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A B S T R A C T

Resistin is a cysteine-rich cytokine, which has been indicated as a mediator of insulin resistance and in-
flammation. Previous studies demonstrated that lipoprotein lipase (LPL) was an important enzyme that could
mediate lipid accumulation in macrophages. Additionally, the intracellular molecules phosphatidylinositol 3-
kinase (PI3K)/serine-threonine protein kinase (AKT)/peroxisome proliferator-activated receptor (PPARγ) were
supposed to be involved in the lipid accumulation process in cells. However, it remains unclear whether resistin
was correlated with the dysregulation of lipid metabolism in macrophages. The present study investigated that
resistin could up-regulate the expression of LPL and increase the contents of intracellular triglyceride (TG) and
total cholesterol (TC) in RAW264.7 macrophages. In addition, intracellular molecules PI3K, AKT and PPARγ
were significantly up-regulated and activated in resitin-stimulated RAW264.7 macrophages (P < 0.05). In
contrast, the effects of resistin on RAW264.7 macrophages could be abrogated by specific inhibitors for LPL (LPL-
siRNA) and PI3K/AKT signaling pathway (LY294002). All together, this study demonstrated that resistin could
up-regulate the expression of LPL and induce lipid accumulation in RAW264.7 macrophages. More importantly,
the PPARγ-dependent PI3K/AKT signaling pathway was relevant to the lipid accumulation process in resistin-
stimulated macrophages.

1. Introduction

Resistin is a cysterine-rich cytokine, a unique signaling hormone
that potentially links obesity, insulin resistance and inflammation [1,2].
Resistin is mainly secreted from adipocytes and macrophages that
might reduce the sensitivity of insulin and relate to the disorder of in-
flammatory lesions [3–5]. Increasing evidences proved that the serum
level of resistin was positively correlated with lipid metabolic disorders,
like obesity, type 2 diabetes mellitus and atherosclerosis [6–10]. Mac-
rophages are players in these chronic diseases that orchestrate lipid
metabolism and inflammation [11–14]. Some studies even implied that
resistin might induce excessive lipid accumulation in macrophages
[15–17]. However, the cellular mechanisms of resistin on the

dysregulation of lipid metabolism in macrophages are not well under-
stood.

Lipoprotein lipase (LPL) is a primary enzyme that required for the
metabolism of lipoprotein triglycerides [18]. In artery, LPL can further
hydrolyze remnant-like lipoprotein particles (RLPs) and facilitate the
uptake of RLPs, like oxidized low-density lipoprotein (ox-LDL), which
may result in the augment of lipid deposition in monocytes/macro-
phages [19–21]. Meanwhile, resistin was supposed to be a mediator
that could up-regulate the expression of LPL in adipose cells 3T3-L1
[22,23]. However, whether resistin could up-regulate the expression of
LPL in macrophages was unclear.

Phosphatidylinositol 3-kinase (PI3K) and serine-threonine protein
kinase (AKT), regarded as signal transduction molecules in cells, are
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associated with varieties of biological processes, including apoptosis,
insulin resistance and adipogenesis [24–27]. Previous studies eluci-
dated that the PI3K/AKT mediated signaling pathway was participated
in lipid accumulation process via phosphorylating or activating sub-
strates, like peroxisome proliferator-activated receptor (PPARγ)
[28–30]. PPARγ, a downstream signal molecule of AKT, is well-known
as a transcription factor in lipid metabolism [31–33]. In macrophages,
PPARγ is verified as a mediator to the expression of LPL [34,35]. Re-
ciprocally, resistin could activate insulin receptor substrate-1 (IRS-1) to
regulate PI3K/AKT signaling pathway [25]. However, it remained un-
certain whether resistin could induce the uptake of lipid in macro-
phages, and if this process was relevant to intracellular signaling mo-
lecules PI3K, AKT and PPARγ.

Hence, the aims of this study were to testify the role of resistin in
lipid accumulation process in macrophages and investigate the cellular
mechanism. The present findings showed that PPARγ-dependent PI3K/
AKT signaling pathway was correlated with the expression of LPL in
resistin-stimulated RAW264.7 macrophages, and LPL was a factor that
would facilitate the cellular uptake of ox-LDL, thus enhancing lipid
accumulation in macrophages.

