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assay, migration assay, nude mice xenograft study and 
immunohistochemistry.
Results  CYT-Rx20 induced cytotoxicity in ovarian cancer 
cells by promoting cell apoptosis via ROS generation and 
DNA damage. CYT-Rx20-induced cell apoptosis, ROS 
generation and DNA damage were reversed by thiol anti-
oxidants. In addition, CYT-Rx20 inhibited ovarian cancer 
cell migration by regulating the expression of epithelial 
to mesenchymal transition (EMT) markers. In nude mice, 
CYT-Rx20 inhibited ovarian tumor growth accompanied 
by increased expression of DNA damage marker γH2AX 
and decreased expression of EMT marker Vimentin.
Conclusions  CYT-Rx20 inhibits ovarian cancer cells 
in  vitro and in  vivo, and has the potential to be further 
developed into an anti-ovarian cancer drug clinically.

Keywords  β-Nitrostyrene · ROS · Apoptosis · Migration · 
Ovarian cancer

Abstract 
Purpose  The β-nitrostyrene family has been previously 
reported to possess anticancer property. However, the bio-
logical effects of β-nitrostyrenes on ovarian cancer and the 
underlying mechanisms involved remain unclear. In the pre-
sent study, we synthesized a β-nitrostyrene derivative, CYT-
Rx20 3′-hydroxy-4′-methoxy-β-methyl-β-nitrostyrene), and 
investigated its anticancer effects and the putative pathways 
of action in ovarian cancer.
Methods  The effects of CYT-Rx20 were analyzed using 
cell viability assay, reactive oxygen species (ROS) gen-
eration assay, FACS analysis, annexin V staining, immu-
nostaining, comet assay, immunoblotting, soft agar 
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Introduction

Ovarian cancer is the third most common lethal gyneco-
logic malignancy worldwide [1]. Over 90% of ovarian 
cancer deaths are caused by drug resistance and tumor 
metastasis [2]. Most patients undergo cytoreductive sur-
gery and receive a combination of paclitaxel and plati-
num-based chemotherapy [3]. The overall 5-year survival 
rate in advanced ovarian cancer patients is ~40% [2, 3]. 
This highlights the need for continuous efforts to develop 
novel effective chemotherapeutic agents with low toxicity 
for ovarian cancer patients.

The β-nitrostyrene-derived compounds have been 
shown to inhibit protein tyrosine phosphatases [4] and 
exert diverse biological functions including anti-plate-
let and anticancer activities, including induction of 
breast cancer cell death [5–7]. 3, 4-Methylenedioxy-β-
nitrostyrene exhibits anti-inflammatory effects through 
inactivation of NLRP3 inflammasome [8]. Regarding 
anticancer activities, 3,4-methylenedioxy-β-nitrostyrene 
reduces β1 integrin activation and clustering, resulting in 
decreased adhesion of triple-negative breast cancer cell 
lines [5]. In addition, β-nitrostyrene inhibits gastric cancer 
cell proliferation and immune responses of macrophages 
[9], and its derivatives suppress the TNFα/NFκB signal-
ing pathway in a retinoid X receptor α (RXRα)-dependent 
manner to induce apoptosis in breast cancer cells [10].

In our previous work, we showed that CYT-Rx20 
induced apoptosis in breast cancer cells through reac-
tive oxygen species-mediated MEK-ERK signaling [11]. 
However, to our knowledge, the chemotherapeutic effect 
of CYT-Rx20 on ovarian cancer has not been investi-
gated. Herein, we explored the potential anticancer activ-
ities of CYT-Rx20 on ovarian cancer and addressed the 
underlying mechanisms.

Materials and methods

Reagents

CYT-Rx20 was synthesized as previously described 
[12]. Dulbecco’s modified Eagle medium (DMEM) and 
DCFDA were obtained from Invitrogen (Carlsbad, CA, 
USA). Annexin V/PI apoptosis detection kit was obtained 
from BD Biosciences (Franklin Lakes, NJ, USA). Fetal 
bovine serum, penicillin, streptomycin, and amphotericin 
B were obtained from Biological Industries (Beit Haemek, 
Israel). 4,6-Diamidino-2-phenylindole (DAPI), propidium 
iodide, and N-acetyl-l-cysteine (NAC) were obtained from 
Sigma-Aldrich (St Louis, MO, USA). Antibodies used in 
this study included PARP (#9542, Cell Signaling  Tech., 

