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Apatinib, a new-generation oral tyrosine kinase inhibitor targeting the vascular endothelial growth factor receptor 2 (VEGFR2)
signaling pathway, shows favorable therapeutic effects in various malignant tumors. However, its effect on ovarian cancer has
not yet been characterized. Here, we demonstrated that apatinib inhibited ovarian cancer cell growth and migration in a
concentration-dependent manner. Further, we found that apatinib could directly act on tumor cells and promote ROS-
dependent apoptosis and autophagy. Mechanistically, we showed that apatinib suppressed glutathione to generate ROS via the
downregulation of the nuclear factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase 1 (HO-1) pathway and maintained an
antitumor effect at a low level of VEGFR2 in ovarian cancer, suggesting that combination of apatinib with Nrf2 inhibitor may be
a promising therapy strategy for patients with ovarian cancer.

1. Introduction

Ovarian cancer (OC) ranked eighth in incidence and seventh
in mortality rates globally among all cancers in women in
2018 (WHO, http://gco.iarc.fr/today/home); it has become
the leading malignancy in gynecological cancers in China,
with an estimated 52,100 new cases and 22,500 deaths in
2015 [1]. The standard regimen for advanced OC is
platinum-based chemotherapy following debulking surgery.
However, approximately 75% of patients with advanced
stages will eventually experience recurrence [2], and almost
all patients with recurrent disease ultimately develop plati-
num resistance, resulting in poor prognosis with only 40%
of patients surviving for 5 years [3]. As such, improved treat-
ment options for OC are urgently needed.

Angiogenesis is universally considered a cancer hallmark
and is responsible for tumor proliferation, progression, and
metastasis [4], making its interruption an attractive thera-
peutic strategy for OC. The vascular endothelial growth fac-

tor (VEGF)/VEGF-receptor (VEGFR) signaling pathway is
a key regulator of angiogenesis; emerging studies have dem-
onstrated the potent efficacy of anti-VEGF antibodies and
VEGFR inhibitors in the treatment of OC [5]. Bevacizumab,
a monoclonal antibody against VEGF, is one of the most
studied angiogenesis inhibitors; it is approved for the first-
and second-line treatments of advanced epithelial OC
according to the National Comprehensive Cancer Network
Guidelines [6]. Unfortunately, this is an inconvenient and
costly treatment that is not attainable for all patients with
OC in China.

Apatinib, also known as YN968D1, is a novel oral small-
molecule tyrosine kinase inhibitor developed in China. It can
block the migration and proliferation of VEGFR-induced
endothelial cells and reduce tumor microvascular density
via highly selective targeting of VEGFR-2 [7]; it was approved
by the Chinese Food and Drug Administration in 2014 as a
third-line treatment for patients with advanced gastric or gas-
troesophageal adenocarcinoma. Increasing evidence indicates
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that apatinib exerts favorable antitumor effects with tolerable
toxicities in other human cancers, including breast cancer
[8], non-small-cell lung cancer (NSCLC) [9], colon cancer
[10], hepatocellular carcinoma [11], pancreatic cancer [12],
anaplastic thyroid cancer [13, 14], and osteosarcoma [15].

To date, there have been limited studies on the therapeu-
tic efficacy of apatinib in patients with OC, and its molecular
mechanism in this application has not been characterized.
In the present study, we investigated the effect of apatinib in
OC and observed that a novel regulatory mechanism could
underlie its antitumor effect.

2. Materials and Methods

2.1. Antibodies and Reagents. The following primary antibod-
ies were purchased from Cell Signaling Technology (Danvers,
MA, USA): GAPDH, histone H3, β-actin, E-cadherin, N-cad-
herin, vimentin, matrix metalloproteinase 9 (MMP9), PARP,
Bax, Bcl2, P62, light chain 3B (LC3B), VEGFR2, nuclear factor
erythroid 2-related factor 2 (Nrf2), heme oxygenase 1 (HO-1),
and SOD2. The following secondary antibodies were provided
by Proteintech (Wuhan, China): goat anti-rabbit IgG, goat
anti-mouse IgG, and FITC-conjugated secondary antibody.
Apatinib and TBHQ (an Nrf2-specific activator) were pur-
chased from MCE, China. N-acetyl-L-cysteine (NAC), a
reactive oxygen species (ROS) scavenger, was purchased
from Selleck, China.

2.2. Cell Culture and Treatments. A2780, SKOV-3, and
CAOV-3 human OC cell lines were purchased from the
China Center for Type Culture Collection (Wuhan, China).
A2780 and CAOV-3 cells were cultured in DMEM supple-
mented with 10% fetal bovine serum (FBS). SKOV-3 cells
were cultured in RPMI-1640 medium supplemented with
10% FBS. The cells were grown at 37°C in a humidified atmo-
sphere with 5% CO2.

Transient transfection was carried out using Lipofecta-
mine 3000 reagent (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions. A VEGFR2 expression plas-
mid and the corresponding empty plasmid (OriGene, Rock-
ville, MD, USA) were used for VEGFR2 overexpression and
as a negative control, respectively. Cells were transfected with
VEGFR2-siRNA and negative control siRNA (GenePharma,
Shanghai, China) for VEGFR2 knockdown experiments.

