EXPERIMENTAL AND THERAPEUTIC MEDICINE 12: 1879-1884, 2016

Vitexin attenuates acute doxorubicin cardiotoxicity in rats
via the suppression of oxidative stress, inflammation
and apoptosis and the activation of FOX03a

ZHAN SUN!, BIN YAN 2, WEN YAN YU 3, XUEPING YAO', XIAOJUAN MA3, GELI SHENG* and QI MA

1

1Laboratory of Functional Experimentation, Preclinical College, Xinjiang Medical University; 2Department of

Otorhinolaryngology, Uriimqi First People's Hospital; 3Department of Pathophysiology, Preclinical College,

Xinjiang Medical University, Uriimgi, Xinjiang 830054; 4Department of Geriatrics,

Xinjiang National Clinical Research Base of Traditional Chinese Medicine,
Xinjiang Medical University, Uriimqi, Xinjiang 830000, PR. China

Received April 21, 2015; Accepted June 23,2016

DOI: 10.3892/etm.2016.3518

Abstract. Doxorubicin (DOX) is one of the most effective
chemotherapeutic drugs. However, its clinical use has been
hampered due to the development of cardiotoxicity. Vitexin,
which is the active ingredient of hawthorn leaf extract,
has various biological activities, including antioxidant and
anti-inflammatory actions. The present study aimed to investi-
gate whether vitexin was able to protect against DOX-induced
acute cardiotoxicity in model rats and the mechanisms of this
protective effect were assessed. Adult Sprague-Dawley rats
were randomly assigned into the control (saline only), model
(DOX only) and vitexin-treated (DOX plus vitexin) groups.
Rats in the model and vitexin-treated groups were injected
with DOX (2 mg/kg; i.p.) once a week for 4 weeks. Rats in the
vitexin-treated group were administered 30 mg/kg oral vitexin
once daily at doses for 4 weeks. The levels of lactate dehy-
drogenase, creatine kinase isoenzyme-MB, malondialdehyde,
superoxide dismutase, catalase and myeloperoxidase were
assessed using assay kits. The levels of inflammatory media-
tors, including tumor necrosis factor-a, interleukin (IL)-14,
IL-6, nuclear factor (NF)-«xB, and caspase-3, were assayed by
the enzyme-linked immunosorbent assay method. Western blot
analysis was performed to assess the protein expression levels
of p-FOXO3a. Vitexin pretreatment significantly protected
against DOX-induced myocardial damage, which was char-
acterized by increased serum creatine kinase isoenzyme-MB
and lactate dehydrogenase. Vitexin significantly ameliorated
oxidative stress injury evoked by DOX, demonstrated by the
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inhibition of lipid peroxidation and the elevation of antioxidant
enzyme activities. Furthermore, DOX provoked inflammatory
responses by increasing the expression levels of IL-1f,
IL-6, NF-xB and tumor necrosis factor-o, whereas vitexin
pretreatment significantly inhibited these inflammatory
responses. Notably, DOX induced apoptotic tissue damage by
increasing caspase-3 activity, whereas vitexin administration
was able to decrease caspase-3 activity. In addition, vitexin
induced elevated FOXO3a protein expression levels in the
vitexin-treated group. In conclusion, the findings of the present
study suggested that vitexin possesses cardioprotective action
against DOX-induced cardiotoxicity by suppressing oxidative
stress, inflammation and apoptotic signals.

Introduction

Doxorubicin (DOX), which belongs to the anthracyclines
family, has been used to treat cancer since the late 1960s. It is a
well-established and highly effective antineopalstic agent that
is used to treat various adult and pediatric cancers, including
solid tumors, leukemia, lymphomas and breast cancer (1).
However, DOX causes various toxic effects, the most common
of which is cardiotoxicity (2). Multiple mechanisms are
involved in DOX-induced cardiomyopathy, including the
increase in cardiac oxidative stress, as evidenced by reactive
oxygen species that induce damage such as lipid peroxidation,
and changes in adenylate cyclase activity leading to apoptosis
and inflammation-related signaling pathways (3,4). It has
previously been suggested that DOX also elicits inflammatory
effects by increasing the expression levels of nuclear factor
kappa-B (NF-kB), and induces the production of various
proinflammatory mediators, including tumor necrosis factor
(TNF)-a (5).

