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Abstract

Background/Aims: Doxorubicin is a widely used chemotherapeutic agent, but its clinical use
is restricted because of a high risk of cardiotoxicity. Bone marrow-derived mesenchymal stem
cells (BMSCs) may repair ischaemically damaged myocardium through transdifferentiation and
paracrine action. The aim of this study is to investigate if doxorubicin causes the apoptosis of
BMSCs and in turn impairs its healing ability. Methods: BMSCs were exposed to doxorubicin,
and cell apoptosis was determined by western blot and stainings. Results: Doxorubicin reduced
the survival ratio and caused the apoptosis of BMSCs, with the increase of intracellular ROS level
and depolarization of mitochondrial membrane potential. The ROS scavenger NAC abrogated
these consequences. Moreover, doxorubicin markedly activated phosphorylated ERK, p38 and
JNK proteins in BMSCs. The specific inhibitors for p38 (SB203580) and JNK (SP600125) may
abolish doxorubicin-induced apoptosis of BMSCs but the specific ERK inhibitor (PD98059) not,
indicating p38 and JNK activation contribute to BMSCs apoptosis. Also, the phosphorylated
and total p53 proteins were increased in doxorubicin-treated BMSCs. Proapoptotic cleaved
caspases-3 was upregulated and antiapoptotic Bcl-2 protein was reduced in doxorubicin-
treated BMSCs. At last, ELISA assay showed that doxorubicin treatment reduced the VEGF and
IGF-1 released by BMSCs. Conclusion: Taken together, doxorubicin caused BMSCs apoptosis
associated with p38, JNK and p53 pathways.
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Introduction

Doxorubicin (DOX) is a widely used chemotherapeutic agent and effective in treating
hematologic and solid tumor malignancies, including leukemia, breast cancer, lung
carcinoma, kidney cancer, etc [1, 2]. Despite its high efficacy, the clinical application of
doxorubicin was greatly restricted due to its multiple side effects [3, 4]. Especially in heart
tissues, doxorubicin may cause dilated cardiomyopathy, congestive heart failure and even
cardiac sudden death [5-7]. The pathological mechanisms of doxorubicin cardiotoxicity are
associated with oxidative stress and cardiomyocyte apoptosis [8, 9]. AKT, PI3K, calcineurin,
p38 and JNK signal pathways have been shown responsible for doxorubicin toxicity [10].
In addition, p53, p21 and G2/M cell cycle arrest were also involved in doxorubicin-induced
ROS generation and apoptosis [11]. Recently, doxorubicin-induced autophagy was shown
contributed to doxorubicin cardiotoxicity via decreasing GATA-4 protein expression [12].
Though many advances have been made in the understanding of doxorubicin toxicity, the
complete mechanism has not been elucidated yet.

As one type of adult stem cells, mesenchymal stem cells derived from bone marrow
(BMSCs) are capable to differentiate into cardiomyocytes and vascular cells, and in turn
regenerate the damaged myocardium and improve heart functions [13, 14]. Moreover, BMSCs
also can secret some cytokines including VEGF, IGF-1, etc, and even microRNAs to protect the
heart against ischemic or hypoxic injury [15]. Thus, the dysfunction or apoptosis of BMSCs
caused by hypoxia, ischemia or other pathological factors will weaken the regenerative
ability of BMSCs and promote the development of cardiovascular diseases [16]. In vivo
animal studies also displayed only a small number of BMSCs survive and then differentiate
into cardiac cells under ischemic and inflammatory condition [14, 17]. Here, we hypothesize
that doxorubicin causes the apoptosis or dysfunction of BMSCs which contributes to, at least
partially doxorubicin-related cardiovascular disorders. Our study uncovered that doxorubicin
promoted ROS generation, activated p38, JNK and p53 pathways, and caused mitochondrial
membrane potential depolarization and caspase-3 activation, which consequently triggered
the apoptosis and dysfunction of BMSCs.

