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Pravastatin attenuates carboplatin-induced cardiotoxicity
via inhibition of oxidative stress associated apoptosis
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Abstract The objective of this study was to evaluate the
cardiac toxicity induced by carboplatin, a second generation
platinum-containing anti-cancer drug, and to test whether
pravastatin can reduce this cardio-toxicity. In the present
study, infusion of carboplatin (100 mg/kg) to mice resulted
in decreased survival rates and abnormal cardiac histology,
concomitant with increased cardiac apoptosis. In addition,
treatment of cultured rat cardiomyocytes with carboplatin
(100 puM for 48 h) caused marked apoptosis and increased
caspase-3, -9, and cytochrome C, but decreased BCL-XL
protein expression, and this was inhibited by reactive oxy-
gen species (ROS) scavenger n-acetylcysteine. Further-
more, pretreatment of cardiomyocytes with pravastatin
(20 uM) before carboplatin exposure significantly attenu-
ated apoptosis and decreased caspase-3, -9, cytochrome C
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activity. Lastly, mice pre-treated with pravastatin before
carboplatin treatment showed improved survival rate and
cardiac function, with reduced cardiomyocyte apoptosis via
activating Akt and restoring normal mitochondrial HAX-1
in heart tissue. In summary, our results show that carbo-
platin can induce cardiotoxicity in vivo and in cultured cells
via a mitochondrial pathway related to ROS production,
whereas pravastatin administration can reduce such oxida-
tive stress thus prevented cardiac apoptosis. Therefore,
pravastatin can be used as a cytoprotective agent prior to
carboplatin chemotherapy.
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Introduction

Carboplatin (cis-diammine-1,1-cyclobutanedicarboxylate-
platinum II), a second generation platinum-containing anti-
cancer drug, is currently used clinically against lung,
ovarian, head, and neck cancers [1, 2]. Carboplatin is more
water-soluble and produces fewer adverse reactions than its
analog cisplatin, but its DNA-damaging activity is equiv-
alent to cisplatin at similar toxic doses [3]. The anti-tumor
action of carboplatin is mediated by alkylation of DNA
followed by cancer cell death. Since carboplatin produces
fewer toxic adverse effects than cisplatin, it can be used at
higher doses to achieve optimal anti-tumor effects. The
predominant dose-limiting toxicities of carboplatin are
bone marrow suppression and ototoxicity caused by free
radical oxidative injury to these organs [4]. Adverse effects
of carboplatin on the heart, although reported, are generally
unknown. Cardiac toxicity of carboplatin may be under-
estimated since it is commonly used with other
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chemotherapy with established cardiac toxicity [5].
Carboplatin-induced oxidative stress causes tissue injury
[6] and reactive oxygen species (ROS) have been impli-
cated in cardiovascular diseases such as atherosclerosis,
hypertension, and heart failure [7]. Therefore, it is rea-
sonable to speculate that carboplatin may result in
oxidative stress associated cardiac dysfunction.

Statins, a group of 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reductase inhibitors, are widely used
in clinical practice for their efficacy in reducing plasma
cholesterol and in reducing morbidity and mortality in
cardiovascular diseases. In addition, statins may also exert
significant anti-inflammatory or anti-apoptotic effects on
cardiomyocytes [8] and can attenuate heart failure in
experimental myocardial infarction mouse models [9].
Although statins can reduce oxidative stress by increasing
the bioavailability of nitric oxide, it is unclear whether
statins can exert any protective effect against carboplatin-
induced cardiac toxicity.

Our present study provides both in vitro and in vivo
evidence that carboplatin can cause cardiac apoptosis by
increasing ROS production and administration of statins
attenuates apoptosis by reducing oxidative stress. We used
pravastatin, one of the commonly prescribed HMG-CoA
reductase inhibitors with good water solubility and has
been previously applied to rodent experiment [10], to
modulate carboplatin-induced cardiac toxicity. We also
elucidated the possible molecular mechanisms involved in
the cytoprotective effects of pravastatin against carbo-
platin-induced cardiac toxicity.

Material and methods
Animals

Male C57BL/6 mice received humane care in compliance
with the Principles of Laboratory Animal Care formulated
by the National Society for Medical Research, the Guide
for the Care and Use of Laboratory Animals prepared by
the Institute of Laboratory Animal Resources (NIH publi-
cation No. 86-23, revised 1985). The study protocol was
approved by the institutional ethics committee on animal
research.

