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Abstract: The application of Doxorubicin (DOX) in the chemotherapy of cervical cancer is seriously hampered by the
side effects of DOX, especially the cardiotoxicity and nephrotoxicity. Naringin (NIN), a bioflavonoid found in citrus
fruit extract, has demonstrated a marked ability to inhibit preclinical models of cancer cell growth and tumor forma-
tion. Moreover, its other pharmacological effects are also widely explored. In this study, the antitumor activities of
DOX, NIN and their combination were tested in vitro and in vivo. In addition, the attenuation of NIN toward DOX was
also explored. Our data demonstrated that the combined application of DOX and NIN more effectively inhibited the
cell proliferation than single agent in vitro. In the in vivo antitumor test, the combined application of DOX and NIN
more effectively inhibited the growth of HelLa cervical tumor and promoted cell apoptosis. More importantly, the
body weight loss and cardiotoxicity, nephrotoxicity and hepatotoxicity were obviously attenuated compared to the
DOX treatment group. Taken together, all the results indicated that the combined application of DOX and NIN could
inhibit the growth of HelLa cervical cancer cells and attenuate the toxicity of DOX, which suggested NIN could be
used as a combined agent for the prevention and treatment of cervical cancer.
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Introduction

Cervical carcinoma as the second most com-
mon female cancer has been an important
world health problem for women [1]. It is gener-
ally accepted that radical surgery or radiothera-
py is the standard treatment for the patients
with early-stage. Meanwhile, for those patients
with advanced cervical cancer, chemotherapy
or neoadjuvant chemotherapy is always the
first choice [2]. However, the chemotherapy
drugs always cause various side effects, which
seriously hampered the clinical use of chemo-
therapy. Doxorubicin (DOX), as an anthracycline
drug, is widely used for the treatment of various
cancers, including the cervical carcinoma, in
clinical chemotherapy. However, the toxic
effects of DOX such as cardiotoxicity can seri-
ously endanger the patient’s condition [3]. DOX
has been reported to be metabolically activat-
ed to a free radical state and then interacts

with molecular oxygen to generate superoxide
radicals [4]. The formation of DOX-iron complex-
es through oxygen free radicals is considered to
play a crucial role in DOX-induced toxicity [5]. As
a solution, antioxidants were used to combat
the toxicity induced by DOX without influencing
its antitumor activity [6].

Fortunately, flavonoids are a class of naturally
occurring compounds, which have excellent
iron chelating and radical scavenging proper-
ties [7]. Therefore, flavonoids maybe an effec-
tive modulator for the DOX induced toxicity.
Naringin (NIN) is one kind of flavonoids extract-
ed from grapefruit or other citrus fruits.
Moreover, studies have proved that NIN pos-
sessed a variety of biological and pharmaco-
logical properties such as antioxidant activities,
cholesterol-lowering, superoxide scavenging,
antiatherogenic, anti-inflammatory and antitu-
mor [8-12]. It has also been reported that NIN
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could protect cells against the iron and radia-
tion-induced oxidative stress [13]. In addition,
NIN was proved could alleviate cardiotoxicity
caused by DOX in mice by inhibiting PARP activ-
ity and reducing the DNA adduct formation,
scavenging of free radicals, increasing oxidant
status and reduced lipid peroxidation [14].
Especially point out that NIN could inhibit the
proliferation of human cervical cancer (SiHa)
cells through cell cycle arrest and inducing cell
apoptosis [15].

In view of the above conclusions, the present
study soughs to explore the antitumor efficien-
cy of combined DOX and NIN toward the Hela
cervical cancer cells and attenuation of NIN
toward DOX induced. The results demonstrated
that combined application of DOX and NIN
improved the antitumor efficiency compared to
single agent and the body weight loss and the
organs damage caused by DOX was attenuated
by NIN obviously.

Materials and methods
Materials

Naringin (NIN) and MTT were purchased from
Sigma-Aldrich (St. Louis, mO, USA). Doxorubicin
(DOX) was purchased from Zhejiang Hisun
Pharmaceutical Co., Ltd. (Taizhou, P. R. China).
Dulbecco’s modified Eagle’s medium (DMEM)
was obtained from Gibco-BRL (Grand Island,
NY, USA). Terminal deoxynucleotidyl transfer-
ase (TdT)-mediated dUTP nick-end labeling
(TUNEL) kit was purchased from Roche
(Mannheim, Germany). Ki-67 and poly (ADP-
ribose) polymerase-1 (PARP-1) antibodies were
obtained from Abcam Company (Cambridge,
UK). 96-well tissue culture polystyrene (TCP)
plates were obtained from Corning Costar Co.
(Cambridge, MA, USA).

