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Abstract: Numerous studies have shown that the proliferation and apoptosis of vascular smooth 
muscle cells play a key role in restenosis. Artesunate is a triterpenoid with a peroxide structure and 
its antimalarial, antitumor, and antiangiogenetic activities can inhibit the proliferation and apoptosis 
of multifarious cells. Apoptosis is caused by the activation of a series of intracellular proteolytic 
enzymes, among which caspase-dependent apoptosis was the earliest to be recognized. The purpose 
of this article is to study the effects of caspase-3 inhibitor Ac-DEVD-CHO on proliferation and 
apoptosis of vascular smooth muscle cells induced by Artesunate and to explore the mechanism of 
Artesunate-induced apoptosis of vascular smooth muscle cells. By using the method based on methyl 
thiazolyl tetrazolium to observe the effects of Artesunate on the growth and proliferation of vascular 
smooth muscle cells; observing the change in cell shape before and after Artesunate administration 
by transmission electron microscopy; detecting the changes in cell cycle and apoptosis rates before 
and after drug administration by flow cytometry; detecting the activity of caspase-3 in the caspase 
apoptosis pathway by the Western Blot method, we found that Artesunate inhibits the growth and 
proliferation of vascular smooth muscle cells in a dose- and time-dependent manner within the 
concentration range of 7.5–120 μg/mL, and the inhibition rate of Artesunate can be as high as 
89.49 % at a concentration of 120 μg/mL after acting for 72 hours; vascular smooth muscle cells 
show a typical apoptosis peak due to the effects of higher concentration of Artesunate. Compared 
with the control group, the higher-concentration group shows major variability, Ac-DEVD-CHO, 
however, can significantly decrease this induction; it has been detected by Western Blot that 
Artesunate can induce caspase-3 activity dramatically in vascular smooth muscle cells, but this 
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activation may be remarkably inhibited by Ac-DEVD-CHO. 
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Abbreviations list: 

MTT = Methyl thiazolyl tetrazolium; TEM = Transmission electron microscopy; RS = Restenosis; 
VSMCs = Vascular smooth muscle cells; DMEM = Dulbecco's modified Eagle's medium; SDS-
PAGE = Sodium dodecyl sulfate polyacrylamide gel electrophoresis; Ac-DEVD-CHO = N-acetyl-L-
α-aspartyl-L-α-glutamyl-N-(2-carboxyl-1-formylethyl)-L-valinamide; OD = Absorbance value 
(optical density); PBS = Phosphate-buffered saline.  
 

1.   Introduction 

Coronary angioplasty implantation is one of the primary methods of treating coronary heart 
diseases. However, the high postoperative restenosis (RS) rate has hampered its development. 
Numerous studies have shown that RS is related to thrombosis, intimal hyperplasia, vascular 
remodeling, on which the proliferation and apoptosis of vascular smooth muscle cells (VSMCs have 
profound impacts [1‒3]. Therefore understanding the mechanism underlying VSMCs proliferation 
and apoptosis research on this topic will hence help to identify the causes of atherosclerosis and the 
etiopathogenesis of RS as well as its control strategies.  

Being a derivative of artemisinin, artesunate is one of the sesquiterpenoids possessing peroxide 
structure. Based on the high efficiency and low toxicity, it has become a new type of antimalarial 
drug universally applied in clinical practice. It has various pharmacological effects with the treatment 
of schistosomiasis, immune regulation, and anti-tumor [4]. In addition to its role in inhibiting VSMC 
proliferation and promoting apoptosis, the study has revealed that Artesunate also has inhibitory 
effects on the RS-induced vascular remodeling [5]. Recently, some studies have shown that 
Artesunate still have antitumor, and antiangiogenetic activities; it also prevents and cures 
schistosomiasis and regulates immunity, in addition to other effects [6‒8], by changing the apoptotic 
signaling molecule, such as bax/bcl-2, and apoptotic protein, such as NF-κB p65/caspase-3, 
expression to strongly inhibit the proliferation and apoptosis of multifarious cells, especially the 
tumor cells [9‒12]. As a type of Chinese medicine with high efficiency, low toxicity and low cost as 
well as its low potential to produce drug resistance, Artesunate is hopefully another important drug 
for drug-eluting stents, following rapamycin and paclitaxel. Meanwhile, the synergistic effects 
brought by the combined use of Artesunate and other drugs, which not only greatly enhance the 
effects of the drug action, but also considerably widen the scope of its application, also have 
increasingly drawn our attention [13,14]. Thus, studies focused upon the effects and regulatory 
mechanisms of Artesunate will provide a strong scientific basis and inspiration for the expansion of 
its clinical applications. In order to further studies on the VSMCs growth and the mechanism of 
action, we took advantages of rabbit aortic smooth muscle cell lines, methyl thiazolyl tetrazolium 
(MTT), transmission electron microscopy (TEM), and flow cytometry to explore the Artesunate’s 
effects on vascular smooth muscle cells (VSMCs) proliferation and apoptosis. Since caspase-3 is a 
key apoptotic protease in the caspase pathway, and one of the major apoptosis executors [15]. We 
also used Western blot to test of content of caspase-3, by the changes in the expression level of the 
apoptosis protein with addition to caspase-3 inhibitor Ac-DEVD-CHO, to investigate the effect of 
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Artesunate on VSMCs apoptosis and its regulatory mechanism. 