Carboplatin and pravastatin treatment of mice

Carboplatin (Sigma, St. Louis, MO, USA) was dissolved in
double-distilled water just before use. Ten weeks old mice
were given intra-peritoneal (i.p.) injections of a single dose
of carboplatin (50 or 100 mg/kg) on day 1 with (experi-
mental group) or without (control group) i.p. injection of
pravastatin (1 mg/kg) on day 0, day 2, and day 4,

@ Springer

respectively. The control group was treated with same
volume of normal saline (i.p.) on the day 0, day 2, day 4
instead of pravastatin. All mice were sacrificed on day 6.

Cardiomyocyte culture

Neonatal cardiomyocytes were isolated and cultured
according to the method of Fujio et al. [11] with some
modifications. Briefly, the cardiac ventricles of neonatal
Wistar rats (1-2 days old) were digested with pancreatin
(1.25 mg/ml) at 37°C and cardiomyocytes were isolated
and cultured in DMEM containing 10% fetal bovine serum
and 0.1 uM bromodeoxyuridine. After 3 days, cells were
incubated in serum-free medium containing transferrin
(5 pg/ml), insulin (5 pg/ml), and 0.1 pM bromodeoxyuri-
dine for 24 h before treatment with indicated agents.

Western blot analysis

Cardiomyocytes were lysed in buffer, as previously
described [11]. Equal amounts of extracted proteins
(50 mg) were separated on SDS-PAGE, transferred to
nitrocellulose membranes and probed with primary anti-
bodies. Protein concentrations were determined by the Bio-
Rad protein assay. Equal amounts of protein from whole
cell lysates (50 pg) were solubilized in 2x SDS sample
buffer and separated on SDS-10% polyacrylamide gels as
described before [12]. The blots were incubated with
antibodies against caspase-3, -8, -9, BcL-XL, cytochrome
C, Akt (1:2,000; Cell Signaling, Beverly, MA), pAkt
(1:2,000; Cell Signaling, Beverly, MA), and HAX-1
(1:500; Santa Cruz, California, USA). Blots were washed
and incubated with a secondary goat antibody against
rabbit IgG conjugated to horseradish peroxidase and
exposed to X-ray films. In internal controls, the antibodies
were omitted and replaced with f-actin antibody.

Histopathological preparations and examination

Heart tissue were collected from all groups and were fixed
in 4% paraformaldehyde for overnight at 4°C and pro-
cessed with paraffin wax fixation. Thin sections (5 pum)
were then stained with hemotoxylin and eosin according to
standard protocols.

Immunohistochemistry

Heart samples (n = 6 for carboplatin treated group and
n = 6 for control group) were perfused and postfixed with
4% paraformaldehyde overnight and sectioned (5 pm).
After blocking with 30% H,0, and 5% fetal bovine serum,
the sections were then incubated first with polyclonal
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anti-cleaved (activated) caspase-3 (1:1,000) antibody for
overnight at 4°C and washed three times with wash buffer
followed by incubation with horse peroxidase-conjugated
goat anti-rabbit IgG (1:50) and developed with DAB.

TdT-mediated dUTP-biotin nick labeling (TUNEL)
assay and immunflorescence staining

Mice were perfused with 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4). Organs were dissected and
postfixed with 4% paraformaldehyde overnight, paraffin
embedded and sectioned (5 pm). TUNEL assay was per-
formed according to the manufacturer’s protocol (Roche,
Mannheim, Germany). Fluorescence immunity hybridiza-
tion was performed on frozen heart sections (25 pum) using
anti-heart specific antibody desmin (1:1,000) and then
incubated with anti-dUTP-biotin antibody (1:40) for 1 h at
room temperature, washed with PBS and finally mounted
with mounting medium containing DAPI (1.5 mg/ml;
Vector Labs).

Agarose gel electrophoresis for DNA fragmentation

Cells were cultured under the indicated conditions.
Attached cells were collected and resuspended in 200 ml
PBS containing proteinase K (0.5 mg/ml), RNase A
(0.5 mg/ml), and 1% SDS. After 30 min, total lysates were
extracted with phenol/chloroform and genomic DNA pre-
cipitated with 100% alcohol. Genomic DNA (15 pg) was
isotope labeled by klenow enzyme in NEB buffer 2 and
ap>?dCTP at 37°C for 20 min then klenow activity inac-
tivated at 75°C for 15 min. The labeled genomic DNA was
precipitated with phenol/chloroform and 100% alcohol.
Finally the genomic DNA fragments were separated on
1.5% agarose gels, dried, and exposed to X-ray film.

