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a b s t r a c t

Adipocytes behave as a rich source of pro-inflammatory cytokines including tumor necrosis factor-a
(TNF-a) and monocyte chemoattractant protein 1 (MCP-1). Endoplasmic reticulum (ER) stress in adipo-
cytes can alter adipokines secretion and induce inflammation. The aim of this study is to evaluate the
effect of simvastatin on the ox-LDL-induced ER stress and expression and secretion of TNF-a and MCP-
1 in 3T3-L1 adipocytes. Differentiated adipocytes were treated with various concentrations of ox-LDL
(0–100 lg/ml) for 24 h with or without simvastatin pre-treatment. The protein expressions of ER stress
markers, glucose-regulated protein 78 (GRP78) and C/EBP homology protein (CHOP), were determined by
Western blot analysis. The mRNA expressions of TNF-a and MCP-1 were measured by real-time PCR. The
protein release of TNF-a and MCP-1 in culture medium were evaluated by ELISA. Ox-LDL treatment led to
significant up-regulation of GRP78 and CHOP in dose-dependent manner. The expressions of TNF-a and
MCP-1 were dose-dependently increased at mRNA and protein levels after ox-LDL intervention. The
effects of ox-LDL on adipocytes were abolished by pre-treatment with 4-phenylbutyrate (4-PBA), a chem-
ical chaperone known to ameliorate ER stress. Simvastatin could inhibit ox-LDL-induced ER stress and
reduce the expression of TNF-a and MCP-1 at mRNA and protien level in dose dependent manner. In con-
clusion, ox-LDL can stimulate the expression and secretion of TNF-a and MCP-1 through its activation of
ER stress in adipocytes. Simvastatin might exert direct anti-inflammatory effects in adipocytes through
amelioration of ER stress.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

In addition to store excess energy in form of triglyceride, adi-
pose tissue is an active endocrine organ and serves as a rich source
of pro-inflammatory cytokines such as tumor necrosis factor-a
(TNF-a), monocyte chemoattractant protein 1 (MCP-1) and inter-
leukin-6 (IL-6) [1]. Adipocytes have substantial ability to synthe-
size and secrete TNF-a and MCP-1 [2,3]. The adipose expression
and secretion of both adipokines are elevated in obese state, which
may at least partly account for the chronic low-grade inflammation
in obesity. It has been demonstrated that inflammation plays a piv-
otal role in the pathogenesis of insulin resistance and atherosclero-
sis associated with obesity [4]. The abnormalities of the expression
and secretion of adipokines may be the link between obesity and
its complications, which will be a potential target for the treatment
of obesity.

Endoplasmic reticulum (ER) is a central organelle for proteins
synthesis, folding and maturation. Various genetic and environ-
mental insults may lead to accumulation of unfolded or misfolded

proteins in the ER lumen, causing ER stress. Prolonged ER stress
may impair the metabolism and functions of cells. The ER of adipo-
cytes plays a major role in the assembly and secretion of adipo-
kines. Recent studies have reported that ER stress is increased in
adipose tissue of obese mice and human subjects [5,6]. It has been
confirmed that ER stress in adipocytes can modify adipokines
secretion and induce inflammation [7,8]. So it could be presumed
that inhibition of ER stress may be an effective approach to reduce
the risk of obesity and its complications.

Oxidized low density lipoprotein (ox-LDL) is considered a major
player in the pathogenesis of atherosclerosis [9]. Circulating ox-
LDL is significantly correlated with most of the cardiovascular risk
factors including dyslipidemia, type-2 diabetes, obesity, and meta-
bolic syndrome [10]. Ox-LDL has a wide range of atherogenic prop-
erties including up-regulation of inflammatory genes, increased
expression of adhesion molecules on endothelial cells, monocyte
chemotaxis and destabilization of plaques. Recent studies indi-
cated that ox-LDL could trigger ER stress in endothelial cells and
macrophages [11,12]. However it is rarely reported about the effect
of ox-LDL on ER stress and subsequent adipokines secretion in
adipocytes.

Statins, potent inhibitors of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase, significantly reduce serum
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cholesterol level and decrease the incidence of coronary heart dis-
ease [13]. The overall clinical benefits of statins appear to be be-
yond the cholesterol-lowering effects, suggesting that statins
have pleiotropic effects including anti-inflammatory property
[14]. Recently it has been found that statins significantly inhibit
ER stress in cardiomyocytes and macrophages [15–17], whereas
it is still unknown about the effect of statins on ER stress of adipo-
cytes. So the aim of this study is to determine the effect of simva-
statin on adipocytes ER stress and secretion of inflammatory
adipokines, TNF-a and MCP-1.

2. Materials and methods

2.1. Cell culture and treatment

3T3-L1 preadipocytes were cultured and induced to differenti-
ate into mature adipocytes as described previously [18]. Differen-
tiated adipocytes were serum starved for 18 h in DMEM
supplemented with 0.2% bovine serum albumin (BSA) before treat-
ment. For the experiment, adipocytes were exposed to various con-
centration of ox-LDL (0–100 lg/ml) for 24 h. To further verify
whether the effect of ox-LDL on adipocytes is associated with ER
stress activation, the adipocytes were pretreated for 12 h with var-
ious doses of 4-phenylbutyrate (4-PBA) (0–20 mM), a chemical
chaperone known to ameliorate ER stress [19], and then stimulated
with 50 lg/ml of ox-LDL for 24 h. For simvastatin studies, 3T3-L1
adipocytes were treated with various concentrations of simvasta-
tin (0–10 lmol/L) for 12 h, followed by treatment with 50 lg/ml
of ox-LDL for 24 h. At the end of the study, the supernatants and
monolayer cells were harvested for next experiments.

