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Abstract. Vascular smooth muscle cells (VSMCs) are an 
important component of arterial walls, and their dysfunction 
may serve an important role in the development of cardio-
vascular diseases, including atherosclerosis and restenosis. 
Paeoniflorin (PF) is a principal component of the commonly 
used traditional Chinese medicine, peonies. To the best of 
our knowledge, the effects of PF on apoptosis and prolif-
eration of VSMCs and its underlying molecular mechanisms 
have not been widely reported. Therefore, the present study 
was designed to investigated this phenomenon. VSMCs 
were treated with different concentrations of PF (25, 50 and 
100 µg/ml) for 12, 24 or 48 h. The data demonstrated that PF 
treatment not only significantly decreased cell viability and 
DNA synthesis but also blocked G0/G1 cell cycle progres-
sion. This effect was associated with a decreased expression 
of cyclin D1, cyclin E, cyclin‑dependent kinase (CDK)4 and 
CDK2 as well as an upregulation of p21. Notably, a significant 
concentration‑dependent decrease in the phosphorylation of 
p65 and nuclear factor of κ light polypeptide gene enhancer 
in B‑cells inhibitor‑α (IκBα) was observed. In addition, it was 
demonstrated that PF promoted the apoptosis of VSMCs, which 
was associated with the increased expression of caspases. 
In conclusion, PF inhibited the proliferation of VSMCs by 

downregulating proteins associated with the nuclear factor‑κB 
signaling pathway. Furthermore, it promoted the apoptosis of 
VSMCs by upregulating the expression of caspases. These 
results may be useful in improving the understanding of 
the molecular mechanisms underlying the apoptotic and 
anti‑proliferative effects of PF on VSMCs, and facilitate the 
development of novel treatments for cardiovascular diseases.

Introduction

Vascular smooth muscle cells (VSMCs) are an essential 
component of arterial walls (1), and their dysfunction may 
result in pathological processes and cause cardiovascular 
diseases. For example, over‑proliferation or reduced apoptosis 
of VSMCs contributes to the development of atherosclerosis (2) 
and in‑stent restenosis (ISR)  (3). However, the underlying 
mechanisms are not fully understood.

Over the past few years, an increasing number of studies 
have indicated the important contribution of the nuclear 
factor (NF)‑κB signaling pathway in the proliferation of 
VSMCs (4,5). NF‑κB dimers exist in the cytoplasm as cyto-
plasmic latent complexes consisting of three subunits: p50, 
p65 and nuclear factor of κ light polypeptide gene enhancer 
in B‑cells inhibitor‑α (IκBα) (6). Following exposure to proin-
flammatory stimuli, IκBα is rapidly phosphorylated and can 
be degraded by the 26S proteasome. This action results in the 
nuclear translocation of NF‑κB dimers, which then bind to 
specific DNA sites (κB sites) (7), leading to the transcription 
of NF‑κB regulated genes and proliferation of VSMCs.

Paeoniflorin (PF) is one of the principal bioactive ingredi-
ents of peonies, which have been used in traditional Chinese 
medicine for >1,200  years  (8). Accumulating evidence 
has demonstrated that PF exerts anti‑cancer  (9,10), 
anti‑atherosclerosis (11) and immunoregulatory (12) pharmaco-
logical activities, with low toxicity and few side effects. Recent 
findings by Lee et al (13) have revealed that PF significantly 
inhibits the proliferation and migration of platelet‑derived 
growth factor (PDGF)‑BB‑stimulated VSMCs. However, its 
effects on the proliferation and apoptosis of VSMCs and the 
underlying molecular mechanisms are still unknown.

The present study investigated the anti‑proliferative and 
apoptotic effects of PF on VSMCs and explored the possible 
underlying mechanisms. To the best of our knowledge, 
this study demonstrated for the first time that PF inhibits 
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proliferation and promotes apoptosis of VSMCs by inhibiting 
the NF‑κB signaling pathway and increasing caspase expres-
sion, respectively. Therefore, PF may be a potential therapeutic 
strategy for the treatment of atherosclerosis and ISR.

Materials and methods

Culture of VSMCs. The mouse aorta smooth muscle cell 
line was purchased from China Center for Type Culture 
Collection (Shanghai, China). The cells were cultured in 
Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) supplemented with 1% 
penicillin‑streptomycin and 10% fetal bovine serum (FBS; 
Gibco; Thermo Fisher Scientific, Inc.), and were maintained 
at 37˚C in a humidified atmosphere of 5% CO2. Cell culture 
passage numbers 4‑6 were used for experiments.