2. Materials and methods

2.1. Cell culture

RAW264.7 macrophages were purchased from China Center for
Type Culture Collection (CCTCC, China). Cells were cultured in DMEM
(High glucose) with 10% fetal bovine serum (FBS), 100 U/ml penicillin
and 100mg/ml streptomycin (Gibco, Life Technologies). RAW264.7
macrophages were incubated in a humidified incubator (Thermo, Life
Technologies) at 37 °C, 95% air and 5% CO2. RAW264.7 macrophages
were used within 20 passages in this study. Endotoxin-free recombinant
mouse resistin was purchased from Lifespan Biosciences. ox-LDL was
purchased from Solarbio (Beijing, China).

2.2. Real-time quantitative PCR analysis (qRT-PCR)

Total RNA of RAW264.7 macrophages was extracted by using
TRIzol reagent (Invitrogen, Life Technologies) in accordance with the
instruction manual. β-actin gene was used as an internal control. Primer
sets were as follows: murine β-actin [36], forward: 5′-CTGAGAGGGA
AATCGTGCGT-3′, and reverse: 5′-CCACAGGATTCCATACCCAAGA-3′;
murine LPL [20], forward: 5′-GGGAGTTTGGCTCCAGAGTTT-3′, and
reverse: 5′-TGTGTCTTCAGGGGTCCTTAG-3′. qRT-PCR reactions were
performed on QuantStudio Real-Time PCR system (Applied Biosystems)
using SYBR Green detection chemistry. Melting curve analysis verified
the reliability of each qRT-PCR reaction. Quantitative measurements
were determined by using the ΔΔ Ct method, and the mRNA expression
of β-actin gene was used as the internal control.

2.3. Western-blotting analysis

Monoclonal antibodies against LPL (bs-1973r; 1:1000), PI3K (bs-
10657r; 1:800), AKT (bs-0115r; 1:1000), PPARγ (bs-0530r; 1:1000), p-
PI3K (bs-6417r; 1:1000), p-AKT (bs-5194r; 1:1000), p-PPARγ (bs-
4888r; 1:1000) and β-actin (BA2305; 1:800) were purchased from Bioss
Antibodies, Inc. (Beijing, China), and the horseradish peroxidase (HRP)-
conjugated secondary antibody (BA2305; 1:3000) was purchased from
Wuhan Boster Biological Technology, Ltd. (Wuhan, China). Proteins in
cells were extracted by using a Cytoplasmic and Nuclear Protein
Extraction kit (BestBio, Inc., Shanghai, China), and the protein con-
centrations were calculated by using bicinchoninic acid assay kits
(Pierce, Life technologies). Protein lysates were kept at −20 °C until
detected by western-blotting. The protein lysates were fractionated via
12% SDS-PAGE and transferred to PVDF membranes (EMD Millipore,
Billerica, MA, USA). Then the PVDF membranes were blocked with 5%

fat-free milk powder at room temperature for 1 h and immunoblotted
overnight at 4 °C with primary antibodies. Next, the PVDF membranes
were incubated with HRP-conjugated secondary antibody for 1 h at
room temperature. After that, the PVDF membranes were washed 5
times with Tween-20 mixed PBS for 5min. Finally, the blots in PVDF
membranes were developed by using the enhanced chemiluminescence
(ECL) system (GE Healthcare Life Sciences). The integrated optical
density (IOD) value of each blot was detected and analyzed by Image-
Pro Plus 6.0 software (Media Cybernetics, Inc.).

2.4. Detection of triglycerides (TG) and total cholesterol (TC) contents

RAW264.7 macrophages were starved for 12 h and then treated
with 50 μg/ml ox-LDL and LPL-siRNA for 24 h; or incubated with re-
sistin (200 ng/ml) for 24 h. The contents of TG and TC were detected by
using kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China).

2.5. Transfection for LPL knock-down

Small-interfering RNA specific for LPL (LPL-siRNA) was designed
and synthesized by Invitrogen (Life Technologies). After RAW264.7
macrophages were grown to 70–80%, the cells were then transfected
with 150 nM LPL-siRNA or 150 nM control siRNA (ctrl-siRNA) by using
Lipofectamine® 3000 (Invitrogen, Life technologies). siRNAs were as
follows: LPL-siRNA, forward: 5′-CAGCUGAGGACACUUGUCAUCU
CAU-3′, and reverse: 5′-AUGAGAUGACAAGUGUCCUCAGCUG-3′; ctrl-
siRNA, forward: 5′-CAGAGGGCACAUUUGACCUUUCCAU-3′, and re-
verse: 5′-AUGGAAAGGUCAAAUGUGCCCUCUG-3′.