2. Materials and Methods 

2.1.  Cell strain 

The rabbit aortic smooth muscle cell strain was obtained from the Cell Center of Institute of 
Basic Medical Sciences, Chinese Academy of Medical Sciences, which was conventionally cultured 
in complete Dulbecco's modified Eagle's medium (DMEM) (containing 10 % fetal calf serum, 100 
u/mL penicillin, and 100 μg/mL streptomycin, pH 7.2) in an atmosphere containing 5 % CO2 at 
37 °C in an incubator. 

2.2. Main Reagents and Instruments 

Reagents: Artesunate (Guilin Pharmaceutical Co., Ltd.), DMEM, special grade fetal calf serum 
(Hyclone Company), propidium iodide (PI), MTT, trypsin (Sigma Company), rabbit antihuman 
caspase-3 monoclonal antibody, sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) preparation kit, caspase-3 inhibitor N-acetyl-L-α-aspartyl-L-α-glutamyl-N-(2-carboxyl-1-
formylethyl)-L-valinamide(Ac-DEVD-CHO; Biyuntian Company), and horseradish peroxidase–
labeled goat antirabbit secondary antibody (Beijing Zhongshan Company). Instruments: enzyme 
immunoassay meter (AP-960), Transmission electron microscope (Hitachi H-600), Flow cytometry 
(BD FACSCalibur), Gel imaging system (Alpha Company). 

2.3. MTT method for detecting inhibition of proliferation of VSMCs by Artesunate  

VSMCs in their logarithmic phase were routinely digested and a cell suspension containing  
5.0  104 cells/mL was prepared, with complete DMEM containing 10 % fetal bovine serum. 
Subsequently, 100 μL of cell suspension was inoculated into each well, and incubated overnight at 
37 °C, under 5 % CO2 in an incubator. The culture solution was aspirated, 200 μL of Artesunate was 
added to the DMEM culture solution in each well at concentrations of 0.0, 7.5, 15, 30, 60, and  
120 μg/mL, and each concentration was repeated in six wells, totaling six groups. These were 
cultured for 24, 48, and 72 hours; Next, MTT (5 mg/mL, 20 μL) was added to the wells and the cells 
were further cultured for 4 hours, then the supernatant was aspirated and 150 μL of dimethyl 
sulfoxide was added in each well to dissolve the crystal completely. The absorbance value (optical 
density, OD) of each well was measured using enzyme immunoassay meter at a wavelength of 570 
nm. The rate of inhibition of growth was calculated as follows: 

Growth inhibition rate = (1-OD value of experimental group/OD value of control group) × 
100 %. 

2.4. Observation of morphological changes by transmission electron microscopy 

Observation of morphological changes in cells caused by Artesunate in the logarithmic growth 
phase were chosen and inoculated into a 100 mL culture bottle at a concentration of 1.0  106 
cells/mL. After 12 hours, Artesunate was added to a final concentration of 80.49 μg/mL, with culture 
continuing for a further period of 48 h and centrifuged. The pelleted cells were washed twice with 
phosphate-buffered saline (PBS, pH 7.4), transferred into eppendorf tubes, added 1 mL of 4 % 
glutaraldehyde for immobilization, centrifuged, and washed, with PBS. The cells thus obtained were 
dehydrated on a sheet, soaked, embedded in wax, and sliced; then, double staining was carried out 
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using uranyl acetate and lead citrate, and the cells were observed and photographed using a Hitachi-
600 transmission electron microscope. 