Cell counting kit (CCK)‑8 assay and bromodeoxyuridine 
(BrdU) incorporation assays of VSMCs. The viability of 
VSMCs was detected using a CCK‑8 assay (Dojindo Molecular 
Technologies, Inc., Kumamoto, Japan). Briefly, cells were 
transferred to a 96‑well plate (2x105 cells/ml) and incubated 
with fresh medium at 37˚C in 5% CO2 for 24 h. Following this, 
the cells were pretreated with PF (Shanghai Winherb Medical 
S&T Development Co., Ltd., Shanghai, China) for 12, 24 or 
48 h. CCK‑8 solution (10 µl) was then added to each well, 
followed by a 2‑h incubation. The optical density at 450 nm 
was read using a microplate reader and the cell viability was 
subsequently expressed as a percentage of the control groups.

The proliferation of PF‑treated VSMCs was studied 
using a BrdU incorporation assay (Roche Applied Science, 
Mannheim, Germany). VSMCs were cultured in a 6‑well plate 
(2x105 cells/ml) with 10% FBS for 48 h and then serum‑starved 
by incubating without FBS for 24 h. The VSMCs were subse-
quently pretreated with PF (25, 50 or 100 µg/ml) for 12, 24 
or 48 h and then the proliferation was measured using BrdU 
incorporation assays. The optical density was measured 
at 370  nm using an enzyme‑linked immunosorbent assay 
(ELISA) plate reader.

Annexin V‑fluorescein isothiocyanate (FITC)/propidium 
iodide (PI) assay of VSMCs. The effects of PF on the cell cycle 
of VSMCs were analyzed using an Annexin V‑FITC/PI flow 
cytometric assay (BD Biosciences, Franklin Lakes, NJ, USA) 
according to the manufacturer's protocol. The VSMCs were 
cultured in a 6‑well plate at a density of 1x105/well with PF (50 
and 100 µg/ml) for 24 h, washed once with phosphate‑buffered 
saline (PBS), and then centrifuged at 2,067 x g and at 4˚C for 
5 min, followed by resuspension in 500 µl binding buffer. Next, 
the VSMCs were incubated with Annexin‑V‑FITC for 20 min, 
followed by PI for 10 min at room temperature, and then the 
apoptotic cells were evaluated using a BD FACSCanto™ II 
flow cytometry system (BD Biosciences).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) assay of VSMCs. The results of the previous exper-
iments in this study indicated that the optimal concentration 
of PF was 100 µg/ml; therefore, this was used in subsequent 
experiment with VSMCs. Total RNA was extracted using 
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) 

according to the manufacturer's protocol after the VSMCs were 
treated with PF (100 µg/ml) for 24 h. To synthesize cDNA, 2 µl 
total RNA was reverse‑transcribed using a cDNA synthesis kit 
(Roche Applied Science). qPCR was performed using SYBR 
green PCR master mix (Roche Applied Science) according to 
the manufacturer's protocol. The Light Cycler 480 instrument 
with designated software (version 1.5; Roche Diagnostics, 
Basel, Switzerland) was used for PCR amplifications. The 
PCR thermal cycling protocol was as follows: 1 cycle of initial 
denaturation at 94˚C for 2 min, followed by 40 cycles of dena-
turation at 94˚C for 40 sec, annealing at 58˚C for 45 sec and 
extension at 72˚C for 1 min. The following primer sequences 
were used: Cyclin D1 forward, 5'‑CCC​GAG​GAG​TTG​CTG​
CAA​ATG​GA‑3' and reverse, 5'‑AGG​GCC​ACA​AAG​GTC​
TGT​GCA‑3'; cyclin E forward, 5'‑TGG​TGT​CCT​CGC​TGC​
TTC​TGC​T‑3' and reverse, 5'‑TGC​TTG​GGC​TTT​GTC​CAG​
CAA​G‑3'; cyclin‑dependent kinase (CDK)4 forward, 5'‑CAA​
TGT​TGT​ACG​GCT​GAT​GG‑3' and reverse, 5'‑GGA​GGT​GCT​
TTG​TCC​AGG​TA‑3; CDK2 forward, 5'‑GCT​TTC​TGC​CAT​
TCT​CAT​CG‑3' and reverse, 5'‑GTC​CCC​AGA​GTC​CGA​AAG​
AT‑3; and p21 forward, 5'‑GCT​TTC​TGC​CAT​TCT​CAT​CG‑3' 
and reverse, 5'‑TCG​CCA​TGA​GCG​CAT​CGC​AAT‑3'; GAPDH 
forward, 5'‑GACATGCCGCCTGGAGAAAC‑3' and reverse, 
5'‑AGCCCAGGATGCCCTTTAGT‑3'. GAPDH served as a 
reference gene. The 2‑∆∆Cq method was used to analyze data 
from qPCR experiments (14).