Materials and Methods

Animals

The Male Sprague-Dawley (SD) rats (about 100 g) were purchased from the experimental animal
center of Harbin medical university, and all experimental procedures were approved by the Ethic Committee
of Harbin Medical University. In addition, all animal protocols were carried out in accordance to the Guide
for the Care and Use of Laboratory Animals published by the US National Institute of Health.

Reagent

Doxorubicin was purchased from Pfizer Italia Srl (Nerviano, Italy). All chemicals were purchased
from Sigma (St, Louis. Mo. USA) unless mentioned otherwise. AO/EB was brought from Roche Company
(Penzberg, Germany). Live/Dead® assay kit was purchased from Invitrogen (Invitrogen, USA). Mesenchymal
Stem Cell Culture Medium was brought from Stem Cell Technologies Inc (Stem Cell, Canada). Enzyme-
Linked Immunosorbent Assay (ELISA) kit was obtained from (WuHan Boster Co., Ltd., China). JC-1 probe
and Reactive Oxygen Species (ROS) detection assay kit were purchased from Beyotime (Beyotime, China).

Bone marrow mesenchymal stem cells

BMSCs derived from young SD rats were primarily cultured just as described previously [18]. In brief,
BMSCs were acutely isolated from rat bone marrow and then were cultured with stem cell medium (Stem
Cell, Canada) supplemented with 20% special serum at 37 °C. The culture medium was changed every 2-3
days. All experiments were performed using cultured BMSCs from third passage.
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Acridine Orange/Ethidium Bromide (AO/EB) Staining

BMSCs apoptosis was detected using acridine orange/ethidium bromide (AO/EB) staining [19].
The cultured BMSCs were treated with different concentrations of doxorubicin for 48 h. In order to label
the apoptotic cells, 10 pL prepared AO/EB working solution (100 pg/mL AO and 100 pg/mL EB in PBS)
was added to the cells for 5 min. Then, the cultured cells were observed using an inverted fluorescence
microscope (Eclipse TE300, Nikon, Japan).

Live/Dead viability staining

To measure the viability of doxorubicin-treated BMSCs, we used the Live/Dead® assay kit (Invitrogen)
to determine the intracellular esterase activity and plasma membrane integrity. In brief, the cultured BMSCs
were incubated with different concentrations of doxorubicin for 48h. Then the BMSCs were stained with the
Live/Dead reagent (Ethidium Homodimer and Calcein-AM) and incubated at 37°C for 30 min. The viability
of BMSCs was then analyzed under a fluorescence microscope (Eclipse TE300, Nikon, Japan).

TUNEL assay

Effects of doxorubicin on BMSCs apoptosis were determined using Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay as described previously [19]. The cultured BMSCs were
fixed with 4% paraformaldehyde for 1 h at room temperature, blocked and then permeabilized in 0.1%
Triton X-100. The fixed cells were exposed to freshly prepared TUNEL reaction mixture for 1 h in a dark
room. The cells were then washed with PBS and observed by a fluorescence microscope (Eclipse TE300,
Nikon, Japan).

Measurement of Reactive Oxygen Species (ROS)

To quantify intracellular ROS level, we used 2,7-dichlorodihydrofluorescein diacetate (H2DCF-DA)
probe. The method to measure ROS generation was just as previously described [20]. Briefly, cultured
BMSCs were incubated with different concentrations of doxorubicin. After rinsing three times with PBS,
the cells were loaded with H2DCF-DA 10uM for 20 min at 37°C. After fixed in 4% paraformaldehyde,and
washing with PBS, the cells were stained with DAPI and were then imaged with a fluorescence microscope
(Eclipse TE300, Nikon, Japan).

Mitochondrial membrane potential (MMP) assay

Mitochondrial membrane potential (MMP) was determined using JC-1 staining. In brief, after treatment
with doxorubicin for 48 h, cultured BMSCs were exposed to JC-1 probe, and then the cultured medium of
BMSCs was removed. After the cells were rinsed in PBS, the cultured cells were imaged with a fluorescence
microscope (Eclipse TE300, Nikon, Japan).

