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Abstract. Paeonol (2'-hydroxy-4'-methoxyacetophenone) is 
the major active compound of Mautan cortex and has been 
demonstrated to inhibit platelet aggregation in previous studies. 
The current study aimed to elucidate the underlying molecular 
mechanism of paeonol in recanalizing thrombi. The presence 
of indicators of prothrombotic state (PTS) in the serum of the 
model animals were determined by enzyme-linked immuno-
sorbent assay (ELISA) assay and the cytotoxicity of paeonol on 
human umbilical vein endothelial cell (HUVEC) cultures was 
estimated by 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide assay. The possible underlying signaling pathway 
involved in the interaction between paeonol and vascular 
endothelial growth factor 165 (VEGF165) was investigated using 
western blotting. The levels of 6-keto-prostaglandin F1α, fibro-
nectin, and VEGF165 in serum were significantly upregulated by 
the treatment of paeonol while the levels of fibrinogen, D‑dimer, 
and thromboxane B2 were significantly downregulated (P<0.05). 
With increased paeonol concentration, the cell viability of 
HUVECs gradually decreased. The results of the western blot 
analysis demonstrated that paeonol increased the expression 
levels of phosphorylated-extracellular signal-regulated kinase 
(ERK1/2) and VEGF165 but had no marked effect on the expres-
sion level of ERK1/2. Paeonol has the potential to improve PTS 
and recanalize thrombi in animal models, which may be by the 
upregulation of VEGF165 via the ERK1/2 mitogen activated 
protein kinase signaling pathway. However, this positive effect 
depended on the concentration of paeonol used, an unsuitably 

high concentration of the compound exerted negative effects on 
the anti-thrombosis signaling pathways.

Introduction

Platelets are key in the normal hemostatic process due to injuries 
to blood vessels, and are important contributors to the pathogen-
esis of thrombotic disorders resulting from improperly regulated 
formation of a platelet, or hemostatic, plug (1). Disruption of the 
endothelium by trauma or by disease, including atherosclerosis, 
leads to platelets adhering to exposed subendothelial structures 
and platelet activation. Previous studies have determined that 
those irregularly activated platelets provide a surface on which 
coagulation factors assemble and initiate the clotting cascade 
resulting in thrombin production (2,3). Thus, anti-platelet and 
anti-coagulant compounds are useful agents for various throm-
botic circulatory diseases. However, current anti-platelet and 
anti-coagulant therapeutic agents have considerable limitations 
with weak efficacy and associated side effects and more effec-
tive therapeutic agents with fewer side effects are required (4-7).

Mautan cortex of Paeonia suffruticosa Andrews is an 
anti-pyretic, anti-inflammatory agent in traditional Chinese 
medicine, which has been used for centuries to treat liver disease 
in China, Japan, and Korea (8-10). The major active compound of 
Mautan cortex, paeonol (2'-hydroxy-4'-methoxyacetophenone), 
has been demonstrated to inhibit platelet aggregation in animal 
models (8,11). Furthermore, previous studies have also identified 
the inhibitory effect of paeonol on the expression of intercel-
lular adhesion molecule-1 and the activation of the Akt, which 
contribute to recovery of angiogenesis-associated disease (12,13). 
Although paeonol has potential as an anti-platelet agent, its 
application remains limited as the mechanism by which the 
thrombus is recanalized requires elucidation.

Vascular endothelial growth factor (VEGF) is a specific 
endothelial cell mitogen and chemotaxin that stimulates in vivo 
angiogenesis in peripheral and myocardial ischemia (14). 
Previous studies have demonstrated that injection of a single 
bolus of VEGF165 protein or gene delivery in an expression 
plasmid directly into the thrombus shortly following its 
formation results in increased recanalization and enhanced 
organization (14,15). Notably, Lee et al (16) have reported the 

Paeonol enhances thrombus recanalization by inducing  
vascular endothelial growth factor 165 via 

ERK1/2 MAPK signaling pathway
SONGSHAN YE1,  XIANJUAN LIU2,  BINGYU MAO1,  LEI YANG1  and  NUAN LIU1

1Department of Medical Experimental Center, Zhang Zhongjing Traditional Chinese Medicine College, 
Nanyang Institute of Technology, Nanyang, Henan 473004; 2Department of Neurology, 

The First People's Hospital of Nanyang, Nanyang, Henan 473000, P.R. China

Received April 24, 2015;  Accepted March 10, 2016

DOI: 10.3892/mmr.2016.5135

Correspondence to: Professor Bingyu Mao, Department of 
Medical Experimental Center, Zhang Zhongjing Traditional 
Chinese Medicine College, Nanyang Institute of Technology, 
80 Changjiang Road, Nanyang, Henan 473004, P.R. China
E-mail: bingyumao2005@sina.com

Key words: extracellular signal-regulated kinase 1/2, prethrombotic 
state, paeonol, thrombus, vascular endothelial growth factor 165



YE et al:  PAEONOL ENHANCES THROMBUS RECANALIZATION4854

interaction between a paeonol derivative, paeonol oxime (PO), 
and VEGF. A negative effect was reported to be exerted on 
VEGF165 by PO, thus, the present study aimed to investigate 
the potential of paeonol, which is similarly structured to PO, 
in regulating the expression of VEGF165.

