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Abstract. 5‑hydroxy‑4'‑nitro‑7‑propionyloxy‑genistein 
(HNPG), a novel synthetic isoflavone derivative, was 
demonstrated to possess antitumor activity in gastric cancer 
and breast cancer in  vitro, but its antitumor effect and 
mechanism in ovarian cancer has not been characterized. The 
aim of the present study was to investigate the effects of HNPG 
on inhibiting the proliferation and invasion in human ovarian 
cancer A2780 cell lines of cisplatin resistance (A2780/DDP) 
and elucidate its underlying molecular mechanism. The results 
indicated that HNPG presented with marked antitumor activity 
against A2780/DDP cells in vitro, significantly inhibited the 
rates of proliferation, clone formation, invasion and metastasis, 
and markedly induced apoptosis in dose‑ and time‑dependent 
manner. Simultaneously, levels of reactive oxygen species 
(ROS) were increased and mitochondrial membrane 
potential was decreased. In addition, Bcl‑2 expression was 
downregulated, Bax expression was upregulated, and the 
ratio of Bcl‑2/Bax was decreased. Concurrently, levels of 
Cyt‑C were markedly enhanced and the caspase cascade 
was triggered. Taken together, the results suggested that 
HNPG exerted anticancer effects through promoting ROS 
accumulation in cells, triggering mitochondrial apoptotic 
pathways and ultimately resulting in cells apoptosis. Therefore, 
HNPG serves as a potential candidate in the chemoprevention 
and/or treatment of cisplatin‑resistant human ovarian cancer.

Introduction

Cisplatin (DDP) is widely used in treating ovarian cancer 
and has demonstrated a marked therapeutic effect in its 
clinical application. However, during the treatment progress, 

the generation of DDP resistance has become an obstacle to 
successful treatment (1,2). It is well‑known that when DDP is 
administered to patients, certain biological phenomena will 
inevitably occur, such as a gradual reduction in intracellular 
drug accumulation, inactivation of the general desired effects 
of the treatment, improvements in the DNA repair ability of 
cancer cells, alterations of the apoptosis pathway of the tumor 
cells, and certain regulatory actions of activated indirect 
signaling pathways, which directly results in the generation of 
DDP resistance. These may increase the incidence or severity 
of these events, even causing complete treatment failure (3‑5). 
One strategy to overcome resistance to DDP is to develop 
novel chemotherapeutic drugs with less or no side effects, 
which has become an important topic in the field of cancer 
biology, particularly in ovarian cancer.

Previous studies examining the structure‑activity asso-
ciations of natural isoflavones with antitumor responses have 
demonstrated that benzene rings with hydroxyls in the seventh 
or fifth carbon atom in the primary chain (C‑7 or C‑5), or with 
three hydroxyls in whole chemical structure, possess higher 
rates of pharmacological activities (6,7). The hydroxyl of C‑5 
in isoflavones is the necessary chemical group that retains the 
antitumor activity (8). Isoflavones in that the hydroxyl of C‑4' 
is superseded by an NO2 group will exhibit increased anti-
tumor bioactivity in comparison to the original isoflavones (9). 
5‑hydroxy‑4'‑nitro‑7‑propionyloxy‑ genistein (HNPG) is a 
novel synthetic isoflavone derivative that possesses a nitro 
group in C‑4', a hydroxyl group at C‑5 and a propionyloxy 
group at C‑7, and it was observed that HNPG exhibited an 
inhibition of proliferation in gastric and breast cancer via an 
MTT assay and a 5‑acetylene‑2'‑deoxypyrimidine nucleoside 
staining method (10) in vitro, but its antitumor effect has not 
been examined by other experimental forms, and its molecular 
biological mechanism has not been investigated (11,12), its role 
in ovarian cancer also remains uncharacterized.

In the present study, the anticancer effects of HNPG in 
A2780/DDP cells were evaluated in vitro, and the results demon-
strated that HNPG may inhibit proliferation, clone formation, 
invasion and metastasis and induce apoptosis in A2780/DDP 
cells, which may attribute to its ability to increase the accu-
mulation of reactive oxygen species (ROS) in cells, decrease 
the mitochondrial membrane potential (Δψm), regulate the 
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ratio of B‑cell lymphoma 2 (Bcl‑2)/Bcl‑2‑associated X protein 
(Bax) and release Cytochrome C (Cyt‑C) from the mitochon-
dria, triggering a caspase cascade and inducing apoptosis, 
which not only demonstrated more researching patterns of 
the antitumor effects of HNPG, but also highlighted the basic 
molecular biological mechanism of HNPG compared with 
previous reports (11,12).