2.3. Cell Proliferation and Colony Formation Assays. To eval-
uate cell proliferation, Cell Counting Kit-8 (CCK-8, Beyo-
time, Shanghai, China) assay was performed. After seeding
in 96-well plates at a density of 5000 cells/well with 100μl
culture medium, the cells were treated with different concen-
trations of apatinib (0, 1, 5, 10, 20, and 40μM) for an indi-
cated time (24, 48, 72, and 96 h), changing the apatinib-
containing medium every 48h. At the end of the experi-
ments, 10μl of CCK-8 reagent was mixed into each well,
and the cells were incubated at 37°C for 2 h. The absorbance
(OD) of each well was measured at 450nm using a micro-
plate reader. The percentage of cell viability was calculated
as ðexperimental groupOD − blank well ODÞ/ðcontrol group
OD − blank well ODÞ × 100%. GraphPad Prism 7.0 software

was used to calculate values indicating 50% inhibition of sur-
viving fraction (IC50).

For the colony formation assays, 500 cells per well were
plated in 6-well plates. After coincubation with 0, 1, 5, and
10μM apatinib for 14 days, the cells were washed three times
with PBS, fixed with 4% paraformaldehyde, and stained with
Giemsa solution. The number of colonies containing more
than 50 cells was counted by using a microscope. Colony for-
mation efficiency was calculated as ðcolony numbers/500Þ ×
100%.

2.4. Transwell and Wound Healing Assay. Twenty-four-well
transwell chambers (8μm pore size, 6.5mm diameter; Milli-
pore, USA) coated with Matrigel (BD Biosciences, San Jose,
CA, USA) were used to perform a cell migration assay. First,
500μl of medium containing 10% FBS was added to the bot-
tom of the chamber. Next, 100μl of the OC cell suspensions
at a density of 10 × 104 cells/ml in a serum-free medium,
treated with different concentrations of apatinib (0, 10, and
20μM), was seeded into the upper chambers. After 24 h,
the cells that adhered to the upper surfaces of the transwell
membranes were removed using cotton swabs, and those
on the lower surfaces were fixed with 4% paraformaldehyde
and stained with a 0.1% crystal violet dye. The migrated cells
were photographed and counted in five random fields using
an inverted microscope.

To assess wound healing, cells were plated in six-well
plates and the confluent monolayer cell plate was wounded
using the tip of a 250μl pipette. PBS was used to remove
floating cells, and the cells were cultured in a serum-free
medium in the presence or absence of apatinib for 24 h.
Images of the same position of the wounded monolayer were
obtained by using a microscope. ImageJ software was used to
quantitatively measure wound distance.

2.5. Analysis of Apoptosis. Annexin V-FITC/PI Apoptosis
Detection Kit (BD, Biosciences, China) was used to detect
apoptosis. After treatment with the indicated concentrations
of apatinib (0, 10, and 20μM), the harvested cells were resus-
pended in Annexin V-binding buffer, then stained with
FITC-conjugated Annexin V and PI according to the manu-
facturer’s protocol. The degree of apoptosis was analyzed
using a flow cytometer (LSRFortessa, BD Biosciences).

2.6. ROS Detection and Measurement of Intracellular
Glutathione (GSH). ROS induced by apatinib was deter-
mined using a ROS Assay Kit (Beyotime, Shanghai, China)
according to the manufacturer’s protocol as previously
described [16]. Briefly, after exposure to apatinib (0, 10, and
20μM) for 24 h, the cells were incubated with 10μM 2′-7′
dichlorofluorescin diacetate (DCFH-DA) in the dark for
20min at 37°C in a humidified atmosphere at 5% CO2. Next,
the cells were washed three times with cold PBS to remove
excess fluorescent probe. The cells were then observed using
a fluorescence microscope or resuspended in 300μl of PBS
and assessed for fluorescence intensity using a flow cytometer
(LSRFortessa). The data were analyzed using FlowJo X 10.0.7
Software.
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A Total Glutathione Assay Kit (Beyotime) was used to
measure intracellular GSH levels according to the manufac-
turer’s instructions as previously described [16]. Briefly, after
being cocultured with or without apatinib for 24 h and/or
pretreated with 200μM TBHQ for 4 h to activate the Nrf2
pathway, cells were harvested and lysed in the protein
removal solution S provided in the kit. After incubation for
5min at 4°C, the samples were centrifuged at 12,000 rpm
for 10min at 4°C. The supernatant was treated with assay
solution for 25min at 25°C, and the absorbance at 412nm
was measured using a microplate reader (SpectraMax i3x,
Molecular Devices, Sunnyvale, CA). Relative intracellular
GSH levels were calculated by normalization to the values
of the control group.

2.7. Immunofluorescence Staining. Cells were seeded in
20mm culture plates and cocultured with 20μM apatinib
for 24h or pretreated with 5mM NAC for 2 h to inhibit
ROS generation, then washed with PBS, fixed with 4% para-
formaldehyde for 15min, and permeabilized in 0.1% Triton
X-100 for 5min. After blocking with 5% bovine serum albu-
min for 1 h at room temperature, the cells were incubated
with primary antibody against LC3B (dilution 1 : 100) over-
night at 4°C. Then, FITC-conjugated secondary antibody
(dilution 1 : 200) was incubated with the cells for 1 h in the
dark at room temperature, and the cells were stained with
4′,6-diamidino-2-phenylindole (DAPI) for 5min to visual-
ize the nuclei. Images were captured using a fluorescence
microscope.