In the current study, the effect of paeonol on thrombus 
recanalization using animal and cell models was investigated. 
The quantity of fibronectin (FN), fibrinogen (FIB), D‑dimer 
(D-D), 6-keto-prostaglandinF1α (6-keto-PGF1α), thromboxane B2 
(TXB2), and VEGF165 in the serum of Sprague Dawley (SD) 
rats was analyzed by a sandwich enzyme-linked immunosor-
bent assay (ELISA). The cytotoxicity of paeonol on HUVEC 
cultures was estimated by 3-(4,5 dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay and the possible 
signaling pathway involved in the interaction between paeonol 
and VEGF165 was evaluated using western blotting. The present 
study aimed to elucidate the underlying molecular mechanism of 
paeonol inhibiting platelet aggregation and facilitate the clinical 
application of this traditional Chinese medicine in improving 
thrombus recanalization.

Materials and methods

Materials. Paeonol (2-hydroxy 4-methoxy acetophenone) 
(purity, >99%) was purchased from Sigma-Aldrich (St. Louis, 
MO, USA). The following antibodies were used: Anti-ERK1/2 
(rabbit polyclonal; V1141; 1:1,000; Promega Corporation, 
Madison, WI, USA), phosphorylated (p)-ERK1/2 (rabbit 
polyclonal; ab50011; 1:800; Abcam, Cambridge, MA, USA), 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH; rabbit 
polyclonal; sc-25778; 1:1,200; Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA), VEGF165 (rabbit polyclonal; sc-13083; 
1:1,000). The ERK1/2 inhibitor, PD98059 was obtained from 
EMD Millipore (Billerica, MA, USA). The human umbilical 
vein endothelial cell (HUVEC) line was purchased from the 
American Type Culture Collection (Manassas, VA, USA) and 
grown in Medium 199 supplemented with 20% fetal bovine 
serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA), 2 mM L-glutamine (Sigma-Aldrich), 5 U/ml heparin 
(Sigma-Aldrich), 100 IU/ml penicillin (Sigma-Aldrich), 
10 µg/ml streptomycin (Sigma-Aldrich) and 50 µg/ml endothe-
lial cell growth supplement (American Type Culture Collection). 
Cells were cultured in a humidified 5% CO2 incubator at 37˚C 
and used for further experiments between passage 3 and 6.

Grouping of model animals and gavage experiment. The 
current study was approved by the Ethics Committee of 
Nanyang Institute of Technology (Nanyang, China). Male SD 
rats (weight, 350-400 g; age, 18 weeks) were provided by the 
Laboratory Animal Center of the First Affiliated Hospital of 
Sun Yat-Sen University (Guangzhou, China) as rat models of 
thrombosis and housed in cages (10 rats/cage) at room temper-
ature with food and water available ad libitum, and were 
maintained under at 12 h light/dark cycle. The rats (n=30) were 
randomly grouped into three equal groups (10 in each group), 
as follows: i) Control group, ii) paeonol group, and iii) aspirin 
group. In the control group, SD rats received 2 ml/kg normal 
saline (Sigma-Aldrich) by gavage every two days for two 
weeks; in the paeonol group, rats received 1.25 mg/kg paeonol 
by gavage every two days for two weeks; and in the aspirin 

group, rats received 50 mg/kg aspirin by gavage every two days 
for two weeks. All the animal experiments were conducted in 
accordance with the Guide for the Care and Use of Laboratory 
Animals published by the National Institutes of Health (17).

