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Abstract
Background: Although the importance of gender as
a key determinant in health and illness has been
recognized for a long time, systematic studies of
gender differences in medicine are still lacking. We
hypothesized that interscapular brown adipocyte
tissue (BAT), is not only a key tissue contributing to
energy expenditure, but also regulates diet-induced
thermogenesis, and may be an ideal target for
studying gender differences in obesity development
in response to a high fat diet (HFD). Methods: We
therefore performed differential proteome analysis of
BAT from lean and obese rats of both genders fed a
HFD using 2-DE combined with MALDI-TOF-MS.
Results: When exposed to a HFD, male rats gained
more body weight with increased values of plasma
biochemical parameters than did female rats. Among
595 matched spots, 48 differentially expressed
identified spots showed significant gender differences,
whereas 7 proteins showed no gender differences,
but did show a HFD response. Conclusions: Proteomic

investigations into gender-dimorphic protein
modulation in BAT may provide conclusive results
showing higher expression of numerous proteins
involved in thermogenesis and fat oxidation as well
as lower expression of proteins contributing to fat
synthesis in female rats than in male rats.

Introduction

A broader knowledge of gender differences would
provide a basis for specific evidence-based interventions,
allowing for prevention and treatment of many diseases
by matching the different needs of women and men, and
contribute to the development of healthcare policy [1].
Although many factors, including social and cultural
environment, are considered to contribute to differences
in obesity between women and men, biological differences
are more profound [2].

To date, numerous studies have been conducted in
efforts to address sex differences in relation to obesity,
including the differences in body fat distribution [3-10],
physical activity [1], metabolic rate [11-14], oxidative
capacity [15], sex hormones [16-19],energy expenditure
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[20-24], adipokine signaling [25-27], and appetite regulation
[24, 28-30]. However, the role played by gender in
susceptibility to obesity is not fully understood. Some
evidence suggests that males have a higher susceptibility
to becoming obese, compared with females [31-33].
However, some contradictory results have been found in
the literature, which may be explained by differences
between strains and gender, as well as differences in the
nutritional state of the animals [1, 15, 18, 34-36].

Some evidence suggests that energy expenditure of
females is greater than that of males due to higher
thermogenic activation [22], greater oxidative capacity
with more effective antioxidant machinery [34], and
greater respiratory and phosphorylative capacities in
mitochondria [18, 35, 36]. In this regard, BAT, as a key
tissue contributing to energy expenditure, may be an ideal
target for investigating gender differences in obesity
development in response to a HFD.

To date, several proteomics studies have been
conducted in an effort to reveal gender differences in
protein expression patterns in blood [37, 38], muscle [39],
kidney [40],brain [41], and sperm [42]. However, to the
best of our knowledge, no comparative proteomic study
in biofluids or metabolic organ tissues of lean and obese
animal models for examination of protein abundance and/
or regulation patterns between genders has been
conducted. Despite its important function in diet-induced
thermogenesis, with the exception of two recently
published results [43, 44], no studies of the BAT proteome
with respect to obesity have not been conducted.

Therefore, in the present study, we performed
differential proteome analysis of interscapular BAT to
determine sex-specific susceptibility to obesity in male
and female rats, and to identify proteins determining
phenotypic differences between genders.

Materials and Methods

Animals and breeding conditions
Male and female SLC Sprague-Dawley (SD) rats (5 weeks

of age) were purchased from Daehan Experimental Animals
(Seoul, Korea) and housed one per cage in a temperature (23 ±
2°C) and humidity (55%)-controlled room with a 12 hr light/
dark cycle. Rats were provided free access to standard chow
and tap water for an adaptation period of 1 week. Male and
female rats were randomly divided into 2 groups, with 20 rats
fed a ND (12% calories from fat; control group) and 40 rats fed
a HFD (45% calories from fat), respectively. Rat feeds were
purchased from Feed Korea Lab (Hanam, Korea); the dietary
compositions of these feeds are shown in Table 1. All rats and
feeds were weighed every week for 8 weeks. Rats were food

deprived for at least 12 h before sacrifice and were anesthetized
using 3% diethyl ether. These experiments were approved by
the Committee for Laboratory Animal Care and Use of Daegu
University. All procedures were conducted in accordance with
the Guide for the Care and Use of Laboratory Animals published
by the National Institutes of Health.

Blood plasma samples
Blood samples were obtained by resection at the end of

the tail of the rat under anesthesia and collected into EDTA-
tubes (BD, Franklin Lakes, NJ, USA). Plasma was separated by
centrifugation (3,000 ×g, 10 min), followed by storage at -80 C
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Table 1. Composition of diets used in this study. a)Mineral
mix; sucrose (118.03 g/kg), calcium phosphate dibasic (500 g/
kg), sodium chloride (74 g/kg), potassium citrate (220 g/kg),
potassium sulfate (52 g/kg), magnesium oxide (24 g/kg),
magnesium oxide (24 g/kg), manganous carbonate (3.5 g/kg),
ferric citrate (6 g/kg), zinc carbonate (1.6 g/kg), cupric carbonate
(0.3 g/kg), potassium iodate (0.01 g/kg), sodium selenite (0.01
g/kg), chromium potassium sulfate (0.55 g/kg). b)Vitamine mix,
sucrose (981.15 g/kg), thiamine (0.6 g/kg), vitamin E acetate
(500 IU/g; 10 g/kg), niacin (3 g/kg), calcium pantothenate (1.6
g/kg), vitamin B12 (0.1%; 1 g/kg), vitamin A palmitate (500,000
IU/g; 0.8 g/kg), pyridoxine (0.7 g/kg), riboflavin (0.6 g/kg),
vitamin D3 (400,000 IU/g; 0.25 g/kg), folic acid (0.2 g/kg),
menadione sodium bisulfate (0.08 g/kg), biotin (0.02 g/kg).
c)TBHQ, tert-butylhydroquinone.
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until further analysis. Protein concentration of plasma was
determined by the Bradford method [45] using protein assay
dye reagent concentrate (Bio-Rad, Hercules, CA, USA).

