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Abstract
PURPOSE

To explore the protective mechanism of fasudil,a Rho kinase inhibitor, on acute cardiac injury induced by
adriamycin(ADR).

METHODS

In vitro investigations on H9C2 cell line, as well as an in vivo study in a mouse model of ADR-induced
acute cardiomyopathy, were performed. In vitro, H9C2 cells were treated with fasudil for 30mins then
incubated with ADR for 24 hours. Cells were collected for immunohistochemistry and western blot study,
respectively. In vivo, C57BL6 mice were randomly divided into the following four groups: ADR
group; low-dose fasudil ( ADR+L); high-dose fasudil ( ADR+H); and control group(CON). Animals were
 injected i.p 20 mg/kg ADR once in group ~ . And animals were injected i.p fasudil (2 or 10 mg/kg/day )
daily once for six times in group and ,respectively. Blood samples and heart tissues were collected for
assays.

RESULTS

In vitro, fasudil treatment ameliorated ADR-induced immuno�uorescence reaction of 8-OHdG, decreased
the expression of TUNEL cells and protein of Bax Caspase-3 and p53,and increased the expression of
protein of Bcl-2 and SIRT 1. In the mouse model, administration of fasudil signi�cantly ameliorated ADR-
induced cardiac damage, suppressed cell apoptosis and senescence, ameliorated redox imbalance and
DNA damage.

CONCLUSION

Fasudil has the protective effect on adriamycin induced acute cardiotoxicity, which partially attributed to
its antioxidant, anti-senescence, and anti-apoptotic effects of inhibiting the RhoA/Rho kinase signaling
pathway.

1 Introduction
Adriamycin (ADR) or doxorubucin, one of anthracycline antibiotics, is an effective antitumor agents
successfully to treat hematopoietic and solid tumors[1, 2]. However, its clinical utility is limited due to
acute and chronic toxicities, particularly cardiotoxicity [3, 4].Acute cardiotoxicity is more common than
previously thought and predicts poor outcomes. Acute cardiotoxicity starts within 24 h of the infusion
and occurs in up to 40% of the patient population[7]. Therefore, effective cardioprotective adjuvants to
minimize the ADR-induced acute cardiotoxicity are urgently needed.

The mechanisms responsible are multifactorial and remain enigmatic [5], including oxidative stress,
mitochondrial dysfunction, intracellular calcium overload, myo�brillar degeneration, cytokine release, and
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induction of cardiomyocyte apoptosis[6–8]. Among these mechanisms, oxidative stress and apoptosis
appear to be the main triggers of this drug-induced cardiotoxicity[9, 10]. However, it has recently been
suggested that senescence may be another mechanism of cardiotoxicity induced by ADR[11]. Cellular
senescence is a fundamental cellular program which is characterized by a series of morphological and
physiological changes including irreversible block of proliferation. In addition, it contributes to the
physiology of living tissues, the aging process, and age-related diseases as cancer, diabetes,
osteoporosis, and cardiovascular and neurodegenerative diseases [12, 13].

Fasudil, a drug that inhibits ROCK receptor, is wildly used to prevent cerebral vasospasm and cerebral
ischemia after subarachnoid hemorrhage in clinical practice [14]. In our previous study, we found fasudil
has antioxidant, anti-in�ammatory and anti-apoptotic effects in contrast-induced acute kidney injury
model [20].Recently, we also demonstrated that fasudil could attenuated ADR-induced chronic
cardiotoxicity, which is in line with the previous study [3, 19].Still more, many studies have indicated this
drug is a crucial regulator of both cardiac function and tumorigenesis[15].And plenty of animal models
have demonstrated the cardio-protective effects of fasudil, including myocardial ischemia/reperfusion
injury, pressure overload-induced heart failure and ischemic hypercholesterolemic heart[16–18]. However,
it is not known whether inhibition of Rho-kinase could alleviate the acute heart injury induced by ADR. In
this study, we aimed to study the effects of ROCK inhibition by fasudil on acute heart injury induced by
ADR in vitro and in vivo .