Serum sample collection and investigation of prothrombotic 
state (PTS). The rats were anesthetized at the end of the two 
weeks with 10% chloral hydrate (0.3 ml/100 g; Sigma-Aldrich) 
via intraperitoneal injection. Blood samples were collected 
from the abdominal aorta by opening the abdominal cavity, and 
immediately centrifuged at 2,200 x g at 4˚C for 20 min to separate 
the serum, which was stored at ‑80˚C for further use. The levels 
of FN, FIB, D-D, 6-keto-PGF1α, and TXB2, which are associ-
ated with PTS, were measured by ELISA. The level of VEGF165 

was also detected. All ELISAs were conducted using the FN 
(H140), FIB (F010), D-D (E029), 6-Keto-PGF1α (H214), TXB2 
(R001) and VEGF165 (H044) kits according to the manufac-
turer's protocols (Nanjing Jiancheng Bioengineering Institute, 
Nanjing, China): Briefly, plates were coated and incubated 
overnight at 4˚C with 3.4 mg/ml nonbiotinylated 3D5 primary 
antibody (100 µl/well) in 200 mM NaHCO3 (Sigma-Aldrich) 
at pH 9.6, and then washed 4 times with phosphate-buffered 
saline with 0.05% Tween 20 (PBST; Sigma-Aldrich). Following 
incubation with 150 µl/well blocking buffer (PBST containing 
2.5% gelatin) for 2 h at 37˚C, the plates were washed 4 times 
with PBST, and 100 µl serum samples (diluted 1:1 with PBS) 
were added to each well. The plates were incubated at 37˚C 
for 2 h. Following washing 4 times with PBST, 100 µl 1 µg/ml 
biotinylated 3D5 secondary antibody in blocking buffer was 
added to each well, and incubated at 37˚C for a further 2 h. 
The wells were washed 4 times with PBST and incubated with 
100 µl/well  ExtrAvidin-Alkaline phosphatase (Sigma-Aldrich) 
in blocking buffer (dilution, 1:5,000) and incubated for 1 h 
at 37˚C. Following another 4 washes with PBST, the enzyme 
substrate alkaline phosphatase yellow (Sigma-Aldrich) was 
added to each well (100 µl/well) and incubated for 30 min at 
37˚C for color development. Optical density (OD) values were 
recorded using a microplate reader at 450 nm (Multiskan MK3; 
Thermo Fisher Scientific, Inc.). The content was estimated 
using a standard curve from serial dilutions.

Cytotoxicity and cell proliferation assay. The MTT assay was 
performed to determine the cytotoxicity of paeonol on HUVECs. 
Exponentially growing HUVECs from three to six passages 
(50 µl; 2x105 cells/ml) were seeded into a 96-well plate in trip-
licate. The cells were treated with increasing concentrations of 
paeonol [0 (control), 0.01, 0.05, 0.1, 0.5, 1, 5, 10, 20, and 50 µmol/l] 
for 24 h and each concentration was repeated in triplicate. 
Following paeonol treatment, 5 mg/ml MTT was added to 
each well and incubated for 4 h at 37˚C. MTT is converted 
into purple-colored formazan in living cells, which was then 
solubilized with dimethylsulfoxide (Invitrogen; Thermo Fisher 
Scientific, Inc.), and the OD values in the wells were recorded 
using the microplate reader at 450 nm. The survival rates (%) of 
different treatments were calculated as: (OD value in treatment 
group - OD value in blank control group) / (OD value in nega-
tive control group - OD value in blank control group) x100%.

The highest concentration with the greatest number of 
cells surviving was 0.5 µmol/l, thus, the cell proliferation 
assay was conducted at this concentration. HUVECs treated 
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with 5 µmol/l paeonol were incubated for different times 
(0, 24, 48, 72 and 96 h). Normal HUVECs served as a control 
to determine the effect of paeonol on the viability of HUVECs 
over time. The detection of cell proliferation was conducted 
as described above and the OD values in different wells were 
recorded using the microplate reader at 450 nm.

Effect of paeonol on expression levels of VEGF165 and associ-
ated signaling pathways in HUVECs. HUVECs were separated 
into three groups, as follows: Normal HUVECs; HUVECs 
incubated with 0.5 µmol/l paeonol; and HUVECs incubated 
with 0.5 µmol/l paeonol + 50 µmol/l PD98059. For each treat-
ment group, the protein expression levels of VEGF165, ERK1/2, 
and pERK1/2 were detected in cell samples after 24 h incu-
bation. GAPDH served as a loading control for western blot 
analysis. Total proteins were extracted using sodium dodecyl 
sulfate (SDS) lysis buffer (Beyotime Institute of Biotechnology, 
Haimen, China) on ice for 30 min and the protein concentra-
tion was determined using the Bicinchoninic Protein Assay kit 
(Pierce Biotechnology, Inc., Rockford, IL, USA). All the extracts 
were boiled with loading buffer for 5 min prior to separation 
with SDS-polyacrylamide gel electrophoresis on 10% gels at 
160 V for 60 min. Proteins were transferred onto polyvinyli-
dene difluoride membranes. The membranes were washed with 
Tris-buffered saline with Tween 20 (TBST; Sigma-Aldrich) 
for 20 min, and the procedure was repeated three times. The 
membranes were incubated with primary antibodies overnight 
at room temperature. Following three additional washes with 