Plasma biochemical parameters
Plasma biochemical parameters were measured using

plasma of ND-fed rats (n = 7) and HFD-fed rats (n = 7) from male
and female rats, respectively. Commercial kits purchased from
Bio Clinical System Corporation (Anyang, Korea) were used
for enzymatic measurement of total cholesterol and high density
lipoprotein (HDL) cholesterol in plasma, and enzymatic kits
from Asan Pharmaceutical (Seoul, Korea) were used for
determination of triglycerides (TGs) and glucose. An enzymatic
fatty acid quantification kit (Abcam, Cambridge, UK) was used
for quantification of free fatty acids (FFA). A Rat Insulin kit
(Millipore Co., Billerica, MA, USA) was used for measurement
of plasma insulin levels, and leptin levels were determined by
use of the Rat Leptin kit (Millipore Co., Billerica, MA, USA),
which is a sandwich enzyme-linked immunosorbent assay
(ELISA) system. Sex hormone levels were measured using a
Rat Estrogen ELISA kit (Cusabio Biotech. Co., LTD, Wuhan,
Hubei, China) and a Rat Testosterone ELISA kit (Cusabio
Biotech). Measurements were performed according to the
manufacturer’s instructions.

Preparation of BAT samples for 2-DE
Interscapular BAT of rats in each group was excised

immediately after anesthetization of rats with diethyl ether after
overnight fasting. The resulting tissues were then washed with
a cold saline solution. BAT was pulverized under liquid nitrogen
and stored at -80°C. Tissues were lysed in 200 μL 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. A homogenizer (PT
1200E, Kinematica Ltd., Luzern, Switzerland) was used on ice.
Extracts were centrifuged at 13,000 ×g for 20 min and the
supernatant was then stored at -80°C until analysis. Protein
content of adipose tissues was determined by the Bradford
method45 using Bradford reagent (Sigma-Aldrich, St. Louis, MO,
USA).

2-DE analysis
2-DE was performed 3 times using pooled BAT protein

samples from 7 rats per group, which consisted of the control
group, which was fed an ND, and the obese group, which was
fed an HFD for both male and female rats. The 2-DE experiments
were conducted using previously described methods [44].
Briefly, immobilized pH gradient (IPG)-isoelectric focusing (IEF)
of BAT samples was performed on pH 3-10 and 18 cm IPG
DryStrips (GE Healthcare, Buckinghamshire, UK) in a
PROTEAN IEF Cell (Bio-Rad) using the protocol recommended
by the manufacturer. IPG strips were passively rehydrated for
24 h in strip holders with 350 μL of rehydration solution, which
included 7 M urea (Bio Basic, Ontario, Canada), 2 M thiourea
(Sigma-Aldrich), 4% CHAPS (Bio Basic), 1 mM PMSF (Sigma-
Aldrich), 20 mM DTT (GE Healthcare), 2% IPG buffer (Bio-
Rad), and 150 μg BAT protein. IEF was executed for 14 h as
follows: 15 min at 250 V (Conditioning step), 3 h at 250-10,000 V

(Voltage ramping), 6 h at 10,000 V (Final focusing), and then
held at 5 h 500 V (Hold step) until running the second dimension.
After focusing, gel strips were equilibrated twice in a solution
containing 6 M urea, 2% SDS (Generay Biotech, Shanghai,
China), 1% DTT, 30% glycerol (Bio Basic), and 50 mM Tris-HCl
(pH 6.8) for 20 min. In the second equilibration buffer, DTT was
replaced with 2.5% iodoacetamide (Bio-Rad) to remove excess
DTT which causes point streaking in silver stained gels. Gel
strips were then placed onto a 20 × 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 12 gels,
including 3 gels per group with separated proteins were
visualized by silver staining. Silver staining was performed as
follows. Gels were fixed for 30 min in 50% ethanol (DUKSAN
Pure Chemicals, Ansan, Korea) and 5% acetic acid (DUKSAN
Pure Chemicals), followed by 10 min in 30% ethanol, and water-
washed 3 times, for 5 min per wash Gels were sensitized for 10
min in 0.02% sodium thiosulfate (Sigma-Aldrich), followed by
0.5 min water washes (3 times), and incubated for 25 min in
0.3% silver nitrate (Kojima Chemicals, Sayama, Japan). After
two 0.5 min water washes, proteins were visualized with
developing solution (3% sodium carbonate; DUKSAN Pure
Chemicals, Ansan, Korea), 0.02% sodium thiosulfate, 0.05%
formalin (DC Chemicals, Incheon, Korea), and stopped with
6% acetic acid.

Image acquisition and data analysis
Gels were imaged on a UMAX PowerLook 1120 (Maxium

Technologies, Akron, OH, USA) and images were compared
using modified ImageMaster 2-D software V4.95 (GE
Healthcare). A reference gel was selected from gels of the normal
group and spots detected from the other gels were matched
with those in the reference gel. Relative optical density and
relative volume were also calculated for the purpose of
correction for differences in gel staining. Each spot intensity
volume was processed by background subtraction and total
spot volume normalization; the resulting spot volume
percentage was used for comparison.