2.6. Statistical analysis

Data were presented as Mean ± SD. Statistical analyses and graphs
plot were performed by using GraphPad Prism software (Version 4.03;
GraphPad Software Inc., San Diego, CA, USA). All data were evaluated
by using one-way analysis of variance (ANOVA) or Student’s t test to
compare quantitative data among the experimental groups. Differences
with P < 0.05 were considered as statistically significant.

3. Results

3.1. Effects of resistin on the expression of LPL in RAW264.7 macrophages

RAW264.7 macrophages were exposed to resistin in a diverse set of
concentrations and for the designated times (Fig. 1), and the expression
of LPL in cells was tested by qRT-PCR and western-blotting. Data in
Fig. 1A illustrated that the mRNA expression level of LPL in RAW264.7
was increased with the dosage increase of resistin. Data in Fig. 1B
further illustrated that the mRNA expression level of LPL was sig-
nificantly up-regulated with the designated times and to the peak at
24 h (P < 0.05). Similar protein expression patterns of LPL were de-
tected by western-blotting (Fig. 1C–F). Taken together, these data
supported that resistin could up-regulate the expression of LPL in
RAW264.7 macrophages with time and dose.

3.2. Effects of resistin on lipid accumulation in ox-LDL incubated
RAW264.7 macrophages

The ox-LDL (50 μg/ml, 24 h) and resistin (200 ng/ml, 24 h) were
sequentially added into RAW264.7 macrophages (Fig. 2), and the sto-
rage levels of intracellular triglyceride (TG) and total cholesterol (TC)
were measured by kits. Results in Fig. 2A and B illustrated that resistin
obviously enhanced the contents of TG and TC in ox-LDL incubated
RAW264.7 macrophages. These results indicated that resistin could
promote the cellular lipid accumulation in ox-LDL-incubated
RAW264.7 macropahages.
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3.3. Inhibition of LPL abrogates lipid accumulation in resistin-stimulated
RAW264.7 macrophages

To clarify the role of LPL in resistin-mediated lipid accumulation
process, RAW267.4 cells were transiently transfected with LPL-siRNA
for 48 h prior to the treatment of resistin. In Fig. 3A, the knocking down

efficiency of LPL-siRNA was approximately 86%, when compared with
the control. Thereafter, the transfected RAW264.7 cells were pretreated
with ox-LDL for 1 h prior to the stimulation of resistin (200 ng/ml) for
24 h. In Fig. 3, stimulating the cells with resistin significantly enhanced
the mRNA and protein expression levels of LPL, and the contents of TG
and TC (P < 0.05); whereas lack of LPL remarkably impaired the

Fig. 1. Effects of resistin on the expression of LPL in RAW264.7 macrophages. RAW264.7 macrophages were exposed with 0 ng/ml, 50 ng/ml, 100 ng/ml and 200 ng/
ml resistin for 24 h. (A) The mRNA expression level of LPL was analyzed by qRT-PCR and (C, D) the protein expression level of LPL was detected by western-blotting.
*P < 0.05 compared with 0 ng/ml resistin treatment group. RAW264.7 macrophages were treated with 200 ng/ml resistin for 0 h, 3 h, 6 h, 12 h, 24 h and 48 h. (B)
The mRNA expression of LPL was analyzed by qRT-PCR and (E, F) the protein expression of LPL were detected by western-blotting. *P < 0.05 compared with 0 h
group.

Fig. 2. Effects of resistin on the lipid accumulation
in ox-LDL incubated RAW264.7 macrophages.
RAW264.7 macrophages were pre-treated with
50 μg/ml ox-LDL for 24 h and then treated with the
resistin (200 ng/ml) for 24 h. The storage levels of
intracellular TG (A) and TC (B) were measured by
kits. PBS was used as blank control; *P < 0.05
compared with ox-LDL treatment group.
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resistin-induced effects in RAW264.7 (P < 0.05), thus indicating that
the lipid accumulation effects exerted by resistin in ox-LDL incubated
RAW264.7 macrophages were associated with LPL.

3.4. Resistin up-regulates the protein expression and phosphorylation levels
of PI3K, AKT, and PPARγ in RAW264.7 macrophages

To investigate whether signaling molecules PI3K, AKT and PPARγ
were involved in resistin-stimulated lipid accumulation process in
macrophages, RAW264.7 macrophages were exposed to 200 ng/ml re-
sistin for 24 h (Fig. 3), and the protein expression and phosphorylation
levels of PI3K, AKT and PPARγ in cells were tested by western-blotting.

