx6 035244 Peroxiredoxin-6 gil16758348 24860 5.64 85
361 Gstpl P04906 Glutathione S-transferase P 2il25453420 23,652 6.89 77
364 Prdx3 G3V710 Peroxiredoxin 3 2il149040547 28,567 7.14 88
366 Duox2 QIES45 Dual oxidase 2 short isoform gil23664377 56,518 8.88 65
377  RablA QO6NYB7 Ras-related protein Rab-1A RABIA_RAT 22,891 5.93 54
383  AtpSh P31399 ATP synthase subunit d, mitochondrial 2il9506411 18,809 6.17 142
391  Ppib P24368 Peptidyl-prolyl cis—trans isomerase B precursor gil11968126 22,845 9.42 124
398  Prdx5 QY9R063 Peroxiredoxin-5, mitochondrial precursor gil16758404 22,507 8.94 96
401  Sorll QI9RON2 LRI11 2il6178000 8764 9.46 64
412 Fabp4 Q5XFV4 Fabp4 protein 2il54261546 14,841 7.74 73
413  Pfnl P62963 Profilin 2il1628436 15,149 8.46 91
423 Hspel P26772 Chaperonin 10, cpnl0 2il400542 10,764 8.91 87
434  Cs Q8VHF5 Citrate synthase, mitochondrial precursor gil18543177 52,176 8.53 91
437  Pcyoxl QI99MLS Prenylcysteine oxidase 1, isoform CRA_b gil149036615 48,930 5.96 55
439  Arfgef2 Q7TSU1 Brefeldin A-inhibited guanine nucleotide-exchange =~ BIG2_RAT 20,4297  6.08 52
protein 2
442 Pde6b D3ZDI8 Rod ¢cGMP-specific 3/,5'-cyclic phosphodiesterase gil157822587 99,683 5.18 50
subunit beta
464  Tubb4db QO6PITS Tubulin beta-4B chain 2il40018568 50,225 4.79 129

4 NCBInr/SWISS database accession number

° The nominal mass is the integer mass of the most abundant naturally occurring stable isotope of an element

¢ MASCOT probability-based molecular-weight search score calculated for PMF. Protein score is—10x log(p), where p is the probability that
the observed match is a random event; it is based on the NCBInr database using the MASCOT searching program as MS/MS data. Protein
scores >61 are significant (p < 0.05). Spot ID is same number in gel image of Fig. 1

confirmed using real-time RT-PCR (Fig. 4b). Among the
mitochondrial protein-coding genes in adipocytes, ten
protein-coding genes (Acaa2, Atp5b, Atp5S h, Cs, Gpd,
Hadha, Hspdl, Hspel, Mdh2, and Vdacl) were selected
from the list of identified candidates by DAVID. Their
mRNA levels were significantly altered, and expression
patterns of all genes were in line with the proteomic results.
Moreover, curcumin treatment led to significant elevation
of mitochondrial Acaa2? and Hadha levels, suggesting
enhanced fatty acid degradation in mitochondria.

To confirm the activities of key browning and thermo-
genic markers together with other mitochondrial proteins,
we measured expression levels of Ucpl, Ucp2, Ucp3, and
Ppard in response to curcumin treatment (Fig. 4c). As
expected, higher mRNA expression of Ucpl was observed
in curcumin-treated adipocytes compared with control
cells, whereas Ppard expression was not significantly
changed by curcumin treatment. This result suggests that
curcumin dissipates energy as heat by uncoupling the

@ Springer

mitochondrial respiratory chain from ATP formation
through expression of Ucpl.

Interactions of browning markers in primary white
adipocytes

To understand interactions between the identified proteins
and brown fat-specific markers in primary white adipo-
cytes, six important browning markers (Cebpb, PrkaaZ2,
Ppargcla, Pparg, Prdml6, and Ucpl) were subjected to
functional analysis using STRING network analysis. The
network analysis results revealed possible interactions
between the identified proteins and brown fat-specific
markers (Fig. 5). Combined results from the proteomic and
network analysis identified eight genes as protein-coding
genes, and two candidates (HSL/Lipe and FABP4/Fabp4)
showed possible interactions with six browning markers
(zoom in image in Fig. 5). These results suggest that two
candidates (HSL and FABP4) associated with UCP1 play
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Fig. 2 Differentially regulated proteins in rat primary white adipo-
cytes from curcumin-treated (CR) group compared with control (CN)
group. a Down-regulated and b Up-regulated proteins. Each bar
shows an average volume density (%) in 2-DE analysis. Statistical
significances between control and curcumin-treated groups were
determined by One-way ANOVA test, where p < 0.05

significant roles in controlling the browning phenotype in
white adipocytes.