Culture and treatments

Hela cell, a human cervical cancer line, was
obtained from the American Type Culture
Collection. The cells were cultured in DmEm
medium supplemented with 10% FBS at 37°C.

The anticancer effects of DOX (a final concen-
tration from 1.6 to 10.0 yg mL?) and NIN (a final
concentration from 200 to 2000 pymol L) were
tested by a MTT assay on Hela cells. In brief,
the cells were seeded on a 96-well plate at a
density of 7.0 x 102 cells in 180.0 yL of DMEM
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and incubated at 37°C for 24 h. And then, 20.0
pL of DOX and NIN at different concentrations
were added to each well and cultured for anoth-
er 24 h, respectively. Subsequently, 20.0 uL of
MTT at a concentration of 5.0 mg mL?* was
added to each well. After incubation for another
4 h, the medium was carefully removed, and
150.0 pL of dimethyl sulfoxide (DMSO) was
added. After vibration for 5 min, the absor-
bance of medium was determined at 490 nm
using a Bio-Rad 680 microplate reader. In addi-
tion, we also tested the cytotoxicities of half
maximal inhibitory concentrations (IC, ) of DOX
and NIN added different concentrations of NIN
and DOX following the above protocol, respec-
tively. The cell viability was calculated as
Formula (1).

Asam (&
Cell Viability (%) = —" X 100 1)

control

In Formula (1), ASample andA_ - representedthe
absorbances of sample and control wells,

respectively.

In vivo antitumor efficacy assay

The 5-6 week old female athymic nude mice
were obtained from the Experimental Animal
Center of lJilin University (Changchun, P. R.
China). All animals received careful care under
the guidelines approved by the Institutional
Animal Care and Use Committee of Jilin
University.

A number of 3.0 x 10° Hela cells in 0.1 mL of
PBS were subcutaneously injected into the
right flank of mice for the construction of tumor-
bearing model. When the tumors grew to about
100 mm?3, mice were randomly divided into 4
groups (n = 8 for each group): normal saline
(NS) as a control, DOX, NIN and DOX+NIN
groups. Subsequently, mice were treated 5
times with a 3-day interval at a DOX dose of 5.0
mg and NIN dose of 20 mg per kg body weight
(mg (kg BW)?) in 0.2 mL of PBS by tail veil injec-
tion, respectively. The tumor sizes and body
weights of mice were measured once-every-
other-day. The antitumor efficacy of different
groups was evaluated through the tumor vol-
ume (V) as calculated by Formula (2).
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Figure 1. Relative cell viabilities of DOX (A), NIN (B), NIN (IC50)+DOX (C) and DOX (ICSO)+NIN (D) toward Hela cells.

The data were shown as mean + SD (n = 4).

In Formula (2), L and S (mm) were the largest
and smallest diameters of tumor, respectively.
The tumor inhibition ratio was calculated using
Formula (3).

Vcontrol ) Vsamp]c

Tumor inhibition rate (%) = X100 (3)

vcontrol
In Formula (3), V,, ., and V,, _ represented the
tumor volumes of control and sample groups,
respectively.

Histopathological analyses

Four days after the last treatment, all the mice
were sacrificed. And then, tumors and major
organs (i.e., heart, liver, spleen, lung, and kid-
ney) were isolated and fixed in 4% (W/V) PBS-
buffered paraformaldehyde overnight, and then
embedded in paraffin. The paraffin-embedded
tumor and organ tissues were stained with
hematoxylin and eosin (H&E). The histological
alterations of tumors and different organs were
observed by a microscope (Nikon Eclipse Ti,
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Optical Apparatus Co., Ardmore, PA, USA). The
relative necrotic area (%) of tumor tissues was
calculated by Formula (4).

Necrotic area in tumor section
Total area of tumor section

Relative necrotic area (%) = X100 (4)

In situ cell apoptosis detections

In order to observe the in situ cell apoptosis of
tumor tissue, TUNEL assay was performed
according to manufacturer’s protocol on the
TUNEL kit. The fluorescence microimages of
TUNEL-labeled tumor tissues were measured
by confocal laser scanning microscopy (CLSM;
Carl Zeiss, LSM 780, Jena, Germany). The area
of apoptotic cells in tumor tissues were count-
ed in three randomly selected areas photo-
graphed by CLSM under 100 x magnifications.
When for statistical analysis, the area of total
observation field was defined as “100%”. These
data were measured with Image) software
(National Institutes of Health, Bethesda,
Maryland). The relative apoptosis area (%) of
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Figure 2. Evaluations of tumor volume (A) and tumor inhibition rate (B) of HeLa-bearing nude mice after treatment
with DOX, NIN or DOX+NIN employing NS as a control. The data were represented as mean + SD (n = 8; *P < 0.001).

tumor tissue section was calculated by Formula
(5).