2.8. Transmission ElectronMicroscopy (TEM).After 24h apa-
tinib treatment (20μM) or 2 h NAC pretreatment (5mM),
the cells were washed lightly with PBS, digested with 0.25%
trypsin, and centrifuged at 3000 rpm for 10min at 4°C. The
samples were fixed in 3% glutaraldehyde overnight at 4°C
for fixation. Then, ultrathin sections (100 nm) were stained
with 5% uranyl acetate and Reynold’s lead citrate and
detected using a TEM (H-7650, Hitachi, Tokyo, Japan).

2.9. Western Blotting and Nuclear and Cytoplasm Isolation.
Total proteins were isolated from OC cells with or without
apatinib treatment. After washing with ice-cold PBS three
times, cells were lysed in a lysis buffer supplemented with a
cocktail of proteinase inhibitors. Equal amounts of protein
(40μg) from cell extracts were separated using 10% SDS-
PAGE and transferred onto 0.45μm polyvinylidene fluoride
(PVDF) membranes (Millipore, Billerica, MA, USA) as pre-
viously described [16]. ImageJ software was used to evaluate
the gray value of each band.

A Nuclear and Cytoplasmic Protein Extraction kit
(Beyotime) was used to isolate the cytosolic and nuclear cell
fractions, following the manufacturer’s instructions as previ-
ously described [16]. Briefly, the collected cells were sus-
pended in ice-cold hypotonic buffer and incubated on ice
for 20min. The extracts were then centrifuged at 12,000× g
for 5min, and the supernatants were collected as cytosolic
fractions. The pellets were washed with ice-cold PBS and
resuspended in the lysis buffer, followed by vortexing at the
highest speed. These extracts were centrifuged at 12,000× g

for 10min, and the supernatants were collected as the nuclear
fractions.

2.10. Quantitative Real-Time PCR Analysis (qRT-PCR). TRI-
zol (Invitrogen) was used to extract total RNA from ovarian
cancer cells. Reverse transcription was performed as pre-
ciously described [17] using PrimeScript RT Master Mix
(Takara, Otsu, Japan). qRT-PCR was performed as pre-
ciously described using Applied Biosystems Power SYBR
Green on a qTOWER2.0 [17], briefly, 10 seconds at 95°C,
then 40 cycles at 95°C for 5 seconds and 65°C for 34 seconds.
The mRNA ratio of the target genes to GAPDH was calcu-
lated using the 2−ΔΔCt formula. The specific primer sequences
are performed as follows:

GAPDH, Forward 5′-CCACCCATGGCAAATTCC-3′,
Reverse 5′-GATGGGATTTCCATTGATGACA-3′; VEGFR2,
Forward-5′GGACTCTCTCTGCCTACCTCAC-3′, Reverse
5′-GGCTCTTTCGCTTACTGTTCTG-3′; Nrf2, Forward
5′-TCATGATGGACTTGGAGCTG-3′, Reverse 5′-CATA
CTCTTTCCGTCGCTGA-3′; HO-1, Forward 5′-CCAGGC
AGAGAATGCTGAGT-3′, Reverse 5′-GGCGAAGACTG
GGCTCTC-3′; GCLC, Forward 5′-ACATCTACCACGCC
GTCAAG-3′, Reverse 5′-ACAGGACCAACCGGACTTTT-
3′; and GCLM, Forward 5′-GGGGAACCTGCTGAACTG-
3′, Reverse 5′-TCTGGGTTGATTTGGGAACT-3′.

2.11. Online Database. A series of online databases were
implemented as previously described [17]. Briefly, the
GEPIA database (http://gepia.cancer-pku.cn/), the Onco-
mine database (http://www.oncomine.org/), and the Human
Protein Atlas database (https://www.proteinatlas.org/) were
used to analyze mRNA or protein expression of VEGFR2 in
OC and normal tissues, respectively.

2.12. Statistical Analysis. All experiments were repeated at
least three times, and all results are presented as themeans ±
standard deviations. Statistical analysis was performed using
GraphPad Prism 7.0 software. Statistical significance was
determined based on Student’s t-test or one-way ANOVA;
P values < 0.05 were considered statistically significant.