2.5. Detection of rate of apoptosis by flow cytometry 

Cells in the logarithmic growth phase, at a concentration of 2.0  105 cells/mL, were divided 
into four groups. Control group: treated without Artesunate; Drug group: treated with Artesunate at 
final concentrations of 7.5, 15, 30, 60, and 120 μg/mL; Half IC50 Group: Artesunate was added to 
reach a final concentration of 40 μg/mL; Half IC50 + inhibitor group: inhibitor Ac-DEVD-CHO was 
added to reach a final concentration of 100 μmol/L and the cells were treated for 0.5 hours, then  
40 μg/mL of Artesunate was added. Each group contained three wells. After each of the above groups 
were cultured for 48 hours, centrifuged, washed with PBS, and fixed in 70 % ice-cold alcohol for 30 
minutes at 4 °C; PBS solution was added and the cells were re-suspended, filtered once with a 400-
mesh grid and centrifuged; the PBS solution was discarded. The cell suspension was blended with an 
equal volume of PI （terminal concentration：10 μg/mL）staining solution, placed for 30 minutes 
at 4 °C. Measurements were performed with CV ( by means of three-color fluorescent microspheres 
calibration instrument (BD Company)) below 3 %, the argon ion laser power 15 MV, and excitation 
wavelength 488 nm. PI fluorescence intensity histograms and dot plot (front versus side scattered 
light) were collected. The cell parameters were adjusted using normal lymphocytes，ignoring the 
cell aggregates and fragments, the cell cycle and apoptosis were observed, then, the data were input 
into the Macintosh 650 computer for analysis. Modfitl 1.0 software was used for the estimations and 
calculations with printed results. Apoptosis rate (%) ＝(apoptosis/total cells)  100 %. 

2.6. Detection of the changes of caspase-3 activity by Western blot 

There were three groups in the experiments. Control group: treated without Artesunate; 
Experimental group: treated by adding Artesunate to a final concentration of 40 μg/mL; Inhibitor 
group: Ac-DEVD-CHO inhibitor was added to a final concentration of 100 μmol/L and treated for 
0.5 hours, then treated with 40μg/mL Artesunate.  

Subsequently, the cells of each group were inoculated into six-well cell-culture boards and 
cultured in an environment containing 5 % CO2 in an incubator for 48 hours, then lysed, and 
centrifuged. Separation of proteins was carried out by SDS-PAGE, then the proteins were 
electrotransferred onto polyvinylidene fluoride membranes, blocked for 1 hour by blocking buffer at 
room temperature, rabbit antihuman caspase-3 monoclonal antibody (1:00) was added and the 
membrane was incubated overnight at 4 °C; Peroxidase-labeled goat antirabbit IgG secondary 
antibody was added and the membrane was further incubated for 2 hours at room temperature.  

The ECL luminescence agents were spread into PVDF membrane, after that the membrane were 
put into gel imaging system and then pictures were captured under proposed exposure time. 

2.7. Statistical analysis  

The IC50 value was calculated by the Logit method. The measured values with three 
replications (n = 3) were denoted as the means ± SD; One-way analysis of variance followed by 
Tukey’s tests was carried out with the SPSS 13.0 software. The differences were considered 
significant at P < 0.05 and highly significant at P < 0.01. 
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3.  Results  

3.1. Inhibitory action of Artesunate on the proliferation of VSMCs  

VSMCs have shown significant inhibition of proliferation after treatment with different 
concentrations of Artesunate: the OD decreases with increasing time and concentration, which is 
highly significant compared with the control group (Figure 1), at the same time, the higher is the 
concentration of Artesunate, the longer is the effective time and the higher is the ratio of inhibition 
on VSMCs (Figure 2), having a dose-time dependence. Graphics present that high concentrations of 
Artesunate have highly significant inhibitory effects on VSMCs (P < 0.01). The values of IC50 
calculated for 24, 48, and 72 hours were 75.84, 62.70, and 60.06 μg/mL, respectively. The values of 
IC50 at 48 and 72 hours differ by very small interval, indicating that Artesunate can inhibit the 
growth and proliferation of VSMCs rapidly, steadily, and persistently. 

