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INTRODUCTION

Stent implantation and balloon angioplasty are standard 
surgical procedures for atherosclerotic vascular diseases, such 
as coronary artery disease and arteriosclerosis obliterans of 
the lower extremities. The prevalence of these conditions 
increases with age. It is well established that the proliferation 
and migration of vascular smooth muscle cells (VSMCs) 
play a major role in the development of restenosis after the 

treatment  [1,2]. Currently, there is an urgent need for novel 
strategies for the pharmacologic inhibition of the proliferation 
and migration of VSMCs.

Major advances have been made in the development of 
drug-eluting stents and balloons over the past two decades, 
including the development of first-generation to fourth-genera-
tion devices and the use of antiproliferative drugs, from sirolimus 
and paclitaxel to everolimus and biolimus [3]. Although new 
generation stents have improved features, they are still associated 
with high restenosis rates and late stent thrombosis following sur-
gery. Moreover, due to a high operative risk, up to 30% of patients 
are not candidates for such interventions [4]. Hence, it is import-
ant to understand the complex mechanisms underlying resteno-
sis and develop techniques to reduce neointimal hyperplasia.

Increasing evidence has shown that abnormal VSMC 
proliferation and migration commonly occur during the 
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ABSTRACT

Neointima formation, which occurs after vascular injury due to vascular disease or interventions such as angioplasty and stent placement, is a 
complex process that involves multiple molecular and cellular mechanisms. The inhibition of neointima formation is vital to prevent restenosis 
of blood vessels. In the present study, we investigated whether the systemic administration of mitoxantrone can inhibit neointima formation, 
and evaluated the underlying mechanisms under in vitro and in vivo experimental conditions. In vitro, rat and human vascular smooth muscle 
cells (RVSMCs and HVSMCs) were stimulated with platelet-derived growth factor-BB (PDGF-BB) and treated with mitoxantrone or DMSO 
as a control. In vivo, 54 male Sprague-Dawley rats were subjected to carotid artery balloon injury and then intravenously administered with 
mitoxantrone. Cell proliferation was determined using the CCK-8 assay. Cell cycle analysis was performed using flow cytometry, and protein 
expression was analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis. We used monoclonal mouse anti-bromodeoxyuridine 
(BrdU) antibody for the detection of BrdU and anti-Topoisomerase II antibody for staining Type II topoisomerase (Topo II), one week after the 
ballon injury. In both RVSMCs and HVSMCs, mitoxantrone treatment induced Topo II degradation, as well as suppressed DNA replication, 
cell cycle progression, and VSMC proliferation. A reduction in intimal hyperplasia, intimal-to-medial area ratio, and Topo II level was observed 
in mitoxantrone-treated rats, as compared to the control (saline) group. Overall, our results indicate that systemic administration of mitoxan-
trone can reduce neointimal hyperplasia and, thus, represents a suitable option for restenosis treatment.
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pathogenesis of atherosclerosis and restenosis after angio-
plasty [1]. In particular, platelet-derived growth factor (PDGF) 
can induce the proliferation, migration, and angiogenesis of 
VSMCs [5-7]. Moreover, the restenotic process may be initiated 
by a vascular injury caused during balloon angioplasty, which 
further stimulates VSMCs to proliferate and migrate from the 
basal and medial layers to the intimal layer of the vessel wall, 
eventually leading to uncontrolled neointimal hyperplasia.

The cell cycle consists of G1, S, G2, and M phases and is pro-
moted by various mitogenic stimuli during cell proliferation. 
The regulation of cell cycle gene expression plays an important 
role in controlling cell proliferation. Following vascular injury, 
mitogens stimulate VSMCs to proliferate; namely, the cells 
enter the cell cycle from the G0 phase [1,8]. Different pharma-
cological agents, including antiproliferative, antithrombotic, 
and antiplatelet agents, can inhibit cell cycle events, and thus 
suppress cell proliferation [9].

Mitoxantrone is a synthetic antineoplastic drug with 
numerous activities demonstrated in various animal cancer 
models; moreover, it has been used in the clinical treatment 
of different types of human cancers, particularly prostate can-
cer, breast cancer, and gastrointestinal stromal tumor, as well 
as lymphomas and leukemia [10-13]. The inhibition of Type II 
topoisomerase (Topo II) activity, by targeting the enzyme-
DNA complex, is the main anti-tumor mechanism of mitox-
antrone [14]. Moreover, other pharmacological activities of 
mitoxantrone have been indicated, including strong DNA 
binding via intercalation or electrostatic interactions [15,16], 
tubulin binding and possible inhibition of microtubule assem-
bly [17], inhibition of several kinases and GTPases [18-20], and 
induction of calcium release [16].

A preliminary study reported that stent grafts loaded 
with mitoxantrone inhibited the development of neointimal 
hyperplasia after a vessel injury [21]. However, the mecha-
nism of action was not investigated, and the regenerative pro-
cesses were also prevented, possibly due to a local overdose. 
Furthermore, it was unclear whether the systemic administra-
tion of mitoxantrone could lead to better outcomes by inhibit-
ing neointima formation. In this study, we aimed to determine 
whether systemic administration of mitoxantrone can inhibit 
balloon injury-induced neointima formation by suppressing 
VSMC proliferation. Moreover, we sought to investigate the 
mechanisms underlying this process. Our findings could serve 
as the basis for a new therapeutic method for proliferative vas-
cular diseases, such as restenosis after surgery.

