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Abstract: Growth differentiation factor 15 (GDF-15) is a multifunctional member of the TGF-b superfamily.
Accumulating evidence indicates that GDF15 is an independent biomarker for the cardiovascular disease, and is
closely involved in the development of atherosclerotic lesions induced by ox-LDL, such as inhibition of macrophage
infiltration and increase of endothelial cell proliferation, while whether GDF-15 also participates into the VSMCs
proliferation is still lack of systemic analysis. In the present study, ox-LDL was found to induce GDF15 expression
and secretion in cultured rat VSMCs in a p38- and ERK1/2-dependent manner. Inhibition of ox-LDL-induced GDF-15
expression by siRNA transfection by lentivirus demonstrated that adaptively induced GDF15 played a proliferative
role in VSMCs, and overexpression of GDF-15 alone was adequate to induce VSMCs proliferation. Further applica-
tion of inhibitors of p38- and ERK1/2 attenuated the GDF-15 expression induced by ox-LDL. All data suggest that
GDF15 is a proliferative molecule that gives rise to VSMCs proliferation secondary to ox-LDL stimulation in vitro.
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Introduction

Atherosclerosis is a progressive disease in
which vascular smooth muscle cells (VSMCs)
mainly derived from the medial layer of the
blood vessel play a pivotal role in atherogene-
sis. VSMCs proliferation is one of the important
components of atherosclerosis [1]. The oxidized
low-density lipoprotein (ox-LDL) as a major con-
tributing factor promotes the atherogenic
actions, in part by stimulating proliferation in a
variety of cell types of cells within the vessel
wall, including endothelial cells, macrophages,
and fibroblasts [2, 3]. However, the proliferative
activity of ox-LDL in VSMCs appear contradic-
tory. Experimental studies have shown that a
mildly ox-LDL might evoke a proliferative res-
ponse to contribute to the formation of intimal
plaque [4, 5]. Alternatively, high concentrations
of ox-LDL cause LOX-1-mediated apoptosis of
VSMCs to destabilize the atherosclerotic pla-
ques [3, 6]. The mechanism whereby ox-LDL
induces VSMCs proliferation and apoptosis
might be dependent on the simultaneous in-

duction of both cell cycle activators and sup-
pressors [2]. In spite of the controversy, recent
demonstration from our laboratory showed that
ox-LDL evoked cell proliferation in a time- and
concentration-dependent manner [7]. However,
the mechanisms underlying the effect of ox-
LDL on VSMCs proliferation are not fully un-
derstood.

Growth-differentiation factor-15 (GDF-15), a
distant member of the transforming growth
factor-B cytokine superfamily, is first found as
macrophage inhibiting factor 1 (MIC-1) to inhibit
tumor necrosis factor o (TNF-¢) secreting from
activated macrophages [8]. Accumulating evi-
dence indicates that MIC-1/GDF-15 is induced
in the myocardium following pathological stress
associated with inflammation or tissue injury
[9], and is closely related to the biomarkers of
heart disease, such as B-type natriuretic pep-
tide, N-terminal pro-BNP, cardiac troponin | and
cardiac troponin T [10, 11]. Experimental stud-
ies have shown that, besides heart diseases,
GDF-15 overexpression also occurs in other
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cardiovascular cell types including macroph-
ages, endothelial cells and vascular smooth
muscle cells following pathological stresses
[12, 13]. Consistent to correlation to common
cardiac biomarkers, GDF-15 exhibits indepen-
dent associations in those biomarkers of endo-
thelial activation, both E- and P-selectin, VCAM-
1, and ICAM-1. These adhesion molecules are
involved in the recruitment of leukocytes into
the vessel wall which is commonly regarded as
a key step in the development and progression
of atherosclerotic vascular disease [14]. These
data suggest that GDF-15 may not only be a
marker of cardiac abnormalities but also a
marker of vascular pathologies, especially in
atherogenesis.

In addition to overexpression of GDF-15 in acti-
vated endothelial cells, GDF-15 expression is
also upregulated in macrophages activated by
ox-LDL and is significantly correlated to MMP-9,
probably reflecting the effects of macrophage
activation on the progression of plaque devel-
opment [15]. Given the prognostic value of
GDF-15 in atherosclerotic plaques, a systemat-
ic analysis of the potential associations bet-
ween GDF-15 and VSMCs proliferation is lack-
ing so far. The aim of the current study was to
illustrate the correlation of GDF-15 and VSMCs
proliferation in the stimulation of ox-LDL and to
explore the signaling pathways implicated in
the expression of GDF-15.