Danvers, MA, USA), caspase-3 (Clone 31A1067, #NB100-
56708, Novus Biologicals, Littleton, CO, USA), caspase-9 
(#9508, Cell Signaling  Tech., Danvers, MA,  USA), His-
tone H2AX (Clone 3F2, #GTX80694; Genetex, Irvine, 
CA), E-cadherin (Clone HECD-1, #ab1416, Abcam PLC, 
Cambridge, UK), Vimentin (#GTx100619,  Genetex, 
Irvine, CA), Twist (#orb13736, Biorbyt, Cambridge, UK), 
and β-actin (#GTX110564, Genetex, Irvine, CA). Other 
reagents employed in the current study were indicated sep-
arately wherever suitable.

Cell culture

Three human ovarian cancer cell lines (MDAH 2774, 
PA-1, and SKOV3) were included in this study. Cells 
were grown in DMEM supplemented with 10% fetal 
bovine serum, 100 U/ml penicillin, 100 μg/ml streptomy-
cin, and 2.5 μg/ml amphotericin B at 37 °C in a 5% CO2 
incubator.

XTT cell viability assay

Cells from three human ovarian cancer cell lines (MDAH 
2774, PA-1, and SKOV3) were seeded at a density of 
4 × 103 cells/well in 96-well plates and allowed to attach 
overnight. After treatment with CYT-Rx20 or cisplatin 
(CDDP) at various concentrations for 24  h, cell viability 
was determined by XTT colorimetric assay. 2,3-Bis(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-car-
boxanilide (Sigma-Aldrich, USA) was added into wells 
with PMS (N-methyl dibenzopyrazine methyl sulfate, 
Sigma-Aldrich, USA). Absorbancy was measured by a 
spectrophotometer at 475 nm with a reference wavelength 
at 660 nm. Relative number of viable cells as compared to 
the number of cells without drug treatment was expressed 
as percent cell viability using the following formula: cell 
viability (%) = A475 of treated cells/A475 of untreated cells.

Flow cytometry

Intracellular ROS content of human ovarian cancer cells 
was measured using H2DCFDA fluorescent dye and 
determined by flow cytometry with the detailed proce-
dures described in a previous report [13].

Neutral comet assay for detection of DNA 
double‑strand breaks (DSBs)

DSBs were determined by neutral comet single-cell gel 
electrophoresis according to our previous report [14]. 
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Cells from human ovarian cancer cell lines (MDAH 
2774, PA-1, and SKOV3), after CYT-Rx20 treatment 
with the indicated concentrations for 24  h, were com-
bined with 1% low melting point agarose at a ratio of 
1:10 (v/v). 75 μl of the mixture was immediately pipet-
ted onto Comet Slide (Trevigen; Gaithersburg, MD, 
USA) at 4  °C and kept in the dark for 10  min. The 
slides were then immersed in prepared cold lysis solu-
tion (Trevigen) for 60 min. Subsequently, the slides were 
drained and placed in a horizontal gel electrophoresis 
apparatus containing freshly prepared neutral buffer 
(90 mM Tris–HCl, 90 mM boric acid, and 2 mM EDTA, 
pH 8.0) at 20 V for 30 min, and stained with 2.5 μg/ml 
PI (Sigma-Aldrich) for 15  min. The mean tail moment 
was analyzed by CometScore software (TriTek; Sumer-
duck, VA, USA).

Immunostaining of γH2AX foci

Cells were seeded at 1  ×  104 cells/well in eight-well 
chamber slides (Lab-Tek II) and incubated for 24 h before 
treatment. After CYT-Rx20 treatment alone or pre-treat-
ment with NAC followed by CYT-Rx20, the cells were 
fixed immediately in 4% paraformaldehyde. Antibody 
incubations were performed at room temperature and 
cells were counterstained with DAPI. Images were cap-
tured with a Nikon Eclipse Ti-S inverted research micro-
scope (Japan) with excitation at 465–495  nm and 515–
555 nm emission filter.