MATERIALS AND METHODS

Reagents

Bromodeoxyuridine (BrdU), BrdU labeling mix, mouse 
anti-BrdU antibody, FITC-conjugated goat anti-mouse 

antibodies, and mitoxantrone were purchased from Sigma (St. 
Louis, MO, USA). PDGF-BB and Anti-Topoisomerase II beta 
antibody were purchased from Santa Cruz (Santa Cruz, CA, 
USA). Topoisomerase II antibody was purchased from Novus 
(Littleton, CO, USA). Anti-beta actin antibody was purchased 
from Roche (Pleasanton, CA, USA). Mitoxantrone was dis-
solved in dimethyl sulfoxide (DMSO) and further diluted in 
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal 
bovine serum (FBS) for in vitro cell culture experiments.

Ethics statement

All rats used in this study were purchased from Guangdong 
Medical Laboratory Animal Center. All experimental proce-
dures were authorized by the Research Ethics Committee of 
The First Affiliated Hospital, Sun Yat-Sen University.

Primary human VSMCs (HVSMCs) were obtained from 
the femoral artery of a healthy organ donor with the donor’s 
consent and approval of the Research Ethics Committee of 
The First Affiliated Hospital of Sun Yat-Sen University.

Primary cell culture

Rat VSMCs (RVSMCs) were isolated from Sprague-Dawley 
rats and HVSMCs were obtained from the femoral artery of a 
healthy organ donor. The cell culture methods used for the pri-
mary RVSMCs and HVSMCs have been described previously 
[22,23]. The cells were cultured in DMEM supplemented with 
10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin at 
37°C in a humidified incubator containing 5% CO2. The VSMC 
purity was confirmed by immunocytochemistry with an alpha-
smooth muscle actin monoclonal antibody. The fourth to eighth 
passages of the VSMCs were used in this study.

Cell proliferation assay

Cell proliferation was determined using the CCK-8 assay. In 
brief, the primary VSMCs were seeded in 96-well plates (~20% 
confluent cells) with growth medium containing 20 μg/L 
PDGF-BB as an attractant, and were incubated for 12 hours. 
DMSO (as the control) or different amounts of mitoxantrone 
dissolved in the culture medium were added into the wells, and 
the cells were further incubated for 48 hours. Thereafter, the 
medium was removed, 10 μl of CCK-8-containing medium 
was added, and the cells were incubated at 37°C for 1 hour. 
The absorbance was measured at 450  nm. The relative cell 
viability was calculated as the ratio of the number of mitoxan-
trone-treated cells versus the number of DMSO-treated cells.

Cell cycle analysis

The distribution of cell cycle stages was determined using 
flow cytometry. In brief, PDGF-BB-stimulated cells treated with 
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mitoxantrone or DMSO were collected and washed twice with 
PBS. The cells were then fixed in 70% ethanol for at least 1 hour 
and stained with propidium iodide buffer (50 g/mL RNase, 0.1% 
Triton X-100, 0.1 mM EDTA, and 50 μg/mL propidium iodide) 
for 0.5 hour before analysis. The samples were analyzed using a 
FACS machine (Becton, Dickinson and Company, USA).

Immunoblotting analysis

PDGF-BB-stimulated VSMCs treated with mitoxan-
trone or DMSO were collected and lysed by directly adding 
1×sodium dodecyl sulfate (SDS) sample buffer into the 12-well 
plates. The VSMC proteins were resolved by 7.5% SDS-
polyacrylamide gel electrophoresis (PAGE) and blotted onto 
nitrocellulose membranes. The blots were successively probed 
with primary antibody and horseradish peroxidase (HRP)-
conjugated secondary antibody. The results were detected 
by an BeyoECL Plus detection kit (Beyotime, China), and the 
X-ray films were developed in a film developer.

Balloon injury model in a rat carotid artery

A total of 44  male Sprague-Dawley rats, weighing 300-
350 g, were classified into three groups: a saline control group 
and two mitoxantrone-treated groups (n = 18 each).

All rats were anesthetized with chloral hydrate (35  mg/
kg intraperitoneal [IP]injection) and subjected to balloon 
injury of the right common carotid artery, as reported pre-
viously [24]. Each rat received caudal vein injection of 0.2 or 
1.0 mg/kg of mitoxantrone hydrochloride dissolved in 2 ml of 
normal saline, twice weekly, from the first day after the surgery 
until sacrifice. Each rat in the control group was injected with 
2 ml of normal saline.

Six rats in each group were used for immunohistochemis-
try staining, to determine the Topo II and BrdU levels 7 days 
after the surgery; in the remaining 12 rats in each group neoin-
tima formation was measured in the artery, 28 days following 
the surgery. The rats were sacrificed by pressure fixation of the 
right common carotid artery.