Methods
Materials

Ox-LDL (YB-002) was purchased from the Yi-
yuan Biotechnologies Co. Ltd. Guangzhou, Chi-
na. GDF-15 (1:1000, Abcam), ERK1/2 (1:1000,
Abcam), p-ERK1/2 (1:1000, Abcam), GAPDH
(1:2000, Santa Cruz) and detected using horse-
radish peroxidase-conjugated mouse IgG sec-
ondary antibodies (1:5000, Santa Cruz). ER-
K1/2 (ab17942) and p38 (abh31828) inhibitors
were purchased from Abcam. Other chemicals
were dissolved in double-distilled water or ex-
perimental solutions.

Cell culture

VSMCs were utilized and isolated from Wistar
rats. Aortic strips were cut into about 2 mm
small rings and placed in 6-well culture plates.
These explants were grown in DMEM (Hyclone,
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Utah, USA) following the instruction [5]. VSMCs
were maintained in DMEM supplemented with
10% FCS (Invitrogen, Carlsbad, CA, USA) con-
taining 100 mg/mL penicillin and 100 mg/mL
streptomycin (Invitrogen), and cultured in a
humidified atmosphere of 95% air/5% CO, at
37°C. The medium was changed after 24 hours
and then every 3 days. These cells were identi-
fied as VSMCs by their characteristic hill-and-
valley growth patterns and the presence of
SMC-specific-actin.

ELISA assay

For quantitative measurement of GDF-15, the
cell culture media was collected and diluted 20
times. Detailed procedures were conducted
according to the protocol in the Mouse/Rat
GDF-15 Quantikine ELISA Kit (MGD150, R&D
system).

Plasmid construction and stable transfectants

The vector GV248 and helper plasmids pHelper
were purchased from QIAGEN. The full-length
CDS of rat GDF15 was cloned into the GV248
vector. GDF15-specific short hairpin RNAs were
designed and cloned into GV248 (pFU-GW-
007-hU6-Ubiquitin-EGFP-IRES-puromycin) vec-
tors to inhibit GDF-15 expression. The viral par-
ticles were produced in 293T cells. A success-
ful transfer of GDF-15 into VSMCs was achieved
with a MOI (multiplicities of infection) of 100-
200 viral particles/cell after 48 hour incuba-
tion in DMEM with 10% FBS. MOI 100 was the
minimal concentration with the maximal trans-
fer of the reporter gene into 100% of VSMCs.
VSMCs were infected in DMEM with 10% FBS
for 48 hour and cell numbers were determined
by direct cell counting.

Western blot

The procedures were conducted according to
our own publication [7]. Cultured VSMCs were
lysed in lysis buffer (protease and phosphatase
inhibitors), then lysates were centrifuged at 13,
500 g for 15 minutes at 4°C. Protein concen-
tration was assessed using the BCA protein
assay. The aliquots were then mixed with
Laemmli sample buffer and boiled at 99°C for
5 min. The samples were resolved using 8-10%
SDS/PAGE, followed by electrotransfer to poly-
vinylidene fluoride membranes. For visualiza-
tion, blots were probed with antibodies against
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Figure 1. ox-LDL promotes smooth muscle cell proliferation in vitro. The pro-
liferation of rat aortic smooth muscle cells incubated with ox-LDL (50 pg/
ml and 100 pg/ml) was evaluated by the increment of cell number (A). The
viability was detected by CCK-8 assay (B). *P<0.05; n=3 different experi-

ments. Values are means + SEM.

GDF-15 (1:1000), ERK1/2 (1:1000), p-ERK1/2
(1:2000), GAPDH (1:2000) and detected using
horseradish peroxidase-conjugated mouse I1gG
secondary antibodies (1:5000).

Statistics

All data are expressed as mean + standard
error of the mean (SEM). One-way analysis of
variance (ANOVA) was used to analyze the sta-
tistical differences among the groups. The
p-values <0.05 were considered statistically
significant. Statistical analyses and graphs
were performed with SPSS 15.0 for Windows
and GraphPad Prism 7.0 software.