2 Materials And Methods

2.1 In vivo mouse model of ADR-induced acute
cardiotoxicity
Male C57BL6 mice (Laboratory Animal Services Centre, Nanjing Medical University, Nanjing) at 6 to 8
weeks of age were randomly classi�ed into 4 groups: ADR group; low-dose fasudil ( ADR + L); high-dose
fasudil ( ADR + H); and control group(CON). Animals were injected i.p 20 mg/kg ADR once in group ~ .
And animals were injected i.p fasudil (2 or 10 mg/kg/day )daily once for six times in group and .
Control group received only normal saline. Before each injection, the animal's weight was taken and the
dose was recalculated. All animals are treated in accordance with the approved program and animal
welfare regulations for Animal Care and Use Committee of the Nanjing Medical University.

Twenty four hours after the last injection, the animals were weighed and euthanized. Blood samples were
collected for biochemical assays. Hearts were collected, washed with phosphate buffer saline (PBS) and
weighed. Rapid dissection of cardiac tissue; rapid freezing of a portion of the left ventricle (LV) in liquid
nitrogen and then preserved at − 80°C for protein analysis. The other part was preserved in 10%
paraformaldehyde for histopathological and immunohistochemical analysis.

2.2 In vitro model of ADR-induced cardiotoxicity
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H9C2 cells were maintained in Iscove’s modi�ed Dulbecco’s medium supplemented with 10% fetal calf
serum and cultured in 5% CO2 at 37°C.

Cells were seeded at 2×104 cells per well (6 well plates) for 24 hours and then incubated with or without
fasudil (10uM or 20uM). After 30 minutes, ADR(1uM) was added to the system for another 24 hours.
Then cells of different treatment groups were collected for analysis.

2.3 Measurement of plasma enzyme, oxidative marker
serum lactate dehydrogenase (LDH) and creatine
phosphokinase (CK) levels
The levels of LDH and CK in plasma and cell suspension after different treatments were detected with the
commercial assay kits(Nanjing Jiancheng Bioengineering Institute, Nanjing, China)according to
manufacturer's instructions. The cardiac tissue levels of superoxide dismutase (SOD) and lipid
peroxidation: malondialdehyde (MDA) were monitored in 10% PBS tissue homogenate according to
manufacturer's instructions(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

2.4 Histopathological examination
The heart tissue of mice was �xed in 10% paraformaldehyde for 48 hours and routinely embedded in
para�n. Morphological changes of myocardial injury were observed by hematoxylin-eosin (HE) staining
and total collagen (T-col) observed by Sirius red staining in para�n-embedded sections (5 micron thick)
under a light microscope, respectively.

2.5 Immunohistochemistry for β-gal
After depara�nization, the heart sections were washed with PBS, incubated with 3% H2O2 for 30 min,
then blocked with 10% goat serum for 1hour to prevent nonspeci�c staining and overnight incubated with
primary antibody (Anti-beta Galactosidase(β-gal), 1:1000,Abcam, UK)at 4°C. Tissues were washed and
incubated with the appropriate secondary antibody at 37°C for 1 hour, and the positive cells were
observed using Vector Impress Kit (Impress Kit, Vector Laboratories; Burlingame, CA).

2.6 Immuno�uorescence for 8-OHdG
Para�n sections were depara�nized in xylene and rehydrated in alcohol gradient. Cells were inoculated
on cell slides �xed with paraformaldehyde for 15 minutes then washed the excess paraformaldehyde
with PBS. H2O2 solution(3%) was dropped on slides for 10 minutes then washed with PBS. After 30
minutes of blocking with 10% goat serum, sections were incubated overnight with diluted primary
antibody (Anti- DNA/RNA Damage antibody(8-OHdG), 1:1000,Abcam, UK)at 4°C. Fluorescein
isothiocyanate-conjugated secondary antibody was then used for detecting the binding sites of the
primary antibody, and the samples were observed by �uorescence microscope.