Measurement of ROS in cardiomyocytes

Production of cellular ROS was evaluated by analyzing
changes in fluorescence intensity resulting from oxidation
of the intracellular fluoroprobe 5-(6)-chloromethyl-20,
70-dichlorodihydrofluorescein diacetate (CM-H2DCFDA).
In brief, cardiomyocytes grown on the coverglass from
each treatment group were loaded with 10 pl of the non-
fluorescent dye 20, 70-dichlorodihydrofluorescein diacetate
(H2DCFDA, Molecular Probes, Eugene, OR, USA) at
37°C for 30 min. The cardiomyocytes were rinsed and the
fluorescence intensity was then measured using a fluores-
cent micro-plate reader at an excitation wavelength of
480 nm and an emission wavelength of 530 nm (Molecular
Devices, Sunnyvale, CA, USA). Untreated cells showed no
fluorescence and were used to determine background
fluorescence, which was subtracted from the treated

samples. The final fluorescent intensity was normalized to
the protein content in each group of cardiomyocytes and
was expressed as percent of the fluorescent intensity of the
control cardiomyocytes.

Oxidative fluorescent microtopography

The oxidative fluorescent dye hydroethidine (HE, by
Polysciences Inc., Warrington, Germany) was used to
evaluate in situ production of superoxide as previously
described [13]. HE is freely permeable to cells and in the
presence of O is oxidized to EtBr, where it is trapped by
intercalation with the DNA. EtBr is excited at 488 nm with
an emission spectrum of 610 nm. Unfixed frozen heart
segments were cut into 30-mm-thick sections and placed on
a glass slide and dye HE was topically applied to each tissue
section and coverslipped. Slides were incubated in a light-
protected humidified chamber at 37°C for 30 min. Images
were obtained with a Bio-Rad MRC-1024 laser scanning
confocal microscope equipped with a krypton/argon laser.

LDH assay

Cytotoxicity was assessed by LDH measurement in the cul-
ture medium spectro-photometrically. The LDH release was
standardized with a cell injury index defined at (A — B)/
(C — B) x 100, where A = LDH activity in the test sam-
ple; B = LDH activity measured in media without any
treatment and C = LDH activity in samples from wells in
which cells were lysed with Triton X-100 (100% control).

Echocardiography

Mice were anesthetized with phenobarbital (50 mg/kg
body weight, i.p.) and measurements were conducted using
the Ultrasound Biomicroscopy (UBM) equipment (Vevo
660, VisualSonics Inc., Toronto) with a 30-MHz probe. LV
posterior wall thickness, inter-ventricular septum thickness,
and LV lumen diameter at both end-systolic and end-dia-
stolic phase were measured digitally on the M-mode
tracings and averaged from three cardiac cycles. Fractional
shortening was calculated.

Statistical analysis

All data are expressed as the means = SEM. The survival
analysis was performed using Kaplan—Meier method, and
between-group difference in survival rates were tested by
the log rank test. Between-group comparisons of the means
were performed by one-way ANOVA, followed by #-tests.
The Bonferroni’s correction was done for multiple com-
parisons of the means.
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Results

Carboplatin treated mice showed decreased survival
rate and abnormal cardiac histology due to cardiac
apoptosis

The 1 week survival rate of mice in carboplatin (100 mg/kg)
treated group was markedly reduced compared to 50 mg/kg
carboplatin treated and control groups (Fig. 1a). The his-
tology of hearts from control mice displayed near-normal
morphological appearance (Fig. 1b), whereas myofibrils
disarray and focal cytoplasmic vacuolization were seen in
100 mg/kg carboplatin treated group (Fig. 1b). In order to
examine the degree of apoptosis in heart tissue, TUNEL and
DNA fragmentation analysis were performed in the carbo-
platin (100 mg/kg) injected mice 7 days after the injection.
A significant increase (2-5 folds) in TUNEL-positive
apoptotic cardiomyocytes was detected in the carboplatin
treated group in a dose dependent manner compared
to control group (Fig. 2a). Furthermore, TUNEL-positive
apoptotic cells were confirmed to be cardiomyocytes
because they co-localized with the cardiomyocyte-specific
marker, desmin (Fig. 2b). Compatible increments of DNA
ladder in a time dependent manner were also found in mice
treated with 100 mg/kg carboplatin (Fig. 2c). In addition,
immunoblotting with caspase-3 antibody depicted positive
results only in the carboplatin-treated mice but not the con-
trols (Fig. 2d).