Results

Ox-LDL induced VSMCs proliferation through
MAPKs activation

Consistent with published data from our labo-
ratory, ox-LDL promoted VSMCs proliferation in
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a time- and concentration-de-
pendent way. Compared with
the control group, VSMCs pro-
liferation was robust under
the treatments of ox-LDL at
50 and 100 pg/ml for 24 ho-
urs. In addition, VSMCs main-
tained the proliferation with
the time increasing to 48 ho-
urs (Figure 1A). However, VS-
MCs proliferation was not a
linear correlation with the con-
centrations of ox-LDL. The cell
viability was tested using CCK-
8 assay. After the exposure of
ox-LDL for 24 hours, all cell
suspensions were prepared in
a 96-well plate to incubate
with CCK-8 solution for 2
hours, and then the absor-
bance at 450 nm was mea-
sured using microplate reader
(Figure 1B). ox-LDL enhanc-
ed VSMCs viability in a time-
and concentration-dependent
way.

50 pg/mi

MAPK activation, one of the
major pathways involved in
cell proliferation, was asse-
ssed through the protein ex-
pression level, including p38,
ERK 1/2 and JNK (Figure 2).
After 48 hour incubation with
ox-LDL, VSMCs were collected
and isolated the total proteins. The protein pro-
ductions of p38 and ERK 1/2 followed a similar
trend, significantly increasing with the treat-
ment of ox-LDL. In contrast, the expression
level of JNK phosphorylation remained un-
changed to ox-LDL treatment.

GDF-15 was upregulated in VSMCs after the
treatment of ox-LDL through an ERK 1/2 and
p38-dependent mechanism

The supernatants of VSMCs in each group were
collected, and the GDF-15 concentration was
measured by ELISA assay. After exposure of 50
pug/ml ox-LDL for 24 hour, GDF-15 concentra-
tion in the supernatant of Control group was
0.375+0.023 ng/ml, and GDF-15 concentra-
tion in the supernatant of Control + ox-LDL
group was 0.462+0.009 ng/ml; After 48 hours
incubation without ox-LDL, GDF-15 concentra-
tion had no obvious change (0.349+0.048 ng/
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Figure 2. The effect of ox-LDL on the protein expression of MAPK families. West-
ern blot analysis of protein expression (A) and relative quantity was calculated
(B) in VSMCs exposed to 100 pg/ml ox-LDL for 48 h. *P<0.05; n=3 different
experiments. Values are means + SEM.
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Figure 3. ox-LDL enhances GDF-
15 protein expression in the
smooth muscle cell. ELISA quanti-
tative analysis of the GDF-15inthe
supernatant of 50 pg/ml ox-LDL
treated VSMC (A). ELISA quantita-
tive analysis of the GDF-15 in the
supernatant of 100 ug/ml ox-LDL
treated VSMC (B). *P<0.05; n=3
different experiments. Values are
means + SEM.

ml), but ox-LDL dramatically
increased the concentration
level of GDF-15 to 0.637+
0.096 ng/ml. In this study, NC
+ ox-LDL group meant nega-
tive control of virus infection,
a conclusion could be made
that unpacked virus did not
disturb the expression of GDF-
15 stimulated by ox-LDL (Fi-
gure 3A). To further expose
VSMCs to 100 pg/ml ox-LDL
for 24 and 48 h, the concen-
tration increased to 0.637+
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Figure 4. GDF-15 protein expression in ox-LDL-treat-
ed VSMCs was dependent on p-38 and ERK1/2
MAPK activation. The inhibitors of p-38 and ERK1/2
inhibited the GDF-15 protein expression in ox-LDL-
treated cells. P<0.05; n=3 different experiments.
Values are means + SEM.

0.096 and 0.650£0.070 ng/ml in Control + ox-
LDL and NC + ox-LDL groups respectively
(Figure 3B).

The main objective of this study was to deter-
mine whether GDF-15 was involved in ox-LDL-
induced proliferation. The GDF-15 expression
in response to ox-LDL was stunted by ERK1/2
and p38 inhibition (Figure 4).

Gain- or loss-of-function of GDF-15 regulated
the VSMCs proliferation in response to ox-LDL
treatment.

Gain- or loss-of-function of GDF-15 was per-
formed by the lentiviral infection of a full-length
CDS of rat GDF-15 or GDF-15-specific short
hairpin RNAs. Overexpression of GDF-15 signifi-
cantly enhanced VSMCs proliferation. In con-
trast, knock-down GDF-15 followed a similar
trend as utilization of ERK 1/2 and p38 inhibi-
tion significantly inhibited VSMCs proliferation
with 100 pg/ml ox-LDL treatment for 48 hours
(Figure 5).