Peptide mass fingerprinting (PMF)
Spots were manually excised from the gels with autoclaved
materials in a clean environment. Selected spots were
digested with trypsin (Promega, Madison, WI, USA), mixed
with -cyano-4-hydroxycinnamic acid in 50% acetonitrile/0.1%
trifluoroacetic acid, and subjected to matrix-assisted #
laser desorption/ionization-time-of-flight (MALDI-TOF)
analysis (Ettan MALDI-TOF Pro, GE Healthcare). Spectra were
collected from 350 shots per spectrum over an m/z range of
600-3000 and calibrated by two point internal calibration
using trypsin auto-digestion peaks (m/z 842.5099, 2211.1046).
A peak list was generated using the Ettan MALDI-TOF
Pro Evaluation Module (ver 2.0.16). The threshold used for
peak-picking was as follows: 5,000 for minimum resolution
of monoisotopic mass, 2.5 for S/N. The search program
MASCOT (Mascot Sever 2.3), developed by The Matrixscience
(http://www.matrixscience.com) was used for protein identifi-

Gender Differences in Brown Adipose Tissues of Rats Cell Physiol Biochem 2011;28:933-948



936

cation by PMF. The following parameters were used for the
database search: trypsin as the cleaving enzyme, a maximum of
one missed cleavage, iodoacetamide (Cys) as a fixed
modification, oxidation (Met) as a variable modification,
monoisotopic masses, and a mass tolerance of ± 0.1 Da.
MASCOT probability-based MOWSE (molecular weight
search) score was calculated for PMF. Protein score was -10*Log
(P), where P is the probability that the observed match was a
random event, and a value >61 was considered significant
(p<0.05). We made an exception for highly expressed spots
and overlapped spots for spot analysis, and accordingly
excised one spot which was identified as a single protein.

Immunoblot analysis
Levels of 4 proteins identified on a 2-DE protein map

together with 7 proteins of metabolic importance were confirmed
by immunoblot analysis. Tissue lysates were prepared with
RIPA buffer (Sigma-Aldrich), homogenized, and centrifuged at
12,000 ×g for 20 min. The extract was diluted in 5X sample
buffer (50 mM Tris of pH 6.8, 2% SDS, 10% glycerol, 5% -
mercaptoethanol, and 0.1% bromophenol blue) and heated for
5 min at 95 C before SDS-polyacrylamide gel electrophoresis
(PAGE) using a gel of 6, 8, 10, or 12% acrylamide. After
electrophoresis, samples were transferred to a polyvinylidene
difluoride (PVDF, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) membrane and blocked for 1 h with TBS (tris-buffered
saline)-T buffer (10 mM Tris-HCl, 150 mM NaCl, 0.1% Tween 20
containing 5% skim milk). The membrane was rinsed in 3
changes of TBS-T buffer, followed by incubation for 3 h with a
1:1000 dilution of primary polyclonal antibody anti-CK (AB
Frontier, Seoul, Korea), anti-HADHA (Invitrogen, Carlsbad, CA,
USA) anti- -actin, anti-PPAR , anti-UCP1, anti-AMPK, anti-
p-AMPK, anti-CPT1, anti-CES3 (Santa Cruz Biotechnology),
anti-FAS, anti-p-ACC, and anti-FAS (Cell Signaling Technology,
Beverly, MA, USA) in TBS-T buffer containing 1% skim milk.
After 3 washes, the membrane was incubated for 1 h with
horseradish peroxidase-conjugated anti-goat IgG, anti-mouse
IgG, or anti-rabbit IgG secondary antibody (1:1000, AB Frontier)
in TBS-T buffer containing 1% skim milk and developed using
enhanced chemiluminescence (ECL; GE Healthcare).
Immunoblot analysis was performed by scanning with a UMAX
PowerLook 1120 and digitalized using image analysis software
(KODAK 1D, Eastman Kodak, Rochester, NY, USA).

Determination of the relative mitochondrial copy
number
Genomic DNA was isolated and purified from ~20 mg of

frozen interscapular BAT employing the G-spin Genomic
DNA Extraction Kit (Intron). Mitochondrial DNA (mtDNA)
content relative to the peroxisome proliferator-activated
receptor-  coactivator1-  (PGC1- ) gene was measured by
performing real-time RT-PCR (Stratagene Mx3000p QPCR
System, San Diego, CA, USA). Primers for mtDNA were
designed using forward 5'-ACA CCA AAA GGA CGA ACC TG-
3' and reverse 5'-ATG GGG AAG AAG CCC TAG AA-3' and for
PGC1-  forward 5'-ATG AAT GCA GCG GTC TTA GC-3' and
reverse 5'-AAC AAT GGC AGG GTT TGT TC-3' as described
previously [46].

Quantitative real-time RT-PCR analysis
The RNeasy Mini Kit (Qiagen, Valencia, CA, USA) was

used for extraction of total RNA from interscapular BAT. Isolated
RNA (1 μg) was reverse-transcribed using the cDNA Reverse
Transcription Kit. Transcript levels of genes were determined
by quantitative real-time PCR using SYBR Green I Dye
Chemistry, according to the manufacturer’s protocol. Primers
for UCP1 were designed using forward 5'-GGG ACC TAC AAT
GCT TAC AG-3' and reverse 5'-GGT CAT ATG TCA CCA GCT
CT-3' and for GAPDH forward 5'-GGT CTC GCT CCT GGA AAG
A-3' and reverse 5'-GTA TGA CTC CAC TCA CGG CAA-3'.
Reaction mixtures were preheated at 95 C for 10 min; temperature
conditions were as follows for 45 cycles; melting at 95 C for 30
sec, annealing at 60 C for 1 min, and elongation at 72 C for 1
min. Levels of UCP1 gene were normalized to those of GAPDH.

Statistical analysis
All experimental results were compared by one-way

analysis of variance (ANOVA) using the Statistical Package of
Social Science (SPSS, version 14.0K) program; data are
expressed as the mean ± SD. When significant differences
between groups were determined (p<0.05), a protected least-
significant difference (LSD) test, which is a method of multiple
comparison consisting of single-step procedures in one-way
ANOVA with Tukey’s method and Scheffe’s method, was used
to demonstrate the significant differences between means.