Apoptosis area in tumor section
Total area of tumor section

Relative apoptosis area (%) = X100 (5)

Immunohistochemical assays

The immunohistochemistries of Ki-67 and
PARP-1 expressions were performed on the
paraffin-embedded tumor tissue section. The
Ki-67 staining was performed with primary anti-
body (i.e., rabbit anti-mouse monoclonal anti-
body Ki-67) and secondary antibody, that is,
goat anti-rabbit 1gG fluorescein isothiocyanate
(FITC)-conjugated F (ab’), through the labeled
streptavidin-biotin  immunoperoxidase tech-
nique. The PARP-1 activity was measured
according to the routine methods: (1) antigen
retrieval, (2) serum closing, (3) primary anti-
body addition, and (4) second antibody addi-
tion. In order to quantify the Ki-67 and PARP-1
expressions, the average of tumor tissue with
fluorescence for each sample was also counted
under 200 x magnifications for statistical anal-
ysis with the area of total observation field as
“100%". The relative positive area (%) of tumor
tissue section was calculated by Formula (6).

. . _ Positive area in tumor section
Relative positive area (%) = -
Total area of tumor section

X100 (6)

Statistical analysis

All experiments were carried out at least three
times and expressed as means * standard
deviation (SD). Data were analyzed for statisti-
cal significance using SPSS (Version 13.0,
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SPSS Inc., Chicago, IL, USA). *P < 0.001 was
considered statistically highly significant.

Results and discussion
In vitro antitumor efficacy measurement

DOX, a widely used small molecule anthracy-
cline antitumor agent used in clinic, is known to
work through the intercalation and inhibition of
macromolecular biosynthesis of DNA [16]. The
toxicity profiles of DOX and NIN were evaluated
regarding the viability of HeLa cells. The cellular
proliferation inhibition capabilities of DOX, NIN
and their mixture were performed. As shown in
Figure 1A and 1B, single DOX and NIN both
showed obvious proliferation inhibitory with the
increase in drug concentration. The half maxi-
mal inhibitory concentrations (IC,s) of DOX and
NIN were calculated to be 1 yg mL* and 1730
umol L%, respectively. Interestingly, when the
half maximal inhibitory concentration (IC,;) of
DOX or NIN added to single agent, the mixtures
both exhibited more effective proliferation inhi-
bition effects on HelLa cells than single agent
(Figure 1C and 1D). This phenomenon indicat-
ed that the combined application of DOX and
NIN could inhibit the growth of HelLa cells more
effectively in vitro. The result verified the poten-
tial advantage of combing DOX and NIN as a
potential strategy for antitumor in vivo.

In vivo antitumor efficacy assay measurement

Taking the advantages of combining DOX and
NIN in terms of the high antitumor effect in
vitro, we then examined the antitumor efficacy
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Figure 3. Evaluations of body weight loss of Hela-
bearing nude mice after treatment with DOX, NIN or
DOX+NIN employing NS as a control. The data were
represented as mean + SD (n = 8; *P < 0.001).

of the mixture in vivo. The HelLa-bearing nude
mouse models were treated every three days
with NS, DOX, NIN or DOX+NIN, individually. The
changes of tumor volumes of different groups
were real-time monitored during the therapeu-
tic process. The antitumor efficacies of various
formulations were assessed. As shown in
Figure 2A, DOX, NIN and DOX+NIN were all
effective in retarding tumor growth compared
to the NS control. The DOX and NIN groups
showed similar tumor inhibition. The tumor inhi-
bition rates of these two agents were 44% and
37%, respectively, which were shown in Figure
2B. As expected, the DOX+NIN group exhibited
the most satisfactory antitumor efficiency and
the tumor inhibition rate was 60%, which was
significantly higher than that of DOX and NIN
alone. The satisfactory antitumor efficacy of
combing DOX and NIN should be related to the
combined pesticide effect of these two agents,
which was in accordance with the antitumor
activity in vitro. This result strongly supported
the potential combined application of DOX and
NIN in antitumor activity.