Discussion

TGFB has been intensively studied in athero-
sclerotic development [16], which is believed to
be a critical factor in the formation of athero-
sclerotic plaque. GDF-15 is a member of the
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TGF-B cytokine superfamily and was first found
as macrophage inhibiting factor 1, and it may
inhibit tumor necrosis factor o (TNF-a) secret-
ing from activated macrophages. TNF-a is
important for recruiting macrophages into foam
cells to form atherosclerotic plaque. Moreover,
GDF-15 plays a pivotal role in ox-LDL-induced
apoptosis of human macrophages in arterio-
sclerotic lesions [12, 17]. Thus, GDF-15 may
orchestrate atherosclerotic lesion progression
by regulating inflammatory responses to pre-
vent atherosclerotic development [18, 19].
Overexpression of GDF-15 also protects the
atherosclerotic process and reduces athero-
sclerotic lesion size [18]. Intriguing, it has also
been found that deficiency of GDF-15 attenu-
ates early atherosclerotic lesion formation and
improves the stability of plaques by induction of
collagen deposition [17, 20]. The diverse effects
of GDF-15 may vary with the stage of the dis-
ease. GDF-15 mediates anti-atherosclerotic
effects in mice by directly inhibiting myeloid cell
recruitment, but indirectly promotes proinflam-
matory effects in atherosclerosis models [9,
17, 21-23].

In recent years, increasing investigation reveals
that GDF-15 is an independent marker of car-
diovascular dysfunction and disease [24-27].
Several lines of evidence reveal that GDF-15 is
highly expressed in endothelial cells and
VSMCs in normal and pathological conditions.
In human endothelial cells, GDF-15 has inde-
pendent associations with biomarkers of endo-
thelial, such as E- and P-selectin, VCAM-1, and
ICAM-1. These adhesion molecules are com-
monly regarded as an initial step in the forma-
tion of atherosclerosis by recruiting circulating
leukocytes [14]. VSMCs proliferation is another
crucial factor in developing atherosclerotic
plague [16, 28, 29]. ox-LDL has been thought
to be mitogenic to VSMCs to induce VSMC pro-
liferation through the activation of the ERK1/2
MAPK signaling pathway [5]. In addition, it has
been reported that GDF-15 expression is upreg-
ulated by the treatment of ox-LDL, partially
depending on the activation of ERK 1/2 [19].
However, a systematic analysis of the potential
associations between GDF-15 levels and VS-
MCs proliferation is lacking so far. Our data
indicate that ox-LDL elicits expression of GDF-
15 in rat VSMCs, and overexpression of GDF-15
by lentiviral infection has the same effects on
VSMCs proliferation induced by ox-LDL. Con-
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Figure 5. GDF-15 promotes sm-
ooth muscle cell proliferation
in vitro. NC, OE, and KD meant
the negative control of virus
infection, GDF-15 overexpres-
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15 knockout of virus infection.
*P<0.05; n=3 different experi-
ments. Values are means + SEM.
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Abbreviations
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tion factor 15; TGF-B, Trans-
forming Growth Factor-Beta;
ox-LDL, Oxidized low-density
lipoprotein; VSMC, Vascular
smooth muscle cell; SMC,
Smooth muscle cell; MAPK,
Mitogen-activated protein kin-

sistent with macrophages treated with ox-LDL,
GDF-15 expression is upregulated in VSMCs
incubated with ox-LDL in vitro, and is depen-
dent on the activation of MAPK pathways.
Unfortunately, correlation of increased expres-
sion of GDF-15 was not validated with prolifera-
tive actions in vivo. Future research is needed
to study the potential actions of GDF-15 on the
arterial wall thickness and plaque stability in an
animal model of atherosclerosis.

Conclusions

The results of the present study demonstrate
that GDF-15 is a proliferative molecule that
gives rise to VSMCs proliferation secondary to
ox-LDL stimulation in vitro. VSMCs treated with
ox-LDL increase the induction of GDF-15, which
is mediated through the activation of the p38
and ERK 1/2 MAPK pathways. A better under-
standing of the relationship between GDF-15
and VSMCs proliferation will provide us with fur-
ther insight into the mechanism of plaque for-
mation. It also offers new evidence that GDF-15
is a suitable biomarker for cardiovascular dis-
ease, and enables us to focus on this specific
molecular as a potential therapeutic target for
atherosclerosis.
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