ELISA assay

ELISA was used to determine the level of VEGF and IGF-1 in the culture medium of BMSCs. In brief,
cultured BMSCs were exposed to different concentrations of doxorubicin. After 48 h, the culture medium of
BMSCs was harvested and centrifuged, and the levels of VEGF and IGF-1 in the supernatant were measured
using VEGF and IGF-1 ELISA kits according to the manufacturer's instruction.

Western Blot

After extracted protein from cultured BMSCs, the determination of protein concentration was achieved
by the BCA protein assay. The fractionated proteins were analyzed by SDS-PAGE (10%-15% polyacrylamide
gels) and transferred to PVDF membrane (Millipore, Bedford, MA). After blocked with 5% non-fat milk for 1
h, the membranes were then incubated with primary antibodies for phospho-ERK1/2 (Abcam, UK), ERK1/2
(Abcam, UK), phospho-JNK (Abcam, UK), JNK (Abcam, UK), phospho-p38 (Abcam, UK), p38 (Abcam, UK),
Bax (Santa Cruz, USA), Bcl-2 (Santa Cruz, USA), phospho-p53 (Santa Cruz, USA), p53 (Santa Cruz, USA),
caspase-3 (Santa Cruz, USA), cleaved caspase-3 (Santa Cruz, USA) at 4 °C overnight. After rinsing in PBS, the
membranes were incubated with mouse or rabbit secondary antibodies for 1 h at room temperature. The
blotting bands were quantified by measuring the band intensity (areaxOD) using Odyssey v1.2 software and
normalizing to GAPDH (Santa Cruz, USA) as an internal control.
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Fig. 1. Doxorubicin induced apoptotic morphological changes and decreased BMSCs viability. (A) Apoptotic
morphological appearance such as cell shrinkage was observed in BMSCs after exposure to different con-
centrations of doxorubicin (1, 3, 10 uM) for 48 h. (B) Doxorubicin-treated BMSCs exhibited a considerable
reduction of living cells compared with control cells by Live/Dead staining. (C) The effects of doxorubicin
1, 3 and 10 uM on the apoptosis of BMSCs by AO/EB staining. (D) Effects of different concentration of do-
xorubicin on the number of apoptotic BMSCs by TUNEL staining. (E) Doxorubicin caused the augment of the
number of apoptotic BMSCs with time increasing.
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Statistical Analysis

Data was expressed as mean+S.E.M. The Student's t test was used to determine the statistical
significance of differences between two groups, and ANOVA was used to determine the significance of
differences among groups. The p<0.05 indicates a statistical significance. All statistical analysis was
performed using the Graphpad Prism 4.0 software.

Results
Doxorubicin induced the apoptosis of BMSCs

Firstly, doxorubicin-induced damage of BMSCs was determined using AO/EB, Live/
Dead and TUNEL staining. As shown in Figure 1A, exposure to doxorubicin 1, 3, 10 uM
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Fig. 2. Doxorubicin increased intracellular ROS level and disrupted mitochondrial membrane potential in
BMSCs. (A) H2DCF-DA staining displayed a increase of intracellular ROS production in BMSCs following
treatment with doxorubicin 1, 3 and 10 uM for 48 h. (B) Exposure to doxorubicin 1, 3 and 10 pM for 48 h
resulted in the depolarization of mitochondrial membrane potential of BMSCs by JC-1 staining.
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Fig. 3. Antioxidant reversed doxorubicin-induced the apoptosis of BMSCs. (A) Increased ROS level in do-
xorubicin-treated BMSCs was reversed after treatment with antioxidant NAC by H2DCF-DA staining. (B)
Pretreatment with NAC also attenuated the depolarization of mitochondrial membrane potential in BMSCs
induced by doxorubicin 1 uM. (C) Doxorubicin-induced the decrease of BMSCs viability was also reversed by
NAC. Data are for three independent experiments.