Carboplatin-stimulated apoptosis is ROS-dependent
with caspase activation and can be attenuated
by pravastatin

To elucidate whether carboplatin-induced cardiac apopto-
sis is ROS dependent, primary cultured cardiomyocytes
were exposed to different concentrations of carboplatin
(100-200 pM) with or without ROS scavenger NAC, and
assayed by DCF immunoflorescence assay. However,
to rule out the possibility that pravastatin itself can
induce cardiotoxicity, different concentrations of prava-
statin (10200 uM) were examined for cytotoxicity before
the carboplatin-ROS study. Data show that pravastatin had
no cytoxicity to neonatal cardiomyocytes, except at con-
centrations above 100 puM (Fig. 3a). Carboplatin potently
induced ROS production in cultured cardiomyocytes in a
concentration-dependent manner and this was inhibited
significantly by ROS scavenger, NAC (100 uM) (Fig. 3b).
In addition, carboplatin-induced ROS production and cas-
pase-3 expression can be attenuated by either pravastatin
(10-50 pM) or NAC (100 uM) (Fig. 3b and c), indicating
the mechanism by which pravastatin has a protective effect
is similar to NAC. Furthermore, increased expression of
apoptotic factors including cytochrome C, caspase-3, and
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Fig. 1 Decreased survival rate and abnormal cardiac histopathology
in mice treated with carboplatin. (a) Two groups of 10-week-old
C57BL/6 mice injected either with carboplatin (n = 10 or n = 20,
with single dose of carboplatin i.p. injection 50 mg/kg or 100 mg/kg,
respectively) or with normal saline (n = 10) and bred under normal
condition for 7 days. Kaplan—-Meier survival curves showed
decreased survival rate in the 100 mg/kg carboplatin treated mice
(P < 0.01). (b) Photomicrograph of heart from control mice showing
normal histology (left side panel); whereas carboplatin-treated mice
(i.p. injection 100 mg/kg) showing myofibril loss and focal cytoplas-
mic vacuolization in about 15% of cells (right side panel). Heart
sections were stained with hematoxylin & eosin as described in
material and method section. Bar = 50 pm

caspase-9, with decreased expression of anti-apoptotic
factor BCL/XL were noted in the carboplatin treated cul-
tured cardiomyocytes (Fig. 3d). The expression of these
apoptotic factors was attenuated by pre-treatment of neo-
natal cardiomyocytes with 20 pM pravastatin. Our results
show that carboplatin-induced apoptosis is ROS-dependent
with caspase activation and can be attenuated by
pravastatin.

Pravastatin attenuates carboplatin-induced
cardiomyopathy and leukopenia with improved LV
function and survival rate in mice

We then evaluated mouse survival rate and in vivo cardiac
functions to study the effect of pravastatin on carboplatin-
induced cardiotoxicity. Firstly, our Kaplan—Meier analysis
revealed that the mice treated with pravastatin in addition
to carboplatin (100 mg/kg) showed marked improvement
in 7 days survival rate compared to the group treated with
carboplatin alone (Fig. 4a). Concomitant TUNEL assay
showed a significant decrease in apoptotic cardiomyocytes



Apoptosis (2008) 13:883-894

887

Fig. 2 Apoptosis of
cardiomyocytes after
carboplatin treatment in mice.
(a) C57BL/6 mice were i.p.
injected with 100 mg/kg of
carboplatin. Apoptotic cardiac
myocytes were detected by the
TUNEL assay. Left and right
panels show the nuclei (blue)
and TUNEL positive (green)
fluorescence, respectively. Each
histogram represents the
number of TUNEL-positive
cells in carboplatin-treated and
control mice from three
independent experiments.

Bar = 200 pm. Quantitative
analysis of TUNEL-positive
heart nuclei per total nuclei in
control and carboplatin treated
mice (50 mg/kg or 100 mg/kg,
respectively). *P < 0.05.