Morphometric analysis and 
immunohistochemistry

Carotid arteries were isolated from the euthanized rats 
and were perfusion-fixed in situ with 4% formaldehyde. Three 
circular cross-sections (6 μm in thickness) were cut from the 
middle part of the artery and stained with hematoxylin-eosin 
(H&E). The intimal hyperplasia (IH) area and the intima-me-
dia ratio (IMR) were measured and calculated, as reported 
previously [25]. The IH and IMR were analyzed using Image-
Pro Plus 6.0 software.

Six rats per group received an IP injection of 100 mg/kg of 
BrdU labeling mix 3 days after the surgery and were sacrificed 

for immunohistochemical analysis 7 days after the surgery, as 
reported previously [26]. The BrdU-incorporated cells in the 
carotid arteries were detected using a mouse monoclonal anti-
BrdU antibody. The number of positive cells within the inti-
mal lesions was counted based on the red fluorescent protein 
(RFP) signals. Three sections from each animal were analyzed. 
Topo II staining was performed using an anti-Topoisomerase 
II antibody. The images were analyzed by calculating the inte-
grated optical density (IOD) value.

Evaluation of rat’s general health condition

Serum samples were collected from the inferior vena cava 
at the time of sacrifice, to determine the blood cell count, 
alanine aminotransferase (ALT), aspartate aminotransferase 
(AST), and lactate dehydrogenase (LDH) levels. Liver, kidney, 
and lung, tissues were collected for histomorphological anal-
ysis. All rats were weighed weekly from the time of the oper-
ation until sacrifice.

Statistical analysis

Data are presented as mean ± standard deviation (SD). For 
statistical analysis, we performed one-way analysis of variance 
(ANOVA), followed by the Student-Newman-Keuls post-
test. All statistical analyses were performed using Statistical 
Product and Service Solutions 22.0 software (SPSS 22.0)[IBM 
Corp, Armonk, NY]. A value of p < 0.05 was indicative of sta-
tistical significance.

RESULTS

Mitoxantrone induces Topo II degradation and 
inhibits VSMC proliferation in vitro

To investigate the effects of mitoxantrone on VSMC pro-
liferation, we examined the viability of mitoxantrone-treated 
VSMCs (Figure 1A). The human and rat VSMCs were incu-
bated with various concentrations of mitoxantrone for 48 
hours. The cell viability was then measured using the CCK-8 
assay. Mitoxantrone showed significant inhibitory effects on 
the proliferation of both PDGF-BB-stimulated human and rat 
VSMCs, and the inhibitory activities were dose-dependent. 
The inhibitory concentration 50% (IC50) values of mitoxan-
trone for human and rat VSMCs were 0.35 and 0.67 μg/mL, 
respectively.

As the inhibition of cell proliferation by blocking the Topo 
II-DNA complex is assumed to be the anti-tumor mechanism 
of mitoxantrone [14], we analyzed the expression of Topo II 
in mitoxantrone-treated VSMCs by immunoblotting. The 
PDGF-BB-stimulated human and rat VSMCs treated with 
mitoxantrone were collected for immunoblotting; the cells 
treated with DMSO and untreated cells were used as negative 
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controls. The results indicated that mitoxantrone induced 
total degradation of Topo II in both human and rat VSMCs 
(Figure  1B). Thus, we suggest that mitoxantrone inhibits 
human and rat VSMC proliferation by blocking the Topo II 
activity, which is a vital factor in several cellular processes 
such as DNA replication, transcription, and chromosome 
condensation.

Effects of mitoxantrone on cell cycle progression

The cell cycle is a series of events, including cell growth, 
DNA replication, chromosome separation, and separation of 
all cell components. To determine the effects of mitoxantrone 
on cell cycle progression, we measured cellular DNA content 
by flow cytometry. The RVSMCs treated with mitoxantrone 
showed an increase in the S-phase population and a decrease 
in the G1-population in a dose-dependent manner, as com-
pared to the negative DMSO control group (Figure 2A and B). 
In particular, the percentage of cells in the S phase increased 
from 8.3% in the DMSO control group to 14.8%, 19.7%, and 
24.2% in the cells treated with 0.25, 0.5, and 1.0 µg/mL mitox-
antrone, respectively. Similar results were also observed for 
the HVSMCs (Figure S1A and B).

The increased S phase population most likely involved 
cells with incomplete DNA replication, and this hypothesis 
was also supported by the results of the BrdU incorporation 
assay (Figure 2C and D). The BrdU incorporation assay labels 
cells undergoing DNA replication, which is an indicator of 
cell proliferation. The PDGF-BB-stimulated human and rat 
VSMCs were treated with mitoxantrone for 24 hours and then 
pulse-labeled with BrdU for 1 hour; the BrdU-positive cells 
were then visualized by immunostaining. The results showed 
that, compared to the DMSO control cells, mitoxantrone 
markedly reduced the number of BrdU-positive RVSMCs 
(Figure  2C and D) and HVSMCs (Figure S1C and D), and 
completely inhibited DNA replication at higher concentra-
tions (Figure 2C and D; Figure S1C and D), which is consistent 
with the essential role of Topo II in DNA replication. These 
results, along with the data from flow cytometry (Figure 2A 
and B; Figure S1A and B), strongly suggest that mitoxantrone 
can induce Topo II degradation and inhibit DNA replication 
and proliferation of human and rat VSMCs.

