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Abstract

Cyclophosphamide (CP), as a chemotherapy drug, induces hepatotoxicity through causing oxidative stress.
Atorvastatin (ATV) at a low dose has antioxidant and anti-inflammatory properties. The present study was
designed to investigate the protective effects of ATV against CP-induced hepatotoxicity in rat. In this
experimental study, 32 rats were treated with ATV orally at a dose of 10 mg/kg for 10 consecutive days, 5
days before and 5 days after the administration of a single intraperitoneal injection of CP (150 mg/kg). The
hepatoprotective effect of ATV was evaluated by measuring liver function markers, oxidative markers,
histological and immunohistochemical assays. The biochemical results showed that administration of CP
increased hepatic biomarkers enzymes as aspartate aminotransferase (AST), alanine aminotransferase (ALT)
and lactate dehydrogenase (LDH) levels. CP increased malondialdehyde (MDA), protein carbonyl (PC) and
decreased glutathione (GSH) content in rats. Moreover, administration of CP was associated with periportal
leucocyte infiltration, dilation sinusoids, hepatocyte vacuolation, congestion and hemorrhage in livers of
rats. CP significantly increased immunoreactivity of caspase-3 as a marker of apoptosis in liver tissue. ATV
markedly mitigated liver injury through reduction in oxidative stress biomarkers, histopathological findings
and apoptosis. The antioxidant and anti-apoptotic activities of ATV are main proposed mechanisms involved
in its hepatoprotective effects against CP-induced hepatic injury.
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INTRODUCTION lipoproteins and cholesterol by inhibiting

enzyme 3-hydroxy-3-methylglutaryl coenzyme

Cyclophosphamide (CP), as one of the most A (HMG-CoA) reductase (8). In addition,

common anticancer drug, causes side effects
on normal tissues such as heart, kidney and
liver (1,2). Phosphoramide mustard and
acrolein are main active metabolites of CP that
induce oxidative stress in tissues (3). CP is
enable to produce free radicals and inhibit the
activities of endogenous antioxidant enzymes
such as superoxide dismutase (SOD), glutathione
(GSH) and catalase (CAT) (4,5). The
exogenous antioxidants are beneficial in
reducing the oxidative stress induced by toxic
substances (6,7).

Atorvastatin  (ATV), the most common
synthetic statins, reduces the level of plasma
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ATV has the beneficial biological effects such
as antioxidant and anti-inflammatory properties
that are independent of lowering cholesterol
levels. These effects are observed at low doses
of ATV (9). The protective effects of ATV
were seen in ovarian (10), gastrointestinal tract
(11) and kidney damages followed by
torsion/detorsion (12), testicular toxicity (13),
and cardiotoxicity (14). ATV protects cell
structure against oxidative stress and inhibits the
reduction of endogenous antioxidant enzymes.
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However, the acute liver injury was seen in
high dose of ATV (15), the protective effect of

ATV on the hepatotoxicity induced by
ischemia-reperfusion and  ethanol  was
established at low dose (16,17). ATV
protected liver damage by inhibiting

inflammation and oxidative stress parameters
(16). Considering the above issues, it is
hypothesized that ATV could reduce liver
damage induced by CP. Therefore, the aim of
this study was to investigate the protective
effect of ATV  against CP-induced
hepatotoxicity in the rat model with the
histological, biochemical, histochemical, and
immunohistochemical evaluations.

MATERIALS AND METHODS

Chemicals

Atorvastatin was purchased from Sobhan
Pharmaceutical Company (Rasht, I.R. Iran)
and cyclophosphamide was manufactured by
the Baxter Company of Germany.

Animals

Although gender affects pharmacokinetics,
pharmacodynamics, side effects of drugs, and
its toxicity (18), but Massafra has reported in
his study that gender has no effect on
antioxidant enzyme system (19). Thus,
32 female Wistar rats (weighing 150-180 g)
were obtained from Animal Research Center
of Mazandaran University of Medical
Sciences, Sari, I.R. Iran. For adaptation to the
experiment environment, the animals were
maintained on a 12:12 h dark/light cycle,
55% + 5% humidity and 22-24 °C for one
week. They had free access to food and water
during the study period. All the experimental
procedures were designed in accordance
with  the Institutional Animal Ethics
Committee of the Mazandaran University of
Medical Sciences, Mazandaran, I.R. Iran
(ethical ID: IRRMAZUMS.REC.1396.S217).