(b) Colocalization of apoptotic
cardiomyocytes stained with
TUNEL and cardiomyocytes-
specific marker, desmin, and
nuclei marker, DAPI. (¢) DNA
ladder of left ventricular (LV)
tissue induced by carboplatin
treatment in mice is shown in
time dependent manners.

(d) Representative
photomicrographs of LV
sections immuno-blotted with
cleaved caspase-3 antibody
(1:1,000) for overnight at 4°C
followed by incubation with
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in the pravastatin 4 carboplatin treated group compared to
the carboplatin only group (Fig. 4b). Secondly, we used
echocardiographic study to examine cardiac functions in
carboplatin treated mice with or without pravastatin pre-
treatment. In agreement with the TUNEL findings,
echocardiographic data showed that fractional shortening
(FS), inter-ventricular septal thickness (IVS) and LV pos-
terior wall thickness (LVPW) in both diastolic and systolic
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phases were significantly thinner in carboplatin-treated
than control and pravastatin only (without carboplatin)
mice. Normal cardiac contractility and ventricular wall
thickness were found to be preserved in the carbo-
platin + pravastatin treated group (Fig. 5).

In order to elucidate other non-cardiac reasons that
might also have an effect on mice survival rate, we
examined the blood count parameters at 7 days post
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Fig. 3 Pravastatin attenuate ROS production and apoptosis in
carboplatin-treated cardiomyocytes. (a) Quantitative cell cytotoxicity
was measured by the level of LDH release in cardiomyocytes treated
with differential pravastatin concentrations from 10 to 200 uM. Bar
represents mean £ SD of three experiments separately. (b) Neonatal
cardiomyocytes were pre-treated with either pravastatin (10-50 pM)
or NAC (100 pM) 1 h (h) before the addition of carboplatin (100 or
200 uM), and then incubated for 48 h for ROS quantification. The
intracellular ROS concentration was determined by DCF as described
in material and methods. *P < 0.05 versus control. The protein level
of cleaved caspase-3 and f-actin were also measured and shown in
(¢). (d) Protein levels of caspase-3, caspase-9, BCL-XL, and
cytochrome C from cell lysate were assessed by western blotting
after 48 h of carboplatin (100 pM) incubation with or without
pravastatin (20 uM) pre-treatment for 30 min. Data represent results
from three independent experiments. Scanning densitometry was used
for semi-quantitative analysis in compared to the f-actin levels
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Fig. 4 Improvement of survival rate and attenuation of cell apoptosis p
follows pravastatin treatment in carboplatin-infused mice. (a) C5S7BL/
6 mice were i.p. injected with pravastatin 1 day before carboplatin (50
or 100 mg/kg, respectively) treatment. Kaplan—-Meier survival curves
demonstrated better survival rate (P < 0.01) in control group
(n = 10) and pravastatin + carboplatin group (n = 16, with survival
rate 62%) in comparison with the carboplatin only group (n = 18,
with survival rate 22%). (b) C57BL/6 mice were i.p. injected with
100 mg/kg of carboplatin with or without pravastatin pre-treatment.
Apoptotic cardiac myocytes were detected by the TUNEL assay. Left
and right panels show the nuclei (blue) and TUNEL positive (green)
fluorescence, respectively. Each histogram represents the number of
TUNEL-positive cells in carboplatin-treated mice with or without
pravastatin pre-treatments (n = 5 animals in each group). Represen-
tative results of three separate experiments are shown. Bar = 200 pm.
*P < 0.05

carboplatin treatment. Our result showed that pravastatin
can partially relieve the bone marrow suppression effect,
with prevention of leukopenia (P < 0.001), but not the
anemia induced by carboplatin treatment (see Table 1).
These results correlate with a partial improvement of mice
survival rate in pravastatin 4 carboplatin group compared
to the carboplatin group (62% vs. 22%).

Pravastatin attenuate carboplatin-induced cardiac
apoptosis in mice through decrement of caspase
and ROS production

Our next in vivo study was intended to detect O3 directly by
oxidative fluorescent microtopography. Our data show that
carboplatin can induce ROS production in the heart tissue
and this can be attenuated by pravastatin treatment (Fig. 6a).
In concordant to our previous in vitro study, western blot-
ting analysis of heart tissue also showed decrement of
caspase-3 activity in the pravastatin 4 carboplatin treated
compared to carboplatin alone group. Furthermore, unex-
pected finding of increase in the level of phosphorylated (i.e.
activated) Akt (p-Akt) expression was found in the prava-
statin 4 carboplatin group (Fig. 6b).