Materials and methods

Reagents. HNPG was synthesized in the Department of 
Obstetrics and Gynecology, The First Clinical School of Jinan 
University (Guangzhou, China) as described previously (12), 
with minor modifications; this reagent is a pale yellow crys-
talline powder with a molecular formula C18H13O7N and a 
molecular weight of 355, and its chemical structure is presented 
in Fig 1. HNPG was dissolved in dimethyl sulfoxide (DMSO) 
into a 1  mM stock solution and stored until use, and the 
maximal concentration of DMSO did not exceed 0.1% (v/v), as 
this concentration does not exhibit an inhibitory effect on cell 
proliferation. DMSO, PBS, MTT and Giemsa, crystal violet 
and hematoxylin & eosin (H&E) stains were all obtained from 
Beyotime Institute of Biotechnology, Co., Ltd. (Shanghai, 
China). Matrigel™ was purchased from Shanghai Invitrogen 
Biological Technology Co., Ltd. (Shanghai, China). Specific 
antibodies for rabbit anti‑Bcl‑2 (cat. no. A0040‑1; dilution, 
1:1,000), rabbit anti‑Bax (cat. no. A00183; dilution, 1:1,000), 
rabbit anti‑Cyt‑C (cat. no. A03529; dilution, 1:1,000), rabbit 
anti‑cleaved caspase‑9 (cat. no. BM4521; dilution, 1:1,000), 
rabbit anti‑cleaved caspase‑3 (cat. no.  BM3937; dilution, 
1:1,000), rabbit anti‑GAPDH antibodies (cat. no. A00227‑1; 
dilution, 1:1,000) and horseradish peroxidase‑conjugated 
secondary rabbit antibody used for western blotting (cat. 
no. BA1082; dilution, 1:5,000) were all obtained from Boster 
Biological Technology Co., Ltd. (Wuhan, China).

Cell culture and grouping. A2780‑cisR cell line was purchased 
from the China Centre for Type Culture Collection (Wuhan, 
Hubei, China) and cultured at 37˚C in humidified 5% CO2 in 
Dulbecco's modified Eagle's medium (DMEM; Hyclone; GE 
Healthcare Life Sciences, Logan, UT, USA) supplemented with 
10% fetal bovine serum (FBS; Hangzhou Sijiqing Biological 
Engineering Materials Co., Ltd., Hangzhou, China), penicillin 
(100 U/ml, Qilu Pharmaceutical Co., Ltd., Jinan, China) and 
streptomycin (100 µg/ml, Shandong Pharmaceutical Co., Ltd., 
Jinan, Shandong, China). The cells were then divided in four 
groups: The control group (0.1% DMSO) and the different 
concentrations of HNPG (5, 10 and 20 µM) groups.

Cell proliferation assay. A2780/DDP cells were seeded on a 
96‑well plate (Beyotime Institute of Biotechnology Co., Ltd., 
Shanghai, China) at a density of 1x104 cells/well and incubated 
with different concentrations of HNPG of 0.625, 1.25, 2.5, 5, 
10, 20, 40, 80 and 160 µM for 24 h at 37˚C in a humidified 
atmosphere containing 5% CO2, which concentration intervals 
benefit to screen the most sensitive range of pharmacological 
activities. Subsequently, 20 µl 5 mg/ml MTT stock solution was 
added to each well, and an additional incubation was performed 
for 6 h at 37˚C. A total of 100 µl DMSO was added to each well 
to halt the reaction, and spectrophotometric absorbance was 

subsequently measured using a microplate reader (ELX‑800; 
BioTek China, Shanghai, China) at 570 nm (A570). The prolifera-
tive inhibition graph was made based on the rate of proliferation 
inhibition calculated according to the value of spectrophoto-
metric absorbance. The three most sensitive concentrations of 
HNPG were selected, then 0.1% DMSO and different concen-
trations of HNPG (5, 10 and 20 µM) were introduced into each 
well and sequentially A2780/DDP cells were cultured with 
complete DMEM medium for 24, 48 and 72 h in humidified 
5% CO2 at 37˚C. The rate of proliferation inhibition (IR) was 
calculated as follows: (1‑average A570 of the experimental 
group/average A570 of the control group) x100%. Experiments 
were performed in triplicate, and the mean value was calculated.

Flat plate clone formation assay. A2780/DDP cells were 
collected and seeded onto a 6‑well plate (Beyotime Institute 
of Biotechnology Co., Ltd., Shanghai, China) at a density of 
3x103 cells/well and incubated for 24 h at 37˚C in a humidi-
fied atmosphere containing 5% CO2. Then, 0.1%  DMSO 
or different concentrations of HNPG (5, 10 or 20 µM) were 
added to each well, and the cells were continuously cultured 
for 48  h. Subsequently, the drug‑containing medium was 
removed, and the cells were washed twice with PBS. Complete 
DMEM medium was then added, and the cells were cultured 
for 7 days at 37˚C in humidified 5% CO2 until visible clones 
formed. Clones containing >50 cells were defined as one 
clone, and were fixed with 95% methanol for 10 min at room 
temperature and stained with 0.1% Giemsa stain for 10 min 
at room temperature. Individually‑stained clones in each well 
were counted and the clone formation rate was calculated: The 
clone formation inhibition rate (%) was calculated as follows: 
1‑(the mean number of HNPG group/the mean number of 
control group) x100%. The results were representative of three 
independent experiments.