Results

HFD-induced phenotypes in male and female
rats
Male and female rats were randomly divided into 2

groups, with 20 rats fed an ND and 40 rats fed an HFD,
respectively. At the beginning, body weight and food intake
of ND and HFD rats were nearly identical in male and
female rats. However, after 2 weeks, body weights in
HFD-fed rats were significantly higher (p<0.05) than
those in their ND-fed counterparts at all subsequent time
points in both male and female rats (Fig. 1A). Total body
weight gain per food intake of HFD-fed male rats was
higher than for females by an average of ~30% (p =
0.001) (Fig. 1B). Next, various biochemical parameters
were measured in each group (Table 2). Results showed
the concentration of plasma HDL-cholesterol was
significantly lower in HFD rats, compared with ND rats
(males, p = 0.004; females, p = 0.018), whereas total
cholesterol (males, p = 0.032; females, p = 0.044), TG
(males, p = 0.049; females, p = 0.028), and FFA (males,
p = 0.049) levels were significantly higher in HFD rats,
compared with those of ND rats in both males and females.
In particular, plasma glucose levels were found to be
higher in males, compared with female rats (ND, p = 2.2
x 10-4). Levels of plasma insulin and leptin in 7 rats were
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also determined in ND and HFD rats. Results revealed
significantly higher average insulin and leptin levels in HFD
rats, compared with ND rats (insulin in males, p = 0.03;
leptin in males, p = 1.9 x 10-5; leptin in females, p = 0.013),
and they were remarkably higher in male rats, compared
with female rats (insulin in ND rats, p = 4.1 x 10-4; leptin
in ND rats, p = 0.011; leptin in HFD rats, p = 0.007). We
also investigated the plasma concentrations of sex
hormones, estrogen and testosterone. The concentration
of estrogen was significantly higher in HFD rats,
compared with ND rats, in both males and females (males,
p = 0.01; females, p = 0.003). However, testosterone
concentration was higher in ND rats, compared with HFD
rats, only in male rats. These collective results prompted
us to perform further proteomic studies.

Proteomic analysis of BAT proteins
For examination of differential expression of proteins

between gender and diet, 2-DE-based proteomic
experiments were conducted 3 times using pooled BAT
samples from 7 rats per group. In the proteomic study
we used a protein concentration of 150 μg/gel. BAT
proteins were separated by 2-DE using a pH 3-10 IEF
strip for the first dimension and 12% (w/v) SDS-PAGE
gel for the second dimension. Consequently, nearly 595
individual spots were detected, ranging from 6 to 240 kDa
mass between pH 3 and 10 (Fig. 2). Based on high scores
(p<0.05) and sequence coverage, a total of 55 proteins
among ~595 spots were identified with high confidence
by MALDI-TOF/MS and database searches (Table 3).

Gender-dependent expression of BAT proteins in
both ND and HFD rats
Image analysis and further statistical analysis allowed

detection and identification of 48 proteins whose

Gender Differences in Brown Adipose Tissues of Rats

Fig. 1. Body weight (A) and food efficiency (B) in male and
female rats fed ND and HFD. Data are presented as mean ± SD
for 7 rats per group and were estimated using the ANOVA test.
Statistical significance between male and female rats was
determined by a t-test, where p value is *p<0.05 and **p<0.01,
and significance between ND and HFD rats was represented
by †p<0.05 and ††p<0.01.

Table 2. Plasma biochemical parameters in each group. a) Levels
of biochemical parameters were averaged in each group and
expressed as a mean ±SD of seven separate experiments. 1)

Statistical significance between male and female rats was
determined by a t-test, where p value is *p<0.05 and **p<0.01
(male ND vs. female ND in the [ND, Male] column; male HFD
vs. female HFD in the [HFD, Male] column). 1) Significance
between ND and HFD rats was represented by †p<0.05 and
††p<0.01 (male ND vs. male HFD in the [ND, Male] column;
female ND vs. female HFD in the [ND, Female] column).

Fig. 2. Representative silver-stained 2-DE gel images of rat
BAT proteome in ND and HFD rats. Differentially regulated
proteins in each group are marked with arrows and proteins of
numbers in gels are listed in Table 3.

expression were significantly modulated in a gender-
dependent manner in ND or HFD rats. Those proteins
were further classified into 5 groups based on their

Cell Physiol Biochem 2011;28:933-948
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expression patterns in response to diet and gender (Table
4). Groups I and II contained proteins showing gender-
difference with identical expression patterns in both ND
and HFD rats. Of these, levels of 11 proteins were higher
in males (Group I), while those of 12 proteins were higher
in females (Group II). Highly regulated proteins in males

in both ND and HFD rats included the following:
electron-transfer flavoprotein (ETF), NADP-dependent
malic enzyme (ME), asparagine synthase (AS),
NADH dehydrogenase (ubiquinone) flavoprotein 1
(NDUFV1), zinc-binding alcohol dehydrogenase
domain-containing protein 2 (ZADH2), glucose-regulated

Choi/Oh/Choi/Mukherjee/Wang/Liu/Yun
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Table 3. Differentially regulated and major BAT proteins in male and female rats identified through proteomic analysis a)No. in
gel means numbers in 2DE-image of Fig. 2. b)Acc. No. is a NCBInr database accession number. c)Notations for experimental group
division: LFD, control rats fed LFD; HFD, rats fed HFD. d)Statistical significance was determined by a t-test, where p-values is
*p<0.05 and **p<0.01; Nor Male vs. Nor Female ap<0.05 and aap<0.01; HF Male vs. HF Female bp<0.05 and bbp<0.01; Nor Male vs.
HF Male cp<0.05 and ccp<0.01; Nor Female vs. HF Female dp<0.05 and ddp<0.01. For each protein, the relative intensity was
averaged and expressed as a mean ±SD of three separate experiments. e)Protein scores greater than 61 are significant (p<0.05).

protein 75 (GRP75), cytosol aminopeptidase (CAP),
methylcrotonoyl-CoA carboxylase beta chain (MCC-beta
chain), T-complex protein 1 subunit gamma (TPSG),
aldose reductase (AR), and perilipin-1 (PLIN) (Fig. 3
and Table 3).