Mitoxantrone inhibits neointimal hyperplasia 
induced by balloon injury

To determine the effects of mitoxantrone on neointima 
formation in vivo, we subjected the rats to balloon injury of 
the right common carotid artery and intravenously admin-
istered mitoxantrone to these rats. The rats in the control 
group were also subjected to the ballon injury but treated with 
saline. The balloon injury resulted in a loss of endothelium 

and the development of IH, as examined on day 28 after 
the balloon injury (Figure  3A). According to the comput-
er-assisted morphometric analysis, the mean IH area in the 
control saline group was 0.22 mm2, whereas the IH area 
was markedly reduced to 0.073 and 0.046 mm2 in the 0.2 
and 1.0  mg/kg mitoxantrone-treated animals, respectively 
(Figure  3B). Furthermore, both the IMR and IH were lower 
in the 1.0 mg/kg mitoxantrone-treated than in the 0.2 mg/kg 
mitoxantrone-treated group (Figure  3B and C), suggesting a 
protective role of mitoxantrone in inhibiting IH. In addition, 
the wound from the balloon injury healed well in the mitoxan-
trone-treated rats (Figure 3A).

Topo II expression is negatively correlated with 
mitoxantrone dosage in neointima formation

The immunohistochemical staining of sections from the 
balloon-injured arteries on day 7 revealed that Topo II was 
significantly inihibted in the mitoxantrone-treated groups in 
a dose-dependent manner, as compared to the control group 
(Figure  3D and E). These data suggest that mitoxantrone 
inhibited Topo II expression during the neointima formation.

FIGURE 1. Mitoxantrone induces Topoisomerase II (Topo II) deg-
radation and inhibits vascular smooth muscle cell (VSMC) pro-
liferation. (A) Human VSMCs (HVSMCs) and rat VSMCs (RVSMCs) 
were treated with various concentrations of mitoxantrone for 48 
hours. The cell viability was determined using the CCK-8 assay. 
(B) Mitoxantrone induces Topo II degradation in HVSMCs and 
RVSMCs. The HVSMCs and RVSMCs treated with mitoxantrone for 
24 hours were collected. The protein expression levels were deter-
mined by immunoblotting assays. The cells treated with solvent 
dimethyl sulfoxide (DMSO) and untreated cells were used as neg-
ative controls. Beta-actin was used as the internal loading control.

B
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Mitoxantrone inhibits cell proliferation in vivo

The BrdU labeling of the carotid arteries harvested on day 
7 following the balloon injury and mitoxantrone treatment 
showed a significant decrease in the number of BrdU-positive 
cells in a dose-dependent manner, as compared to the control 
saline group (Figure 4), indicating that mitoxantrone inhibited 
the cell proliferation in vivo.

Evaluation of the rat’s general health condition

The serum AST, ALT, and LDH levels were in the normal 
range in both the mitoxantrone-treated and control groups 
(Table S1). Moreover, no significant pathological changes 
were observed in the liver, kidney, or lung tissues in all ani-
mals (Figure S2A). The animals showed a steady increase 
in the body weight during the course of the experiment, 
although the increase was somewhat slower in the mitoxan-
trone-treated rats (Figure S2B), which is consistent with the 
inhibitory effects of mitoxantrone on cell proliferation. These 
results indicate that there were no obvious side effects in the 

rats that were systematically administered with up to 1 mg/kg 
of mitoxantrone.

DISCUSSION

High rates of restenosis remain a major problem in patients 
undergoing balloon angioplasty and other procedures that 
cause vascular damage. At present, drugs are commonly used 
to inhibit the formation of neointimal hyperplasia after surgery. 
Furthermore, animal model and clinical studies have demon-
strated that antiproliferative drug-coated coronary stents could 
inhibit neointima formation [27-29]; for instance, both taxol- and 
sirolimus-eluting coronary stents have been approved for clin-
ical use by the U.S. Food and Drug Administration (FDA). 
Mitoxantrone has been used as a cytostatic drug for treating pros-
tate cancer and gastrointestinal stromal tumors [30,31]. Moreover, 
mitoxantrone displays immunosuppressive activity and has been 
approved by the FDA for the treatment of multiple sclerosis [32].

A preliminary study suggests that the use of mitoxan-
trone-eluting stents can reduce neointimal hyperplasia [21]; 

FIGURE 2. Mitoxantrone induced cell cycle arrest in the S phase and inhibited rat vascular smooth muscle cell (RVSMC) proliferation. 
(A) Effects of mitoxantrone on the cell cycle. The distribution of cell cycle stages in the RVSMCs treated with different concentrations of 
mitoxantrone was determined by flow cytometry. Data from 1 of 3 independent experiments are shown. (B) The average percentages 
of cells in different cell cycle phases were determined from the 3 separate experiments. (C) Quantification of the bromodeoxyuridine 
(BrdU)-positive cells from the 3 experiments. (D) The mitoxantrone-treated RVSMCs were pulse-labeled with BrdU. The BrdU-positive cells 
were visualized by immunostaining with an anti-BrdU antibody (*p < 0.05, **p < 0.01 versus dimethyl sulfoxide [DMSO] group).