3. Results

3.1. Apatinib Suppressed the Growth of OC Cells. First, the
cell viability of the A2780, SKOV-3, and CAOV-3 cell lines
decreased as the drug concentration increased (Figure 1(a)),
with IC50 values of 18:89 ± 5:6, 25:61 ± 2:1, and 20:46 ±
0:5μM, respectively (Figure 1(b)). These results suggested
that apatinib reduced OC cell growth in a concentration-
dependent manner. Following this, 50% of the IC50 dose
and the IC50 dose, i.e., approximately 10μM and 20μM
doses of apatinib, were used for the subsequent experiments.
Next, we found that the growth of OC cells was suppressed by
apatinib in a time-dependent manner as well (Figure 1(c)). In
addition, we observed cell morphology changes induced by
apatinib. In the control group, A2780 was round, SKOV-3
was epithelial-like, and CAOV-3 was spindle-shaped, in line
with previous descriptions of these three OC cell lines [18].
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Figure 1: Continued.
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After treatment with apatinib, the number of cells was
reduced, and the cells were observed to be smaller and irreg-
ular in shape; moreover, they took on indistinct margins,
with looser intercellular connections, compared to the cells
in the control group (Figure 1(d)). The apatinib-treated cells
had a lower colony formation ability than the cells in the con-
trol group, especially when 10μM apatinib was applied
(P < 0:05; Figures 1(e) and 1(f)). Collectively, these results
suggest that apatinib suppressed the proliferation of OC cells
in both a concentration- and time-dependent manner.

3.2. Apatinib Inhibited OC Cell Migration. Apatinib is known
to specifically inhibit VEGFR2 to suppress tumor angiogene-
sis, which plays an important role in tumor metastasis.
Therefore, we explored the role of apatinib in OC migration
using the transwell assay. Cell migration was significantly
delayed under apatinib treatment in a concentration-
dependent manner, especially at 20μM (Figures 2(a) and
2(b)). Consistently, the wound healing abilities of OC cells
were also significantly decreased in a concentration-
dependent manner (Figures 2(c) and 2(d)). Furthermore,
we performed western blotting to explore whether apatinib
suppresses the levels of epithelial-mesenchymal transition-
(EMT-) associated markers in OC cells since EMT is closely
related to tumor metastasis. Under apatinib treatment, the
level of the epithelial marker E-cadherin increased, whereas
the levels of the mesenchymal markers vimentin and N-

cadherin decreased. The level of another metastasis-
associated protein, MMP9, also decreased under apatinib
treatment (Figures 2(e) and 2(f)). Thus, apatinib inhibited
OC cell migration mainly via suppressing EMT.

3.3. Apatinib Induced Apoptosis and Autophagy in OC Cells.
We attempted to identify the potential mechanism underly-
ing the antitumor effect of apatinib. In addition to inhibiting
VEGFR2 signal transduction, many studies have shown that
apatinib can directly act on tumor cells [10, 12, 14, 15, 19].
Accordingly, we evaluated whether apatinib could induce
apoptosis in OC cells. After treatment with 10 and 20μM
of apatinib for 24 h, the percentage of apoptotic cells was sig-
nificantly higher than that in the control group (P < 0:05);
this effect was observed to be concentration dependent
(Figures 3(a) and 3(b)). In addition to apoptosis, we also
tested whether apatinib caused autophagy. After exposure
to 20μM apatinib for 24 h, more autophagosomes with a
double membrane containing damaged proteins and organ-
elles and more autolysosomes with a single membrane and
degraded contents were observed in the treated group than
in the control group using TEM (Figure 3(c)). Next, we eval-
uated the level of LC3-II, a key marker in the initial stages of
autophagy, in OC cells by immunofluorescence. Apatinib-
treated cells presented a dot pattern of LC3-II fluorescence,
indicating a higher number of autophagosomes than in the
control group (Figure 3(d)). In addition, we explored changes
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Figure 1: Apatinib suppressed growth of OC cells. (a) Cell viability assays of A2780, SKOV-3, and CAOV-3 cells treated with low-to-high
concentrations of apatinib for 48 h. (b) The IC50 values of apatinib for 48 h in three OC cells. (c) The OC cells were treated with 20 μM
apatinib for different time intervals (24, 48, 72, and 96 h). The cell viability was detected by CCK-8 and expressed as absorbance value
(OD). (d) The effects of 20 μM apatinib on the morphology of OC cells were observed using light microscope (20x). Scale bar = 50μm.
(e, f) Colony formation assay of three OC cells. Colony numbers were counted using the microscope, and the colony formation
efficiency was calculated. Data are presented as the mean ± SD of three independent experiments. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001,
compared with the control groups.
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in the key indicators of apoptosis and autophagy by western
blotting. The levels of cleaved PARP and Bax increased after
treatment with 20μM apatinib, whereas the expression of
Bcl-2 decreased. An increase in the conversion of LC3-I to
LC3-II, a specific process of autophagy, and a decrease in
p62, which is degraded during autophagy, were also
detected in apatinib-treated OC cells (Figures 3(e) and 3(f)).
These findings suggest that apatinib promoted apoptosis
and autophagy in OC cells.

3.4. The Generation of ROS Is Crucial for Apatinib-Induced
Apoptosis and Autophagy.We further investigated the mech-
anism by which apatinib promoted apoptosis and autophagy.
Since apatinib has been reported to induce ROS in pancreatic
cancer and cervical cancer [12, 19] and excessive intracellular
levels of ROS may lead to mitochondrial dysfunction to pro-
mote apoptosis and autophagy [20, 21], we hypothesized that
apatinib induced apoptosis and autophagy by promoting
ROS generation. A concentration-dependent increase in
the fluorescence intensity of DCFH-DA was observed
using a fluorescence microscope in apatinib-treated OC

cells compared with the controls (Figure 4(a)); the results
were validated by measuring the ROS level using a flow
cytometer (Figures 4(b) and 4(c)). As expected, the pro-
motion of apoptosis and autophagy by apatinib was
reversed by the administration of NAC (5mM), a ROS
scavenger (Figures 4(d)–4(g)). Collectively, these results
indicate that apatinib induced apoptosis and autophagy
in a ROS-dependent manner in OC cells.