2.2. Western blot analysis

ER stress is characterized by the expression of ER stress indica-
tors, glucose-regulated protein 78 (GRP78) and C/EBP homology
protein (CHOP). GRP78 is a chaperone in ER and plays a crucial role
in the regulation of the ER dynamic equilibrium. CHOP is a major
transcriptional factor responsible for ER stress-induced apoptosis.
Both GRP78 and CHOP are significantly up-regulated when ER
stress occurs. The protein expression of CHOP and GRP78 were
determined by Western blot analysis. Briefly, cultured cells were
lysed in radio immunoprecipitation assay buffer (RIPA, Beyotime
Institute of Biotechnology, China). Equivalent amounts of protein
were separated on 10% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS–PAGE) and transferred onto PVDF mem-
branes. The membrane was incubated with specific monoclonal
anti-GRP78 or anti-CHOP primary antibodies (Santa Cruz Biotech-
nology, USA) at 4 �C for overnight. After incubation with appropri-
ate horseradish peroxidase-conjugated secondary antibodies
(Sigma), immunoreactive bands were visualized using the en-
hanced chemiluminescence detection system. Data were quanti-
fied by densitometry after scanning using the TINA software
(Raytest, Germany). The expression of GRP78 and CHOP was eval-
uated and compared with the expression of b-actin.

2.3. RNA isolation and real-time PCR

The mRNA expressions of TNF-a and MCP-1 were evaluated by
the method of real-time PCR. Total RNA was extracted from adipo-
cytes using Trizol reagent (Invitrogen) according to manufacturer’s
instructions. RNA was reverse transcribed using SuperScript III
First-Strand Synthesis Supermix (Invitrogen). The cDNA samples
were amplified in duplicate in 96-microtiter plates (Applied Bio-
systems). Each PCR reaction (20 ll of total volume) contained:
10 ll of SYBR Green PCR Master Mix (Applied Biosystems), 5 pmols

of each primer, 1 lg of cDNA. The PCR primers were the following:
(1) TNF-a: 50-TTC TAT GGC CCA GAC CCT CA-30 and 50-ACT TGG
TGG TTT GCT ACG ACG-30; (2) MCP-1: 50-GCA GGT CCC TGT CAT
GCT TC-30 and 50-GAG TGG GGC GTT AAC TGC AT-30. Real-time
PCR reactions were carried out in an ABI PRISM 7500 real-time
PCR apparatus. The thermal profile settings were 95 �C for 2 min,
then 40 cycles at 95 �C for 10 s, 60 �C for 30 s and 70 �C for 45 s.
The relative mRNA expression levels were normalized to expres-
sion of 28S rRNA.

2.4. TNF-a and MCP-1 protein measurement

TNF-a and MCP-1 concentrations were measured in culture
medium using enzyme linked immunoabsorbent assay (ELISA, R
& D Systems) with a sensitivity of 1 pg/ml and no cross-reactivity
against other cytokines according to the manufacturer’s recom-
mendations. Each sample was assayed in triplicate. Intra-assay
and inter-assay precision variability was <8%.

2.5. Statistical analysis

Results are represented as the means ± SD. Comparisons among
groups were performed by one-way ANOVA analysis. Differences
were considered significant at a value of P < 0.05 for all tests.

3. Results

3.1. Effect of ox-LDL on ER stress and expression and secretion of TNF-a
and MCP-1

In the present study, we examined the ER stress response of adi-
pocytes after treatment with ox-LDL by measuring the protein lev-
els of ER stress markers, GRP78 and CHOP. Incubation of adipocytes
with ox-LDL led to significant up-regulation of GRP78 and CHOP in
dose-dependent manner, suggesting ox-LDL may induce ER stress
in adipocytes (Fig. 1). Since ER stress may alter adipokines secre-
tion and induce inflammation, we further evaluated the effect of
ox-LDL on the expression and secretion of inflammatory adipo-
kines. It was found that the expressions of both TNF-a and MCP-
1 were significantly increased at mRNA and protein levels after
ox-LDL intervention (Fig. 1).

3.2. Chemical chaperone 4-PBA attenuated the effect of ox-LDL on
adipocytes

4-PBA is a well-established chemical chaperone and ER stress
inhibitor [19]. To further explore whether the stimulating effect
of ox-LDL on adipokines secretion is attributed to the activation
of ER stress, adipocytes were treated with 4-PBA before exposure
to ox-LDL. As compared with adipocytes treated with ox-LDL alone,
pre-treatment with 4-PBA significantly decreased the protein
expression of GRP78 and CHOP in dose-dependent manner. At
the same time, the mRNA expression and secretion of TNF-a and
MCP-1 were also dose-dependently reduced in 4-PBA pre-treated
adipocytes (Fig. 2).

3.3. Simvastatin inhibited ox-LDL-induced ER stress and inflammatory
adipokines secretion in 3T3-L1 adipocytes

The effect of simvastatin on ox-LDL-induced ER stress and adi-
pokines secretion was determined in 3T3-L1 adipocytes. As com-
pared with adipocytes without simvastatin pre-incubation, the
ox-LDL-induced expressions of GRP78 and CHOP were significantly
suppressed by simvastatin pre-treatment in dose-dependent man-
ner. The ox-LDL-induced mRNA expression and secretion of TNF-a
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