DC

B

A



Yuan Teng, et al.: Mitoxantrone prevents restenosis following vascular injury

344

however, in that study, the regenerative processes were pre-
vented and the underlying mechanisms could not be clari-
fied. Moreover, it was unclear whether the systemic admin-
istration of mitoxantrone could lead to better outcomes by 
inhibiting neointima formation. In this study, we found that 
mitoxantrone had a strong antiproliferative effect on VSMCs 
in vitro and significantly inhibited the neointima formation in 
vivo. Moreover, we observed that the low dose (0.2 mg/kg) of 
mitoxantrone suppressed the neointimal formation by 62%, 
and the higher dose (1 mg/kg) of mitoxantrone inhibited the 
neointimal formation by approximately 80%, which is signifi-
cantly higher compared to the supressive effect of other drugs, 

such as taxol (70%)[26]. Furthermore, the IMR in mitoxan-
trone-treated rats was also markedly reduced, namely, it was 
1.49 ± 0.22, 0.64 ± 0.08, and 0.44 ± 0.10 in the vehicle control, 
low-dose, and high-dose mitoxantrone groups, respectively. In 
previous animal model studies, the IMRs of the vehicle and 
sirolimus-treated groups were 1.4 ± 0.2 and 0.75 ± 0.1, respec-
tively [33]. Thus, even a low dose of mitoxantrone showed sig-
nificant inhibitory effects on neointima formation. Our results 
indicate that mitoxantrone is significantly more efficient 
in inhibiting neointimal hyperplasia, as compared to new 
generation drugs such as everolimus and biolimus [34-36]. 
Moreover, the mitoxantrone administration did not result in 

FIGURE 3. Mitoxantrone inhibits neointimal hyperplasia in a dose-dependent manner after arterial injury. (A) Representative hematoxy-
lin and eosin-stained carotid artery sections on day 28 after the injury in each group (n = 12). (B) Quantification of the intimal hyperplasia 
(IH) area. (C) The ratio of intimal area to the medial area of the injured rat carotid arteries was determined. (D) Topoisomerase II (Topo II) 
expression in the intima of the injured arteries on day 7 after the surgery (n = 6 for each group), as determined by immunohistochemical 
staining. I, M, and A represent intima, media, and adventitia, respectively. The space between the two arrows represents the intima area. 
The brown and black signals indicate Topo II staining. (E) Integrated optical density (IOD) of the Topo II signal in the intima area of the 
artery (*p < 0.05, **p < 0.01).
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any significant pathological changes of the general condition 
and vital organs in the treated animals.

We further found that the antiproliferative activity of 
mitoxantrone was associated with DNA replication defects 
and cell cycle arrest in the S phase of VSMCs. A  previous 
study indicated that pharmacological interventions to reg-
ulate the cell cycle could inhibit VSMC proliferation and 
block neointimal hyperplasia [37]. In this study, we found that 
mitoxantrone could induce Topo II degradation and inhibit 
DNA replication and cell proliferation in VSMCs, both in vitro 
and in vivo.

As topoisomerases play crucial roles in DNA replication 
and cell proliferation, their inhibition can suppress cancer cell 
proliferation; in fact, this is the mechanism of action of several 

anticancer drugs, including etoposide, doxorubicin, and camp-
tothecin. These drugs induce DNA strand breaks by forming 
a complex with DNA and topoisomerase, and thus inhibit the 
topoisomerase activity, leading to DNA damage, cell cycle 
arrest, and apoptosis. In this study, we evaluated the effects of 
mitoxantrone using human and rat VSMCs as in vitro models. 
Our results showed that mitoxantrone could induce the total 
degradation of Topo II in human and rat VSMCs and inhibit 
DNA replication and cell proliferation in vitro. Our study also 
showed that mitoxantrone reduced the Topo II levels, sup-
pressed VSMC proliferation, and decreased the IH and IMR 
in the carotid arteries in vivo. Nevertheless, other mechanisms 
may also be involved in the mitoxantrone inhibition of VSMC 
proliferation, and this should be further investigated.

CONCLUSION

In summary, this study provides new insights into the 
molecular mechanisms underlying the inhibition of VSMC 
proliferation by mitoxantrone. Our results indicate that mitox-
antrone can inhibit VSMC proliferation in vitro and in vivo as 
well as suppress balloon injury-induced neointima formation 
in vivo. Thus, mitoxantrone could be effective in reducing rest-
enosis rates after angioplasty.

ACKNOWLEDGMENTS

This work was supported by the Department of Finance 
of Guangdong Province, China (grant number 2010-288) and 
the National Natural Science Foundation of China (grant 
numbers 81270378, 81070258).

DECLARATION OF INTERESTS

The authors declare no conflict of interests.