3.5. Apatinib Suppressed GSH to Generate ROS via the
Downregulation of Nrf2/HO-1. We subsequently identified
the potential molecular mechanisms involved in the genera-
tion of ROS by apatinib. First, we measured the levels of
GSH, a well-known ROS scavenger [22, 23], in OC cells
treated with or without apatinib. As expected, apatinib treat-
ment decreased the level of GSH (Figure 5(a)). Next, we
investigated whether apatinib regulates the Nrf2/HO-1 path-
way, which is also known to eliminate ROS [24] and is
reported to be involved in the regulation of GSH abundance
[22]. We found that apatinib decreased the level of Nrf2 and
HO-1, whereas SOD2 expression was not significantly
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Figure 2: Apatinib inhibited OC cell migration. (a, b) The migration of A2780, SKOV-3, and CAOV-3 cells after treatment with apatinib (0,
10, and 20μM) for 24 h was assessed using the transwell assay. The invaded cells on the bottom surface of the filters were stained, and the cell
numbers were counted by ImageJ software. (c, d) The movement ability of three OC cells after treatment with apatinib (0, 10, and 20μM) for
24 h was detected using wound healing assays. The gap distance that was calculated by ImageJ software was used to measure the movement
ability. (e) After treatment with 20μMapatinib for 24 h, protein levels of the EMTmarkers E-cadherin, N-cadherin, vimentin, and metastasis-
associated protein, MMP9, in three OC cells were determined by western blotting. (f) The relative western blot gray values are shown in the
histogram. Data are presented as the mean ± SD of three independent experiments. APA: apatinib.∗P < 0:05, ∗∗P < 0:01, compared with the
control groups.
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changed in apatinib-treated cells as observed by western blot-
ting (Figure 5(b)). These results suggest that apatinib could
inhibit the levels of GSH, Nrf2, and HO-1 in OC cells.

To provide further supporting evidence, TBHQ, a spe-
cific activator of Nrf2, was utilized. The levels of nuclear
and total Nrf2 and HO-1 were significantly upregulated
upon the administration of TBHQ, which confirmed the
activating effect of TBHQ on Nrf2. (Figures 5(c) and 5(d)).
GSH levels were then measured after treating the cells in
the absence or presence of TBHQ and apatinib. The results
confirmed that the activation of the Nrf2 pathway could
upregulate the GSH levels in the cells without apatinib treat-
ment and that the inhibition of GSH by apatinib was
reversed by TBHQ treatment (Figure 5(e)). Thus, apatinib
could suppress GSH to generate ROS by negatively regulat-
ing the Nrf2/HO-1 pathway.

3.6. VEGFR2 Regulates Nrf2 Pathway and Apatinib Remains
Effective at Low Level of VEGFR2 in OC. As apatinib is a spe-

cific VEGFR2 inhibitor, we wondered about the relationship
between VEGFR2 and the Nrf2 pathway. Firstly, we found
that there was a significant positive correlation between the
Nrf2 and VEGFR2 mRNA levels based on the GEPIA data-
base (R = 0:2, P = 4:1e − 05; Figure 6(a)). Then, the protein
and mRNA levels of VEGFR2 were examined in three ovar-
ian cancer cell lines. A2780 cell line showed the lowest level
among these cell lines while SKOV-3 showed the highest
level (Figures 6(b) and 6(c)). These two cell lines were used
for further experiments. Overexpression of VEGFR2 in the
A2780 cell line resulted in upregulated both mRNA and pro-
tein levels of Nrf2, indicating that VEGFR2 regulated Nrf2 at
the transcription level. In addition, we found that upregu-
lated VEGFR2 could significantly increase the levels of Nrf2
downstream antioxidant genes HO-1, heavy and light sub-
units of γ-glutamyl cysteine synthetase (GCLC and GCLM,
which are important rate-limiting enzymes for GSH synthe-
sis) (Figures 6(d) and 6(e)). The opposite results were
observed in the SKOV-3 cell line upon downregulation of
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Figure 3: Apatinib induced apoptosis and autophagy in OC cells. (a) After treatment of A2780, SKOV-3, and CAOV-3 cells with
apatinib (0, 10, and 20 μM) for 24 h, these cells were stained with Annexin V-FITC/PI and analyzed by a flow cytometer. (b) The
quantitative analysis of the apoptotic cell percentages is shown. (c) The representative images of TEM: more autophagic vacuoles (red
arrows) are shown in the three apatinib-treated (20 μM) OC cell lines for 24 h compared with the DMSO-treated control groups. Scale bar =
1μm (the middle panel)/500 nm (the left and right panels). (d) The representative images of immunofluorescence: a dot pattern of LC3-II
fluorescence is presented in the apatinib-treated (20 μM) OC cells (40x). Scale bar = 20μm. (e) After treatment with 20 μM apatinib for 24 h,
the protein levels of cleaved PARP, Bcl-2, Bax, p62, and LC3B (LC3 II/LC3 I) were determined by western blotting. (f) The relative western
blot gray values are shown in the histogram. Data are presented as the mean ± SD of three independent experiments. APA:
apatinib.∗P < 0:05, ∗∗P < 0:01, compared with the control groups.
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VEGFR2 by siRNA (Figures 6(f) and 6(g)). These results sug-
gest that VEGFR2 was a positive regulator of Nrf2 pathway.