Meanwhile, higher protein levels in females of both
ND and HFD rats included the following: glycerol kinase
(GyK), glycerol-3-phosphate dehydrogenase (GPDH),
phosphoenolpyruvate carboxylase (PEPCK), succinyl-
CoA ligase subunit beta 2, mitochondrial (Sucla2),

fumarase, branched chain -keto acid dehydrogenase
complex (BCKADC), creatine kinase (CK), adipocyte
plasma membrane-associated protein (APMAP), kinesin
heavy chain isoform 5C (KHC), NADH dehydrogenase
(ubiquinone) Fe-S protein 1(NDUFS1), zinc binding
alcohol dehydrogenase domain-containing protein1
(ZADH1), and enolase 1(ENO1) (Fig. 4 and Table 3).

Among those proteins, KHC exhibited the greatest
gender difference in both ND and HFD rats. Of particular
interest, 4 proteins showed gender-differences with

Cell Physiol Biochem 2011;28:933-948



940

opposite expression patterns in both ND and HFD rats
(Group III); these included fatty acid synthase (FAS),
carboxylesterase 3 (CES3), aldehyde dehydrase (ADH),
and rCG55067 (Fig. 5). In addition, and of particular
interest, as shown in Fig. 6 and 7, and Table 3, 21 proteins
showed gender difference only in ND or HFD (Group
IV), while 7 showed gender-dependent expression only
in HFD rats.

BAT proteins that were HFD-responsive, but not
expressed in a gender-dependent manner
As shown in Fig. 7 and Table 3, we also found that

a total of 7 proteins showed no gender-difference, but
exhibited significant HFD-responsive regulation in both
males and females. Of these, levels of 2 proteins were
higher in HFD-fed rats, whereas those of 5 proteins were
markedly lower in HFD rats, compared with ND rats.

Validation of results from proteomic analysis
using immunoblot analysis
Although our proteomic data indicated differential

protein expression between male and female rats, we
could not exclude the possibility of technical errors and
artificial effects in proteomic analysis. To address this
issue, levels of 4 proteins of interest (CK, FAS, CES3,
and HADHA) together with 7 metabolically important
proteins in BAT (e.g. PPAR , GLUT4, UCP1, CPT1,
AMPK, p-AMPK, and p-ACC) were investigated by
immunoblot analysis. As shown in Fig. 8, protein levels of
4 proteins were in line with those from proteomic analysis
showing gender- or HFD-responsive regulation. Levels
of UCP1 and 6 other proteins of metabolic importance
also showed significant gender-differences and showed
HFD responsive regulation patterns (Fig. 9 and Fig. 10).

Mitochondrial content, PGC1- , UCP1 protein, and
mRNA levels of UCP1 in BAT of ND and HFD-fed rats
were determined for comparison of thermogenic activity.
As shown in Fig. 10, all were higher in females than in
males under both dietary conditions.

Discussion

In the present study, using the hypothesis that
members of the BAT proteins can be either directly or
indirectly related to control of body weight in both genders,
we performed comparative proteome analysis in BAT
comparing male and female rats for response to HFD
treatment. A variety of studies have raised the possibility
of the existence of sex dimorphism in metabolic activity

Choi/Oh/Choi/Mukherjee/Wang/Liu/Yun

Table 4. Fold changes of differentially expressed BAT protein
in each group. a)For abbreviated protein names, see Table 3.

in adipose tissues, such as energy expenditure and
oxidative capacity [18, 21, 35, 36]. Greater oxidative
capacity with more effective antioxidant machinery in
female rats, compared to males, has been demonstrated.
The increased oxidative activity may result in higher energy
intake but lower body fat deposition, compared with males
[34]. Compared to male rats, female rats have higher
protein content (particularly UCP1), and greater
respiratory and phosphorylative capacities in mitochondria,
thereby resulting in higher energy expenditure [18, 35,

Cell Physiol Biochem 2011;28:933-948
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Fig. 3. Differentially expressed BAT proteins
showing gender difference in both ND and HFD rats
with identical patterns. These proteins showed higher
expression in males. Data are exhibited as mean values
± SD of volume density (%) of the changed spot in 3
individual gels using pooled BAT from 7 rats per group.
These 11 proteins have p values < 0.05 when
comparing males and females fed ND and/or HFD.
Statistical significance between male (M) and female
(F) rats was determined by a t-test, where p values
were *p<0.05 and **p<0.01 and significance between
ND and HFD rats was represented by †p<0.05 and
††p<0.01. For abbreviation of each protein name, see
Table 3. Arabic numerals in parenthesis of bar graphs
indicate spot numbers in zoon-in gel images.