The clinical use of DOX is greatly limited to its
severe side effects, such as the serious cardio-
toxicity and nephrotoxicity [17]. Interestingly,
NIN as one kind of flavonoids has been widely
explored and was proved to be capable of pro-
tecting mice against doxorubicin-induced car-
diotoxicity [14]. Body weight loss is a significant
indicator for assessing the DOX-induced toxici-
ty toward mice. In order to verify the role of NIN
in the antitumor activity and alleviating the tox-
icity of DOX, the changes of Body weight of dif-
ferent treatment groups were carefully record-
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ed. As shown in Figure 3, the mice treated with
DOX showed about 20% of body weight lost at
the end of treatment. Moreover, the mice of
this group appeared to be much weak than
other groups, which indicated the serious sys-
tematic toxicity of DOX. As a control, the NIN
treatment group showed relatively light
decrease in body weight during the treatment
observation period. As expected, the DOX+NIN
group showed reduced weight loss compared
to DOX treatment group while still reduced
much more than NIN treatment group. This
result confirmed that the NIN could reduce the
systematic side effects of DOX at the same
time of enhancing antitumor efficiency. This
result also indicated the NIN could be used as
a potential antitumor agent combined with
other antitumor drugs.

Histological and immunohistochemical analy-
ses

For further investigate the antitumor efficacy of
different antitumor agents, the tumor tissues
were dissected and sectioned for H&E pathol-
ogy analysis. As shown in Figure 4, the tumor
sections treated with NS showed large amount
of stroma and the tumor cells exhibited more
chromatin and binucleolates, clear spherical or
spindle shape and large nucleus, which indi-
cated a rapid tumor growth. Furthermore, the
necrosis region was scarcely observed in the
tumor tissue. On the contrary, after the treat-
ment with different antitumor agents, exten-
sive nuclear shrinkage and fragmentation and
various degrees of tissue necrosis were
observed. In order for a more intuitive illustra-
tion, a quantitative estimation of necrosis area
was performed. As shown in Figure 5A, the
necrosis area of DOX, NIN and DOX+NIN treat-
ment groups were about 42%, 37% and 61%,
respectively. This result was in accordance with
the tumor inhibition ratio and quantitatively
confirmed the effective tumor inhibitory effect
of DOX+NIN.

For further confirming the in situ cell apoptosis
of tumor tissue caused by the combined use of
DOX and NIN, the TUNEL assay was performed
by detecting the DNA fragmentation, a marker
of late apoptosis. The DNA fragmentation was
stained as green by fluorescent probe in TUNEL
assessment. The part of cell apoptosis was
represented by the fluorescing area of TUNEL
assessment. As shown in Figure 4, almost no
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Figure 4. Ex vivo histopathological (i.e., H&E), in situ cell apoptosis (i.e., TUNEL), and immunohistochemical analy-
ses (i.e., Ki-67 and PARP-1) of HeLa tumor sections after treatment with NS, DOX, NIN or DOX+NIN. Magnification:
200 x for H&E and immunohistochemistry, and 100 x for TUNEL.

cell apoptosis was detected in the NS group.
On the contrary, varying degrees of apoptosis
were observed in the different treatment
groups. At the same tiome, the semiquantita-
tive data of different groups were evaluated
and displayed in Figure 5B. In detail, the
DOX+NIN group exhibited the most relative
apoptosis area, which was about 58.0%. In
addition, the relative apoptosis areas of DOX
and NIN groups were 41% and 35%, respective-
ly. This result proved the combined application
of DOX and NIN could improve the degree of
apoptosis toward Hela cells. All in all, both H&E
and TUNEL results verified the excellent antitu-
mor efficacy of combined DOX and NIN in vivo
toward Hela cells.
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A nuclear protein, Ki-67, massively expressed
in proliferating cells, has been diffusely
employed as a marker of cell proliferation in
tumor tissues [18]. We explored the expression
of Ki-67 in different treatment groups. As
shown in Figure 4, a weakest positive signal in
nucleus was observed in the DOX+NIN treat-
ment group compared to DOX- and NIN treat-
ment groups. This result illustrated that the
DOX+NIN effectively inhibited tumor cells prolif-
eration in vivo. In order to further analyze Ki-67
expression in tumor tissues quantitatively, the
parts of proliferating cells were counted care-
fully. As shown in Figure 5C, the percentages of
proliferating cells of DOX, NIN and DOX+NIN
groups were about 60%, 68% and 40.0%,

Int J Clin Exp Pathol 2017;10(7):7303-7311
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Figure 5. Relative necrotic area of tumor section from H&E (A), relative apoptosis area of tumor section from TUNEL
(B), and relative positive area of tumor sections analyzed from Ki-67 and PARP-1 (C and D) after treatment with NS,
DOX, NIN or DOX+NIN. Data were presented as mean + SD (n = 4; "P < 0.001).

respectively. This result prompted that the
combined application of DOX and NIN effective-
ly inhibited tumor cells proliferation in vivo.