Terminal deoxynucleotidyl transferase deoxyuridine 
5' ‑ t r iphospha te  n ick‑ end label ing  (T UNEL)/4 ' , 
6‑diamidino‑2‑phenylindole (DAPI) assays of VSMCs. The 
TUNEL analysis (Vazyme, Piscataway, NJ, USA) was used to 
detect the DNA fragments generated during apoptosis. Briefly, 
VSMCs were cultured on chamber slides and the cells were 
pretreated with PF (50, 100 µg/ml) for 24 h. Subsequently, cells 
were fixed with 2% paraformaldehyde and incubated with the 
TUNEL assay reagents for 1 h at 37˚C. The nuclei were stained 
with DAPI for 10 min, and then the cells were imaged using 
fluorescence microscopy. The percentage of apoptotic cells 
was calculated as the ratio of the TUNEL‑positive (stained 
green) to the total of DAPI‑positive (stained blue) cells.

Western blot analysis of VSMCs. VSMCs were cultured in 
100 mm petri dishes and pretreated with PF (25, 50 and 100 µg/ml) 
for 3 and 24 h for phosphorylated‑protein and protein expression 
determination, respectively. After incubation, the cells were 
lysed with radioimmunoprecipitation assay buffer (Beyotime 
Institute of Biotechnology, Haimen, China), and centrifuged at 
2,067 x g at 4˚C for 10 min. Cell lysates (50 ug samples) were 
separated by 10% SDS‑PAGE, followed by electrotransfer to 
polyvinylidene fluoride membranes (EMD Millipore, Billerica, 
MA, USA). Subequently, the membranes were blocked with 
5% non‑fat milk at room temperature for 3 h and incubated 
with primary antibodies overnight at 4˚C, p65 (1:1,000; cat. 
no. 8242; Cell Signaling Technology, Inc., Danvers, MA, USA), 
p‑P65 (1:1,000; cat. no. 3033; Cell Signaling Technology, Inc.), 
IκBα (1:1,000; cat. no. 4814P; Cell Signaling Technology, Inc.), 
p‑IκBα (1:1,000; cat. no. 2859P; Cell Signaling Technology, Inc.), 
GAPDH (1:1,000; cat. no. 2118; Cell Signaling Technology, Inc.), 
rabbit monoclonal cleaved (c)‑caspase‑3 (1:1,000; cat. no. 9664; 
Cell Signaling Technology, Inc.), rabbit polyclonal c‑caspase‑8 
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(1:1,000; cat. no. 9429; Cell Signaling Technology, Inc.), rabbit 
polyclonal c‑caspase‑9 (1:1,000; cat. no. 9509P; Cell Signaling 

Technology, Inc.). This was followed by incubation with the 
secondary antibody, goat anti‑rabbit immunoglobulin G (1:100; 

Figure 1. Effect of paeoniflorin (PF, 25, 50, and 100 µg/ml) on VSMC viability and proliferation. (A) After 12, 24 or 48 h, VSMC viability was detected using 
a Cell Counting kit‑8 assay. (B) VSMC proliferation was detected using a bromodeoxyuridine assay. Data are expressed as the mean ± standard deviation. 
*P<0.05 and #P<0.01 vs. control group. VSMC, vascular smooth muscle cell; OD, optical density.

Figure 2. Effects of PF on cell cycle of VSMCs. Flow cytometry evaluation using Annexin‑V fluorescein isothiocyanate/propidium iodide demonstrated the 
effects of 24 h treatment with (A) 0, (B) 50 and (C) 100 µg/ml PF on VSMCs. (D) Percentages of cells at different phases in each group. PF, paeoniflorin; 
VSMC, vascular smooth muscle cell.
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cat. no. 926‑32211; LI‑COR Biosciences, Lincoln, NE, USA), at 
room temperature for 60 min. The western blots were scanned 
using a two‑color infrared Odyssey imaging system (version 3.0, 
LI‑COR Biosciences, USA) to quantify the protein expression.