Lives
Dead

resulted in distinct morphological changes such as cellular shrinkage of BMSCs. Figure 1B
demonstrated that the percentage of living BMSCs with green staining was significantly
reduced after treatment with doxorubicin for 48 h, and the dead BMSCs with red, orange
or yellow staining were obviously increased, suggesting a lack of membrane integrity. Then,
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Fig. 4. ]NK and p38 signal contributed to doxorubicin-induced BMSCs apoptosis. (A) The expression of total
and phosphorylated ERK, p38 and JNK was measured by western blot in BMSCs treated with doxorubicin
1uMat0, 2, 4, 8, 12 and 24 h. The phosphorylation of ERK, p38 and JNK was significantly increased after
doxorubicin 1 puM treatment. (B) Doxorubicin-induced the apoptosis of BMSCs was abrogated by p38 and
JNK specific inhibitors, but ERK specific inhibitors did not reverse the apoptosis of BMSCs induced by do-
xorubicin.

AO/EB staining showed that the apoptotic morphological changes in the nucleus and the
cytoplasm were found in BMSCs after treatment with doxorubicin 1, 3 and 10 pM (Fig. 1C).
Furthermore, TUNEL staining was used to evaluate the proapoptotic effects of doxorubicin
on BMSCs, and the result displayed the number of apoptotic BMSCs was increased in the
presence of doxorubicin, which is associated with the concentration and exposure time of
doxorubicin (Fig. 1D-1E).

Doxorubicin enhanced ROS and depolarized mitochondrial membrane potential

Growing evidence shows that excessive ROS (Reactive Oxygen Species) production and
subsequent mitochondrial membrane damage are responsible for cellular apoptosis [21].
Thus, we assessed if intracellular ROS production and mitochondrial membrane integrity
of BMSCs were influenced by doxorubicin. As displayed in Figure 24, after exposing to
doxorubicin 1, 3, 10 uM for 48 h, BMSCs exhibited a gradual increase of intracellular ROS
generation as illuminated by enhanced green staining in the cytoplasm. Meanwhile, the
disruption of mitochondrial membrane potential was observed in BMSCs after doxorubicin
treatment (Fig. 2B). These results suggest that doxorubicin not only induces the BMSCs to
produce ROS, but also causes the loss of mitochondrial membrane potential.

Antioxidant reversed doxorubicin-induced the apoptosis of BMSCs
To further confirm whether ROS is required for the induction of BMSCs apoptosis, ROS
scavenger acetylcysteine (NAC) was used in the further assays. Figure 3A showed that NAC
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Fig. 5. Doxorubicin activated p53 and upregulated the expression of apoptotic proteins in BMSCs. (A) Do-
xorubicin 1 pM resulted in an increase of the expression of phosphorylated p53 and total p53 in BMSCs. (B)
Effects of doxorubicin on the Bax and Bcl-2 proteins in BMSCs. Doxorubicin obviously downregulated Bcl-2
protein. The augmented influences of doxorubicin on the expression of cleaved caspase-3 in BMSCs. Data are
expressed as mean+S.E.M for three independent experiments. *p<0.05 versus Control.

attenuated the increase of ROS in BMSCs induced by doxorubicin. Meanwhile, doxorubicin-
induced the depolarization of mitochondrial membrane potential was also blocked by NAC
pretreatment (Fig. 3B). The Live/Dead staining showed that the increase of apoptotic BMSCs
induced by doxorubicin was abrogated by NAC (Fig. 3C). It suggests that doxorubicin-induced
apoptosis of BMSCs involves ROS-mediated mitochondrial membrane depolarization.

JNK and p38 is involved in doxorubicin-induced the apoptosis of BMSCs

The mitogen activated protein kinases (MAPKs) signal pathway plays an important role
in cellular apoptosis, especially in response to oxidant stress [22]. Thus, we hypothesized
the proapoptotic effect of doxorubicin on BMSCs is attributed to the activation of ERK,
p38 and JNK. As shown in Figure 4A, doxorubicin 1 puM increased the expression of the
phosphorylation of ERK, p38 and JNK. The expression of phosphorylated ERK was increased
by doxorubicin from 2 h, and the phosphorylation of p38 and JNK was enhanced from 4 h
after doxorubicin treatment.