It has been demonstrated that DOX cardiotoxicity involves
cardiomyocyte apoptosis (6). Caspase activity can be influ-
enced by DOX, and caspase-3 activation is associated with
DOX administration (7). The forkhead box (FOX) family of
transcription factors regulate numerous cellular functions.
These transcription factors are associated with the regulation
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of metabolism, cell proliferation, resistance of stress, immune
system regulation, and apoptosis (8). FOXO3a is regulated
by a number of signaling pathways, including extracellular
signal-regulated kinase (ERK), Akt, IxB kinase, and serum
glucocorticoid-related kinases (9,10). Furthermore, FOXO3a
is involved in resistance to oxidative stress and also linked
to apoptotic processes by modulating the expression levels
of proapoptotic and antiapoptotic proteins that regulate anti-
oxidant enzyme levels, including mitochondrial antioxidant
manganese superoxide dismutase (MnSOD) (11-13).
Hawthorn, of the rosaceae plant family, is a traditional
Chinese medicine that is used to promote digestion (14). It
has been reported that the ketone compounds extracted from
the Hawthorn leaves are able to regulate blood lipids, blood
pressure, increase coronary flow and protect the ischemic
myocardium (15-17). Vitexin is the active ingredient extracted
from hawthorn leaves, and it has previously been demonstrated
that vitexin has a protective effect against hypoxia in the
reoxygenation of myocardial cells (18). Therefore, the present
study aimed to investigate the potential protective effect of
vitexin against DOX-induced cardiotoxicity in rats and to
elucidate the underlying molecular mechanisms in terms of
oxidative stress, inflammatory and apoptotic mediators.

Materials and methods

Materials. Vitexin with a purity of 95% (Sigma-Aldrich,
St. Louis, MO, USA) was dissolved in normal saline. The
chemical structure of vitexin is presented in Fig. 1. Casein
kinase (CK), lactate dehydrogenase (LDH), tumor necrosis
factor-a (TNF-a), interleukin (IL)-1p, IL-6, nuclear factor
kappa B (NF-kB), malondialdehyde (MDA), SOD, catalase
(CAT) and myeloperoxidase (MPO) commercial kits were
purchased from Invitrogen (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA).

Animals and modeling. A total of 36 male Sprague-Dawley
rats (age, 6-8 weeks; weight, 260+20 g) were provided by the
Laboratory Animal Center of Xinjiang Medical University
(Xinjiang, China). All animal care and experimental proce-
dures were approved by the Animal Care Committee of
Xinjiang Medical University (Uriimgi, China). Rats were
maintained at 24+1°C (humidity, 40-80%) under pathogen-free
conditions with a 12 h light/dark cycle and ad libitum access
to food and water. Rats were randomly and equally assigned
into the control, model, and vitexin-treated groups. Control
rats received an equal volume of normal saline by intraperito-
neal (i.p.) injection at the same time points. Model group rats
were induced by i.p. injection of DOX (2 mg/kg) once a week
for 4 weeks. Vitexin-treated group rats were administered
oral vitexin once daily at doses of 30 mg/kg for 4 weeks (19).
Following treatment, blood samples were collected from the
abdominal aorta and the rats were sacrificed via an overdose
of ethyl carbamate prior to the harvesting of myocardial
tissue. Blood samples were anticoagulated with EDTA and
centrifuged at 3,000 x g for 10 min at 4°C, and the plasma was
subsequently stored at -80 °C until further use.