 

 

Figure 1. The Time-OD relationship between different concentrations of Artesunate 
and VSMCs. The OD decreases with increasing time and concentration. 
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Figure 2. The time–inhibition ratio relationship between different concentrations of 
Artesunate and VSMCs. The apoptosis rate of VSMCs gradually increased with the 
increasing time and concentration. 

 

 

                     A                                 B 

Figure 3. Results obtained by the MTT study after treatment of VSMCs with 80 
μg/mL Artesunate for 48 hours, the cell apoptosis was observed by TEM. (A) After 
VSMCs were treated with Artesunate (80 µg/mL) for 48 hours, the cell volume was 
reduced, the cell membrane was corrugativus, the cytoplasm was concentrated, and 
nuclear chromatin was agglutinated (TEM 6000 ×). (B) The VSMCs of the control 
group without drug treatment showed regular cell morphology, with evenly 
distributed chromatin (TEM 4000 ×). 
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3.2. The changes in ultrastructures  

According to the experimental results obtained by the MTT study after treatment of VSMCs 
with 80 μg/mL Artesunate for 48 hours, the cell apoptosis was observed by TEM (Figure 3A): the 
cell volume was reduced, the cytoplasm was concentrated, nuclear chromatin was agglutinated inside 
the cell nuclear envelope appearing as a ring, however, the cell membrane integrity was disrupted 
and corrugativus. Apoptotic bodies of nuclear debris and organelles wrapped by membrane could be 
observed in some cells, whereas the VSMCs of the control group without drug treatment showed 
regular cell morphology, with evenly distributed chromatin (Figure 3B). 

3.3.  Effect of Artesunate on cell cycle of VSMCs and promotion of apoptosis 

As shown in the picture, in the flow-test histogram, for the VSMCs treated with Artesunate, the 
Sub G1 phase peak appears as a typical subdiploid peak, apoptosis peak (Figure 4). In addition, the 
quantitative test results of the flow cytometry show that after being treated with different 
concentrations of Artesunate for 48 hours, the cell cycles and apoptosis rates of VSMCs have 
noticeable changes. With the increasing of Artesunate concentration, the number of cells in the S-
phase tremendously increases and the cells in the G2 phase exceedingly reduce, which indicates that 
cells are mostly arrested in the S phase; the results showed a certain degree of concentration 
dependency (Figure 5); the apoptosis rate of VSMCs gradually increased with the increasing of 
Artesunate concentration. There was a considerable difference compared with the control group  
(P < 0.01), and when the Artesunate concentration is 120 μg/mL, the apoptosis rate reaches up to 
42.81 %, showing concentration dependency (Figure 6). After adding the caspase-3 protease-specific 
inhibitor Ac-DEVD-CHO, the apoptosis rate of VSMCs dropped, with a distinct deviation compared 
with the Artesunate group (Figure 7). 

 

 

Figure 4. Typical apoptotic peak appeared after VSMCs were treated with 
Artesunate (120 µg/mL) for 48 hours. (A) Control group. (B) After the VSMCs 
treated with Artesunate, the Sub G1 phase peak appears apoptosis peak. 
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Figure 5. Changes in the cell cycle of VSMCs at different concentrations of 
Artesunate. After treated with Artesunate, the VSMCs are mostly arrested in the S 
phase. 

 

Figure 6. Changes in the apoptosis rate of VSMCs at different concentrations of 
Artesunate. The apoptosis rate increased with the increasing concentration of 
Artesunate. 
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Figure 7. Changes in the apoptosis rate of VSMCs treated with Artesunate and Ac-
DEVD-CHO. The results showed the apoptosis rate of VSMCs increased after 
treated with Artesunate (40µg/mL) for 48 hours (Artesunate group), and 
pretreatment with Ac-DEVD-CHO (100µmol/L) for 48 hours (Inhibitor group), the 
apoptosis rate decreased.  

3.4. Effects of Artesunate on the activity of VSMC caspase-3 

Compared with the control group, the activity of caspase-3 abnormally increased after being 
treated with Artesunate at a concentration of 40 μg/mL (P < 0.01), as presented in the results of the 
Western blot (Figure 8); however, after pretreatment with Ac-DEVD-CHO, the expression level of 
caspase-3 decreased deeply compared with the Artesunate-induced group, having a major deviation 
(P < 0.05). It indicates that Artesunate induces apoptosis by activating the proteolytic enzyme 
caspase-3. 