Furthermore, three MAPKs specific inhibitors were used to determine the role of ERK,
p38 and JNK activation in doxorubicin-induced apoptosis of BMSC. The results showed that
the specific JNK inhibitor SP600125 (10 uM) and p38 MAKP inhibitor SB203580 (5 uM)
attenuated doxorubicin-induced the apoptosis of BMSCs and enhanced cellular viability
of BMSCs, while the specific ERK inhibitor PD98059 (25 pM) did not produce any effects
on the apoptosis of BMSCs induced by doxorubicin (Fig. 4B). These results indicate that
doxorubicin-induced the apoptosis of BMSCs is triggered by the activation of p38 and JNK
but not ERK signal.

Doxorubicin increased the expression of proapoptotic proteins in BMSCs

Activation of p53 and other proapoptotic proteins have been shown to mediate
doxorubicin-induced apoptosis of cardiomyocytes [22]. Herein, we next evaluated the
expression of p53, phosphorylated p53 (p-p53), cleaved caspase-3, Bax, Bcl-2 proteins on
doxorubicin-treated BMSCs. The result showed that exposure to doxorubicin 1 pM obviously
increased the expression of both p-p53 and total p53 expression in BMSCs (Fig. 5A). Further
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Fig. 6. Doxorubicin inhibited the release of VEGF and IGF-1 by BMSCs. (A) The decrease of VEGF level in the
culture medium was induced by doxorubicin 1, 3 and 10 uM in BMSCs. (B) Also, doxorubicin administration
reduced the IGF-1 level in the culture medium of BMSCs. * p<0.05 versus Control.

investigation demonstrated that antiapoptotic protein Bcl-2 was downregulated in BMSCs
after doxorubicin treatment (Fig. 5B). We also evaluated the influences of doxorubicin on the
expression of cleaved caspase-3 in BMSCs. Figure 5B showed that doxorubicin 1 pM resulted
in an increase of the expression of cleaved caspase-3.

Doxorubicin impaired the paracrine function of BMSCs

We further studied if doxorubicin-induced apoptosis of BMSCs resulted in the
dysfunctions of BMSCs. As displayed in Figure 64, the level of VEGF released by BMSCs in
culture medium was dose-dependently reduced in the presence of doxorubicin. Similarly,
BMSCs-secreted another important factor IGF-1 level was also decreased in the medium of
doxorubicin-treated BMSCs (Fig. 6B). It suggests that exposure to doxorubicin impairs the
paracrine action and results in the dysfunction of BMSCs.

Discussion

The present study firstly revealed that doxorubicin caused the increase of ROS and
depolarization of mitochondrial membrane potential, as well as the activation of p38, JNK
and p53 signal, and in turn trigger the apoptosis and dysfunction of BMSCs. These findings
provide evidence for a better understanding of the mechanisms underlying doxorubicin-
related cardiovascular toxicity.

In clinics, doxorubicin is one of the most effective chemotherapeutic drug for leukemia,
Hodgkin's lymphoma, and cancers of the bladder, breast, stomach, lung, ovaries and others
[1, 2]. Despite high efficiency in the therapeutics of these tumors, doxorubicin’s application
was often accompanied by some unavoidable adverse effects such as cardiovascular toxicity
[4, 7]. Some studies have revealed its potential mechanisms including the disruption of
energy metabolism, apoptosis and increased ROS and mitochondrial injury [3, 4, 8, 9, 22].
However, the underlying mechanism of doxorubicin toxicity on cardiovascular system has
not been fully understood yet.