Pravastatin inhibit carboplatin-induced neonatal
cardiomyocytes apoptosis via activating Akt
and restoring mitochondrial HAX-1

In order to delineate whether the anti-apoptotic effect of
pravastatin was linked to Akt-PI3 signaling pathway, we
conducted the following in vitro studies. Firstly, we dem-
onstrated that pravastatin could increase the level of
activated Akt (p-Akt) with its peak expression at 12 h post-
treatment (Fig. 7a). Secondly, we found that activation of
Akt could associate with decrement of caspase-3, implying
attenuation of carboplatin-induced apoptosis in cardio-
myocytes. These effects were blocked by PI3-kinase
inhibitor LY294002 (10 uM), demonstrating that
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pravastatin inhibits carboplatin-induced cardiomyocytes
apoptosis by activating PI3-kinase dependent pathway
(Fig. 7b). In agreement with the western blotting data, the
results from TUNEL assay indicated that pre-treatment
with PI3-kinase inhibitor LY294002 (10 uM) abolished the
therapeutic effect of pravastatin on carboplatin-induced
cardiomyocyte apoptosis (Fig. 7c).

Lastly, we explored the possible molecules involved in
carboplatin-induced apoptotic cell death, and therefore, the
role of a new mitochondria-associated anti-apoptotic pro-
tein, the HS-1 associated protein (HAX-1), was examined.
Previous data has shown that over-expression of HAX-1 by
adenovirus can inhibit hypoxia/reoxygenation-induced
cardiomyocytes apoptosis [14]. Accordingly, protein levels
of HAX-1 decreased with increasing concentration of cis-
platin and related metabolite H,O, [15]. In the present
study we also observed that carboplatin treated cardiomy-
ocyte showed dramatic reduction of HAX-1 levels in
mitochondrial fraction without affecting in the cytosolic
fraction, with increment of cleaved caspase-3. Such reci-
procal changes of mitochondrial HAX-1 and cleaved
caspase-3 in carboplatin-treated cardiomyocytes can be
prevented by pravastatin supplement (Fig. 7d).

Discussion

The results of the present study clearly show that carbo-
platin induced intracellular oxidative stress, activated
mitochondria-dependent apoptotic pathway, and stimulated
cardiomyocyte apoptosis. We also demonstrated that
pravastatin treatment markedly attenuated oxidative stress
associated cardiomyocyte apoptosis, concomitant with
improved cardiac function and survival rates in mice. The
possible mechanism explaining the beneficial effects of
pravastatin may involve activating Akt and restoring nor-
mal mitochondrial HAX-1 in heart tissue. These results
suggest that pravastatin can be used as a cytoprotective
agent prior to carboplatin chemotherapy.

Our in vivo study demonstrated that pravastatin therapy
completely prevents thinning of the myocardial wall
induced by carboplatin. However, we did not observe a
concordant improvement in mice survival rates in com-
parison to the improvement of the left ventricular function
(Fig. 5). In fact, only partial rescue of the mice (62%) was
found in the pravastatin plus carboplatin group, implying
that the heart failure induced by cardiomyocyte apoptosis
might not be the major reason for the low survival rate seen
in carboplatin treated mice (22%). In fact, carboplatin
induced bone marrow suppression with diminution of
leukocytes, neutrophils, lymphocytes and erythrocytes with
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subsequent immuno-compromised related infection may be
the explanation for high mortality in carboplatin treated
mice. Additionally, other side effects of carboplatin such as
the cochlear tissue damage has also been reported [16].
Although carboplatin related cardiomyopathy has seldom
been reported in clinical conditions, nevertheless, its fre-
quent use in combination with doxorubicin and
cyclophosphamide that causes cardiomyopathy [17, 18],
warrants us to speculate that the additive effects of this
drug combination may damage the cardiac tissue even at

@ Springer

lower accumulative dosage of either drugs. Moreover, we
also demonstrated that both carboplatin and doxorubicin
exert their effect on cardiac apoptosis through increasing
oxidative stress in the heart tissue, and this may strengthen
the clinical implications of the present study.