Assessment of cardiotoxicity indices. LDH and creatine
kinase isoenzyme-MB (CK-MB) levels were assessed in
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Figure 1. Chemical structure of vitexin.

serum samples using commercially available kits according
to the manufacturer's protocol. All measurements were
performed in duplicate.

Assessment of inflammatory cytokines in blood. TNF-a,
IL-1B, IL-6 and NF-xB levels in the blood samples were
determined using ELISA kits, according to the manufactur-
er's protocol. All measurements were performed in duplicate.

Assessment of oxidative stress markers and antioxidant enzyme
activities. Lipid peroxidation was determined by estimating the
level of thiobarbituric acid reactive substances measured as
MDA, according to the manufacturer's protocol. Results were
expressed as MDA (nmol)/mg of wet tissue. Cardiac SOD
activity was determined according to the method outlined by
Flohe and Otting (20). Values were expressed as U/mg protein.
Cardiac CAT activity was assessed via the determination of
the H,O, decomposition rate at 240 nm and the values were
expressed as U/mg protein. MPO activity was assayed using
a commercially available kit, according to the manufacturer's
protocol.

Assessment of cardioprotective FOXO3a protein expression
levels by western blotting. Briefly, the cardiac left ventricular
(LV) tissue was homogenized with a lysis buffer containing
25 mM Tris, (pH 74), 150 mM NaCl, 5 mM EDTA, | mM
Na,;VO,, 10 mM NaF, 1% (vol/vol) Triton X-100, and 1%
(vol/vol) glycerol. Equal amounts of the heart homogenate
(30 ug) were separated by 10% SDS-PAGE (wt/vol) and subse-
quently transferred onto a nitrocellulose membrane (Trans-Blot
Transfer Medium; Bio-Rad Laboratories, Inc., Hercules, CA,
USA), and blocked with 5% skimmed milk at room tempera-
ture for 60 min. Membranes were washed three times for
5 min with Tris-buffered saline with Tween 20 (TBS-T) and
incubated overnight with the appropriate primary anti-phosphor-
ylation-FOXO3a (p-FOXO3a; 1:2,000; 9464) and anti-f3-actin
(1:500; 8457; both American Diagnostica Inc., Stamford, CT,
USA) antibodies at 4°C. Subsequently, the membranes were
washed thrice with TBS-T and incubated with secondary
antibodies for 2 h at room temperature. Immunodetection was
performed using horseradish peroxidase-conjugated secondary
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Figure 2. Cardiotoxicity markers, (A) casein kinase (CK) and (B) lactate dehydrogenase (LDH), for rats treated with doxorubicin and/or 30 mg/kg vitexin.

“P<0.01 vs. the control group; “P<0.01 vs. the model group.
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Figure 3. Effect of 30 mg/kg vitexin on inflammatory cytokines in rats, including (A) NF-«xB, (B) TNF-a, (C) IL-1p and (D) IL-6. “P<0.01 vs. the control

group; “P<0.01 vs. the model group.

antibody (1:2,000; 5522; Cell Signaling Technology Inc.,
Danvers, MA, USA) using an enhanced chemiluminescence kit
(GE Healthcare Life Sciences, Chalfont, UK). Blot quantifica-
tion was performed using ImageQuant LAS 500 software (GE
Healthcare Life Sciences).

Assessment of apoptotic markers. ELISA kits were used to
analyze the levels of caspase-3 in myocardial tissue. Briefly,
cardiac LV tissue was homogenized with a lysis buffer
and equal amounts of the heart homogenate (30 ug) were
supplemented with reaction buffer with 1Asp-Glu-Val-Asp
(DEVD)-p-nitroaniline and incubated at 37°C for 6 h. Caspase-3
activation was measured using a microplate reader (Bio-Rad
Laboratories, Inc.) at an absorbance of 405 nm.