BMSCs play a supporting role in improving cardiovascular functions [13, 14]. Thus
we hypothesized that doxorubicin-induced BMSCs apoptosis might contribute to its
cardiovascular toxicity. Live/Dead staining showed that doxorubicin inhibited the viability
of BMSCs. In order to demonstrate if doxorubicin produces proapoptotic toxicity on BMSCs,
we used AO/EB and TUNEL staining to assess BMSCs apoptosis, and the results showed that
BMSCs developed apoptosis in the presence of doxorubicin 1, 3 and 10 uM which is relevant
to clinical conditions. The ROS and JC-1 staining were further used to explore the potential
mechanisms of doxorubicin-induced apoptosis of BMSCs. The results showed that the ROS of
BMSCs treated by doxorubicin was markedly increased, along with the loss of mitochondrial
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membrane potential. Furthermore, the ROS inhibitor NAC can abolish the apoptosis of BMSCs
induced by doxorubicin, indicating doxorubicin-induced ROS is involved in BMSCs apoptosis.

MAPKs pathway plays a major role in signal transduction and mediates cellular
proliferation, differentiation, inflammation and apoptosis, which consists of extracellular
signal-regulated kinase (ERK), p38 and Jun N-terminal kinase (JNK) [23]. Previous studies
reported that ROS activated JNK and p38 MAPK which takes part in cellular apoptosis,
while the activation of ERK by growth factors and pathological stimuli confers anti-oxidative
effect and cellular protection [24, 25]. Therefore we detected the changes of total and
phosphorylation of ERK, p38 and JNK in BMSCs after treatment with doxorubicin, and the
results showed that doxorubicin treatment increased ERK, p38 and JNK phosphorylation
expression. Consistently, previous studies also reported that p38 and JNK were also
activated in doxorubicin-treated cardiomyocytes [21, 26]. The phosphorylated ERK was
seldom observed activated by doxorubicin in hearts in prior reports. However, we found
doxorubicin also enhanced the expression of phosphorylated ERK. Nevertheless, the specific
ERK inhibitor could not reverse the apoptosis of BMSCs treatment, indicating the activation
of ERK does not contribute to the apoptosis of BMSCs [21]. The specific inhibitors for p38
and JNK can attenuate the apoptosis of BMSCs, indicating that p38 and JNK activation are
responsible for doxorubicin-induced apoptosis in BMSCs.

In addition, we investigated apoptosis-associated genes which might contribute to
doxorubicin-induced apoptosis of BMSCs. Firstly we analyzed the expressions of total p53
and p-p53 proteins, which were the most extensively characterized tumor suppressor
protein and regulated metabolism, genomic stability, senescence and apoptosis [27]. In the
present study, we found that doxorubicin obviously increased the expression of p-p53 in
BMSCs. In agreement, previous studies also demonstrated that doxorubicin-induced p53
activation in tumor cells was mediated by ROS generation [28]. These activated signals
subsequently evoked downstream genes such as Bax and Bcl-2 to cause cellular apoptosis
[29]. Meanwhile, Bcl-2 family was also a downstream component of p38 and JNK signal
pathway [30]. Therefore we detected the expression of Bax and Bcl-2 proteins and found
that doxorubicin-induced apoptosis of BMSCs was accompanied by the downregulation of
antiapoptotic protein Bcl-2. These results implied that ROS-mediated activation of p38, JNK
and p53 pathways were involved in doxorubicin-induced BMSCs apoptosis [26, 31, 32]. Then,
we further found that doxorubicin upregulated the expression of cleaved caspase-3 protein
in BMSCs. This finding further confirmed the evidence of doxorubicin-induced apoptosis of
BMSCs. Finally, we employed ELISA assay to detect the effects of doxorubicin on paracrine
functions of BMSCs, and found that doxorubicin could inhibit the ability of BMSCs to secret
VEGF and IGF-1 and reduce the VEGF and IGF-1 level in the medium, suggesting that the
apoptosis of BMSCs could decrease the healing ability of BMSCs in injured hearts.

In summary, our data uncovered that doxorubicin could cause the apoptosis and
dysfunction of BMSCs mainly through the increased ROS and the loss of mitochondrial
membrane potential, as well as the activation of p38, ]NK and p53, which cooperatively
triggers apoptosis and dysfunction of BMSCs. This study helps us toward a better
understanding of potential mechanisms of doxorubicin toxicity, and provides new strategy
for the prevention of doxorubicin-associated heart disorders.
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