TBST, the horseradish peroxidase-labeled goat anti-rabbit IgG 
secondary antibodies (Beyotime Institute of Biotechnology) 
were added and the membrane was incubated for 4 h at 37˚C. 
Following three final washes with TBST, the blots were 
developed using BeyoECL Plus reagent (Beyotime Institute of 
Biotechnology) and the results were detected in the Gel Imaging 
system (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Statistical analysis. All the data were expressed as the 
mean ± standard deviation. Multiple comparisons were 
conducted using Fisher's Least Significant Difference method. 
All the statistical analyses were conducted using SPSS 
version 19.0 (IBM SPSS, Armonk, NY, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Paeonol improves the PTS and increases VEGF expression 
in rat models of thrombosis. Using an ELISA, the levels of 
6-keto-PGF1α, FN, and VEGF165 in serum were determined 
to be significantly upregulated by treatment with paeonol 
(P<0.05), however, the effect was smaller than that of aspirin 
treatment (Fig. 1). The levels of FIB, D-D, and TXB2 were 
significantly downregulated by paeonol (P<0.05), however, the 
effect was also smaller than that of aspirin treatment (Fig. 2).

Paeonol exerts a weak cytotoxic effect on HUVECs and 
improves cell proliferation. With increased concentration of 

Figure 1. Effect of paeonol treatment on the the levels of 6-keto-PGF1α, FN, and VEGF165. Levels of 6-keto-PGF1α, FN, and VEGF165 were significantly 
upregulated in the serum of model rats. *P<0.05 vs. the control group, #P<0.05 vs. the paeonol group. 6‑Keto‑PGF1α, 6-keto-prostaglandin F1α; FN, fibronectin; 
VEGF, vascular endothelial growth factor.

Figure 2. Effect of paeonol treatment on the levels of FIB, D-D, and TXB2. Levels of FIB, D-D, and TXB2 were significantly downregulated in the serum of 
model rats. *P<0.05 vs. the control group, #P<0.05 vs. the paeonol group. FIB, fibrinogen; D‑D, D‑dimer; TBX2, thromboxane B2.
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paeonol, the cell viability of HUVECs decreased gradually 
(Fig. 3). No significant difference was detected for paeonol 
concentration <0.5 µmol/l. However, at concentrations 
>0.5 µmol/l, a significant difference in cell viability was 
observed (P<0.05; Fig. 3). At a concentration of 50 µmol/l 
paeonol, the cell viability was >70%, which indicates a safe 
result.

Based on the results of the MTT assay, 0.5 µmol/l was 
determined as the suitable concentration for further experi-
ments. Paeonol at this concentration significantly improved 
the cell proliferation ability in a time-dependent manner 
compared with normal HUVECs (P<0.05; Fig. 4).

Treatment with paeonol activated the phosphorylation of 
ERK1/2 and upregulated the expression of VEGF165. To 
elucidate the signaling pathway involved in the anti-throm-
botic effect exerted by paeonol, the effect of paeonol on the 
expression levels of ERK1/2, p-ERK1/2, and VEGF165 was 
investigated. As presented in Fig. 5, the expression levels of 
p-ERK1/2 and VEGF165 were upregulated in HUVECs. Treat-
ment with the ERK1/2 signaling pathway inhibitor, PD98059 

markedly blocked the effect of paeonol on p-ERK1/2 and 
VEGF165.

Discussion

Platelet activation and thrombus formation are important in 
pathophysiology of ischemic events, thus, anti-platelet thera-
peutic strategies are useful in preventing acute thromboembolic 
artery occlusion. Anti-platelet therapeutic agents, including 
aspirin, ticlopidine, and dipyridamole are clinically used, 
however, these therapeutic agents result in a number of side 
effects (18) including stent thrombosis and acute myocardial 
infarction (19). Paeonol is a nonsteroidal anti‑inflammatory, 
with a structure similar to aspirin. Previous studies have 
reported beneficial effects of paeonol as an anti‑angiogenic, 
anti-metastatic and anti-platelet agent (8,11). However, more 
investigation into the underlying mechanism of paeonol in 
recanalizing thrombi is required.

In the present study, the anti-platelet effect of paeonol 
was investigated in SD rats. The ELISA assays demonstrate 
improved PTS by changes in expression of FN, FIB, D-D, 

Figure 4. Effect of paeonol treatment (0.5 µmol/l) on the proliferative ability 
of HUVECs. The cell proliferative ability of HUVECs was improved com-
pared with control HUVECs. HUVEC, human umbilical vein endothelial 
cells; MTT, 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; 
OD, optical density. *P<0.05 vs. the HUVECs group.