36]. Borrás and coworkers  [47] also found that females
exhibited higher antioxidant gene expression and lower
oxidative damage than males. Although they did not link
their findings to obesity, these results also appear to be
responsible for higher fat oxidation in females. During
the post-cafeteria period, BAT was found to be more
efficiently activated in females who experienced higher
body weight loss than in males after removal of the
cafeteria diet [15]. Greater sensitivity of female rats to
cold, compared with male rats, has been demonstrated,
and resistance to cold is a physiological priority [16].
Female rats are known to be more sensitive to cold
because their threshold temperature for the thermogenesis
response is set at a higher value (22 C) than that of males
(18 C). Female rats might have a low threshold
temperature for cold-induced thermogenic response. In
other words, their BAT is already activated at 22 C,
whereas male rats are not (or less) sensitive to cold at
this temperature [20]. Male and female animals
acclimated to 22 C have different specific UCP1 levels
in BAT, which were double for female rats, compared
with male rats [20].

However, several conflicting results suggesting
higher thermogenic activity in males than females have
been reported. For example, higher levels of 3-
adrenoceptor in male rats, compared with females, have
been demonstrated, pointing to greater thermogenic
capacity and less weight gain in males [21]. In addition,
female rats appeared to have decreased energy

expenditure through protection of metabolically active
organs to a greater extent than male rats during calorie
restriction [22]. Rodríguez and Palou [15] demonstrated
a gender difference in cold, diet, and overweight-induced
stimulation of expression of UCP1 in BAT. Upon chronic
cafeteria diet feeding, female rats have been shown to
attain a larger excess of body weight than males. BAT of
female lean control rats has been shown to be already
activated, compared to that of males [15]. Taken together,
it remains to be determined whether males or females
have higher innate thermogenic activity leading to
suppression of weight gain when exposed to HFD.

In the current study, we found numerous proteins
showing differential expression in a gender-dependent
manner at 8 weeks of breeding duration. For interpretation
of the results of proteomic analysis, we categorized
identified proteins into 5 groups (Table 3): Groups I and
II contained proteins showing gender difference in both
ND and HFD rats with identical patterns. The levels of
some proteins were higher in males (Group I), whereas
some were higher in females (Group II). Group III
included proteins showing gender-difference in both ND
and HFD rats with opposite patterns. Group IV proteins
were defined as ones that showed a gender-difference
in the regulation patterns in only ND or HFD rats. Lastly,
proteins categorized into Group V showed no gender-
difference but did show a HFD response. Due to space
limitation, a limited number of proteins showing a clear
gender difference were discussed here.
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Fig. 4. Differentially expressed BAT
proteins showing gender difference in
both ND and HFD rats with identical
patterns. These proteins showed higher
expression in females. Data are exhibited
as mean values ± SD of volume density
(%) of the changed spot in 3 individual
gels using pooled BAT from 7 rats per
group. These 12 proteins have p values
< 0.05 when comparing males and females
fed ND and/or HFD. Statistical
significance between male (M) and
female (F) rats was determined by a t-
test, where p values were *p<0.05 and
**p<0.01 and significance between ND
and HFD rats was represented by †p<0.05
and ††p<0.01. For abbreviation of each
protein name, see Table 3. Arabic
numerals in parenthesis of bar graphs
indicate spot numbers in zoon-in gel
images.

Choi/Oh/Choi/Mukherjee/Wang/Liu/Yun

Proteins showing a gender-difference in identical
regulation patterns in both ND and HFD rats
Twenty three proteins were categorized into Groups

I and II; 11 proteins showed higher expression in males,
while 12 proteins showed markedly higher levels in
females. The first exciting finding in the current
comparative proteomic study between genders is
profoundly higher levels of expression of kinesin heavy
chain (KHC, isoform 5C) in females (Fig. 4). Kinesin is
a motor protein found in eukaryotic cells and its active
movement supports several cellular functions, including
cell division and transport of cargo, such as axonal
transport [48-50]. Evidence has accumulated in favor of
the hypothesis that GLUT4 movement in adipocytes and
muscle cells is dependent on cytoskeletal structure, and

that optimal GLUT4 translocation in response to insulin
requires intact actin filaments [51, 52]. Semiz et al. (2003)
[53] found that kinesin mediates insulin-stimulated GLUT4
movement on adipocyte cell microtubules. Recent data
have also suggested a connection between disruption of
intraflagellar transport and obesity, as evidenced by the
discovery of proteins associated with human obesity [54].
Therefore, due to striking differences in protein levels of
kinesin between genders, this protein can be used as a
potential anorectic marker for determination of gender
difference in BAT, irrespective of dietary conditions.

We also found higher protein levels of creatine kinase
(CK) in females (Fig. 4). In cold adaptation in BAT, up-
regulation of ATP synthase can be a response of the tissue
to sustain the ATP availability needed for housekeeping
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Fig. 5. Differentially expressed BAT
proteins showing gender difference in both
ND and HFD rats with opposite regulation
patterns. Data are exhibited as mean values
± SD of volume density (%) of the changed
spot in 3 individual gels using pooled BAT
from 7 rats per group. Statistical
significance between male (M) and female
(F) rats was determined by a t-test, where p
values were *p<0.05 and **p<0.01 and
significance between ND and HFD rats is
represented by †p<0.05 and ††p<0.01. For
abbreviation of each protein name, see
Table 3. Arabic numerals in parenthesis of
bar graphs indicate spot numbers in zoon-
in gel images.

Fig. 6. Proteins showing a gender-
difference in the regulation patterns in only
ND or HFD rats, and proteins showing no
gender-difference, but HFD response. Data
are exhibited as mean values ± SD of volume
density (%) of the changed spot in 3
individual gels using pooled BAT from 7
rats per group. Statistical significance
between male (M) and female (F) rats was
determined by a t-test, where p values were
*p<0.05 and **p<0.01 and significant
differences between ND and HFD rats are
represented by †p<0.05 and ††p<0.01. For
abbreviation of each protein name, see Table
3. Arabic numerals in parenthesis of bar
graphs indicate spot numbers in zoon-in gel
images.