Cardiac apoptosis can be induced through several
diverse mechanisms including excessive ROS production
or peroxynitrite generation. Increase in ROS production
due to doxorubicin chemotherapy regimens can result in
cardiomyocyte apoptosis and thus heart failure [19, 20].
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Table 1 Blood count parameters acquired 7 days post-carboplatin treatment in mice

LEUK (10°1) ~ ERYTH (10'%/1) HGB (g/dl) NEU (10°1) LYM (10°1)  MONO (10°/1) PLT (10°/1)
Control (n = 18)  8.17 & 2.02 8.40 + 0.25 145+ 188 1964 1.18 451 +125  0.15 4+ 0.07 836 + 95.3
CPonly (n=7) 1.09 4 0.78**  6.32 + 0.90%* 957+ 1.14 105407 277 £223%* 0214018 1094 + 180**
CP + St (n = 10) 4.52 4 1.98*%T 524 4 0.72%% **% 852 + 1.22%% 141 £ 021 1.05 £ 0.84** 0.13 £ 0.12 844 + 108"

CP; carboplatin; CP + St, carboplatin + pravastatin; LEUK, leukocytes; ERYTH, erythrocytes; HGB, hemoglobin; NEU, neutrophil; LYM,
lymphocyte; MONO, monocyte; PLT, platelet; * P < 0.05 compared with control; ** P < 0.001 compared with control; *** P < 0.05 com-

pared with CP only; © P < 0.001 compared with CP only

Pro-inflammatory cytokine stimulation of both superoxide
and NO-generating activities can enhance peroxynitrite
production which results in myocardial apoptosis [21].
However, increased NO activity is apparently not involved
in carboplatin-induced cardiomyocyte apoptosis since
iNOS, TNF-a, IL-6, interleukin-1p, interferon-y, which are
sources of NO production, were severely attenuated in the
carboplatin-treated cardiomyocytes in our real time PCR
assay (data not shown). Accordingly, carboplatin is similar
to doxorubicin in augmenting ROS production thus results
in cardiomyocyte apoptosis via mitochondria dependent
pathway with increased caspase-3, -9, and cytochrome C,
but not caspase-8, activation. Besides, by using an alter-
native oxidative fluorescent microtopography method we
showed that carboplatin induced production of O3 can be
attenuated by pravastatin. Furthermore, activation of Akt
(a downstream target of PI 3-kinase) in pravastatin-infused
mice was found to be critical for the prevention of car-
diomyocyte death. However, we could not exclude the
cytotoxic effect of carboplatin in inducing DNA intra- and
interstrand cross-links, which could have also aggravated
the observed cardiotoxicity seen in the present study.
Many studies have shown that oxidative stress related
cardiotoxicity involves the activation mitochondrial apop-
tosis pathway, in which caspase-9, but not caspase-8, is the
key regulating factor [22]. Several mechanisms, including

Fig. 6 Pravastatin attenuates carboplatin-induced ROS production p

and apoptosis via activation of pAkt in mouse heart. (a) Represen-
tative fluorescent photomicrographs of confocol microscopic section
of heart labeled with oxidative dye HE (red fluorescence when
oxidized to EtBr by O3). At identical laser and photomultiplier
settings, fluorescence in the carboplatin treated heart is markedly
increased compared to control group and mice treated with pravasta-
tin alone. Scanning densitometry was used for semi-quantitative
analysis compared to control. Heart sections from mid-ventricular
region of LV were examined and 3 tissue slices were checked in each
mouse heart (n =4 mice in each group). Each scanning were
performed twice for confirmation. *P < 0.05. (b) C57 BL/6 mice
were injected with pravastatin (i.p. 1 mg/kg) 1 day prior to carbo-
platin (i.p. 100 mg/kg) treatment, and assess for caspase-3, pAkt and
Akt expression level via western blotting. *P < 0.05. Scanning
densitometry was used for semi-quantitative analysis compared to
p-actin level. Results are representative data from three separate
experiments
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Fig. 7 Pravastatin inhibits carboplatin-induced apoptosis via activa-
tion of Akt and restoring mitochondrial HAX-1 in neonatal
cardiomyocytes. (a) Time-course analysis of Akt and active form of
(phosphorylated) Akt (p-Akt) with 20 pM pravastatin treatment in
cardiomyocytes. (b) Effect of pharmacological inhibition of PI3-
kinase (LY294002) on p-Akt and cleaved caspase-3 expression. Cells
were pre-treated with pravastatin (20 puM) and/or LY294002 for
30 min before addition of carboplatin (200 uM). The cell lysate were
blotted with cleaved caspase-3, p-Akt and Akt. Scanning densitom-
etry was used for semi-quantitative analysis compared to f-actin
level. Results are representative of three separate experiments. (c)