Study design

In this study, the animals were randomly
divided into four groups of 8 animals each.
Group I, rats were received normal saline
(same volume with other groups); Group II,
rats were received 10 mg/kg ATV daily by
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gavage for 10 consecutive days (18); Group
III, on the fifth day, rats were injected a single
dose of CP (150 mg/kg) intraperitoneally (19);
Group IV, rats were received ATV and CP
with the same dose as administer to groups II
and III. ATV was administrated daily for five
consecutive days before and after CP injection.

The doses of ATV and CP were selected
according to previous studies (20,21). CP was
dissolved in distilled water and ATV was
suspended in normal saline. In ATV + CP
group, ATV was administered 1 h prior to CP
treatment. The most appropriate time for the
assessment of histochemistry is 24 to 72 h
after receiving the latest treatment (22). Thus,
in this study, two days after receiving the latest
drug treatment, biochemical, histological, and
immunohistochemical assays were performed.

Specimen collections

The animals were anesthetized with
ketamine (50 mg/kg) and xylazine (5 mg/kg)
two days after receiving the latest treatment.
The blood samples were collected from the
heart and their serum were separated by
centrifugation at 3000 x g (13). The serum
samples were stored at -20 °C for
measurement of serum liver enzymes as
alanine aminotransferase (ALT), aspartate
aminotransferase ~ (AST), and lactate
dehydrogenase (LDH). Then animals were
sacrificed and liver was immediately removed.
It was divided into two pieces, washed with
phosphate buffer saline (PBS), and weighed
out. One of these pieces was freshly used for
biochemical evaluation. The other piece was
fixed in 10% buffer formalin for histological
and immunohistochemical analyses.

Biochemical analysis

The level of liver lipid peroxidation
was measured by  determination  of
malondialdehyde  (MDA) level using

thiobarbituric acid. The liver sample (0.2 mL)
was mixed with phosphoric acid (0.25 mL,
0.05 M) and 0.2% thiobarbituric acid
(TBA, 0.3 mL). Samples were boiled in water
bath for 30 min. The sample tubes were placed
to an ice-bath and then 0.4 mL of n-butanol
was added to each sample. The mixtures were
centrifuged at 3500 rpm for 10 min and then
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MDA level were measured based on reacting
with thiobarbituric acid (an MDA-TBA
complex). MDA in each sample was
calculated in the supernatant at 532 nm with
ELISA reader (Tecan, Rainbow Thermo,
Austria). MDA content was expressed as
nmol/mg protein. Tetramethoxypropane (TEP)
was used as standard (23).

Protein carbonyls were measured by the
method reported by Fathi et al. (23). The
protein carbonyl was measured using
2,4-dinitrophenyl-hydrazine (DNPH) reagent.
After determination of tissue protein, 500 pL
of trichloroacetic acid (20% w/v) was added to
the samples and stored at 4 °C for 15 min.
Then precipitated protein was centrifuged at
6500 x g for 10 min and the supernatant was
discarded. Soluble protein (0.5 mL) was
reacted with DNPH 10 mM (0.5 mL) in HCI
(2 M) for 1 h at room temperature. Precipitate
was washed with 1 mL of a mixture of ethanol
and ethyl acetate 1:1 (v/v) and then was
centrifuged at 6500 x g for 10 min and the
supernatant was removed. The final protein
deposition solubilized in 200 pL guanine
hydrochloride solution and was centrifuged at
16000 x g for 5 min to remove any trace of
insoluble material.

The protein carbonyl was assessed
spectrophotometrically at 365 nm with an
absorption coefficient of 22,000 M-1 cm™ was
expressed as a nmol of DNPH per milligram of
protein.

Content of the glutathione in the samples
was determined by spectrophotometer (UV-
1601 PC, Shimadzu, Japan) with 5,5'-
dithiobis-2-nitrobenzoic acid (DTNB) as an
indicator at 412 nm and expressed as uM (23).