In Fig. 3A, incubation with resistin significantly increased the protein
expression and phosphorylation levels of PI3K, AKT and PPARγ in
RAW264.7 (P < 0.05), indicating that the resistin-induced lipid accu-
mulation process might be relevant to the activation/phosphorylation
of PI3K, AKT and PPARγ.

3.5. LY294002 abrogates resistin function by PI3K/AKT/PPARγ signaling
pathway

To further confirm the role of PI3K, AKT and PPARγ in resistin-
induced lipid accumulation process, RAW264.7 macrophages were
pretreated with a specific PI3K/AKT signaling pathway inhibitor

Fig. 3. Inhibition of LPL abrogates lipid accumu-
lation in resistin-stimulated RAW264.7 macro-
phages. RAW264.7 macrophages were transfected
with LPL-siRNA for 48 h, and then cells were pre-
treated with 50 μg/ml ox-LDL for 24 h and then
treated with 200 ng/ml resistin for 24 h. (A) The
mRNA expression level of LPL was analyzed by
qRT-PCR and (B, C) the protein expression level of
LPL was detected by western-blotting. *P < 0.05
compared with 0 ng/ml ox-LDL treatment group.
The storage levels of intracellular TG (D) and TC (E)
were also measured by kits. ctrl-siRNA was used as
blank control; *P < 0.05 compared with ctrl-siRNA
treatment group.
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LY294002 (40 μmol/l) for 2 h and then treated with resistin for 24 h,
the protein expression and phosphorylation levels of PI3K, AKT and
PPARγ were analyzed by western-blotting (Fig. 4A). Results showed
that LY294002 significantly reduced the protein expression and phos-
phorylation levels of PI3K, AKT and PPARγ in resistin-treated
RAW264.7 (P < 0.05). Besides, the mRNA expression and protein ex-
pression levels of LPL were also decreased significantly (P < 0.05),
along with the down-regulation of PI3K, AKT and PPARγ (Fig. 4B). The
abovementioned results indicated that the expression of LPL in resistin-
stimulated RAW264.7 was dependent on the PI3K/AKT/PPARγ sig-
naling pathway.

4. Discussion

Resistin is a unique cytokine, also known as FIZZ3 (found in in-
flammatory zone 3), belongs to the cysteine-rich secretary proteins fa-
mily [5]. Resistin is postulated as a molecule link, collecting obesity,
insulin resistance and inflammation in humans and rodents. Recently,
obesity and atherosclerosis have been viewed as pathological states of
chronic inflammation [37,38]. Besides, it has been approved that re-
sistin could acutely regulate lipid metabolism in obesity and might play
a certain role in the pathogenesis of atherosclerosis [15,39,40]. The
connection between lipid metabolism and macrophages has two faces:
on one hand, lipid metabolism fulfils the energetic needs for macro-
phages and supports membrane fluidity necessary for the function of

phagocytosis; on the other hand, the excessive uptake of oxidized lipids
in macrophages may accelerate the formation of foam cells, lea-
ding to dysfunction of the arteries [41–43]. In this study, we found that
resistin significantly enhanced the uptake of ox-LDL in RAW264.7
macrophages (P < 0.05), and the internalization process of lipid in
macrophages was thought to play a central role in the promotion of
atherosclerosis.

LPL is a 55-kDa glycoprotein that regulates multi aspects of lipid
metabolism. In adipose cells 3T3-L1, it has been proved that resistin
could activate LPL through stimulating glucose-dependent in-
sulinotropic polypeptide (GIP) [23,44]. To examine the hypothesis that
resistin could induce the activity of LPL in macrophages, we firstly used
qRT-PCR and western blot analysis to assess the expression changes of
LPL in RAW264.7 exposed to different concentrations of resistin and
indicated times (Fig. 1). Results showed that the expression level of LPL
in RAW264.7 macrophages was significantly increased after the treat-
ment of resistin (P < 0.05). Broadly, LPL is supposed to bind with
heparan sulfate proteoglycans (HSPG) on cell surface that will facilitate
the adhesion of macrophages to the endothelium and promote the re-
tention of RLPs in the arterial intima [18,45–47]. Additionally, LPL is
viewed as a molecular bridge on cell surface to bind ox-LDL and LDL
receptor (LDLR) that will accelerate the uptake of extracellular ox-LDL
into macrophages [18,48–50]. Generally, the up-regulated expression
of LPL will not only facilitate the hydrolysis of lipoprotein triglycerides
in cells, but also contribute to the lipid accumulation in macrophages,