2.7 Terminal Deoxynucleotidyltransferase–Mediated Nick-
End Labeling Assay(TUNEL)
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Cells of different treatment groups were collected, then �xed the cells with paraformaldehyde for 15
minutes and permeated with Proteinase K for 15 minutes, after washed with PBS twice, cell slides were
incubated with TUNEL reaction mixture for 1 hour, the nucleus was stained with DAPI in a dark room for
10 minutes. Finally, the positive cells were observed and photographed under a �uorescent inverted
microscope.

2.8 Western Blot
Proteins were extracted from heart tissues and cells, quantitated using a protein assay kit. Equal amount
of protein was loaded and proteins were separated by SDS-PAGE and electrophoretically transferred to
nitrocellulose membranes. Membranes were blocked with 5% PBS milk for 1 hour, and then incubated
with primary antibody at 4℃ overnight. After incubation with the primary antibody, the bound antibody
was visualized with horseradish peroxidase-coupled secondary antibodies and chemiluminescence
developing agents. Following antibodies were used in the research :ROCK1, ROCK2, MYPT
(1:500,Bioworld Technology ,China); p53, Bcl-2 (1:500,Santa Cruz Biotechnology, USA);
Bax(1:500,Abcam,UK); NF-κB,caspase-3(1:1000,CST,USA);

SIRT1,Foxo3(1:1000,Abcam,UK);superoxide dismutase 1 (SOD1) (1:2000,CST,USA) ;superoxide dismutase
2 (SOD2)(1 : 1000, Abcam, UK) andβ-actin(1:2000,Abcam,UK).

2.9 Statistical analysis
The data were expressed as mean ± standard deviation and analyzed by the one-way analysis of variance
(ANOVA) and Bonferroni multiple-range test. P < 0.05 was considered to have statistical signi�cance.

3 Results

3.1 Fasudil ameliorated ADR-induced body weight changes
and survival rate
On the �rst day of the experiment, no signi�cant differences in the body weight among the groups were
found. However, after administered with ADR, the body weight of mice signi�cantly decreased (P < 0.001);
the body weights of mice in the control group were increased along with prolonging of feeding period
(Table 1). Three days after adriamycin treatment, survival was signi�cantly lower in ADR compared with
CON mice (60%VS 100%). Fasudil treatment improve the survival rate of mice (ADR + L,80%;ADR + 
H,100%) (Fig. 1).

3.2 Fasudil attenuated ADR-induced myocardial injury
The mice were challenged with ADR, which caused marked myocardial tissue damage as evidenced by
elevated serum creatine kinase (CK) and lactate dehydrogenase (LDH). Fasudil treatment signi�cantly
reduced ADR-induced elevation of LDH and CK in the mice (Table 2). Similar results were obtained in cell
experiments.(Table 3)General morphology of cardiac tissues were observed by HE staining, and we found
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that myocardial cells of ADR injection group showed irregular shape, myocardial �bers disarrangement,
muscle �ber fracture, and in�ammatory cell in�ltration. At the same time myocardial cell of CON group
had normal size and morphology, cardiac myocytes were regularly shaped, muscle �bers arranged in
neat, the cytoplasm and nuclear stained uniform (Fig. 2). The T-Col staining showed an increased
proportion of collagen accumulated in interstitial space in the heart of ADR-treated mice. (Fig. 2) However,
after the intervention of fasudil, the cardiomyocytes vacuolization and irregular cardiomyocytes
alignment were attenuated, and the protective effect of fasudil was dose dependent.

2.3 Fasudil inhibited ADR-induced cellular DNA damage
DNA damage of cardiomyocytes was evaluated by performing immuno�uorescence in vivo and in vitro,
respectively. The immuno�uorescence reaction of 8-OHdG in control group was moderate, while that of 8-
OHdG in ADR group was severe. However, the immuno�uorescence reaction of 8-OHdG decreased with
the use of fasudil, although exposed to ADR, especially when high dose fasudil was administrated (P < 
0.001). (Fig. 3A) Similar results were obtained in H9C2 cell experiments. In vitro, fasudil treatment
suppressed the immuno�uorescence reaction of 8-OHdG induced by ADR(Fig. 3B).