Statistical analysis. Results are presented as the mean + stan-
dard deviation. For tests of significance between the groups,
one-way analysis of variance was performed. Comparisons
between two groups were performed using unpaired Student's
t-test. SPSS 17.0 statistical software (SPSS, Inc., Chicago, IL,
USA) was used to conduct statistical analyses. P<0.05 was
considered to indicate a statistically significant difference. All
measurements were performed at least three independent times.

Results

Biochemical cardiotoxicity markers. Serum markers indicating
myocardial injury, LDH and CK-MB activities were assessed.
As shown in Fig. 2, the activities of LDH and CK-MB were
significantly increased in the serum of the DOX group, as
compared with the control group. Pretreatment with vitexin
resulted in a significant reduction in serum levels, as compared
with the DOX group. Rats in the vitexin group did not exhibit
any significant changes in LDH and CK-MB levels, as compared
with the control group.

Effect of vitexin on inflammatory cytokines. The concentration
levels of TNF-a, IL-1f3, IL-6 and NF-xB in the blood represent
proinflammatory mediators, which are thought to have impor-
tant roles in the development of ischemic heart failure (21). As
shown in Fig. 3, TNF-a, IL-1f, IL-6 and NF-xB levels mark-
edly increased in the model group, as compared with the control
group, whereas these levels were decreased in the vitexin group.

Oxidative stress markers and antioxidant enzymes. As shown
in Fig. 4A, MDA levels significantly increased in the model
group, as compared with the control group (P<0.01), and vitexin
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Figure 4. Oxidative stress markers in rats treated with doxorubicin and/or 30 mg/kg vitexin, including (A) malondialdehyde (MDA), (B) superoxide dismutase
(SOD), (C) catalase (CAT) and (D) myeloperoxidase (MPO) in rats. “P<0.01 vs. the control group; ”P<0.01 vs. the model group.
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Figure 5. Effect of vitexin on FOXO3a in rats. Effect of 30 mg/kg vitexin on the protein expression levels of FOXO3a was assessed by (A) western blotting and
(B) subsequent quantitative analysis in a rat model of ischemic heart failure. “P<0.01 vs. the model group.

significantly inhibited MDA levels as compared with the
model group (P<0.01). As shown in Fig. 4B and C, assess-
ment of the myocardial antioxidant enzymatic profile of rats
in the DOX group demonstrated a significant reduction in
CAT and SOD activities, as compared with the control group
(P<0.01). Pretreatment with vitexin significantly restored
CAT and SOD activities, as compared with the DOX group
(P<0.01). As shown in Fig. 4D, MPO activity significantly
increased in the model group, as compared with the control
group (P<0.05); however, MPO activity was significantly
deceased following vitexin treatment. These results indicated
that vitexin may protect heart function by inhibiting oxida-
tive stress.

Effect of vitexin on FOXO3a. To investigate whether vitexin
is able to modulate the expression of p-FOXO3a protein,
western blot analysis was performed. The intensity measure-
ment for proteins was determined according to the ratio of the
integrated intensity of the p-FOXO3a band to the integrated
intensity of the f-actin band in the same sample. As shown in
Fig. 5A and B, there was no significant difference between the
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Figure 6. Effect of 30 mg/kg vitexin on caspase-3 levels in rats. “P<0.01 vs.
the control group; “P<0.01 vs. the model group.

model and control groups; however, the expression levels of
p-FOXO3a in the vitexin group were significantly increased
compared with the control and model groups (P<0.01). These
results indicated that the protective effect induced by vitexin
against DOX-induced cardiac failure may be associated with
p-FOXO3a protein expression.
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Apoptotic markers. As shown in Fig .6, caspase-3 activation
significantly increased in the model group, as compared with
the control group (P<0.01); however, these increased caspase-3
levels were significantly reduced by pretreatment with vitexin,
as compared with the DOX model group (P<0.01). This result
indicated that the protective effect induced by vitexin against
DOX-induced cardiac failure may be associated with an
anti-apoptotic mechanism.