Fig. 4. The expression of LPL in resistin-stimulated RAW264.7 macrophages was mediated by the PPARγ-dependent PI3K/AKT signaling pathway. RAW264.7
macrophages were pretreated with LY294002 for 2 h before resistin treatment (200 ng/ml, 24 h). (A, C∼H) The protein expression and phosphorylation levels of
PI3K, AKT, and PPARγ were detected by western-blotting. (B, J) The protein expression level of LPL was detected by western-blotting. (I) The mRNA expression level
of LPL was analyzed by qRT-PCR. *P < 0.05 compared with DMSO treatment group.
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which may be proatherogenic. Therefore, the contents of intracellular
triglyceride (TG) and total cholesterol (TC) of RAW264.7 macrophages
were subsequently tested in this study, and the results showed that
resistin significantly induced lipid accumulation in ox-LDL incubated
RAW264.7 (P < 0.05) (Fig. 2). Given the aforementioned results that
the expression of LPL was up-regulated by resistin, we thought the lipid
accumulation process in RAW264.7 macrophages was positively cor-
related with the elevated LPL expression induced by resistin. Therefore,
a LPL specific inhibitor (LPL-siRNA) was transiently transfected into
RAW267.4 prior to the treatment of resistin for further disclosing the
involvement of LPL in resistin-stimulated RAW264.7 macrophages
(Fig. 3). Results showed that the expression level of LPL and the con-
tents of TG and TC were significantly decreased (P < 0.05), indicating
that the lipid accumulation process in resistin-stimulated RAW264.7
macrophages was correlated with the expression of LPL.

PI3K is a heterodimeric phosphatidylinositol kinase that will acti-
vate the downstream messenger molecules [51]. AKT, also known as
protein kinase B (PKB), is a downstream messenger molecule of PI3K
that is associated with pathological processes, like cancer, inflamma-
tion, insulin resistance and cardiovascular disease [28]. PI3K/AKT
signaling pathway was reported to be participated in a diverse set of
intracellular signal transaction pathways, many of which would pro-
pose adipogenesis [28]. In addition, some biological effects exerted by
resistin were found to be closely related to PI3K/AKT signaling pathway
[25]. In this study, the protein expression levels of PI3K/AKT and their
phosphorylation (activation) were significantly up-regulated
(P < 0.05) after RAW264.7 macrophages were treated with resistin
(Fig. 4A). PPARγ, a member of nuclear hormone receptors super-family,
binds retinoic acid receptor (RXR) to form a structure named PPAR-RXR
[52–55]. The PPAR-RXR can be activated by fatty acids and LPL lipo-
lytic products to trigger the lipid accumulation process [56]. Besides, a
peroxisome proliferator activated receptor responsive element (PPRE)
was discovered in the promoter site of LPL gene that could regulate the
expression of LPL in cells [57]. The LPL-PPRE is a specific sequence
element that was capable to bind with different types of PPAR-RXR, like
haPPARγ-mRXRα. What’s more, PPARγ has been denoted as a

downstream signal molecule of AKT that could be activated by PI3K/
AKT signaling pathway [58]. As illustrated in Fig. 4A, G and H, treat-
ment of resistin significantly increased the expression level of PPARγ
and its phosphorylation in RAW264.7 (P < 0.05). However, the PI3K/
AKT pathway blocker (LY294002) has effectively reversed the resistin-
induced changes of PI3K/AKT and caused a significant reduction of
PPARγ (P < 0.05), indicating that PI3K/AKT signaling pathway was
closely related to PPARγ in RAW264.7 macrophages (Fig. 4). Besides,
the mRNA expression and protein expression levels of LPL were de-
creased after the PPARγ-dependent PI3K/AKT signaling pathway was
blocked by LY294002 (Fig. 4B). Collectively, these findings manifested
that the up-regulation of LPL and the accumulation of lipid in resistin-
stimulated RAW264.7 macrophages were correlated with PI3K/AKT
signaling pathway, and PPARγ might play a vital role in this process.

5. Conclusions

The present study found that resistin could up-regulate the expres-
sion of LPL to accelerate lipid accumulation process in RAW264.7
macrophages, indicating resistin as a causative agent that would facil-
itate the transformation of macrophages into lipid-laden foam cells.
Moreover, we found that the function of resistin on lipid accumulation
in RAW264.7 macrophages was correlated to the PPARγ-dependent
PI3K/AKT pathway, which might provide intracellular targets for the
prevention and control of lipid metabolic disorders, like the athero-
sclerosis (Fig. 5).
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