Assessment of the invasive capacity. A pre‑cooled 24‑well 
Transwell plate (Beyotime Institute of Biotechnology Co., 
Ltd., Shanghai, China) was covered with 30 µl Matrigel™ at a 
1:3 dilution and incubated at 37˚C for 3 h. Then, A2780/DDP 
cells (1x105/well) were cultured at 37˚C for 20 h in the inner 
chamber and exposed to 100  µl 0.1% FBS/DMEM with 
0.1% DMSO or different doses of HNPG (5, 10 or 20 µM), and 
the outer chamber was filled with 500 µl 10% FBS/DMEM 
to act as a chemoattractant. Subsequent the membranes of 
Transwell plate were washed with PBS three times and the 
invasive cells were fixed with 95% ethanol for 15 min at room 
temperature, and then stained with 0.5% H&E staining for 
15 min at room temperature. The number of invasive cells 

Figure 1. Chemical structure of 5‑hydroxy‑4'‑nitro‑7‑propionyloxy‑genistein.
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was manually counted in 5 randomly selected fields under 
an inverted microscope (N‑STORM 4.0; Nikon Corporation, 
Tokyo, Japan) with magnification, x200. Every group had 
three repeat wells and the average value was calculated.

Examination of the metastasizing ability. A2780/DDP cells 
(1x105/well) were seeded into the inner chamber of 24‑well 
Transwell plate, treated with 100  µl 0.1%  FBS/DMEM 
containing 0.1% DMSO or different doses of HNPG (5, 10 or 
20 µM). The inner chamber was placed into the outer chamber 
containing 500 µl 10% FBS/DMEM, and cultured for 16 h at 
37˚C. Following this, the membranes of the Transwell plate 
were washed with PBS three times, and the metastasized cells 
were fixed with 4% paraformaldehyde for 15 min at room 
temperature and subsequently stained with 0.1% crystal violet 
stain for 15 min at room temperature. The number of metas-
tasized cells was manually calculated in 5 randomly selected 
fields under inverted microscope with magnification, x200. 
Each group had three repeated wells and the mean value was 
calculated.

Annexin V‑fluorescein isothiocyanate (FITC)/propidium 
iodide (PI) stain apoptosis assay. Groups of A2780/DDP cells 
were treated with 0.1% DMSO or different concentrations 
of HNPG (5, 10 or 20 µM) for 48 h, then washed with PBS 
twice, digested with 0.25% trypsin, centrifuged 300 x g for 
5 min at room temperature, and the supernatant was discarded. 
Subsequently, the cells were stained with PI (50 mg/ml) and 
Annexin V‑FITC (25 mg/ml) solution (Beyotime Institute of 
Biotechnology Co., Ltd., Shanghai, China) at room tempera-
ture for 15 min in the dark, and then analyzed within 1 h using 
flow cytometry. Excitation and emission wavelengths of 488 
and 530 nm, respectively, were selected, and the fraction of 
the cell populations in different quadrants was analyzed using 
quadrant statistics. Experiments were performed in triplicate, 
and the mean value was calculated.

Evaluation of ROS. A2780/DDP cells were treated with 
0.1% DMSO or different concentrations of HNPG (5, 10 or 
20 µM) for 48 h, washed by PBS twice and digested with 
0.25% trypsin, centrifuged 300 x g for 5 min at room tempera-
ture, and the supernatant was discarded. The cells were then 
resuspended using 5 mM 2',7'‑dichlorodihydro‑fluorescein 
diacetate (DCFH‑DA; Bioluminor Biotechnology Co., Ltd., 
Xiamen, Fujian, China), incubated for 30 min at 37˚C in the 
dark and washed with serum‑free DMEM medium three 
times. Subsequently, the samples were analyzed by flow 
cytometry using excitation and emission wavelengths of 488 
and 530 nm, respectively. The independent experiments were 
repeated three times, and the average value was calculated.

Measurement of Δψm. A2780/DDP cells were exposed to 
0.1%  DMSO or different concentrations of HNPG (5, 10, 
20 µM) for 48 h, washed twice with cold PBS, digested with 
0.25% trypsin, centrifuged 300 x g for 5 min at room tempera-
ture, and the supernatant was discarded, resuspended in 10 mM 
lipophilic cationic dye 2‑(6‑Amino‑3‑imino‑3H‑xanthen‑9‑yl) 
benzoic acid methyl ester (Rh123; Yeasen Biological 
Technology Co., Ltd., Shanghai, China) for 30 min at 37˚C 
in the dark, and then analyzed by flow cytometry. Excitation 

and emission wavelengths were 475 and 525 nm, respectively. 
Experiments were performed in triplicate, and the mean value 
was calculated.