Mitochondrial function, as mitochondria
viability, was assessed using 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) assay based on reduction of
MTT to its formazan product by mitochondrial
dehydrogenase activity of liver tissue. In this
way, after preparation of the samples, MTT
was dissolved in PBS (pH 7.2, at 2.5 mg/mL)
and this solution was added to the samples
(24). After incubation at 37 °C for 30 min,
mitochondrial toxicity was measured by
assessing the reduction of MTT by
mitochondria at 580 nm.
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Serum biochemical assay

The enzymes activities as ALT, AST, and
LDH were determined using the quantitative
detection kit and according to the instructions
of the manufacturer, Pars Azmoon, AST (Cat.
No. 1400 018), ALT (Cat. No. 1 400 019) and
LDH (Targa BT 3000, Cat. No. 12201),
LLR. TRAN. Content of these enzymes was

measured by a spectrophotometer with
L-alanine, 2-oxoglutarate, pyruvate, and
NADH as an indicator at 340 nm and
expressed as U/L.

Histopathological assay

The liver samples were fixed in 10% (w/v)
buffer formalin for 24 h. After processing and
embedding in paraffin using standard protocol,
sections with 5 pm thickness stained with
hematoxylene and eosin (H & E) for
evaluation of liver damage. Sample sections
were evaluated using 40 X magnification for
assessment of the degree of liver injury by a
histologist who was blinded to the treatment
groups. For the quantitative analysis,
histological photomicrographs were evaluated
by scoring system. According to extent of
sinusoidal  dilatation, inflammatory cell
infiltration, congestion, degeneration and
cytoplasmic vacuolization scored as 0 (normal),
1 (mild), 2 (moderate), or 3 (severe) (25).

Immunohistochemical assay
Immunohistochemical  technique  was
performed according to the manufacturer’s
instructions (Abcam Company, USA). The
serial sections of tissues were deparaffinized
with xylene and then rehydrated in alcohol
series. After that, they were incubated with
H,0, (0.3%) in methanol to block endogenous
peroxidase activity for 15 min. After this steps,
the tissue sections were incubated with protein
blocker for 10 min. After incubation at 4 °C
overnight with primary antibodies (anti-caspase-
3 rabbit polyclonal antibody, 1:100 in PBS,
v/v, Abcam, Lat: GR224831-2), serial sections
of tissues were incubated with secondary
antibody  conjugated  with  horseradish
peroxidase (mouse and rabbit specific
HRP/DAB, Abcam, Lat: GR2623314-4) for
20 min. The sections were incubated with
diaminobenzidine tetrahydrochloride for 5 min



(26). Then the slides were dehydrated in
alcohol series and mounted. Primary
antibodies were omitted for negative
controls. Finally, all the slides were assessed
under light microscope with a magnification
of x 40. For the quantitative analysis,
immunohistochemical photomicro-graphs
were assessed using MacBiophotonics Imagel
1.41a software by densitometry method. The
positive staining severity was assessed as the
ratio of the stained area to the entire field of
assessment.

Statistical analysis

Statistical data analysis was done using
SPSS 19 version (Chicago, USA). All of the
data are expressed as mean + standard
deviation (M £ SD). Different groups were
compared with each other using One-Way
ANOVA and Tukey tests. P < 0.05 was
considered statistically significant.

154

558 Ll

st

(=]
1

555

Liver MDA (ug/mg protein)
wh

o o
o )
]