Gender Differences in Brown Adipose Tissues of Rats

Fig. 7. Proteins that were HFD-responsive,
but not expressed in a gender-dependent
manner. Data are exhibited as mean values ±
SD of volume density (%) of the changed
spot in 3 individual gels using pooled BAT
from 7 rats per group. Statistical significance
between ND and HFD rats is represented
by †p<0.05 and ††p<0.01. For abbreviation
of each protein name, see Table 3. Arabic
numerals in parenthesis of bar graphs
indicate spot numbers in zoon-in gel images.

of cold-adapted BAT. Up-regulation of ATP synthase
together with down-regulation of CK is an event that
occurs in BAT. The up-regulation of ATP synthase points
out the competition that exists between 2 proton
electrochemical gradient-consuming systems, including
one that is energy-conserving (ATP synthase), while the

other one dissipates energy (UCP1). Higher levels of CK
in female BAT suggest a greater capacity for use of
phosphocreatine as an energy buffer providing ATP for
cytosolic reactions during uncoupling reactions in HFD-
induced obese rats.

The higher levels of enzymes involved in the glycerol
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Fig. 8. Validation of differentially regulated BAT proteins in
male (M) and female (F) rats in response to HFD by immunoblot
analysis. Levels of 4 proteins identified from 2-DE analysis
were established using pooled BAT samples from 7 rats per
group. Data are representative of 3 independent experiments.
For abbreviation of each protein name, see abbreviations.

pathway are of significant interest. Activation of BAT
thermogenesis requires hydrolysis of endogenous
triacylglycerols for production of fatty acids (FA), which
are both substrates and uncoupling messengers for BAT
mitochondria [55]. Therefore, maintenance of adequate
stores of triacylglycerols, through esterification of newly
synthesized or preformed FA via glycerol-3-phosphate
(G3P), appears to be essential for normal functioning of
BAT. One of the sources of G3P for acylation is the
glycerol produced by hydrolysis of stored triacylglycerols
or taken up by tissue from the circulation that is directly
phosphorylated to G3P by glycerolkinase. Stimulation of
glycerolkinase (GyK) gene expression at the
pretranslational level, with increased enzyme activity,
mediated by -adrenoreceptors under conditions of a
sustained increase in BAT sympathetic flow has been
demonstrated [55]. Our finding of higher protein levels
of GyK together with phosphoenolpyruvate
carboxylkinase (PEPCK) (Fig. 4), which is a regulatory
enzyme of glyceroneogenesis, supports this result. We

also found that higher levels of glycerol-3-phosphate
dehydrogenase (GPDH) were observed in females (Fig.
4). However, our results strongly argue against the
observations that overexpressions of GPDH, GyK or
PEPCK led to diet-induced insulin resistance and obesity
in white adipose or liver tissue (Fig. 4) [56, 57]. Taken
together, the role of these enzymes in BAT in determination
of the fate of glycerol (maintenance of FFA and
consequent uncoupling messengers for BAT) is likely to
differ from that in other tissues (TG accumulation using
glycerol as a substrate). Therefore, results of gender-
different expression of GyK or PEPCK suggest a greater
thermogenic activity in female rats.

One of the most striking results in our proteomic
study is the finding of different regulation patterns of 2
lipogenic proteins. Protein levels of malic enzyme (ME)
and fatty acid synthase (FAS) in HFD-fed females were
strikingly lower than in males (Fig. 3 and Fig. 5). Lower
ME levels found in the present study may suggest
relatively less fat accumulation in both ND- and HFD-

Fig. 9. Differentially regulated BAT proteins of metabolic
importance in male (M) and female (F) rats in response to HFD
by immunoblot analysis. Levels of 6 important BAT proteins
were established using pooled BAT samples from 7 rats per
group. Data are representative of 3 independent experiments.
For abbreviation of each protein name, see abbreviations.
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Fig. 10. Comparison of protein (A) and mRNA levels of UCP1
(B), as well as PGC1-  (C) and mitochondrial content (D) in
male (M) and female (F) rats in response to HFD. Protein levels
were determined by Western blot analysis and mRNA levels
were measured using real-time PCR. All were established using
pooled BAT samples from 7 rats per group. Data are
representative of 3 independent experiments. For abbreviation
of each protein name, see abbreviations.

fed female rats [58]. Protein levels of FAS in BAT of
male rats were higher in HFD rats than in ND rats, but
not in BAT of female rats. Plasma lipid profiles were
very similar between the genders (Table 2); therefore, it
is likely that the excess lipid deposition in BAT of male
rats may not be due to uptake of triacylglycerol from
plasma, but due to higher lipogenesis mediated by
increased FAS levels within the tissue. In view of the
apparent relationship between thermogenesis and
lipogenesis in BAT, it might be expected that rates of
fatty acid synthesis in BAT of females would be lower in
obese rats than in males. It was consequently suggested
that BAT might make a major contribution to development
of obesity in male rats by virtue of the export of fatty
acids for storage in WAT.

Compared with males, down-regulation of aldose
reductase (AR) in females is likely to contribute favorably
to carbohydrate metabolism (Fig. 3). In response to the
chronic hyperglycemia found in diabetics, glucose flux
through the polyol pathway is significantly increased. Up
to 33% of total glucose utilization in some tissues can
occur through the polyol pathway. Glucose concentrations
are often elevated in diabetics and AR has long been
believed responsible for diabetic complications involving
a number of organs.

We also found lower levels of 2 proteins involved in
the mitochondrial respiratory chain, electron-transfer
flavoprotein (ETF), and NADH dehydrogenase
(ubiquinone) flavoprotein 1 (NDUFV1) in females (Fig.
3). Although defects in these proteins are a common cause
of mitochondrial dysfunction, down-regulation of these
proteins in females is likely to influence enhanced
uncoupling capacity in females.