3.4 Fasudil inhibited ADR-induced cellular apoptosis
In vitro, the levels of apoptosis detected by TUNEL staining were increased after ADR treatment, while
fasudil has a protective effect on apoptosis induced by ADR, which is dose-dependent. (Fig. 4A) The
expression of apoptosis-related factors protein in all groups were detected through western blot. A
dramatic decrease of Bcl-2 in the ADR group was found when compared with the CON group (p < 0.001).
However, a signi�cantly increase of the expressions of pro-apoptotic factors such as Bax, Caspase-3, in
the ADR group were found when compared with CON group. After fasudil was administered, these
apoptosis related indexes expressions decreased (Fig. 4B). Similar results were obtained in vivo. In
mouse model of ADR-induced cardiotoxicity, fasudil treatment suppressed the Bax and Caspase-3
expression, while enhanced the expression of Bcl-2 signi�cantly (Fig. 4C).

3.5 Fasudil inhibited ADR-induced cellular senescence
Cellular senescence was con�rmed by β-gal assay. β-gal assay of control and treated groups showed that
while ADR induced senescence in myocardium as evidenced by presence of signi�cant number of β-gal
positive cells. Fasudil pretreated animals were signi�cantly protected from ADR-induced cellular
senescence as evidenced by the decrease in β-gal positive cells in mice contreated with ADR and
fasudil(Fig. 5A). In order to delineate the molecular basis of ADR-induced cellular senescence and the
protective effect of fasudil, we next examined the levels of senescence regulators in protein lysates
prepared from control, ADR alone and ADR plus fasudil treated animals by Western blot. Data showed
that ADR signi�cantly reduced the expression of SIRT1 while increased the levels of senescence inducers
Foxo3, p53 and NF-κB. Most importantly, treatment with fasudil inhibited the expression levels of Foxo3
and NF-κB, and increase the expression level of SIRT1,especially with high dose fasudil. (Fig. 5B) Similar
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results were obtained in H9C2 cell experiments. In vitro, fasudil treatment suppressed the expression
levels of p53, while increased the expression level of SIRT1 induced by ADR(Fig. 5C).

3.6 Fasudil alleviated ADR-induced oxidative stress reaction
A rise in intracellular reactive oxygen species (ROS) is accompanied with the process of senescence and
apoptosis. Several endogenous enzymes including catalase, glutathione peroxidase, superoxide
dismutase (SOD) are involved in protection of ROS-induced cellular damage The cardiac enzymatic
activities of total SOD and MDA contents were measured in vivo. As shown in Table 4, the activities of
SOD decreased signi�cantly and MDA contents increased signi�cantly in mice treated with ADR
compared with that in the CON group(P < 0.001). High doses of fasudil had protective effects to reduce
oxidative stress levels. The expression of SOD1 and SOD2 tested by Western blot further demonstrated
that ADR decrease the anti-oxidative stress levels while fasudil administration could increase the anti-
oxidative stress levels. (Fig. 6)

3.7 Fasudil inhibited ADR-induced ROCK signaling pathway
changes
In order to study the effect of Rho kinase on ADR-induced cardiac injury, the expression of ROCK1 and 2,
the main Rho kinase proteins, were examined in vivo. As shown in Fig. 7, the levels of ROCK1 and ROCK2
increased signi�cantly after ADR application (p < 0.01), whereas the levels of ADR + L and ADR + H groups
decrease remarkably (p < 0.01). As expected, MYPT-1(a Rho kinase speci�c effector) level in ADR group
was remarkably higher than that in CON group (p < 0.001). And fasudil reduced the level of the MYPT-1
protein in comparison with the ADR group (p < 0.001).

4. Discussion
The aim of this study was to investigate the role of fasudil in prevention of cardiac dysfunction and
biochemical changes in acute doxorubicin-induced cardiotoxicity. Present study demonstrated the
e�cacy of fasudil in reducing acute cardiotoxicity in in vitro models of H9C2 cell line and in the in vivo
model of mice. In addition, our �ndings show that fasudil suppressed heart oxidative stress, reduce DNA
damage of cardiac cells, thereby blocking cellular senescence and inhibiting apoptosis.