Validation of browning marker interactions in rat
primary adipocytes

Interestingly, STRING network analysis revealed interac-
tions between HSL (Lipe) and main browning players. To
validate these results, six protein-coding genes (Cebpb,
Fabp4, Lipe, Pparg, Ppargcla, and Prdmi6) were selected
for further real-time PCR analysis. Expression levels of
three protein-coding genes (Fabp4, Lipe, and Pparg) were
significantly up-regulated (16, 8, and 7-fold changes,
respectively) by curcumin treatment in primary white
adipocytes (Fig. 6a). Furthermore, to verify interaction
targets, HSL (Lipe) was immunoprecipitated with primary
adipocyte lysates from each group (Fig. 6b) and validated
further by Western blotting. The results show that UCP1
and PGC-la were co-expressed with AMPK, C/EBPp,
HSL, and PPARY. Interestingly, four interacting proteins
(AMPK, C/EBPp, HSL, and PPARY) were up-regulated

along with UCP1 expression by curcumin treatment,
whereas these four proteins were down-regulated with
PGC-1a expression. These data suggest that HSL is con-
comitantly expressed along with UCP1 during fuel meta-
bolism and trans-differentiation from white to brown
adipocytes during adipocyte differentiation. Interaction of
UCP1 and HSL was further validated in primary white
adipocytes by dual-fluorescent staining (Fig. 6¢).

Discussion

In this proteome study, we observed differential expression
of multiple proteins involved in mitochondrial function in
primary white adipocytes upon curcumin treatment, sug-
gesting enhanced fatty acid oxidation and mitochondrial
biogenesis. To further investigate the roles of the identified
proteins in primary white adipocytes, we performed anal-
yses using the PANTHER, DAVID, and STRING data-
bases. Interestingly, our proteomic results revealed
differential expression of multiple proteins involved in
lipid metabolism and mitochondrial function.

A recent study by Wang et al. [33] demonstrated that
curcumin can potentially prevent obesity by inducing
browning of inguinal WAT via the norepinephrine-B3AR
pathway. Consistent with these data, we found that cur-
cumin significantly elevated expression of brown fat-
specific markers (Tmem26 and TbxI) as well as proteins
such as UCP1, PGC-1a, and PRDM16 [19]. Taken toge-
ther, these findings suggest that curcumin plays a dual
modulatory role in inhibition of adipogenesis as well as
induction of the brown fat-like phenotype. However, these
recent studies have not been able to identify correlations
between brite-specific markers and other browning-asso-
ciated proteins in WAT via promotion of WAT remodeling
in response to curcumin treatment.

Our results show that curcumin obviously elevated
expression of proteins/genes involved in both fatty acid
oxidation and the TCA cycle, which may contribute to
reduced adiposity. Two (CS and HADHA) out of 14
mitochondrial proteins in primary white adipocytes showed
higher expression upon curcumin treatment. CS is a Krebs
TCA cycle enzyme that catalyzes synthesis of citrate from
oxaloacetate and acetyl coenzyme A. HADHA catalyzes
the last three steps of mitochondrial B-oxidation of long-
chain fatty acids and plays important roles in control and
regulation of B-oxidation [34]. In addition, partial inhibi-
tion of fatty acid oxidation has been reported as a therapy
for non-insulin dependent diabetes mellitus (NIDDM) [35].
A recent study found that these two proteins show reduced
mitochondrial expression in human omental fat from obese
subjects and are directly involved in energy metabolism of
cells [36, 37]. ACAA2 is also involved in the fatty acid
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Fig. 3 Discovery enriched functional-related gene groups from differentially regulated proteins between control (CN) and curcumin-treated
(CR) groups. a Functional classification by DAVID and b protein pathway in KEGG pathway
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Fig. 4 Validation of fatty acid metabolism and mitochondrial
proteins by Western blotting. a mRNA expression levels of
mitochondrial protein-coding genes b and thermogenesis genes by
real-time PCR c¢ in control (CN) and curcumin-treated (CR) groups.
Real-time PCR and immunoblot analysis results are expressed as
relative intensity normalized to Gapdh/B-actin and represent the
mean = S.EM of triplicate independent experiments. Statistical
significance was determined by one-way ANOVA test, where
*p < 0.05 and **p < 0.01. Relative changes in gene expression were
quantified using the AACt method. Fold changes refer to expression
ratios of CR to CN

metabolism pathway and catalyzes the last step of the
mitochondrial fatty acid B-oxidation pathway [38]. Our
data support an increased number of mitochondria and
dramatically increased expression of ACAA2/Acaa2,
which also activates mitochondrial fatty acid B-oxidation.

ATP synthase is localized to the plasma membrane in
many different cell types, including endothelial cells and

adipocytes, and they may contribute to regulation of lipid
metabolism and cellular proliferation [39]. Although the
function of the ATP5B gene product is not clear, reduced
expression of the ATP5B gene was detected in various
types of human tumors [40]. Catalytic sites of ATP syn-
thesis are present in the B subunit, which plays a crucial
role in energy metabolism and directly participates in
energy production. According to our findings, ATP5B
presumably contributes to mitochondrial oxidative phos-
phorylation and mitochondrial biogenesis.