We also detected higher levels of 3 different enzymes
of the TCA cycle (fumarase, isocitrate dehydrogenase 3,
and Sucla2) in female rats when fed a HFD (Fig. 4 and
Fig. 6). This was likely to increase in -oxidation enzymes
in females, suggesting more complete oxidation of fatty
acids. Without an increase in TCA cycle enzymes, higher
levels of -oxidation enzymes would result in incomplete
fat oxidation, thereby impairing mitochondrial functions.
Up-regulation of branched-chain -keto acid
dehydrogenase complex (BCKADC), which is a
combination of enzymes responsible for degradation of
branched chain amino acids, is also a similar result,
because this complex is known to be analogous to the
alpha-ketoglutarate dehydrogenase complex in the TCA
cycle (Fig. 4).

Of particular interest, higher levels were detected
in adipocyte plasma membrane-associated protein
(APMAP) in female BAT in both ND and HFD rats (Fig.
4). Although the precise biological function of APMAP is
unknown at present, it is considered a marker of adipocyte
differentiation that is mostly present in mature adipocytes
[59]. However, this was found only in WAT, and not in
BAT. Together with the observation that female rats had
higher BAT content than males, another clue for higher
thermogenic activity in females could be derived from
differential expression of APMAP between genders when
both were exposed to HFD.

The gender-dependent protein levels of GRP75 are
another interesting finding in this study. GRP75 is a heat-
shock cognate protein, which is primarily localized to the
mitochondria but also exists in the endoplasmic reticulum
(ER), plasma membrane, and cytoplasmic vesicles. This
protein plays a role in cell proliferation, stress response,
and maintenance of mitochondria [60]. A protective
mechanism used by cells in adaptation to stress of the
ER is induction of members of the GRP family. Induction
of mammalian GRP proteins in response to ER stress
involves a complex network of regulators and novel
mechanisms. Elucidation of GRP function and regulation
opens up new therapeutic approaches to diseases
associated with ER stress and cancer [61]. Pathological
conditions, such as tumor growth, have been reported to
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show correlation with GRP over-expression [61, 62].
Therefore, our findings raise the possibility that higher
protein levels of GRP75 in males may reflect a more
severe state of obesity (Fig. 3).

Proteins showing gender-difference with opposite
regulation patterns in ND and HFD rats
HFD-responsive up-regulation of carboxylesterases3

(CES3) only in males is also an interesting result in this
study (Fig. 5). CESs constitute an enzyme family that
converts a carboxylic ester to an alcohol and a
carboxylate, and have recently been suggested to play a
role in lipolysis. Jernas and coworkers [63] recently
demonstrated that expression of the CES1 gene is highly
regulated in human adipose tissue, with increased levels
in obese subjects, and decreased levels during weight loss.
However, differential expression patterns of these
enzymes in mammalian BAT have not been demonstrated.
Our proteomic analysis of rat BAT pointed indicated that
HFD-fed rats showed higher CES3 expression than in
ND-fed mice only in males, reflecting a sign of higher
lipid accumulation in HFD-fed male rats, but not in
females.

Opposing regulation responses of aldehyde
dehydrogenase (ADH) to HFD between genders is
worthy of discussion (Fig. 5). In males, levels of ADH
were markedly reduced in HFD rats, whereas no
significant changes were observed in females. One
possible explanation for this result could be the greater
detoxifying role in lipid-derived oxidative stress because
ADH was identified as a key component of the
detoxification pathway of aldehydes arising from lipid
peroxidation events [64].

Results of immunoblot analysis clearly supported the
proteomic results, in that identical expression patterns for
4 selected proteins were observed (e.g. CK, CES3, FAS,
and HADHA). To confirm higher thermogenic activity
in female BAT obtained from the proteomic study, we
compared the mitochondrial content, levels of UCP1
(marker for energy expenditure), and PGC1-  (marker
for mitochondrial biogenesis and estrogen receptor
activator) between genders. Somewhat to our surprise,
we found that expression of all of these factors showed
gender-difference. In particular, female rats exhibited
significantly greater stimulation of UCP1 expression in
both protein and mRNA levels than did males (Fig. 10).

In this study, we found interesting changes in the
levels of estrogen and testosterone in response to HFD
feeding. Levels of estrogen in both males and females
were increased in HFD-fed rats. A higher magnitude of

increase in females (30%) than in males (15%), compared
with ND rats, was observed (Table 2). In contrast, levels
of testosterone in males showed a striking decrease
(53%), but showed a detectable increase in females
(13%). Taken together, maintenance of high levels of
estrogen also supports increased energy expenditure in
HFD-fed female rats. Our finding is in agreement with
earlier results showing that mice with deficient estrogen
receptors or aromatase accumulated higher levels of fat
than their littermates [65, 66].

In conclusion, Current proteomic analysis of BAT in
HFD-induced obesity allowed us to identify 48 proteins
showing gender-specific regulation in male and female
rats. Although some of these proteins have already been
linked to obesity, gender-dependent regulation patterns
of most identified proteins are reported for the first time
in this study. We found conclusive results showing greater
expression of numerous proteins directly or indirectly
involved in thermogenic action in females. In addition,
traits of lower fat synthesis and higher oxidation activity
in females were suggested, although the activity of each
enzyme activity was not been determined in this study.
We believe that gender-different protein regulation in BAT
resulted, at least in part, from sex hormones. For example,
estrogen might down regulate lipogenic enzymes and shift
partition of FFA toward oxidation and away from TG
storage by activation of AMPK. In conclusion, the present
proteomic research into gender-dimorphic
pathophysiological mechanisms will aid in improvement
of gender awareness in the health care system and in
implementation of evidence-based gender specific clinical
recommendations.
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