Immunoblotting analysis

The levels of caspase-associated proteins (caspase-3 and 
caspase-9), cleaved PARP, γH2AX, and epithelial–mes-
enchymal transition (EMT) markers, including E-cad-
herin, Vimentin, and Twist were analyzed by immunob-
lotting after treatment of cells with CYT-Rx20 for 24 h. 
Equal amounts of proteins were resolved by SDS-PAGE 
and transferred to a polyvinyl difluoride (PVDF) mem-
brane. PVDF membrane was blocked with 5% skim 
milk at room temperature for 1  h, and then incubated 
with antibodies against caspase-3, caspase-9, cleaved 
PARP, γH2AX, E-cadherin, Vimentin, or Twist at 4  °C 
overnight. After washing with 1× TBST (Tris-buffered 
saline with Tween20), the membrane was incubated with 
horseradish peroxidase-conjugated secondary antibod-
ies (1:5000, Thermo Scientific) at room temperature for 
1  h. The immunoblots were visualized using enhanced 
chemiluminescence (ECL, Perkin Elmer, USA). Finally, 
the images were captured by ChemiDoc XRS + System 
(BIO-RAD, USA) and quantified by the Image LabTM 
software (BIO-RAD, USA).

Annexin V/PI analysis

Cell apoptosis was assessed by labeling cells with annexin 
V-FITC and PI. After treatment with CYT-Rx20, the cells 
were collected and washed twice with cold PBS and then 
adjusted to 5 × 105 cells/500 μl in binding buffer contain-
ing annexin V-FITC (1 μg/ml) and PI before analysis by 
flow cytometry (FC 500 MCL, Beckman Coulter, Brea, 
CA, USA).

Anoikis assay

Cells from three human ovarian cancer cell lines (MDAH 
2774, PA-1, and SKOV3) were treated with CYT-Rx20 for 
24  h. Cells (1 ×  104) were resuspended in DMEM with 
10% FBS onto ultra-low attachment 24-well plates (Corn-
ing, NY, USA). After 48-h incubation at 37 °C, cell viabil-
ity was determined by staining with trypan blue (Sigma) 
in PBS (ratio of 1:1) before examination under a Nikon 
Eclipse TS100 microscope (Tokyo, Japan).

Cell migration assay

Cell migration was determined by a modified Boyden cham-
ber assay. Cells (5 × 104 cells/well) suspended in 2% FBS 
medium were placed into the upper chamber of 8-µm pore 
size transwells (24-well, Corning Life Sciences, Corning, 
NY), and medium with 10% FBS was added to the lower 
chamber. After 24-h incubation, the unmigrated cells were 
removed from the upper surface of the transwell membrane, 
whereas the cells that have migrated to the underside of the 
membrane were stained with 0.5 g/l of crystal violet (Sigma-
Aldrich, St Louis, MO, USA). The cell migration was deter-
mined by counting the number of migrated cells under a 
microscope at 100× magnification. Four visual fields were 
chosen randomly and the average number of migrated cells 
in the four fields was calculated for each group.

Anchorage‑independent soft agar assay

Cells from three human ovarian cancer cell lines (MDAH 
2774, PA-1, and SKOV3) were embedded in 0.25% agarose 
at a density of 1000 cells/well in 48-well plates, followed 
by treatment with CYT-Rx20 for 24  h. Cells were grown 
for 30 days and then stained with 0.5% crystal violet. Cell 
culture medium was changed every 2–3  days during the 
incubation period.

Ex vivo tumor xenograft study

The animal studies were approved by the Institutional 
Animal Care and Use Committee (IACUC No. 102009) 
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of Kaohsiung Medical University, Taiwan. Animal experi-
ments were approved by the Laboratory Animal Ethics 
Committee of Kaohsiung Medical University and were con-
ducted in accordance with the animal research: reporting 
in  vivo experiments (ARRIVE) guidelines. Six-week-old 
female immune-deficient BALB/cAnN.Cg-Foxn1nu/CrlNarl 
mice from National Laboratory Animal Center of Taiwan 
were subcutaneously injected with 3 ×  106 MDAH 2774 
cells into both flanks. When the tumors grew to visible size 
(approximately an average diameter of 3  mm), the mice 
were intraperitoneally injected three times a week with 
DMSO-dissolved CYT-Rx20 and then diluted with 100 μl 
of normal saline (0.1% DMSO) at 10.0 μg/g body weight, 
whereas the control mice were intraperitoneally injected 
with 0.1% DMSO in normal saline alone. Tumor volumes 
were calculated using the formula (width2  ×  length)/2. 
Tumor weights were measured when the mice were killed 
at the end of the experimental period.