Protein carbonyl (mM)
o
=
1

Hepatoprotective effect of atorvastatin

RESULTS

Effects of atorvastatin on oxidative stress in
cyclophosphamide-treated rats
Malondialdehyde, GSH, PC levels, and
cell viability rate in liver tissues are
presented in Fig. 1. The MDA level, as the
final product of lipid peroxidation, was
significantly increased while GSH content
was decreased in CP treated group as
compared with control group. In addition,
cell wviability rate were significantly
decreased and PC increased in CP-treated
rats when compared with control group. In
contrast, ATV pretreatment in CP-treated rats
significantly decreased the MDA and PC
levels when compared with CP group,
whereas the GSH contents were significantly
increased. Besides, the cell viability rate was
also significantly improved in ATV + CP
group as compared with CP alone group.
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Fig. 1. A, Malondialdehyde (MDA); B, glutathione (GSH); C, protein carbonyl (PC) levels; and D, represent cell
viability in all groups. Rats treated with cyclophosphamide (CP) showed an increase in the MDA, PC, and a decrease in
GSH content and MTT compared with control group. Pretreatment with atorvastatin (ATV) in CP- treated rats
significantly decreased concentration of MDA, PC and increased GSH content and MTT in the liver tissue compared
with CP group. All values are expressed as mean + SD. **  ***gjgnificantly different from control group (P < 0.01,
P < 0.001, respectively); *** significantly different from ATV (P < 0.001); and " significantly different from CP groups

(P <0.001).
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Effects of atorvastatin on serum enzymes in
cyclophosphamide-treated rats

The levels of the serum enzymes as AST,
ALT, and LDH were significantly increased in
the CP-treated rats as compared to the control
group. ATV administration in CP-treated rats
significantly decreased the level of these
markers as compared to the CP alone group
(Table 1).

Effect of atorvastatin on histopathology of
liver in cyclophosphamide-treated rats

The photomicrographs of liver are
presented in Fig. 2. Normal histoarchitecture
of liver (hepatocytes, sinusoids, and Kupffer
cells) and normal hepatic lobules were
observed in control group (Fig. 2A).

The structure of the liver in ATV-treated
rats was similar to control group. The sections
of liver in CP-treated group showed periportal
leucocyte infiltration (Fig. 2B, white arrow),
congestion and hemorrhage (Fig. 2B, black
arrow), fatty degeneration, dilation sinusoids
(Fig. 2C, black arrow), focal necrosis with
pyknotic and enlarged nuclei, and hepatocyte
vacuolation (Fig. 2C, white arrow). However,
ATV  administration in CP-treated rats
mitigated the pathological changes as
compared with CP-treated group (Fig. 2D).
Liver injury’s mean scores of all groups are
shown in Fig. 3. Liver injury score increased in
CP-treated rats. Score of liver injury was lower
in ATV + CP group as compared to CP group,
but this decline was not statistically significant.

Table 1. Aspartate aminotransferase (AST), alanine aminotransferase (ALT) and lactate dehydrogenase (LDH) levels in
control and cyclophosphamide (CP), atorvastatin (ATV), and ATV + CP groups.

Serum enzymes

Groups

AST (U/L) ALT (U/L) LDH (U/L)
Control 109.3 +4.92 56.8 £ 4.43 300 + 54.4
ATV 105.5 + 4.44 55+10.39 299.2 +22.08
CP 135.8 +4.65 &0 90.25 + 7.72 &0 551.6 £97.67 &0
ATV +CP 118 + 1.87 *b™me™ 72.33 +2.88 o 3432 +42.82°"

All values are expressed as mean = SD. ®, significant vs control; °, significant vs ATV ¢, significant vs the CP groups; *, P < 0.05; **,

P <0.01: and ***, P <0.001.

Fig. 2. Photomicrographs showed the effect of
atorvastatin (ATV) pre-treatment and
cyclophosphamide (CP) on the histological architecture
of liver in various groups. A, Control; B and C, CP; and
D, ATV + CP groups. Normal structure in control
group, disorganization, hepatic tissue periportal
inflammation (B, white arrow), dilation sinusoids
(C, black arrow), hemorrhage, congestion (B, black
arrow) and vacuolization (C, white arrow), in CP group.
Treatment with ATV improved these changes.
Hematoxylene and eosin (H & E), liver sections with
magnification; A, B, and D x40, C x100. Scale bar =
100 um.
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Liver injury score

Fig. 3. Liver injury scores in liver tissue. Data are
presented as mean += SD. The highest score belongs to
cyclophosphamide (CP) group. Atorvastatin (ATV) was
able to reduce liver injury score in the ATV + CP group,
but was not significant. * and *** significantly different
from the control and * and **® significantly different
from ATV groups. * and P < 0.05, *** and
5P < 0.001.