Figure 3. Effect of paeonol treatment on the viability of human umbilical vein endothelial cells. The cells were incubated with different concentrations of 
paeonol for 24 h. The cell viability was assayed by the 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide method and results are expressed as the 
mean ± standard error from three independent experiments. *P<0.05 vs. the control group.

Figure 5. Effect of paeonol treatment on the anti-thrombosis associated 
pathway. Paeonol activated the phosphorylation of ERK1/2 and enhanced 
the expression of VEGF 165. ERK1/2, extracellular signal-regulated kinase; 
p-ERK1/2, phosphorylated ERK1/2; VEGF, vascular endothelial growth 
factor.
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6-keto-PGF1α, and TXB2 in the paeonol-treated group. 
Although treatment with aspirin was observed to be more 
effective, the concentration of aspirin was higher than 
that of paeonol. As paeonol has demonstrated fewer side 
effects, the concentration of paeonol used clinically may 
be adjusted to a level with comparable or stronger effects 
than aspirin. However, more comprehensive animal and 
clinical studies are required to be conducted in the future. 
The cytotoxicity of paeonol on HUVECs was assessed by 
MTT assay. It was demonstrated that the proliferative ability 
of the cells was improved by paeonol with little cytotox-
icity. Although paeonol suppressed the cell proliferation in 
a concentration-dependent manner when the concentration 
was >0.5 µmol/l, at a paeonol concentration of 50 µmol/l, cell 
viability of HUVECs remained at >70%.

Gene therapy with VEGF has been used to promote 
revascularization in the ischemic heart and in peripheral 
vascular disease with some success (20-22). VEGF165 release 
by transfection of a plasmid containing the VEGF165 gene to 
improve thrombus recanalization has also been reported (23). 
Lee et al (16) focused on the interaction between a derivative 
of paeonol and VEGF, PO was demonstrated to suppress the 
expression of VEGF at a concentration of 70 µmol/l. Nega-
tive effects of this derivative are hypothesized to be due to 
the high concentration used in the previous study. Thus, in 
the current study, based on the results of the MTT assay, a 
more suitable concentration was selected for the assessment 
of the effects of paeonol on anti-thrombosis associated 
signaling pathways. At a concentration of 0.5 µmol/l, paeonol 
activated the phosphorylation of ERK1/2 and upregulated the 
expression levels of VEGF. However, exposure to paeonol 
had no observable effect on the expression levels of ERK1/2 
in HUVECs.

The role of ERK in transcriptional and post-transcrip-
tional regulation of VEGF is well‑defined (24). A previous 
study demonstrated that the ERK signaling pathway is also 
activated during hypoxia in human endothelial cells (25). 
Notably, the results from the present study were contrary 
to the previous study of Nizamutdinova et al (26), which 
demonstrated an inhibitory effect of paeonol on the ERK1/2 
signaling pathway. The concentration of paeonol used in the 
present and previous studies was compared, and it was iden-
tified that in the MTT assay conducted in the current study, 
the cell viability was significantly decreased by paeonol at 
concentrations >1 µmol/l, and in Nizamutdinova et al (26), 
the expression levels of p-ERK1/2 was inhibited by paeonol 
>1 µmol/l. In the two studies, the expression levels of ERK1/2 
were not influenced by paeonol. In addition, Lee et al (16) 
showed that the expression levels of VEGF were not down-
regulated by PO at concentration up to 34.5 µmol/l. Thus, the 
ERK signaling pathway may also activate other transcrip-
tion factors that may mediate VEGF induction by paeonol. 
Furthermore, the concentration of paeonol in clinical appli-
cation should be carefully determined, accounting for the 
expression levels of anti-thrombosis associated factors and 
cell viability.

In conclusion, paeonol may improve the PTS and recanalize 
thrombi in animal models, which may be by the upregula-
tion of VEGF165 via the ERK1/2 MAPK signaling pathway. 
However, this positive effect depended on the concentration 

of paeonol used, a unsuitably high concentration of the 
compound resulted in a negative effect on the anti-thrombosis 
signaling pathways. The present study aimed to elucidate the 
underlying mechanism of paeonol in recanalizing thrombi, 
and more comprehensive animal and clinical studies should 
be conducted in order to determine a practical concentration 
of paeonol for clinical applications to improve the anti-platelet 
and anti-coagulant therapeutic strategies for various throm-
botic circulatory diseases.
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