Western blot analysis. A2780/DDP cells that were treated with 
0.1% DMSO or different concentrations of HNPG (5, 10 and 
20 µM) for 48 h were washed with cold PBS twice and lysed 
in 5% lysis buffer (Beyotime Institute of Biotechnology Co., 
Ltd., Shanghai, China). The cell lysate was incubated on ice for 
15 min and then centrifuged at 20,000 x g for 30 min at 4˚C. 
The amount of total cell protein was determined by BCA kit 
(Beyotime Institute of Biotechnology Co., Ltd., Shanghai, China). 
Protein aliquots (50 µg) were separated by 12% SDS‑PAGE and 
transferred to nitrocellulose membranes. Non‑specific binding 
sites were blocked by incubating the nitrocellulose membrane 
for 1 h at 37˚C with 5% non‑fat dried milk in TBS containing 
0.05% Tween‑20 (TBST). The membranes were incubated for 
3 h at 37˚C with primary antibodies (rabbit anti‑Bcl‑2, rabbit 
anti‑Bax, rabbit anti‑Cyt‑C, rabbit anti‑cleaved caspase‑9, rabbit 
anti‑cleaved caspase‑3 and rabbit anti‑GAPDH antibodies, then 
washed using TBST buffer three times and 15 minutes every 
time and incubated with a horseradish peroxidase‑conjugated 
secondary rabbit antibody for 2 h at 37˚C. The dilutions of 
all the primary antibodies were 1:1,000, and the dilution of 
horseradish peroxidase‑conjugated secondary rabbit antibody 
was 1:5,000. Bands were visualized using an enhanced chemilu-
minescence kit (cat no. AR1170; Boster Biological Technology 
Co., Ltd., Wuhan, China) and analyzed using Image J (version 
1.8.0; National Institutes of Health, Bethesda, MD, USA). Each 
experiment was repeated three times and the mean value was 
obtained.

Statistical analysis. SPSS 15.0 software package (SPSS Inc., 
Chicago, IL, USA) was used for analysis. Data are presented 
as the mean ± standard deviation. The means of multiple 
groups were compared with one‑way analysis of variance, 
after analyzing means using the test for homogeneity of vari-
ance, the comparisons among the means were performed 
using Least‑significant Difference, Student‑Newman‑Keuls 
and Bonferroni. Multiple post‑hoc tests were used in order to 
demonstrate the statistical significance from multiple‑aspect. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

HNPG inhibits A2780/DDP cell proliferation. A2780/DDP 
cells were treated with different concentrations of HNPG 
ranging from 0.625‑160 µM for 24 h, and the proliferation of 
A2780/DDP cells was inhibited by HNPG in a dose‑dependent 
manner. The inhibition rate of HNPG concentrations ranging 
from 0.625‑2.5 µM or from 40‑160 µM was non‑significant, 
but the inhibition ratio was markedly increased by concentra-
tions ranging between 2.5‑40 µM. A2780/DDP cells were 
exposed to different doses of HNPG (5, 10 or 20 µM) for 24, 
48 or 72 h, respectively. The proliferation of A2780/DDP cells 
was markedly inhibited in a dose‑and time‑dependent manner; 
the inhibition rate of every HNPG‑treated group was signifi-
cantly different compared with the control group (P5 µM/0.1% 

DMSO<0.05, P10 µM/0.1% DMSO<0.05, P20 µM/0.1% DMSO<0.05), and there 
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was statistical difference among each HNPG‑treated group 
(P5/10 µM<0.05, P5/20 µM<0.05, P10/20 µM<0.05). The value of half 
maximal inhibitory concentrations (IC50) were 16.32, 12.48 
and 8.64 µM for 24, 48 and 72 h, respectively, as demonstrated 
in Fig. 2A and B.

HNPG suppresses A2780/DDP cell clone formation. 
A2780/DDP cells were incubated at 37˚C with 0.1% DMSO or 
different concentrations of HNPG (5, 10 or 20 µM) for 48 h. 
Subsequently, the drug‑containing medium was removed, and 
cells were incubated with complete DMEM medium for 7 days 
until visible clones formed. The rate of clone formation was 
markedly reduced and the cell number inside the clones was 
significantly decreased. The inhibition rate of clone formation 
was significantly increased in a dose‑dependent manner; every 
HNPG‑treated group demonstrated a marked statistical differ-
ence compared with the control group (P5 µM/0.1% DMSO<0.05, 
P10 µM/0.1% DMSO<0.05, P20 µM/0.1% DMSO<0.05). In addition, there 
was statistical difference among each HNPG‑treated group 
(P5/10 µM<0.05, P5/20 µM<0.05, P10/20 µM<0.05). The IC50 of clone 
formation was 9.36 µM for 7 days, as demonstrated in Fig. 3A 
and B.

HNPG inhibits A2780/DDP cell invasion ability. A2780/DDP 
cells were cultured with 0.1% DMSO or different concentra-
tions of HNPG (5, 10 or 20 µΜ) for 20 h, and the invasive 
ability was markedly decreased in a dose‑dependent manner. 
The results demonstrated that the average cell numbers of 
control, 5, 10 and 20 µM groups invading through the Matrigel 
were 54.25±4.68, 36.75±3.22, 26.64±2.15 and 15.76±1.26, 
respectively. There was a statistical difference between each 
HNPG‑treated group and the control (P5 µM/0.1% DMSO<0.05, 
P10  µM/0.1% DMSO<0.05, P20  µM/0.1% DMSO<0.05), and there was 
statistical difference among each HNPG‑treated group 
(P5/10 µM<0.05, P5/20 µM<0.05, P10/20 µM<0.05), as indicated in 
Fig. 4A and B.