Whole-body wasting is shown to be an independent risk factor for mortality in heart failure[21]. In present
study, doxorubicin-injected animals weighed signi�cantly lesser than their controls, which is in agreement
with reported data [5].As a consequence of acute heart injury, survival was lower remarkably in ADR mice
than that of CON mice.Administration of fasudil increased the survival of ADR treated mice and the
protection of fasudil was dose-dependent. Collagen contents in the heart tissues were signi�cantly
increased in the ADR group, which may lead heart stiffness and dysfunction. Fasudil reduced collagen
aggregation and myocardial �brosis caused by ADR.
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The activities of serum CK and LDH have been widely used as parameters for the diagnosis of cardiac
injury[22, 23]. In this study, the elevated serum CK and LDH in ADR-injected animals are suggestive of the
deleterious of effects of doxorubicin on cardiomyocytes. administration of fasudil especially high dose
fasudil protected the myocardium as evidenced by the reduction in the leakage of CK and LDH into the
circulation. Similarly, in vitro experiments, the levels of CK and LDH were signi�cantly increased in ADR-
treated cardiomyocytes, and decreased after fasudil treatment.

It is now well recognized that increased ROS generation is the pivotal point upstream of the mechanisms
associated with ADR-induced cardiotoxicity. ROS can cause lipid peroxidation, disrupt cell membrane
functions and trigger cellular senescence [24, 25]. Increasing evidence indicated that senescence, take
part in anthracycline-driven cardiotoxic effects, affecting the functional activity of cardiomyocytes and
other cardiac cells. Therefore, decreasing oxidative damage might counteract the manifestations of
cardiotoxicity. SOD is a ubiquitous family of enzymes with the function of eliminating ROS.MDA is a
peroxide product of polyunsaturated fatty acid and a scienti�cally recognized oxidative stress index[26].
Previous studies have indicated that ADR could inhibit the SOD enzyme activities. ADR-induced heart
injury is strongly linked to an increase generation of ROS and antioxidant depletion in cardiac tissue[27].
RhoA/ROCK pathway was reported to participate in the regulation of oxidative stress. Previous studies
have shown that the activation of ROCK can increase the level of oxidative stress [28, 29]. MDA increased
while SOD decreased in ADR-treated mice, fasudil alleviated the oxidative damage caused by ADR, as
evident from the present study. This indicated inhibitor of that RhoA/ROCK pathway can up-regulate
antioxidant enzymes to reduce oxidative stress levels. In line with the increased oxidative stress reaction,
ADR induced notable senescence in myocardium as evidenced by presence of signi�cant number of β-gal
positive cells. SIRT1/Foxo3 axis played an important role in cellular senescence. SIRT1 inhibited cellular
damage and senescence by blocking the activities of Foxo3 [30, 31]. Moreover, activation of SIRT1,
Foxo3, NF-κB and p53 taking part in senescence changes in myocytes have been demonstrated in many
models[32–34]. In present study, the expression of NF-κB and p53 were markedly elevated in ADR group
when compared with control group. However, inhibition of RhoA/ROCK pathway by fasudil leads to fewer
senescence. Administration of fasudil, especially high dose fasudil, produced lower levels of β-gal, Foxo3,
NF-κB and p53 when compared with ADR group.

Some studies have also shown that the oxidative stress evoked by ADR activates apoptotic signaling
leading to cardiomyocyte damage and apoptosis[35, 36]. Apoptosis has been implicated in cardiac injure
evoked by ADR[8, 37]. And, RhoA/ROCK pathway appears to play an important role in myocardial
apoptosis[38]. In present study, the expression of ROCK1, ROCK2 and MYPT1 proteins were increased
after ADR administration. We found that both low and high doses of fasudil inhibited the expression of
ROCK1, ROCK2 and MYPT1, suggesting that the reduction of ROCK activity by this drug may contribute to
the reduction of apoptosis. The Bcl-2 family of proteins is a major group of regulators of the
mitochondrial pathway of apoptosis[39]. ADR breaks the balance between Bax and Bcl-2, increasing the
expression of Bax and decreasing Bcl-2 at the same time, which leads to apoptosis[40, 41]. Moreover,
activation of Caspase-3 take part in the ADR-induced apoptotic changes in myocytes[42].
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8-OHdG is a marker of DNA damage, the accumulation of DNA damage eventually accelerated apoptosis
of myocytes[43]. We assessed the level of apoptosis after ADR treatment by detecting the
immuno�uorescence reactions of 8-OHdG. The results showed that either in vivo or in vitro,8-OHdG in
control group was moderate, while that of 8-OHdG in ADR group was severe. However, the
immuno�uorescence reaction of 8-OHdG decreased with the use of fasudil, although exposed to ADR,
especially when high dose fasudil was administrated. The results of TUNEL staining also con�rmed that
fasudil can reduce the apoptosis caused by ADR in vitro.