Immunohistochemistry and hematoxylin and eosin 
staining

Immunohistochemical staining for γH2AX and Vimen-
tin were performed using the fully automated Bond-Max 
system and according to the manufacturer’s instructions 
(Leica Microsystems, Wetzlar, Germany). For quantifica-
tion, the staining of γH2AX and Vimentin was evaluated. 
The percentage of positive-stained tumor cells was deter-
mined semiquantitatively by assessing the tumor section, 
and each sample was then assigned to one of the following 
categories: 0 (0–4%), 1 (5–24%), 2 (25–49%), 3 (50–74%), 
or 4 (75–100%) [15]. Additionally, the intensity of immu-
nostaining was determined as 0 (negative), 1 (weak), 2 
(moderate), or 3 (strong) for antigens with nuclear localiza-
tion. The total score is designated as the percentage of posi-
tively stained cells multiplied by the weighted intensity of 
staining for each sample. Besides, the tissues from various 
organs of mice were stained with hematoxylin and eosin.

Statistical analysis

Quantitative data were presented as mean  ±  SD or 
mean ± SEM from three independent experiments. Differ-
ences between treatment groups were calculated by one-
way analysis of variance (ANOVA) and post hoc Tukey’s 
test for multiple comparisons. A P value less than 0.05 was 
considered statistically significant.

Results

The effect of CYT‑Rx20 on ovarian cancer cell viability

Seven β-nitrostyrene derivatives (Fig.  1a; Suppl. Fig-
ure 1) were synthesized according to our previous report 
[7], and their cytotoxic effects on human ovarian cancer 
cells were analyzed by XTT assay (Table  1). Notably, 
CYT-Rx20 (Fig.  1a) exhibited more potent cytotoxic 
effect against ovarian cancer cells than other compounds 
(Table  1). To study the anti-ovarian cancer activity of 
CYT-Rx20, the cytotoxicity of CYT-Rx20 on human 
ovarian cell lines MDAH 2774, PA-1, and SKOV3 was 
analyzed (Table 2). The concentrations of half inhibition 
(IC50) of CYT-Rx20 on these three ovarian cancer cell 
lines were 2.41 ± 0.16, 2.35 ± 0.16, and 2.48 ± 0.08 μg/
ml, respectively. In addition, CYT-Rx20 had more potent 
cytotoxic activity than cisplatin on two ovarian cancer 
cell lines (Table 2).

Involvement of ROS‑mediated pathways 
in CYT‑Rx20‑induced DNA double‑strand breaks 
in ovarian cancer cells

Reactive oxygen species (ROS) are crucial for signal trans-
duction in response to environmental stress [16–18]. Intracel-
lular ROS levels in ovarian cancer cells, determined by flow 
cytometry using the H2DCFDA fluorescent dye, showed a 
dose-dependent increase after CYT-Rx20 treatment for 1  h 
(Suppl. Figure 2a).

H2AX is a key factor in the repair process of damaged 
DNA [19]. When endogenous or exogenous DNA dam-
age causes double-stranded breaks (DSBs), it is always 
followed by the phosphorylation  of histone H2AX [19]. 
In this study, the DNA double-strand breaks caused by 
CYT-Rx20 were further analyzed by neutral comet assay 
(Suppl. Figure  2b), and the result revealed that CYT-
Rx20 treatment led to an increase in DNA double-strand 
breaks. The immunocytochemistry result also showed a 
dose-dependent increase of γH2AX formation in ovar-
ian cancer cells after CYT-Rx20 treatment for 24  h in a 
dose-dependent manner (Suppl. Figure  2c). Notably, the 
CYT-Rx20-induced ROS production was reversed by co-
treatment with NAC, a thiol antioxidant (Fig.  1b). The 
involvement of ROS in CYT-Rx20-reduced DNA damage 
was further determined, and the results showed that NAC 
significantly suppressed CYT-Rx20-induced DNA dou-
ble-strand breaks and γH2AX formation in ovarian cancer 
cells (Fig. 1c, d).
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Fig. 1   Effect of ROS inhibitor NAC on CYT-Rx20-induced ROS 
generation and DNA damage in ovarian cancer cells. a Chemi-
cal structure of CYT-Rx20. b Cells were treated with NAC (5 mM) 
and/or CYT-Rx20 (2 μg/ml) for 1 h, followed by detection of ROS 
using H2DCFDA by flow cytometry. c Cells were pretreated with 
NAC (5 mM) for 1 h, followed by CYT-Rx20 (2 μg/mL) treatment 
for 24  h prior to determination of DNA damage by neutral comet 