HNPG af fects A2780/DDP cells metastasis ability. 
A2780/DDP cells were cultured with 0.1% DMSO or different 
concentrations of HNPG (5, 10 or 20 µΜ) for 16 h, and the 
metastasizing ability of A2780/DDP cells was significantly 

Figure 3. Effects of HNPG on the inhibition rate of clone formation 
in A2780/DDP cells exposed to different concentrations of HNPG (5, 
10 or 20 µM) for 7 days. (A)  Images indicating the clone formation of 
A2780/DDP cells stained with Giemsa stain (magnification,  x200). 
(B) Histogram demonstrating the inhibition rate of clone formation. The 
data are presented as the mean ± standard deviation from three independent 
experiments. *P<0.05 vs. 0.1% DMSO group, #P<0.05 vs. 5 µM HNPG group, 
&P<0.05 vs. 10 µM HNPG. HNPG, 5‑hydroxy‑4'‑nitro‑7‑propionyloxy‑genis-
tein; DMSO, dimethyl sulfoxide.

Figure 2. Effects of HNPG on the inhibition of the proliferation rate in 
A2780/DDP cells. (A) Graph indicating the rate of proliferation inhibition of 
HNPG ranging from 0.625‑160 µM for 24 h. (B) The proliferation inhibition 
rate of different concentrations of HNPG (5, 10 or 20 µM) for 24, 48 and 
72 h. The data are presented as the mean ± standard deviation from three 
independent experiments. *P<0.05 vs. 0.1% DMSO group, #P<0.05 vs. 5 µM 
HNPG group, &P<0.05 vs. 10 µM HNPG. HNPG, 5‑hydroxy‑4'‑nitro‑7‑pro-
pionyloxy‑genistein; DMSO, dimethyl sulfoxide.



ONCOLOGY LETTERS  15:  5227-5235,  2018 5231

decreased in a concentration‑dependent manner. The results 
demonstrated that the average cell numbers of control, 5, 10 
and 20 µM groups that metastasized through polycarbonate 
membrane were 50.36±4.33, 32.45±3.05, 24.12±2.12 and 
13.86±1.16, respectively. There was a statistical difference 
among every HNPG‑treated group (P5/10 µM<0.05, P5/20 µM<0.05, 
P10/20  µM<0.05), and each HNPG‑treated group exhibited 
a statistical difference compared with the control group 
(P5 µM/0.1% DMSO<0.05, P10 µM/0.1% DMSO<0.05, P20 µM/0.1% DMSO<0.05), 
as demonstrated in Fig. 5A and B.

HNPG induces A2780/DDP cells apoptosis. A2780/DDP cells 
were exposed to 0.1% DMSO and different concentrations of 
HNPG (5, 10 or 20 µΜ) for 48 h, and the apoptotic rate of 
A2780/DDP cells was significantly enhanced. The results 
indicated that HNPG may markedly induce A2780/DDP 
cells apoptosis in a dose‑dependent manner; the apoptotic 
rates of control, 5, 10 and 20 µM groups were 0.93±0.12, 

21.09±2.15, 33.69±3.52 and 41.39±4.54%, respectively. 
Every HNPG‑treated group possessed statistical difference 
compared with control group (P5 µM/0.1% DMSO<0.05, P10 µM/0.1% 

DMSO<0.05, P20 µM/0.1% DMSO<0.05), and there were significant 
differences among each HNPG‑treated group (P5/10 µM<0.05, 
P5/20 µM<0.05, P10/20 µM<0.05), as exhibited in Fig. 6A and B.

HNPG affects A2780/DDP cells ROS level. A2780/DDP cells 
were cultured with 0.1% DMSO and different concentrations 
of HNPG (5, 10 or 20 µΜ) for 48 h, the average intensity of 
fluorescence of DCFH‑DA was increased in a dose‑dependent 
manner, which directly represented the level of intracellular 
ROS. The results exhibited that HNPG may cause oxidative 
injury in A2780/DDP cells, increase the level of intracellular 
ROS of A2780/DDP cells; the mean fluorescence intensi-
ties of DCFH‑DA of control, 5, 10 and 20 µM groups were 
2.72±0.25, 3.30±0.29, 4.29±0.40 and 5.05±0.51, respectively. 
There were statistical differences among each HNPG‑treated 

Figure 5. Effects of HNPG on the metastasizing ability of A2780/DDP cells 
administered with different concentrations of HNPG (5, 10 or 20 µM) for 
16 h. (A) Images indicating A2780/DDP cells on a polycarbonate membrane 
stained with crystal violet stain (magnification, x200). (B) Histogram demon-
strating the cell number of metastasis via a polycarbonate membrane. The 
data are presented as the mean ± standard deviation from three independent 
experiments. *P<0.05 vs. 0.1% DMSO group, #P<0.05 vs. 5 µM HNPG group, 
&P<0.05 vs. 10 µM HNPG group. HNPG, 5‑hydroxy‑4'‑nitro‑7‑propiony-
loxy‑genistein; DMSO, dimethyl sulfoxide.