PARP, an abundant DNA-binding enzyme, is
widely used characteristic hallmark of apopto-
sisis in many types of cells [19, 20]. In order to
further confirm the tumor cells apoptosis in
tumor tissues, the 25 kDa fragment of cleaved
PARP-1 was performed by immunohistochemis-
try. As shown in Figure 4, a significantly inten-
sive number of PARP-1 positive fluorescence
signals were observed in the DOX+NIN treat-
ment group, indicating that more cells under-
went apoptosis. As shown in Figure 5D, the per-
centages of apoptotic cells of DOX, NIN and
DOX+NIN groups were about 45%, 38% and
64%, respectively. This result further verified
that the combined DOX and NIN could effec-
tively inhibit the growth of tumor than single
DOX or NIN in vivo.

In summary, all the evaluations of H&E, TUNEL,
Ki-67, and PARP-1 verified the combined appli-

7309

cation of DOX and NIN exhibited more potent
inhibition toward HelLa cells growth compared
with single DOX or NIN in vivo.

In vivo security assessment

The serious cardiotoxicity and nephrotoxicity
greatly limited the use of DOX in clinic. So weak-
ening the side effect of DOX is an urgent prob-
lem need to be solves, which is directly related
to the survivals of patients. Therefore, the
decreased systemic toxicity of DOX due to the
combined application of NIN was further con-
firmed by the histopathological detections of
the main organs (i.e., heart, liver, spleen, lung,
and kidney). As shown in Figure 6, DOX caused
various degrees of heart damage in the DOX
treatment group. It could be seen that the myo-
cardial fiber was damaged and apoptosis, vary-
ing numbers of inflammatory cell infiltrated.
These damages were shown by the black
arrows in Figure 6. Nevertheless, there was
faint heart damage in the NIN treatment group.
The myocardial cells lined in order, and sarco-

Int J Clin Exp Pathol 2017;10(7):7303-7311
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Control

NIN DOX+NIN

Figure 6. Histopathological analyses of visceral organ sections from HelLa-bearing nude mice after treatment with
NS, DOX, NIN or DOX+NIN. The arrows pointed out a certain myocardial damage and fracture, the nucleus shrunk
of liver tissue and nephrotoxicity judged from the shriveled glomerular and gathered nuclei. Magnification: 200 x.

lemma kept integrity. On the contrary, the heart
damage caused by DOX was strongly alleviated
by combined application of NIN, which was
clearly exhibited in the DOX+NIN treatment
group. Most obviously, the crack of myocardium
was strongly alleviated compared to the DOX
treatment group. This result further illustrated
that NIN could attenuate the side effects
caused by DOX. In addition, the structural dis-
turbance caused by DOX was also alleviated by
NIN. The microregional necrosis of hepatocytes
of DOX+NIN group was obviously weakened
than DOX treatment group. Besides, the NIN
caused faintly damage to the hepatocyte.
Moreover, an obvious nephrotoxicity caused by
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free DOX was also alleviated by NIN. As shown
in the pictures, the shriveled glomerular and
unclear cell morphology in the DOX treatment
grouo was Imost could not be seen in the
DOX+NIN group. In addition, all groups exhibit-
ed no noticeably damages toward spleen and
lung.

Conclusion

NIN as a functional bioflavonoid has been used
in our work to verify its antitumor effect toward
Hela cells combined with DOX. In summary,
the combined application of DOX and NIN
showed obviously enhanced antitumor efficien-
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cy compared to single agent toward Hela cells
in vitro. Moreover, in the in vivo antitumor test,
the DOX+NIN exhibited satisfactory behaviors.
Apart from inhibiting tumor growth, NIN was
also found to increase apoptosis in HelLa cells
and alleviate the toxic side effects of DOX
toward various organs of mice. These results
are significant as they provide new insights in
the further application of NIN in antitumor
activity. Thus, our findings provide a framework
for the further exploration of NIN combined
with other chemotherapeutics. However, the
exact mechanism of attenuation by NIN is not
known, so more work needs to be done in the
future. All in all, the NIN might be a potent che-
motherapeutic agent for the treatment of
human cancer.
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