REFERENCES

[1] Orr AW, Hastings NE, Blackman BR, Wamhoff BR. Complex regu-
lation and function of the inflammatory smooth muscle cell pheno-
type in atherosclerosis. J Vasc Res 2010;47(2):168-80. 

 https://doi.org/10.1159/000250095.
[2] Yu H, Payne TJ, Mohanty DK. Effects of slow, sustained, and 

rate-tunable nitric oxide donors on human aortic smooth muscle 
cells proliferation. Chem Biol Drug Des 2011;78(4):527-34. 

 https://doi.org/10.1111/j.1747-0285.2011.01174.x.
[3] Bharadwaj P, Chadha DS. Drug eluting stents: To evolve or dissolve? 

Med J Armed Forces India 2016;72(4):367-72. 
 https://doi.org/10.1016/j.mjafi.2016.09.002.
[4] Yurtkuran A, Tok M, Emel E. A  clinical decision support system 

for femoral peripheral arterial disease treatment. Comput Math 
Methods Med 2013;2013:898041. 

 https://doi.org/10.1155/2013/898041.
[5] Yamasaki Y, Miyoshi K, Oda N, Watanabe M, Miyake H, Chan J, 

et al. Weekly dosing with the platelet-derived growth factor recep-
tor tyrosine kinase inhibitor SU9518 significantly inhibits arterial 

FIGURE 4. Mitoxantrone inhibits cell proliferation in the arterial 
neointima of rats. (A) Photographs of bromodeoxyuridine (BrdU)-
positive cells (red) and merged photos for the analysis of cell pro-
liferation in the arterial neointima of the rats. The total number 
of BrdU-positive cells (mean ± standard deviation) in the dentate 
gyrus was determined by immunostaining. (B) The arteries from 
the rats treated with mitoxantrone had significantly lower num-
ber of BrdU-positive cells, and there was a significantly negative 
correlation between the BrdU-positive cells and the mitoxan-
trone doses (*p < 0.05 and **p < 0.01 compared to control group, 
##p < 0.01 compared to uninjured group).

B

A



Yuan Teng, et al.: Mitoxantrone prevents restenosis following vascular injury

346

stenosis. Circ Res 2001;88(6):630-6. 
 https://doi.org/10.1161/01.RES.88.6.630.
[6] Sachinidis A, Locher R, Vetter W, Tatje D, Hoppe J. Different effects 

of platelet-derived growth factor isoforms on rat vascular smooth 
muscle cells. J Biol Chem 1990;265(18):10238-43.

[7] Leppänen O, Janjic N, Carlsson MA, Pietras K, Levin M, Vargeese C, 
et al. Intimal hyperplasia recurs after removal of PDGF-AB and-BB 
inhibition in the rat carotid artery injury model. Arterioscler 
Thromb Vasc Biol 2000;20(11):E89-95. 

 https://doi.org/10.1161/01.ATV.20.11.e89.
[8] Sherr CJ, Roberts JM. CDK inhibitors: positive and negative regula-

tors of G1-phase progression. Genes Dev 1999;13(12):1501-12. 
 https://doi.org/10.1101/gad.13.12.1501.
[9] Lefkovits J, Topol EJ. Pharmacological approaches for the preven-

tion of restenosis after percutaneous coronary intervention. Prog 
Cardiovasc Dis 1997;40(2):141-58. 

 https://doi.org/10.1016/S0033-0620(97)80006-0.
[10] Fujimoto S, Ogawa M. Antitumor activity of mitoxantrone 

against murine experimental tumors: comparative analysis against 
various antitumor antibiotics. Cancer Chemother Pharmacol 
1982;8(2):157-62. 

 https://doi.org/10.1007/BF00255476.
[11] Holmes FA, Yap HY, Esparza L, Buzdar AU, Hortobagyi GN, 

Blumenschein GR. Mitoxantrone, cyclophosphamide, and 5-flu-
orouracil in the treatment of hormonally unresponsive metastatic 
breast cancer. Semin Oncol 1984;11(3 Suppl 1):28-31.

[12] Velasquez WS, Lew D, Grogan TM, Spiridonidis CH, Balcerzak SP, 
Dakhil SR, et al. Combination of fludarabine and mitoxantrone 
in untreated stages III and IV low-grade lymphoma: S9501. J Clin 
Oncol 2003;21(10):1996-2003. 

 https://doi.org/10.1200/JCO.2003.09.047.
[13] Thomas X, Archimbaud E. Mitoxantrone in the treatment 

of acute myelogenous leukemia: a review. Hematol Cell Ther 
1997;39(4):63-74.

 https://doi.org/10.1007/s00282-997-0163-8.
[14] Smith PJ, Morgan SA, Fox ME, Watson JV. Mitoxantrone-DNA 

binding and the induction of topoisomerase II associated DNA 
damage in multi-drug resistant small cell lung cancer cells. Biochem 
Pharmacol 1990;40(9):2069-78.

 https://doi.org/10.1016/0006-2952(90)90237-F.
[15] Feofanov A, Sharonov S, Kudelina I, Fleury F, Nabiev I. Localization 

and molecular interactions of mitoxantrone within living K562 cells 
as probed by confocal spectral imaging analysis. Biophys J 
1997;73(6):3317-27. 

 https://doi.org/10.1016/S0006-3495(97)78356-5.
[16] Ehninger G, Schuler U, Proksch B, Zeller KP, Blanz J. 