Figure 4. Effects of HNPG on the invasive capabilities of A2780/DDP cells 
treated with different concentrations of HNPG (5, 10 or 20 µM) for 20 h. 
(A) Images demonstrating A2780/DDP cells in a Matrigel assay and stained 
with Hematoxylin and Eosin stain (magnification, x200). (B) Histogram 
exhibiting the number of invasive cells via a Matrigel assay. The data are 
indicated as the mean ± standard deviation from three independent experi-
ments. *P<0.05 vs. 0.1% DMSO group, #P<0.05 vs. 5 µM HNPG group, 
&P<0.05 vs. 10 µM HNPG. HNPG, 5‑hydroxy‑4'‑nitro‑7‑propionyloxy‑genis-
tein; DMSO, dimethyl sulfoxide.
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group (P5/10  µM<0.05, P5/20  µM<0.05, P10/20  µM<0.05), and all 
HNPG‑treated groups demonstrated statistical difference 
compared with the control group (P5 µM/0.1% DMSO<0.05, P10 µM/0.1% 

DMSO<0.05, P20 µM/0.1% DMSO<0.05), as indicated in Fig. 7A and B.

HNPG changes A2780/DDP cell Δψm. A2780/DDP cells 
were treated to 0.1% DMSO and different concentrations of 
HNPG (5, 10 or 20 µΜ) for 48 h, the average intensity of fluo-
rescence of Rh123 was decreased in concentration‑dependent 
manner, which were directly on behalf of the level of Δψm. 
The results indicated that HNPG may markedly decrease 
the Δψm of A2780/DDP cells and the mean fluorescence 
intensities of Rh123 of control, 5, 10 and 20 µM groups were 
19.4±2.16, 13.7±1.58, 8.38±0.82 and 4.61±0.52, respectively. 
There were statistical differences among every HNPG‑treated 
group (P5 & 10 µM<0.05, P5 & 20 µM<0.05, P10 & 20 µM<0.05), and all 

of HNPG‑treated groups demonstrated statistical difference 
compared with the control group (P5 µM & 0.1 % DMSO <0.05, P10 µM 

& 0.1% DMSO<0.05, P20 µM & 0.1% DMSO<0.05), as demonstrated in 
Fig. 8A and B.

HNPG regulates Bcl‑2 family proteins expression, releases 
Cyt‑C from the mitochondria and activates a caspase 
cascade in A2780/DDP cells. A2780/DDP cells were exposed 
to 0.1% DMSO and different concentrations of HNPG (5, 10 
or 20 µΜ) for 48 h, and the average relative density of Bcl‑2, 
Bax, Cyt‑C, cleaved caspase‑9 and cleaved caspase‑3 were 
analyzed. The Bcl‑2 expression level exhibited a decreasing 
trend, while Bax, Cyt‑C, cleaved caspase‑9 and cleaved 
caspase‑3 expression levels increased. The ratio of Bcl‑2/Bax 
also decreased. All HNPG‑treated groups exhibited a statistical 

Figure 7. Effects of HNPG on reactive oxygen species content of 
A2780/DDP cells incubated with different concentrations of HNPG (5, 
10 or 20 µM) for 48 h. (A) Diagrams indicating the average fluorescence 
intensity of A2780/DDP cells detected using fluorescent probe DCFH‑DA. 
(B)  Histogram demonstrating the mean average fluorescence intensity 
of DCFH‑DA. The data are indicated as the mean ± standard deviation 
from three independent experiments. *P<0.05 vs. 0.1% DMSO group, 
#P<0.05 vs. 5  µM HNPG group, &P<0.05 vs. 10  µM HNPG. HNPG, 
5‑hydroxy‑4'‑nitro‑7‑propionyloxy‑genistein; DMSO, dimethyl sulfoxide; 
DCFH‑DA, 2',7'‑dichloro‑dihydro‑fluorescein diacetate.

Figure 6. Effects of HNPG on the apoptosis rate of A2780/DDP cells 
cultured with different concentration of HNPG (5, 10 or 20 µM) for 48 h. 
(A) Diagrams exhibiting the apoptotic percentage A2780/DDP cells stained 
with Annexin V‑FITC/PI. (B) Histogram demonstrating the apoptosis rate. 
The data are presented as the mean ± standard deviation from three indepen-
dent experiments. *P<0.05 vs. 0.1% DMSO group, #P<0.05 vs. 5 µM HNPG 
group, &P<0.05 vs. 10 µM HNPG. HNPG, 5‑hydroxy‑4'‑nitro‑7‑propiony-
loxy‑genistein; DMSO, dimethyl sulfoxide; FITC, fluorescein isothiocyanate; 
PI, propidium iodide.
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difference compared with the control group (P5 µM/0.1% DMSO 

<0.05, P10 µM/0.1% DMSO<0.05, P20 µM/0.1% DMSO<0.05) in Bcl‑2, Bax, 
Cyt‑C, cleaved caspase‑9, cleaved caspase‑3 expression levels 
and the ratio of Bcl‑2/Bax. There were statistical differences 
among every HNPG‑treated group in Bax, Cyt‑C, cleaved 
caspase‑9, cleaved caspase‑3 expression levels and the ratio of 
Bcl‑2/Bax (P5/10 µM<0.05, P5/20 µM<0.05, P10/20 µM<0.05). There 
were significant differences between the 5 µΜ HNPG‑treated 
group and the 10 or 20 µΜ HNPG‑treated groups in Bcl‑2 
expression (P5/10 µM<0.05 or P5/20 µM<0.05), but there were no 
difference between the 10 and 20 µΜ HNPG‑treated groups 
in Bcl‑2 expression (P10/20 µM﹥0.05), as exhibited in Fig. 9A‑D.