 

Figure 8. Effects of Ac-DEVD-CHO on the level of caspase-3 expression. (A) 
Control group. (B) The activity of caspase-3 significantly increased after being 
treated with Artesunate at a concentration of 40 μg/mL for 48 hours (P < 0.01). (C) 
After pretreatment with Ac-DEVD-CHO, the expression level of caspase-3 
decreased significantly compared with the Artesunate-induced group (P < 0.05). 
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4.   Discussion  

Previous report has shown that VSMC proliferation was inhibited and apoptosis was increased 
in a concentration-dependent manner after treatment with Artesunate and that the cell cycle was 
arrested in the sub G1 phase [16]. In this study, MTT results showed VSMC proliferation was 
inhibited by Artesunate, which was consistent with previous result. The cell cycle detected by flow 
cytometry indicated that the S-phase ratio in VSMCs increased gradually as the concentration of 
Artesunate increased and the G2 phase reduced, and there are attractive differences compared with 
the control group. What was more, we found cells were prevented from entering the G2/M phase and 
stagnated at the G1/S phase, which differed from previous findings [16], thereby indicating that the 
control points of Artesunate on the cell cycle of VSMCs were not unique but both: the G1/S phase 
and the G2/M phase, and they interfered with the DNA synthesis of VSMCs to inhibit the 
proliferation of VSMCs. We also found that, in the range of 15‒120 μg/mL Artesunate, the apoptosis 
rate of VSMCs increased in a concentration-dependent manner, and the effects of high-dose 
Artesunate on the inhibition of cell proliferation and induction of cell apoptosis were impressive  
(P < 0.01).  

Apoptosis is caused by the activation of a series of intracellular proteolytic enzymes [17‒21], 
among which caspase-dependent apoptosis was the earliest to be recognized. There are at least three 
ways of caspase activation: mitochondria/cyt-c pathway, death-receptor pathway, and endoplasmic 
reticulum pathway. Rinner et al. [15] consider that Artesunate-induced apoptosis may be caused by 
the caspase-3 pathway. Ac-DEVD-CHO is a very strong inhibitor of caspase-3, which can inhibit the 
apoptosis caused by activation of caspase-3 [22, 23]. In this study, Western blot results pronounced 
that, after the VSMCs were treated with 40 μg/mL Artesunate for 48 hours, the activity of caspase-3 
was strikingly increased compared with the control group (P < 0.01), whereas, after being pretreated 
with 100 μg/mL Ac-DEVD-CHO for 48 hours, the activity of caspase-3 (induced by Artesunate) was 
greatly inhibited. Flow cytometry results indicated that the apoptosis rate was significantly reduced 
(P < 0.01). Therefore, it was confirmed that Artesunate can induce the apoptosis of VSMCs by 
activating the caspase-3 pathway.  

Understanding the mechanisms that Artesunate induce VSMCs apoptosis has some implications 
for rational utility of Artesunate-related drugs. Recent reports have suggested that Ras-PI3K-Akt 
pathway played important role in Artesunate-induced VSMCs apoptosis [19], the ERK1/2 expression, 
p-Akt and caspase-9 activities were examined in the Ras signaling pathway. Their results showed 
that Artesunate reduced ERK1/2 and p-Akt expression in a concentration-dependent manner, and 
promoted the activation of caspase-9. Combined with the results of our study, we pointed out that 
Artesunate may promote the apoptosis of VSMCs by inhibiting the Ras-PI3K-Akt pathway and 
initiating the depolarization of inner mitochondrial membrane.  

Interestingly, we found that caspase inhibitor Ac-DEVD-CHO did not inhibit apoptosis of 
VSMCs completely (Figure 8), raising the possibility that other pathways were also involved in 
Artesunate-induced VSMCs apoptosis in addition to the caspase pathway, further studies are needed 
to identify the precise mechanism. 

5. Conclusions  

Caspase-3 inhibitor Ac-DEVD-CHO can significantly inhibit the vascular smooth muscle cell 
proliferation and apoptosis induced by Artesunate and caspase-3 activates, reveal the mitochondria 
apoptotic pathway is the main mechanism that Artesunate promote the apoptosis of vascular smooth 
muscle cells. 
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