Next, we investigated VEGFR2 expression in OC tissues
based on a series of online databases since bioinformatics
analysis has become a hot research focus. The data from
the Oncomine database indicated that VEGFR2 mRNA
expression was lower in OC than in normal tissue. In
comparison with 10 samples of normal ovarian surface epi-
thelium, the mRNA levels of VEGFR2 were significantly
lower in 185 cases of ovarian carcinoma (P = 1:8e − 08;
Figure 6(h)), and VEGFR2 was significantly downregulated
in different pathological subtypes of OC (serous, mucinous,
endometrioid, and clear cell), especially in the serous type
(Table 1). The GEPIA database validated the aforementioned
results (Figure 6(i)). In addition, the representative immuno-
chemistry images from the HPA database showed that no
significantly positive VEGFR2 staining could be detected in
any pathological subtype of OC compared with normal tis-

sues (Figure 6(j)). These findings attracted our interest that
whether apatinib could function through a low level of
VEGFR2 in OC. We confirmed that apatinib could still
reduce the level of VEGFR2 in the SKOV-3 cell line when
VEGFR2 was downregulated by siRNA (Figure 6(k)). In
addition, compared to the control groups, apatinib still
exerted inhibitory effect on cell viability and migration
although VEGFR2 level was reduced in OC cells
(Figures 6(l) and 6(m)). Besides, we previously observed the
antitumor effect of apatinib on the A2780 cell line, which
expressed a relative low level of VEGFR2 originally. These
findings indicate that apatinib remained effective at low level
of VEGFR2 in OC.

4. Discussion

Apatinib, a small-molecule selective tyrosine kinase inhib-
itor of VEGFR-2, is considered a new-generation oral
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Figure 4: The generation of ROS is crucial for apatinib-induced apoptosis and autophagy. (a) The representative images of fluorescence
intensity of DCFH-DA in apatinib-treated (0, 10, and 20 μM) A2780, SKOV-3, and CAOV-3 cells observed by a fluorescence microscope
(20x). Scale bar = 50μm. (b, c) The fluorescence intensity of DCFH-DA was detected by a flow cytometer, and the results were analyzed
by FlowJo software. (d, e) The representative images of TEM and fluorescence microscopy after apatinib incubation (20 μM) without or
with NAC (5mM). Scale bar = 20 μm (fluorescence images)/500 nm (TEM images). (f) The expression of apoptosis- and autophagy-
related proteins was tested by western blotting after apatinib incubation without or with NAC (5mM). (g) The relative western blot gray
values are shown in the histogram. Data are presented as the mean ± SD of three independent experiments. APA: apatinib.∗P < 0:05,
∗∗P < 0:01, compared with the control groups. #P < 0:05, ##P < 0:01.
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antiangiogenesis drug in China; it has been reported to be
effective in various solid tumors. In line with previous case
reports that apatinib has potential antitumor activity in
patients with OC [25–30], we found it to be effective against
OC cell proliferation in both a time- and concentration-
dependent manner in vitro. Similarly, apatinib has been
found to inhibit cell growth in breast cancer [8], NSCLC
[9], colon cancer [10], hepatocellular carcinoma [11], pan-
creatic cancer [12], anaplastic thyroid cancer [13, 14], osteo-
sarcoma [15], and OC [31]. Interestingly, apatinib shows
contrasting effects on OC cell proliferation, with no cytotoxic
effects on OC cells and no alteration of the cell cycle or apo-
ptosis in vitro. However, it inhibits EMT in OC cells by inhi-
biting the JAK/STAT3 and PI3K/Akt signaling pathways,
resulting in the suppression of tumor volume in vivo by inhi-
biting tumor angiogenesis [32]. Consistently, we found that
apatinib substantially inhibited the migration of OC cells in
a concentration-dependent manner by the negative regula-
tion of EMT. This antimetastatic effect of apatinib has also
been observed in other cancers, such as breast cancer, colon
cancer, pancreatic cancer, and anaplastic thyroid cancer [8,
10, 12, 14]. Thus, apatinib exerts favorable antitumor efficacy
and could be a promising therapeutic strategy for patients
with OC.