Discussion

Proliferation, invasion and metastasis are basic characteristics 
of tumors and these features have also become the normal 
indices of measuring pharmacological activity (13,14). The 

speed of proliferation and clone formation, and the capaci-
ties for invasion and metastasis directly reflect the malignant 
degree of tumors. Malignant tumors not only germinate in the 
primary site via infiltrating and damaging adjacent organs and 
tissues, but also metastasize to other areas to proliferate and 
grow (15,16). Therefore, the fundamental methods of evalu-
ating the pharmacological effects of chemotherapeutics are 
detecting their ability to inhibit the proliferation, clone forma-
tion, invasion and metastasis of cancer cells. previous studies 
have suggested that HNPG demonstrated inhibition of prolif-
eration in gastric and breast cancer cells in vitro (11,12), but its 
molecular mechanism of this inhibition of proliferation has not 
yet been elucidated. In the present study, the data demonstrated 
that HNPG suppressed proliferation, clone formation, invasion 
and metastasis, and induced apoptosis of human ovarian cancer 
A2780/DDP cells in a concentration‑and time‑dependent 
manner, which demonstrated novel antitumor effects of HNPG 
compared with previous studies (11,12). These experimental 
results suggested HNPG may be an excellent novel candidate 
for therapy in human ovarian cancer A2780/DDP cells.

Apoptosis is a type of programmed cell death that occurs 
in small areas or small numbers of cells at a time, and serves 
an important role in the genesis and development of embryos, 
alternation of new and old mature cells, biological degrada-
tion, inflammation, atrophy, aging, autoimmune diseases and 
tumors (17). In the early phase of apoptosis, cell membrane 
phospholipids are asymmetrically lost, which results in phos-
phatidylserine exposure at the cell surface. These exposed 
phosphatidylserine molecules at the cell surface exhibit 
a strong binding ability with Annexin V in the presence of 
calcium (18). During the late phase of apoptosis, propidium 
iodide (PI) enters the cytoplasm through the cell membrane, 
and combines with the nucleus (19). In the results of the present 
study, the numbers of Annexin V/PI‑positive A2780/DDP 
cells were markedly enhanced, in a dose‑dependent manner, 
following HNPG treatment for 48  h. Therefore, it was 
suggested that the HNPG‑mediated inhibition of proliferation, 
clone formation, invasion and metastasis of A2780/DDP cells 
may occur via an apoptotic pathway.

ROS include a series of molecules that directly or indirectly 
originate from oxygen molecules and possess more biological 
activities than oxygen molecules in cells that are regarded as 
signaling molecules that regulate cell proliferation, differen-
tiation, survival and immune responses (19). Numerous in vitro 
studies have revealed that the death of cancer cells was accompa-
nied by a marked accumulation of intracellular ROS, significant 
increases in metabolic activity and markedly damaged mito-
chondrial function  (20). The damage to mitochondria may 
promote the creation of ROS in cells, while the generation of 
intracellular ROS may conversely cause a lipid peroxidation 
reaction, which lead to various cellular events inducing cell 
apoptosis or necrosis (21). In the present study, the content of 
ROS in human ovarian cancer A2780/DDP cells was markedly 
increased following HNPG treatment for 48 h. Therefore, it was 
suggested that the HNPG‑mediated inhibition of proliferation, 
clone formation, invasion, metastasis and induction of apoptosis 
may be through ROS accumulation in A2780/DDP cells.

It is well‑known that mitochondria serve a crucial func-
tion in the extrinsic and intrinsic pathways of apoptosis; the 
structural integrity and normal function of mitochondrial 

Figure 8. Effects of HNPG on mitochondrial membrane potential of 
A2780/DDP cells incubated with different concentrations of HNPG (5, 
10 or 20 µM) for 48 h. (A) Diagrams demonstrating the average fluores-
cence density of A2780/DDP cells stained with Rh123. (B) Histogram 
exhibiting the mean f luorescence density of Rh 123. The data are 
shown as the mean ± standard deviation from three independent experi-
ments. *P<0.05 vs. 0.1% DMSO group, #P<0.05 vs. 5 µM HNPG group, 
&P<0.05 vs. 10 µM HNPG. Rh123, 2‑(6‑Amino‑3‑ imino‑3H‑xanthen‑9‑yl) 
benzoic acid methyl ester; HNPG, 5‑hydroxy‑4'‑nitro‑7‑propiony-
loxy‑genistein; DMSO, dimethyl sulfoxide.
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membranes are critical for cell survival (22). Notably, if the 
structure and function of mitochondrial membranes sustain 
damage, for example through ultraviolet irradiation, genotoxic 
agents or oxidative stress, this will trigger a series of cellular 
events that will affect the basic characteristics of malignant 
tumors, such as the proliferation, invasion and metastasis, and 
even induce cells apoptosis or necrosis (23). Bcl‑2 and Bax are 
the most important apoptosis‑inducing factors that function in 
the mitochondrial membrane, jointly constituting certain ion 
channels that regulate mitochondrial permeability transition 
(MPT). Once the mitochondrial membrane is subjected to 
damage, Bcl‑2, Bax and the ratio of Bcl‑2/Bax will be altered, 
which will trigger a series of cellular events releasing Cyt‑C 
from mitochondria (24). In the present study, in A2780/DDP 
cells incubated with different concentrations of HNPG, it was 
demonstrated that the ROS content was notably increased, 
along with marked decreases in Δψm, a downregulation of 
Bcl‑2, upregulation of Bax and decreases in the Bcl‑2/Bax 
ratio. These results suggest that HNPG‑mediated apoptosis 
may occur through the mitochondrial pathway.