Pharmacokinetics and metabolism of mitoxantrone. A review. Clin 
Pharmacokinet 1990;18(5):365-80. 

 https://doi.org/10.2165/00003088-199018050-00003.
[17] Ho CK, Law SL, Chiang H, Hsu ML, Wang CC, Wang SY. Inhibition 

of microtubule assembly is a possible mechanism of action of 
mitoxantrone. Biochem Biophys Res Commun 1991;180(1):118-23. 

 https://doi.org/10.1016/S0006-291X(05)81263-X.
[18] Golubovskaya VM, Ho B, Zheng M, Magis A, Ostrov D, Cance WG. 

Mitoxantrone targets the ATP-binding site of FAK, binds the FAK 
kinase domain and decreases FAK, Pyk-2, c-Src, and IGF-1R in vitro 
kinase activities. Anticancer Agents Med Chem 2013;13(4):546-54. 

 https://doi.org/10.2174/1871520611313040003.
[19] Wan X, Zhang W, Li L, Xie Y, Li W, Huang N. A  new target for 

an old drug: identifying mitoxantrone as a nanomolar inhibitor of 
PIM1 kinase via kinome-wide selectivity modeling. J  Med Chem 
2013;56(6):2619-29. 

 https://doi.org/10.1021/jm400045y.
[20] Bidaud-Meynard A, Arma D, Taouji S, Laguerre M, Dessolin J, 

Rosenbaum J, et al. A  novel small-molecule screening strategy 
identifies mitoxantrone as a RhoGTPase inhibitor. Biochem J 
2013;450(1):55-62. 

 https://doi.org/10.1042/BJ20120572.
[21] Dirsch O, Dahmen U, Gu YL, Ji Y, Karoussos IA, Wieneke H, et al. 

Preliminary investigation of mitoxantrone coating on stent-grafts to 

inhibit neointimal proliferation. J Endovasc Ther 2005;12(4):479-85. 
 https://doi.org/10.1583/04-1444MR.1.
[22] Liu Y, Li W, Ye C, Lin Y, Cheang TY, Wang M, et al. Gambogic acid 

induces G0/G1 cell cycle arrest and cell migration inhibition via 
suppressing PDGF receptor ß tyrosine phosphorylation and Rac1 
activity in rat aortic smooth muscle cells. J  Atheroscler Thromb 
2010;17(9):901-13. 

 https://doi.org/10.5551/jat.3491.
[23] Wang M, Li W, Chang GQ, Ye CS, Ou JS, Li XX, et al. MicroRNA-21 

regulates vascular smooth muscle cell function via targeting tro-
pomyosin 1 in arteriosclerosis obliterans of lower extremities. 
Arterioscler Thromb Vasc Biol 2011;31(9):2044-53. 

 https://doi.org/10.1161/ATVBAHA.111.229559.
[24] Nyamekye I, Buonaccorsi G, McEwan J, MacRobert A, Bown S, 

Bishop C. Inhibition of intimal hyperplasia in balloon injured arter-
ies with adjunctive phthalocyanine sensitised photodynamic ther-
apy. Eur J Vasc Endovasc Surg 1996;11(1):19-28. 

 https://doi.org/10.1016/S1078-5884(96)80130-4.
[25] Gabeler EE, van Hillegersberg R, Statius van Eps RG, Sluiter W, 

Gussenhoven EJ, Mulder P, et al. A  comparison of balloon injury 
models of endovascular lesions in rat arteries. BMC Cardiovasc 
Disord 2002;2:16. 

 https://doi.org/10.1186/1471-2261-2-16.
[26] Sollott SJ, Cheng L, Pauly RR, Jenkins GM, Monticone RE, Kuzuya 

M, et al. Taxol inhibits neointimal smooth muscle cell accumulation 
after angioplasty in the rat. J Clin Invest 1995;95(4):1869-76. 

 https://doi.org/10.1172/JCI117867.
[27] Stone GW, Moses JW, Ellis SG, Schofer J, Dawkins KD, Morice MC, 

et al. Safety and efficacy of sirolimus-and paclitaxel-eluting coro-
nary stents. N Engl J Med 2007;356(10):998-1008. 

 https://doi.org/10.1056/NEJMoa067193.
[28] Weisz G, Leon MB, Holmes DR Jr, Kereiakes DJ, Popma JJ, 

Teirstein PS, et al. Five-year follow-up after sirolimus-elut-
ing stent implantation results of the SIRIUS (Sirolimus-eluting 
stent in de-novo native coronary lesions) trial. J  Am Coll Cardiol 
2009;53(17):1488-97. 

 https://doi.org/10.1016/j.jacc.2009.01.050.
[29] Grube E, Silber S, Hauptmann KE, Mueller R, Buellesfeld L, 

Gerckens U, et al. TAXUS I: six-and twelve-month results from a 
randomized, double-blind trial on a slow-release paclitaxel-eluting 
stent for de novo coronary lesions. Circulation 2003;107(1):38-42. 