Effect of atorvastatin on immunoreactivity
of caspase-3 in cyclophosphamide-treated
rats

Immunohistochemical photomicrographs of
the livers are shown in Fig. 4. Section of liver
in the control group showed no caspase-3
immunoreactivity.

Expression of caspase-3 was similar in the
ATV and control groups (Fig. 4A). Increased
immunoreactivity level of caspase-3 was
observed in CP-treated rats. Immunoreactivity
staining was shown in the hepatocytes
(Fig. 4B). Mild immunoreactivity staining of

Hepatoprotective effect of atorvastatin

caspase-3 displayed in ATV + CP group
(Fig. 4C) as compared to CP alone group. The
histograms of the semi-quantitative analysis of
caspase-3 staining in all groups is shown in
Fig. 4D.

The most intense immunoreactivity of
caspase-3 was determined by semi-quantitative
analysis in CP-treated rats (13.35 £+ 2.94)
compared with the other groups (P < 0.05).
ATV administration mitigated the severity of
immunoreactivity of caspase-3 (8.9 £ 2.72).
Immunoreactivity level of caspase-3 in the
control group was similar to ATV group.
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Fig. 4. A, Immunohistochemical staining demonstrated no caspase-3 immunoreactivity in the control group. B,
Cyclophosphamide (CP) increased caspase-3 immunoreactivity that were remarkable in hepatocyts. C, Atorvastatin
(ATV) treatment diminished caspase-3 immunoreactivity in CP treated mice. D, Densitometry analysis of
immunohistochemical staining for caspase-3. Data are presented as a percentage of total tissue area. Immunoreactivity
level of caspase-3 in the control and ATV alone groups was similar. Data are presented as mean = SD. *** significantly
different from the control, **® significantly different from ATV, and * significantly different from CP groups. “P < 0.01

and *** and %P < 0.001.
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DISCUSSION

Cyclophosphamide, as an alkylating drug,
has severe toxic effects on normal organs.
Phosphoramide mustard and acrolein are
active metabolites of CP, that are metabolized
in the liver (27). Previous studies have shown
that antioxidants can protect normal tissues
against CP-induced toxicity (28). In the
present study, CP increased the levels of the
hepatic associated enzymes in the serum, which
confirms liver damage. ATV administration
clearly preserved the level of these
enzymes against CP-induced hepatotoxicity.
Administration of ATV in CP-treated animals
resulted in a decrease in MDA, protein
carbonyl levels and an increase in the cell
viability rate and GSH as compared to CP
alone group. Moreover, ATV caused the
decreased immunoreactivity level of caspase-3
(apoptosis) and preserved hepatic
histoarchitecture.

The oxidative stress and high reactive
oxygen species (ROS) production are the main
mechanisms involved in  hepatotoxicity
induced by CP. Reactive oxygen species
causes lipid peroxidation of the cell membrane
and loss of integrity of cell membrane (29).
Our findings showed an increased MDA level
in the liver of CP-treated rat which is
associated with hepatic damage. Treatment
with ATV decreased the lipid peroxidation in
CP-treated rats which could be attributed to
the free radical scavenging activity of ATV as
well as suppressing oxidative stress. We have
already shown that ATV mitigated oxidative
stress induced by ionizing radiation in the
testis of mice (13). In addition, in this study,
CP treatment led to a significant reduction in
GSH content and an increase in PC contents
when compared to the control group liver. The
increase in lipid peroxidation and PC
attributed to the elevation of free radicals.
GSH, as a strong antioxidant, plays a crucial
role against the tissue damage caused by
oxidative stress. GSH moderates cellular
damage that is related to the increase of ROS
and modulates the apoptosis (30). Our findings
showed that hepatoprotective effect of ATV
against CP-induced hepatic damage is related
to the suppression of oxidative stress through
inhibiting GSH degradation.
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In CP-induced hepatotoxicity, cellular
damage led to the increased cytosolic enzymes
levels (AST, ALT, and LDH) in the blood
(31). In this study, a rise in the hepatic index
such as ALT, AST, and LDH in serum were
observed in CP-induced heptatotoxicy, that
were consistent with previous studies (32).
Antioxidants are effective in the protection of
hepatotoxicity undergoing chemotherapy (4).
ATV at low dose is well known for its
antioxidant and anti-inflammatory properties