The caspase family serves a central role in regulating apop-
tosis (25). It has been established that caspase‑8 or caspase‑9 is 
activated by apoptosis stimulating factors, for example Cyt‑C or 
the Fas Ligand‑Fas‑Fas‑associated protein with death domain 
complex, which will trigger the downstream caspase‑3, and the 
activated caspase‑3 will directly cause the loss of DNA repair 
function and activation of endonuclease and DNA fragmentation, 

resulting in cell apoptosis (26,27). In the present study, it was 
observed that the A2780/DDP cells exposed to different concen-
trations of HNPG underwent apoptosis in a dose‑dependent 
manner, accompanied by the upregulation of Cyt‑C, cleaved 
caspase‑9 and cleaved caspase‑3. The observed caspase‑mediated 
properties of HNPG were in agreement with the basic properties 
and functions of the caspase family (27). Therefore, these results 
suggested that HNPG‑triggered apoptosis was potentially medi-
ated, at least in part, by this caspase cascade.

In conclusion, HNPG demonstrated significant cytotoxic 
activity in human ovarian cancer A2780/DDP cells. HNPG 
inhibited the rates of proliferation, clone formation, invasion 
and metastasis, and induced apoptosis in vitro. Simultaneously, 
the levels of intracellular ROS and Δψm were increased and 
decreased, respectively. Additionally, HNPG downregulated 
the expression of Bcl‑2, upregulated the expression of Bax, led 
to Cyt‑C release from mitochondria, activated caspase‑9 and 
caspase‑3 and caused cell apoptosis. Compared with previous 
studies examining HNPG (11,12), the present study not only 
detected its anti‑proliferative effects, but also examined the 
inhibitory effects on clone formation, invasion and metastasis, 
induction of apoptosis, accumulation of ROS and alteration 
of Δψm. The present study demonstrated the antitumor effect 
of HNPG from multiple perspectives and additionally inves-
tigated the basic molecular biological mechanism of HNPG. 
The results not only provided additional data concerning the 
antitumor effects of HNPG, but also aimed to elucidate the 

Figure 9. The protein expression changes of A2780/DDP cells incubated with different concentrations of HNPG (5, 10 or 20  µM) for 48  h. 
(A and B) Electrophoretograms demonstrating the expression of Bcl‑2, Bax, Cyt‑C, cleaved caspase‑3, cleaved caspase‑9. (C) Histogram demonstrating the 
mean relative gray density value of Bcl‑2, Bax, and the ratio of Bcl‑2/Bax. (D) Histogram indicating the average relative gray density value of Cyt‑C, cleaved 
caspase‑3 and cleaved caspase‑9. The data are represented as the mean ± standard deviation for three independent experiments. *P<0.05 vs. 0.1% DMSO group, 
#P<0.05 vs. 5 µM HNPG group, &P<0.05 vs. 10 µM HNPG. HNPG, 5‑hydroxy‑4'‑nitro‑7‑propionyloxy‑ genistein; DMSO, dimethyl sulfoxide; Bcl‑2, B‑cell 
lymphoma 2; Bax, Bcl‑2 associated X protein; Cyt‑C, cytochrome C.
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basic molecular biological mechanisms involved. In summary, 
HNPG indicated a marked cytotoxic activity in human ovarian 
cancer A2780/DDP cells via the ROS‑mediated mitochon-
drial dysfunction pathway, which suggests that HNPG may 
be a novel candidate for chemotherapeutic drug develop-
ment. Although the antitumor effect of HNPG and its basic 
molecular biological mechanism were detected in vitro, there 
are several limitations requiring additional investigation, such 
as the absence of data of the antitumor mechanism on A2780 
cells which may assist to elucidate the underlying resistance 
mechanisms of HNPG on A2780 cells, the lack of data on 
normal cells that may explain the side effects of HNPG on 
normal cells and tissues and organs, the absence of data on 
positive control groups, for example 5‑fluoracil, paclitaxel and 
methotrexate, which may assist in illuminating the pharma-
cological effects of HNPG and the effective pharmacological 
ratio between HNPG and clinical common drugs. Subsequent 
studies will investigate the metabolism of HNPG in experi-
mental animal models, detect its blood drug concentration and 
its half‑life and the side effects on the brain, heart, lung, liver 
and kidney cells.
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