Statistical analysis. Statistical analysis was performed using 
SPSS version 17.0 (SPSS, Inc., Chicago, IL, USA). Data are 
expressed as the mean ± standard deviation. The different 
groups were compared using one‑way analysis of variance 
followed by Student‑Newman‑Keuls tests. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Effects of PF on VSMC viability and proliferation. The 
effects of PF on the viability and proliferation of VSMCs 
were measured using CCK‑8 and BrdU assays. VSMCs 
cultured with PF (25, 50 and 100 µg/ml) for 12, 24 or 48 h 
exhibited decreased viability compared with the control group 
(P<0.05; Fig. 1A). Similarly, PF reduced BrdU incorporation 
in VSMCs (P<0.01; Fig. 1B). Both assays demonstrated that 
PF inhibited cell viability and proliferation in a time‑ and 
concentration‑dependent manner.

Effects of PF on cell cycle of VSMCs. The potential altering 
effect of PF on the cell cycle of VSMCs was analyzed. The 
results demonstrated that the percentage of cells in the G1 phase 
increased from 72.1 to 80.4% and 72.1 to 87.5% in the control 
and PF‑treated groups, respectively (P<0.05 vs. control group). 
Furthermore, the control and PF‑treated cells in the S phase 
decreased from 8.4 to 7.4% and 8.4 to 4.3%, respectively 
(P<0.05 vs. control group), while the G2 phase cells decreased 
from 19.5 to 12.6% and 19.5 to 8.2%, respectively (P<0.05 vs. 
control group, Fig. 2). These results indicated that PF induced 
G1 cell cycle arrest in the VSMCs, and the percentage of the S 
and G2/M phase cells decreased significantly.

Effects of PF on the expression and activation of cell 
cycle‑associated molecules. To investigate the specific under-
lying mechanism of PF, its effects on cell cycle regulatory 
proteins were determined in VSMCs at the predetermined 
optimal concentration (100 µg/ml for 24 h) by using RT‑qPCR. 
Pre‑treatment with PF significantly decreased the expression 
levels of cyclin D1, cyclin E, CDK4 and CDK2 compared with 
the levels of the untreated control cells (P<0.05). However, 
PF enhanced the expression of p21 (Fig. 3). These findings 
demonstrated that the inhibitory effect of PF on VSMCs may 
be associated with cell cycle inhibition.

Effects of PF on expression of NF‑κB signaling pathway 
molecules. The levels of NF‑κB signaling pathway proteins in 
VSMCs cultured with PF (25, 50 and 100 µg/ml) for 3 h were 
analyzed using western blotting. The results demonstrated that 
PF significantly decreased the phosphorylation of p65 and 
IκBα in a concentration‑dependent manner (P<0.05; Fig. 4). 
However, PF had no effect on the expression of un‑phosphor-
ylated p65 and IκBα.

Effects of PF on apoptosis of VSMCs. The apoptotic effects 
of PF on VSMCs were determined using the TUNEL assay, 

which revealed that treatment with PF (50 and 100 µg/ml) 
for 24 h significantly increased the cells with fragmented 
DNA (Fig.  5A). As presented in Fig.  5B, the percentage 
of TUNEL‑positive cells in the control, and the 50 and 
100 µg/ml groups, was 0±0, 19.8±1.2 and 61.3±1.5, respec-
tively. Therefore, these results suggested that PF induced the 
apoptosis of VSMCs.

Effects of PF on caspase expression. A significant increase 
in caspase‑3 expression was observed when VSMCs were 
cultured with PF (25, 50, and 100 µg/ml) for 24 h (Fig. 6). 
Similarly, PF significantly enhanced the expression of 
caspase‑8 and ‑9 in a concentration‑dependent manner 
(P<0.01 vs. control group).

Discussion

The present study had two major findings. Firstly, PF exhibited 
an inhibitory effect on VSMC proliferation as demonstrated 
by the results of the CCK‑8, BrdU and Annexin‑V FITC/PI 
assays. Notably, the results of western blot analysis demon-
strated that modulation of the NF‑κB signaling pathway might 
be an important contributing signal by inhibiting of the phos-
phorylation of p65 and IκBα. Secondly, PF enhanced VSMC 
apoptosis, as was demonstrated by the TUNEL assay. This 
enhancement of apoptosis may be associated with increased 
expression of caspases. Previous findings by Guo et al (15) 
demonstrated that PF reversed ischemia‑induced activation of 
the NF‑κB signaling pathway and has potential neuroprotec-
tive effects. These results indicated that PF may be a good 
candidate for the prevention of atherosclerosis and vascular 
restenosis. Several previous studies have reported the effect of 
PF on the proliferation of human lung cancer (9), gastric carci-
noma (16) and breast cancer cells (17). In addition, Wu et al (18) 
demonstrated that PF suppresses NF‑κB activation by modu-
lating IκBα and enhancing 5‑fluorouracil‑induced apoptosis 
of human gastric carcinoma cells. The abnormal proliferation 
of VSMCs in arterial walls is known to be an important 
pathogenic factor for atherosclerosis and restenosis following 
angioplasty. Furthermore, Jeong et al (19) demonstrated that 