(14,13,26). In previous study it was
demonstrated that ATV administration at dose
of 10 mgkg for 1 h  before

ischemia/reperfusion could have protective
effects on liver tissue damage (16). ATV
mediates its antioxidant property through
inhibition of the generation of ROS (33).
Protective effect of ATV has been proven in
the intestines (11), brain (34), kidney (12),
ovary (10), injury induced by
ischemia/reperfusion and genotoxicity induced
by ionizing radiation (35).

Chemoprotective and therapeutic effects of
ATV has been seen against doxorubicin-
induced hepato-renal toxicity (18) and CP-
induced testicular toxicity (13). Our findings
showed protective effect of ATV against CP-
induced hepatotoxicity. Although, in the
human study, ATV at high doses exhibited an
increased risk of significant hepatotoxicity
(36).

The protective effect of ATV at low doses
against hepatotoxicity induced ischaemia-
reperfusion injury has been shown in previous
studies (16,37). The key mechanisms of statins
are suppression of inflammation (NF-xB,
TNF-a, and IL-6) and microvascular protection
(16). Furthermore, statins increase antioxidant
enzyme activities (38). Atorvastatin with
inhibition of vasoconstrictors and upregulation
of nitric oxide, improved microcirculation and
oxygen delivery to tissue (39). Wiggers
showed ATV  pretreatment  protected
hepatotoxicity induced by I/R injury but was
not able to protect hepatocellular damage in
cholestatic livers (39). Mohamed expressed
ATV protected doxorubicin-induced hepato-
renal damage via  antioxidant,  anti-
nitrosative,  anti-inflammatory, and anti-
apoptotic mechanisms (18).



Histopathological examination revealed that
CP caused disorganization of hepatic structure,
degeneration of hepatocytes and vacuolization,

necrosis in hepatocyte cells, peripotal
leucocyte infiltration, sinusoid dilatation,
congestion, and hemorrhage. These

pathological changes were in agreement with
previous studies (21). In addition, the mean
hepatic injury scoring in CP group was higher
as compared to the control and ATV groups.
Damage in hepatic tissue structure may be
attributed to CP-induced lipid peroxidation,
oxidative stress, and subsequently disruption
in the structure and function of liver. These
findings are consistent with the results of other
researchers (40). In the present study,
administrations of ATV to CP-treated rat
revealed marked preservation of the hepatic
tissue structure compared with the CP group.
In ATV + CP group, hepatic tissue showed mild
inflammation that further reflecting the anti-
inflammatory activity of ATV at low doses.
Phosphoramide mustard causes apoptosis
through DNA cross-links and acrolein, an
extremely reactive molecule, induces toxicity
and disruption of normal cell function (41).
Increased free radicals with binding to DNA
activate caspase-3 signaling and subsequently
promote cell death (42). CP induced apoptosis
in liver with elevation of pro-inflammatory
cytokines and reduction of anti-inflammatory
cytokines. The use of antioxidants exhibited
protective effect against CP-induced liver
damage (43). In the current study, mild
immunoreactivity level of caspase-3 was
found in ATV + CP group as compared to
severe immunoreactivity of caspase-3 in CP
group. Pre- and post-treatment with ATV, as
an antioxidant, 5 days before and 5 days after
administration of CP decreased apoptosis in
hepatocytes. This finding was supported by
another study stating that ATV has anti-
apoptotic property (13,44).
CONCLUSION
showed that CP induced
oxidative stress in the liver and ATV
administration effectively improved
hepatotoxicity induced by CP through free

radicals scavenging, decrease of lipid
peroxidation and decrease of oxidative stress.

Our study
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In addition, hepatoprotective effect may be
attributed to its anti-apoptotic activity that is
mediated through alleviating immunoreactivity
of caspase 3 in liver tissue.
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