With regard to the antitumor mechanism of apatinib,
recent studies have shown that apatinib could act directly
on tumor cells by inducing apoptosis and cell cycle arrest
[10, 12, 14, 15, 19]. Our results showed that it induced apo-
ptosis in OC cells in a concentration-dependent manner.
Likewise, autophagy appears to be involved as more autopha-
gosomes and autolysosomes were present in the treated
groups than in the controls. The dot pattern of LC3-II fluo-
rescence, the increased LC3-II/LC-I expression ratio, and a
decrease in p62 levels were observed in apatinib-treated OC
cells indicating that apatinib can induce autophagy. Interest-
ingly, the contrary roles of apatinib-induced autophagy have
been reported. In colon cancer and pancreatic cancer, apati-

nib promotes tumor cell death and suppresses tumor growth
by inducing autophagy [10, 12]. Conversely, apatinib pro-
motes protective autophagy in anaplastic thyroid cancer
and osteosarcoma. Moreover, the inhibition of autophagy
sensitizes these tumor cells to apatinib-induced apoptosis
in vitro and enhances the effect of apatinib-induced growth
inhibition in anaplastic thyroid cancer cells in vivo [13, 15].
Therefore, the role of apatinib-induced autophagy may be
context specific and should be further explored in OC.

Increasing evidence has shown that ROS plays an impor-
tant role in tumors [33]; the interplay between ROS, apopto-
sis, and autophagy has attracted research attention [20, 21,
34, 35]. Treatment with apatinib may increase ROS in
pancreatic cancer and cervical cancer [12, 19]. We likewise
observed that apatinib promoted ROS generation in a
concentration-dependent manner. In addition, apatinib-
induced apoptosis and autophagy were ROS-dependent in
OC cells, since treatment with a ROS scavenger reversed
the promotion effect. Therefore, the promotion of ROS may
be the novel cytotoxic effect of apatinib.

Among ROS regulators, GSH is remarkable as it is a ROS
scavenger and is involved in multiple processes during tumor
development, including cellular proliferation and the devel-
opment of chemotherapy resistance [22, 23]. The Nrf2/HO-
1 pathway, which is well known to eliminate ROS [24], is
reported to be involved in the regulation of GSH abundance
[22, 36]; moreover, upregulated protein levels of Nrf2 and
HO-1 have been found in many tumors, including OC [37,
38]. In our study, the levels of GSH, Nrf2, and HO-1 were sig-
nificantly inhibited by apatinib and the activation of the Nrf2
pathway upregulated the levels of GSH. The reversal of the
apatinib-mediated GSH inhibition by TBHQ indicated that
apatinib suppressed GSH to generate ROS by negatively reg-
ulating the Nrf2/HO-1 pathway.

In addition, a significant positive correlation was indi-
cated between Nrf2 and VEGFR2 in OC based on the GEPIA
database. We confirmed that the levels of Nrf2 and its
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Figure 5: Apatinib suppressed GSH to generate ROS via the downregulation of Nrf2/HO-1. (a) The relative GSH levels in A2780, SKOV-3,
and CAOV-3 cells after apatinib treatment (20 μM). (b) The protein expression of Nrf2, HO-1, and SOD2 was tested by western blotting after
incubation with apatinib. The relative western blot gray values are shown in the histogram. (c, d) The upregulated protein expression of total
Nrf2, nuclear Nrf2, and HO-1 was determined by western blotting and nuclear and cytoplasm isolation after the application of TBHQ
(200 μM). The relative western blot gray values are shown in the histogram. (e) The relative GSH levels were detected in the three OC cell
lines after incubation in the absence or presence of TBHQ and apatinib. Data are presented as the mean ± SD of three independent
experiments. APA: apatinib; ns: not significant. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001, compared with the control groups.
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downstream genes could be significantly regulated by
VEGFR2. Among these downstream genes, GCLC and
GCLM are two catalytic subunits of glutamate cysteine ligase
(GCL), whose level and enzymatic activity constitute rate-
limiting steps for GSH synthesis and can also be controlled
by Nrf2 [39]. Considering the fact that high GCLC or GCLM
levels are found in patients with various cancers [40, 41] and
that the reduction of GSH production by the irreversible
GCL inhibitor promotes apoptosis and attenuates cell growth
in cancer cells [42], we speculate that apatinib may also func-
tion as a ROS inducer by suppressing the VEGFR2-Nrf2
path, leading to decreased GCLC and GCLM levels, resulting
in the reduction of GSH.

Recent studies have mostly focused on apatinib inhibiting
VEGFR2 and its downstream pathway as antiangiogenesis
and antitumorigenesis targets [14, 43, 44] owing to the fact