 https://doi.org/10.1161/01.CIR.0000047700.58683.A1.
[30] Widmark A. New principles in the treatment of prostate cancer - the 

oncologist’s view. Scand J Urol Nephrol Suppl 2003;212:23-7. 
 https://doi.org/10.1080/03008880310006913.
[31] Eilber FC, Rosen G, Forscher C, Nelson SD, Dorey F, Eilber 

FR. Recurrent gastrointestinal stromal sarcomas. Surg Oncol 
2000;9(1):71-5.

 https://doi.org/10.1016/S0960-7404(00)00026-8.
[32] Jeffery DR, Herndon R. Review of mitoxantrone in the treatment of 

multiple sclerosis. Neurology 2004;63(12 Suppl 6):S19-24. 
 https://doi.org/10.1212/WNL.63.12_suppl_6.S19.
[33] Buerke M, Guckenbiehl M, Schwertz H, Buerke U, Hilker M, 

Platsch H, et al. Intramural delivery of sirolimus prevents vascu-
lar remodeling following balloon injury. Biochim Biophys Acta 
2007;1774(1):5-15. 

 https://doi.org/10.1016/j.bbapap.2006.04.018.
[34] Kimura T, Morimoto T, Natsuaki M, Shiomi H, Igarashi K, 

Kadota  K, et al. Comparison of everolimus-eluting and sirolim-
us-eluting coronary stents: 1-year outcomes from the randomized 
evaluation of sirolimus-eluting versus everolimus-eluting stent trial 
(RESET). Circulation 2012;126(10):1225-36. 

 https://doi.org/10.1161/CIRCULATIONAHA.112.104059.
[35] Waksman R, Pakala R, Baffour R, Seabron R, Hellinga D, Chan R, 

et al. In vivo comparison of a polymer-free biolimus A9-eluting 
stent with a biodegradable polymer-based biolimus A9 eluting 
stent and a bare metal stent in balloon denuded and radiated hyper-
cholesterolemic rabbit iliac arteries. Catheter Cardiovasc Interv 
2012;80(3):429-36. 

 https://doi.org/10.1002/ccd.23407.



347

Yuan Teng, et al.: Mitoxantrone prevents restenosis following vascular injury

[36] Piccolo R, Galasso G, Piscione F, Esposito G, Trimarco B, 
Dangas GD, et al. Meta-analysis of randomized trials comparing the 
effectiveness of different strategies for the treatment of drug-eluting 
stent restenosis. Am J Cardiol 2014;114(9):1339-46. 

 https://doi.org/10.1016/j.amjcard.2014.07.069.

[37] Gallo R, Padurean A, Jayaraman T, Marx S, Roque M, Adelman S, 
et al. Inhibition of intimal thickening after balloon angioplasty in 
porcine coronary arteries by targeting regulators of the cell cycle. 
Circulation 1999;99(16):2164-70. 

 https://doi.org/10.1161/01.CIR.99.16.2164.

SUPPLEMENTAL DATA

FIGURE S1. Mitoxantrone induced cell cycle arrest in the S phase and inhibited human vascular smooth muscle cell (HVSMC) prolifera-
tion. (A) Effects of mitoxantrone on the cell cycle. The distribution of cell cycle stages in the HVSMCs treated with different concentrations 
of mitoxantrone was determined by flow cytometry. Data from 1 of 3 independent experiments are shown. (B) The average percentages 
of cells in different cell cycle phases were determined from the 3 separate experiments. (C) Quantification of the bromodeoxyuridine 
(BrdU)-positive cells from the 3 experiments. (D) The mitoxantrone-treated HVSMCs were pulse-labeled with BrdU. The BrdU-positive 
cells were visualized by immunostaining with an anti-BrdU antibody (*p < 0.05, **p < 0.01 versus dimethyl sulfoxide [DMSO] group).
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TABLE S1. Hematological analysis and serum biochemical 
parameters from Sprague-Dawley rats 28 days after arterial injury

Parameter Control
Mitoxantrone (mg/kg)
0.2 1.0

RBC (m/μL) 7.6±0.5 7.7±0.4 7.3±0.5
WBC (k/μL) 5.5±0.3 5.7±0.4 6.0±0.6
HGB (g/dL) 135±3.7 137±4.3 130±4.6
PLT (k/μL) 1217±54 1167±213 1319±181
AST (U/L) 64.5±5.1 64.8±4.1 69.2±5.3
ALT (U/L) 86.2±3.6 87.1±3.3 88.4±2.7
LDH (U/L) 543±123 566±76 579±125

Results are expressed as mean±standard deviation, n=12. The drug 
dosage is represented as mg/kg. RBC: Red blood cells; WBC: White blood 
cells; HGB: Hemoglobin; PLT: Platelets; AST: Aspartate aminotransferase; 
ALT: Alanine aminotransferase; and LDH: Lactate dehydrogenase. The 
main blood and biochemical indicators of the three groups of rats were 
within the normal range

FIGURE S2. General health assessment in each group. (A) 
Hematoxylin and eosin staining of the liver, kidney, lung, heart, 
and brain tissues in the three groups. No significant pathological 
changes were found. (B) The body weight of the rats gradually 
increased after the operation in all groups.
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