Discussion

Doxorubicin (DOX) is an effective chemotherapeutic
agent that is frequently used to treat various malignancies.
However, its clinical use is hampered by the development
of cardiotoxicity. It has previously been demonstrated that
DOX-induced cardiotoxicity occurs through mechanisms
other than those that mediate its antitumor effect (22). The
present study aimed to investigate the potential cardioprotec-
tive effect of vitexin against DOX-induced cardiotoxicity in
rats and the underlying mechanisms. The present findings
indicated that pretreatment with vitexin prior to treatment
with DOX for 4 weeks improved the cardiac function of rats,
which included a decrease of LDH and CK-MB in serum.
Notably, the preservation of heart function was demonstrated
to be associated with a decrease in oxidative stress and the
apoptosis in cardiomyocytes as well as a decrease in inflam-
matory cytokines levels.

DOX-induced heart failure is characterized by the genera-
tion of free radicals in the cardiac tissue (22,23). The present
data demonstrated that the activity of SOD and CAT were
significantly decreased in the DOX group and the co-treatment
of vitexin increased SOD and CAT activity. MDA is a lipid
peroxidation marker that is used to assess lipid peroxidation
due to increased oxidative stress (24). In the present study,
blood levels of MDA were markedly increased in the DOX
group, and this was significantly reversed by pretreatment
with vitexin. MPO is an enzyme that is predominantly located
in the primary granules of neutrophils and its main function
is to kill microorganisms; however, under certain conditions,
it produces excess oxidant, which leads tissue damage (25). In
the present study, MPO activity significantly increased after
DOX administration. In contrast, pretreatment with vitexin
significantly decreased MPO activity and reduced neutrophil
infiltration. These findings suggested that vitexin is a poten-
tial antioxidant molecule that may be used to protect the heart
from DOX-induced failure.

Oxidative stress can trigger inflammatory cascades,
which are primarily mediated via NF-kB (26,27). NF-xB
is a key transcription factor that regulates inflammatory
processes (28). Various studies have reported that NF-kB is
involved in the pathogenesis of heart failure (29,30). Activation
of NF-kB induces the activation of genetic programs that
lead to the transactivation of cytokines and chemokines. The
present data demonstrated that inflammatory cytokines levels
increased in the DOX group, as compared with the control
group; whereas these levels decreased in the vitexin group, as
compared with the DOX group.

Oxidative stress evoked by DOX results in the apoptotic
death of cardiomyocytes (31,32) through various signaling
pathways, including the activation of caspase-3 (33). The
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present findings demonstrated that caspase-3 activation
increased in the model group, as compared with the control
group; however, these increased caspase-3 levels were signifi-
cantly reduced by pretreatment with vitexin, as compared with
the DOX group. These findings indicated that vitexin pretreat-
ment may protect the heart by decreasing the apoptotic rate of
cardiomyocytes in response to DOX.

FOXO3a has an important role in the mechanisms which
protect cells from oxidative stress-induced cell death. FOXO3a
is regulated by a number of signaling pathways, including
ERK, Akt, IkB kinase, and serum glucocorticoid-related
kinases (7). FOXO3a regulates the levels of antioxidant
enzymes, including MnSOD (34). The results of the present
study demonstrated that there were no significant differences
between the model and control groups; however, the expres-
sion levels of p-FOXO3a in the vitexin group increased, as
compared with the control and model groups. These results
indicate that the protection against DOX-induced cardiotox-
icity may be associated with p-FOXO3a protein expression.

In conclusion, these results demonstrated that vitexin may
be an effective therapeutic agent against DOX-induced cardio-
toxicity. The mechanisms investigated included the attenuation
of oxidative stress, reducing cardiac inflammatory cytokines,
increased FOXO3a, and inhibition of caspase-3 activation. We
propose that vitexin may be used as an effective therapeutic
agent to prevent DOX-induced cardiomyopathy.
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