Our �ndings revealed that a variety of pathways activation contributes to ADR-induced myocardial cell
apoptosis. However, a notable reduction in ADR-induced cellular apoptosis in response to fasudil was
observed. Therefore, preventing the activation of ADR-induced apoptosis-related protein might be an
additional mechanism of fasudil to avoid cell apoptosis.

3. Conclusion
In conclusion, using in vitro model of H9C2 cell line and in vivo mouse model of ADR-induced
cardiotoxicity, we demonstrated the protective effects of fasudil against ADR-induced cardiotoxicity,
possibly mediated through suppression of oxidative stress, apoptosis and senescence. The results
indicated that RhoA/ROCK pathway inhibitors, fasudil, may have important potential in the treatment of
ADR induced cardiotoxicity in clinical.
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Figure 1

Survival rate of each group(n=10,each). CON group 100%; ADR group 60%; ADR+L group 80%; ADR+H
group 100%.
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Figure 2

HE and T-COL staining of heart tissue. Representative micrographs of para�n-embedded sections
stained with HE and sirius red for total collagen, and photographed at a magni�cation of 400×.
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Figure 3

Myocardial DNA damage analysis Representative micrographs of immuno�uorescence reaction for 8-
OHdG, in vivo (A) and in vitro(B) photographed at a magni�cation of 400×. The percentage of positive
cells were presented as the mean±SD. *P<0.05  **P<0.01, ***P<0.001 compared to CON group; #P<0.05,
##P<0.01, compared to ADR group; &&P<0.01 compared to ADR+L group.
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Figure 4

Myocardial apoptosis analysis (A)Representative micrographs of TUNEL staining, photographed at a
magni�cation of 400×. The percentage of positive cells were presented as the mean±SD. Western blot
analysis of Bcl-2, Bax and Caspase-3 protein expressions in vitro(B) and in vivo (C) ,β-actin was used as
loading control. *P<0.05, **P<0.01 ,***P<0.001 compared to CON group; #P<0.05, ##P<0.01 compared to
ADR group; &&P<0.01 compared to ADR+L group.
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Figure 5

Myocardial senescence analysis (A)Representative micrographs stained with immunohistochemically for
β-gal and photographed at a magni�cation of 400×. The percentage of positive cells were presented as
the mean±SD. (B)Western blot analysis of SIRT1, Foxo3, p53 and NF- Κ B protein expressions andβ-actin
was used as loading control. (C) Western blot analysis of SIRT1 and p53 protein expressions in vitro and
β-actin was used as loading control.**P<0.01, ***P<0.001 compared to CON group; #P<0.05, ##P<0.01,
###P<0.001 compared to ADR group; &P<0.05,&&P<0.01 compared to ADR+L group.
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Figure 6

Oxidative stress levels changes Western blot analysis of SOD1and SOD2 protein expressions and β -actin
was used as loading control. ***P<0.001 compared to CON group; ##P<0.01, compared to ADR group.

Figure 7

ROCK signaling pathway changes Western blot analysis of ROCK1, ROCK2 and MYPT1 protein
expressions and β-actin was used as loading control. *P<0.05, **P<0.01, ***P<0.001 compared to CON
group; ##P<0.01, ###P<0.001 compared to ADR group; &&P<0.01, &&&P<0.001 compared to ADR+L
group.