It is well known that two essential malate dehydroge-
nases, MDHI1 (cytosolic malate dehydrogenase) and
MDH2 (mitochondrial malate dehydrogenase), play
important roles in the Krebs cycle for energy metabolism.
The native dimeric form of this enzyme is specifically
activated by citrate in the NAD + leads to NADH direc-
tion and inhibited by citrate in the NADH leads to
NAD + direction [41]. Furthermore, Zou et al. [42]
reported that breed-, gender-, and tissue-specific expression
patterns of Mdh2 expression are positively correlated with
adipocyte volume across six adipose tissue types. We
observed consistent up-regulation of MDH/Mdh2 in pri-
mary white adipocytes by curcumin treatment. Interest-
ingly, a recent report highlighted the role of lactate in
energy metabolism and revealed an effect on WAT
browning [43]. Induction of Ucpl by an increased redox
state (NADH, H"-to-NAD™) favors its dissipation through
increased uncoupled respiration. Browning of white adi-
pocytes by intermediate metabolites constitutes an adaptive
mechanism to alleviate redox pressure. Further study is
needed to fully understand the mechanism and to further
determine whether or not this browning mechanism plays a
significant role in energy expenditure.

Fatty acids must be esterified to Coenzyme A before
they can undergo oxidative degradation, and two major
lipases (ATGL and HSL) are involved in lipid degradation.
Activation of HSL in adipocytes has been proposed to play
an essential role in the regulation of body weight and fat
mass since HSL is responsible for release of FFA from
stored TG in adipose tissues [44, 45]. In contrast to our
expectations, it was suggested that mice lacking HSL
expend more energy during thermogenesis than control
mice [44]. Furthermore, it was also reported that the fast-
ing-induced loss of body weight is correlated with UCP2
expression but not UCP1 expression in BAT [44]. How-
ever, we observed that enhanced lipolysis mediated by
increased HSL induction upon curcumin treatment affected
lipid metabolism through alterations of adipose differenti-
ation and adipose-derived hormone levels. In addition,
curcumin treatment led to increased expression of FABP4,
which might promote binding to newly released fatty acids
[46]. Our results suggest that HSL is probably involved in
the determination of white versus brown adipocytes during
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Fig. 5 Discovery of novel fat-browning markers by network analysis
from differentially regulated proteins in response to curcumin
treatment. Interaction of identified proteins with main fat-browning
markers using the web-based software tool STRING as well as two

adipocyte differentiation, which was in line with earlier
result reported by other investigators [47]. Although the
exact mechanisms underlying this novel role of HSL
remain to be elucidated, it seems clear that HSL is, at least
in part, participates in the control of browning of white
adipocytes.

The multifunctional protein ANXA?2 is down-regulated
after exercise or diet intervention in human adipose tissue,
and it has been suggested to enhance GLUT4 translocation
to membranes [48]. Our recent study found that thiodi-
galactocide (TDG) binding to galectin 1 (GAL1) may

@ Springer

proteins (FABP4, HSL (LIPE)) highly connected with six fat-
browning markers in STRING. Zoom in image (red question markers)
shows that HSL is tightly connected with two proteins (PGC-1a and
UCP1). (Color figure online)

restrict formation of the GAL1-ANXA2-VIM (vimentin)
interactome, as these proteins were all down-regulated,
leading to lower lipid droplet formation [49]. Down-regu-
lation of ANXA2 and VIM together with GAL1 led to
reduced lipogenesis or TG synthesis in TDG-treated rats.
These findings suggest that curcumin plays a modulatory
role in inhibition of adipogenesis as well as transformation
of lipid droplets via alteration of lipid droplet-associated
proteins in primary white adipocytes. In summary, the
molecular mechanisms underlying curcumin-induced
increased differentiation of primary white adipocytes seem
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expressed as relative intensity normalized to Gapdh/B-actin and
represent the mean £+ S.E.M of triplicate independent experiments.
Statistical significance was determined by one-way ANOVA test,
where *p < 0.05 and **p < 0.01

curcumin treatment. These FA are used by mitochondria, as
demonstrated by increased expression of enzymes involved
in PB-oxidation and mitochondrial biogenesis (ATP5B,
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Fig. 7 Proposed schematic diagram of differentially regulated pro-
teins/genes determining curcumin-induced browning in rat primary
white adipocytes. For abbreviated protein names, see Abbreviations

ACAA?2, and HADHA). Enhanced FA utilization induces
production of acetyl-CoA as well as a proton gradient
between the two mitochondrial membranes. This gradient is
dissipated by UCP1, thereby increasing heat production in
primary white adipocytes upon curcumin treatment.
ANXAZ? is down-regulated after cuarcumin treatment and has
been shown to enhance GLUT4 translocation to membranes.
These results suggest that curcumin plays a modulatory role
in inhibition of adipogenesis and lipogenesis by increasing
protein levels associated with lipolysis, fatty acid B-oxida-
tion, and energy expenditure (Fig. 7).

In conclusion, curcumin promotes fatty acid oxidation,
mitochondrial activity, and Ucpl expression possibly by
activating a regulator of mitochondrial function. Finally,
we systematically identified candidates involved in lipol-
ysis, fatty acid B-oxidation, and energy expenditure.
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