that VEGFR2 expression is upregulated in the vasculature
of some tumors compared to the normal vascular system
[45–47]. For instance, VEGFR2 expression is elevated in
osteosarcoma and cervical cancer tissues [15, 19]. Apatinib
can inhibit tumor cell growth by blocking the VEGFR2/-
STAT3/Bcl-2 or Akt/GSK3β/angiogenin signaling pathways,
suppressing tumor angiogenesis in osteosarcoma and ana-
plastic thyroid cancer, respectively [14, 15]. Interestingly, in
our study, we found that both the mRNA and protein levels
of VEGFR2 were lower in OC than in normal tissue based
on a series of online databases. Similarly, VEGFR2 was
reported to be negatively expressed in breast cancer [48].
However, even though we downregulated the level of
VEGFR2 in the SKOV-3 cell line, which showed a relatively
high level of VEGFR2, apatinib still exerted effective inhibition
on VEGFR2 and antitumor effect on OC cells. Besides,
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Figure 6: VEGFR2 regulates the Nrf2 pathway, and apatinib remains effective at a low level of VEGFR2 in OC. (a) Nrf2 had a significant
positive relationship with VEGFR2 based on the GEPIA database. (b, c) The protein and mRNA levels of VEGFR2 were examined in three
ovarian cancer cell lines by western blotting and qRT-PCR, respectively. A2780 cells were transfected with VEGFR2 or empty plasmid. (d)
The protein levels of VEGFR2 and Nrf2 were tested by western blotting and (e) the increased mRNA levels of VEGFR2, Nrf2, HO-1,
GCLC, and GCLM were determined by qRT-PCR. SKOV-3 cells were transfected with VEGFR2 or control siRNA. (f) The protein levels
of VEGFR2 and Nrf2 were tested by western blotting and (g) the decreased mRNA levels of VEGFR2, Nrf2, HO-1, GCLC, and GCLM
were tested by qRT-PCR. (h) The mRNA levels of VEGFR2 significantly decreased in OC compared with normal ovarian surface
epithelium based on the dataset of Oncomine. (i) VEGFR2 mRNA expression was decreased in OC compared with normal tissues based on
GEPIA database. (j) Representative immunohistochemical staining images of VEGFR2 in different pathological subtypes of OC and normal
tissues based on the HPA database. Scale bar = 50 μm. SKOV-3 cells were transfected with VEGFR2 or control siRNA. (k) The protein
levels of VEGFR2 were reduced after incubation with 20 μM apatinib. (l) The cell viability and (m) the migration of transfected SKOV-3
cells were suppressed by apatinib. Scale bar = 100μm. The relative western blot gray values are shown in the histogram. Data are presented
as the mean ± SD of three independent experiments. APA: apatinib; TPM: transcripts per million.". ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001,
compared with the control groups.
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Table 1: VEGFR2 expression (cancer vs. normal) in other datasets of Oncomine.

Datasets Subtype P value t-test Fold change N

Lu ovarian

Serous 0.007 -3.921 -1.622 20

Mucinous 0.007 -3.453 -1.592 9

Endometrioid 0.009 -3.514 -1.562 9

Clear cell 0.013 -2.902 -1.480 7

TCGA ovarian Serous 0.002 -3.997 -1.708 586

Yoshihara ovarian Serous 8.33E-4 -3.460 -2.572 22

Adib ovarian Serous 0.015 -3.044 -1.406 6

Hendrix ovarian

Serous 0.033 -2.580 -1.137 41

Mucinous 0.118 -1.313 -1.078 13

Endometrioid 0.058 -2.075 -1.107 37

Clear cell 0.157 -1.095 -1.065 8

Notes: the bold font indicates the difference was significant statistically. The negative value of fold change represents that VEGFR2 expression was
downregulated. N : number of patients.
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Figure 7: Schematic representation of the antitumor effect of apatinib in cancer cells. (a) After entering the tumor cell, apatinib competes with
adenosine triphosphate (ATP) for binding to the ATP site of VEGFR2, inhibiting angiogenesis by blocking downstream signal transduction,
resulting in tumor cell death. (b) Apatinib inhibits OC cell migration by suppressing EMT and promotes ROS-dependent apoptosis and
autophagy through negatively regulating the VEGFR2/Nrf2/HO-1-GSH pathway in OC cells. PKC: protein kinase C.
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apatinib showed favorable antitumor efficacy on the A2780
cell line, which expressed a relatively low level of VEGFR2
originally. Taken these findings together, we concluded
that apatinib could function through a low level of VEGFR2
in OC.

Preclinical research has suggested that apatinib may
reverse multidrug resistance by inhibiting some proteins
associated with its development [49–51]. In two recent phase
2 clinical trials, patients with platinum-resistant and
platinum-refractory OC benefited from treatment with apati-
nib alone or in combination with oral etoposide [52, 53]. Our
previous study indicated that GSH, Nrf2, and HO-1 were
upregulated in cisplatin-resistant OC cell lines [16]. There-
fore, we speculate that apatinib may increase the sensitivity
of OC cells to cisplatin by inhibiting the Nrf2 pathway as
well. However, this hypothesis needs to be tested further.

Unfortunately, there is a lack of clarity on the precise
mechanism of the relationship between Nrf2 and VEGFR2,
although the GEPIA database indicated a significant positive
correlation between them. In addition to the direct suppres-
sion of Nrf2 as discussed above, another possibility is that
Nrf2 could be regulated by apatinib via downstream signal-
ing of VEGFR2, such as Akt [54], Erk, p38, and protein
kinase C [55]. However, this hypothesis will also need to be
investigated in future experiments.

5. Conclusions

In conclusion, we found that apatinib inhibited the prolifer-
ation and metastasis of OC cells. Notably, apatinib promoted
ROS-dependent apoptosis and autophagy mainly via the
inhibition of the Nrf2/HO-1-GSH signaling pathway
(Figure 7). This novel regulatory mechanism provides a
new perspective for the antitumor effect of apatinib in OC
treatment; moreover, the combination of this drug with an
Nrf2 inhibitor may be a promising treatment strategy for
patients with OC. However, further animal studies or clinical
trials need to be performed to confirm this.
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