Figure 3. mRNA expression of cell cycle‑associated genes in vascular 
smooth muscle cells. Paeoniflorin (100 µg/ml for 24 h) inhibited mRNA 
expression of the cell cycle regulatory proteins cyclin D1, cyclin E, CDK4 
and CDK2, and up‑regulated p21 mRNA expression. Data are expressed as 
the mean ± standard deviation. *P<0.05 vs. control. CDK, cyclin‑dependent 
kinase.
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the inhibition of NF‑κB activity prevents high glucose‑induced 
VSMC proliferation.

The association between the NF‑κB signaling pathway and 
the anti‑proliferative effect of PF on VSMCs has not been well 
reported. Therefore, the present study investigated the effects 
of PF at different concentrations (25, 50 and 100 µg/ml) in 

VSMC models. The data indicated that treatment with PF 
significantly inhibited the proliferation of VSMCs in a time‑ and 
concentration‑dependent manner, which was confirmed using 
CCK‑8, BrdU and flow cytometry analyses. This experiment 
confirmed that the optimal concentration of PF was 100 µg/ml, 
which was used in the subsequent experiments with VSMCs. 

Figure 6. PF increases caspase‑3, ‑8 and ‑9 expression levels. (A) Representative western blot images and (B) quantification of expression levels of caspase‑3, 
‑8 and ‑9 increased in vascular smooth muscle cells cultured with PF for 24 h. Data are expressed as the mean ± standard deviation. *P<0.05 vs. control group. 
PF, paeoniflorin.

Figure 5. Apoptotic effects of paeoniflorin (50 and 100 µg/ml for 24 h) on VSMCs. (A) Fluorescence images and (B) quantification of TUNEL‑positive 
cells (indicated by white arrows) in VSMCs. Green fluorescence, TUNEL‑psotiive cells; blue fluorescence, DAPI nuclear staining. Data are expressed as 
the mean ± standard deviation. #P<0.01 vs. control. TUNEL, terminal deoxynucleotidyl transferase deoxyuridine 5'‑triphosphate nick‑end labeling; DAPI, 
4',6‑diamidino‑2‑phenylindole.

Figure 4. Effects of PF on the nuclear factor‑κB signaling pathway. (A) Representative western blot images and (B) quantification of IκBα and p65 protein 
expression levels. Data are expressed as the mean ± standard deviation. *P<0.05 and #P<0.01 vs. control group. IκBα, nuclear factor of κ light polypeptide gene 
enhancer in B‑cells inhibitor‑α; p‑, phosphorylated; PF, paeoniflorin.
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The results demonstrated that PF treatment inhibited the 
proliferation of VSMCs by downregulating the expression of 
four proteins involved in the G0/G1 and G1/S transition (cyclin 
D1, cyclin E, CDK4 and CDK2). Furthermore, PF upregulated 
the expression of p21, which is known to form heterotrimetric 
complexes with cyclin‑CDK complexes, thereby inhibiting 
their activity. Finally, the western blot analysis data, which 
provided insights into the mechanism of this phenomenon, 
revealed that PF (25, 50 and 100 µg/ml) decreased the phos-
phorylation of p65 and IκBα in a concentration‑dependent 
manner. These results indicated that PF exerted an inhibitory 
effect on VSMCs proliferation by inhibiting activation of the 
NF‑κB signaling pathway.

Numerous studies have demonstrated that VSMC apoptosis 
occurs during physiological vessel remodelling, including after 
flow reduction (20), atherosclerosis (21) and after injury (22). 
However, the apoptotic effect of PF on VSMCs is not widely 
reported. Thus, the TUNEL assay results demonstrated that PF 
significantly increased the apoptosis of VSMCs. Furthermore, 
the effect on VSMCs apoptosis was confirmed by upregulation 
of caspase‑3, ‑8 and ‑9 expression.

In conclusion, the results of the present study suggested 
that PF has anti‑proliferative effects in VSMCs, which likely 
involve the NF‑κB signaling pathway. In addition, PF promoted 
the apoptosis of VSMCs by upregulating the expression of 
caspases. Therefore, PF may have the potential for further 
development as a candidate chemo‑preventive or therapeutic 
agent for the treatment of arteriosclerosis and restenosis.
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