HAX-1, are involved in regulating capase-9 activity [14].
Recently, it has been proposed that HAX-1, identified as
a 35-kDa interacting partner with HS-1 and a signal-
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TUNEL staining of cardiomyocytes in each experimental group was
shown and the data for quantitation of TUNEL-positive heart nuclei
per total nuclei (%) in each group was included. (d) Protein
expression of HAX-1 and cleaved caspase-3. Neonatal cardiomyo-
cytes were pre-incubated with pravastatin (20 pM) for 1 h and treated
with carboplatin (200 uM) for 48 h, then the cell extraction was
separated into mitochondria (Mito) and cytosol, respectively, for
hybridizing with HAX-1 antibody and cleaved caspase-3 antibody.
Scanning densitometry was used for semi-quantitative analysis
compared to the f-actin level. Results are representative date of
three separate experiments

transduction protein in hematopoietic cells can inhibit the
activation of caspase-9 [23]. Our data indicated that car-
boplatin attenuates mitochondrial distribution of HAX-1
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and this can result in apoptosis of the cardiac myocytes. On
the other hand, pravastatin may exert its cardiac protective
effect by maintaining the mitochondrial expression of
HAX-1 (Fig. 7d). Further studies are needed to dissect the
biological roles of HAX-1 using either over-expression or
gene deletion model.

We followed others in choosing the dosage of carbo-
platin used in the present study. In prior studies, 120 or
50 mg/kg of carboplatin was used for in vivo i.p. injec-
tion to mice [24, 25]. In addition, higher dosage of
carboplatin (600 mg/m? or 200 mg/kg) was also used to
induce bone marrow suppression thus resulting in marked
attenuation of the survival rate (20% at day 1 post-treat-
ment) in mice [26]. Moreover, clinical patients were
given with intravenous infusion of carboplatin (300-
500 mg/m?) as a single dose to treat solid tumors.
Although the dosage of carboplatin used in the present
study (100 mg/kg) is equivalent to 300 mg/m? and near
the lower range of clinical application, its high mortality
may be due to different susceptibility between human and
rodent, or the dosage adjustment from mg/m” to mg/kg is
not ideal in applying to rodent studies thus result in bone
marrow suppression.

The protective actions of statins against cardio-, hepato-,
and renotoxic effects of anti-cancer drugs including cis-
platin and doxorubicin in vivo and in cultured cells has
been previously reported [27, 28]. A fairly wide range of
dosage of pravastatin (1-30 mg/kg i.p.) has been used in
mice for cytoprotective effects with significant TNF-alpha
reduction [29, 30]. However, statins have a promising anti-
cancer effect by killing proliferating cells at higher doses.
It can potentiate anti-tumor activity when used in combi-
nation with other chemotherapy regimens such as
doxorubicin or cisplatin in human cancer cell line [31].
Besides, studies of statins in exerting pro-apoptotic effect
on human lymphoblasts or rhabdomyosarcoma cells have
been described [32, 33]. Our in vitro study also showed
similar paradoxical effects and observed that pravastatin at
concentration lower than 50 pM can protect cardiomyo-
cytes from apoptosis; whereas at concentration higher than
50 uM, it can cause cytotoxicity in the cardiac cells
(Fig. 3a). In fact, our study is also in agreement with prior
reports stating that high concentrations of stain increases
apoptosis in endothelial cells, whereas lower concentra-
tions could attenuate hypoxia-induced apoptosis [34]. Most
interestingly, even using the same dosage, statins exhibit
both anti-tumor activity and cardiac protective effect in
some tumor animal models [35].

In summary, our results provide both in vitro and
in vivo evidence that carboplatin can induce cardiotoxicity
via mitochondria dependent apoptosis pathway related to
ROS production, which is prevented by pravastatin via the
inhibition of oxidative stress and enhancement of Akt

activation and restoration of mitochondrial HAX-1 in heart
tissue. Therefore, pravastatin can be used as a cytoprotec-
tive agent prior to carboplatin chemotherapy.
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