assay. d Cells were pretreated with NAC (10  mM) for 1  h, fol-
lowed by CYT-Rx20 (2  μg/ml) treatment for 24  h, and the effect 
of CYT-Rx20 on induction of γ-H2AX focus formation on ovar-
ian cancer cells was evaluated by fluorescence microscope (original 
magnification ×1000). The data were presented as mean ±  SD or 
mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared with 
the indicated group by one-way ANOVA
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CYT‑Rx20 inhibited ovarian cancer cell viability 
through induction of apoptosis

CYT-Rx20-induced cell death, determined by XTT col-
orimetric assay, was dose-dependent and was rescued 
in the presence of NAC (Suppl. Figure 3; Fig. 2a). It was 
also rescued by two other thiol antioxidants, glutathione 
(GSH) and 2-mercaptoethanol (2-ME) (Fig.  2b). CYT-
Rx20 treatment decreased the levels of pro-caspase-3 and 
-9 and PARP, while it increased the levels of cleaved cas-
pase-3 and -9, cleaved PARP, and γ-H2AX (Fig.  2c) in 
ovarian cancer cells. In this study, the CYT-Rx20-induced 
apoptotic cell death was further confirmed by annexin V/
PI staining and the result showed CYT-Rx20 treatment 
increased the number of annexin V-positive cells at 24 and 
48 h after treatment (Fig. 2d).

Effect of CYT‑Rx20 on ovarian cancer cell migration 
in vitro

Anoikis is a type of programmed cell death that may hap-
pen when cells are detached from the extracellular matrix 
[20]. After CYT-Rx20 treatment, anoikis in ovarian cancer 
cells was increased in a dose-dependent manner (Fig. 3a). 
Furthermore, migration of ovarian cancer cells after CYT-
Rx20 treatment for 24  h and measured by a modified 
Boyden chamber assay showed a reduction compared with 

that of untreated control (Fig. 3b). A crucial event in can-
cer cell migration is epithelial–mesenchymal conversion, 
and the expression of epithelial to mesenchymal transition 
(EMT) markers is required for the early steps of metastasis 
[21, 22]. In this study, the protein levels of epithelial maker 
E-cadherin and mesenchymal markers Vimentin and Twist 
in ovarian cancer cells were determined by immunoblot-
ting analysis. The expression of E-cadherin was increased 
in ovarian cancer cells when treated with the indicated 
concentrations of CYT-Rx20, compared with the control 
(Fig. 3c). In contrast, the expression of Vimentin and Twist 
in ovarian cancer cells was decreased after CYT-Rx20 
treatment, compared with control cells (Fig. 3c).

CYT‑Rx20 inhibited xenografted tumor growth in mice

The inhibitory effect of CYT-Rx20 on anchorage-inde-
pendent growth of ovarian cancer cells was evaluated by 
soft agar assay (Fig. 4). CYT-Rx20 significantly inhibited 
the anchorage-independent growth of ovarian cancer cells 
(Fig. 4a). To further explore the anticancer activity of CYT-
Rx20 in vivo, a nude mice xenograft tumor growth model 
was employed. As shown in Fig. 4b, c, CYT-Rx20 signifi-
cantly suppressed xenografted tumor growth in ovarian can-
cer cells. After CYT-Rx20 treatment for 6 weeks, the aver-
age tumor volumes for the control and CYT-Rx20-treated 
(10.0 μg/g body weight) groups were 126.54  ±  54.87 
and 67.13  ±  11.23  mm3, respectively (Fig.  4b), while 
the average tumor weights at kill were 0.10 ±  0.04 and 
0.06 ±  0.03  g, respectively (Fig.  4c). The in  vivo effect 
of CYT-Rx20 on the expression of DNA damage marker 
γH2AX and mesenchymal marker Vimentin in ovarian 
tumor xenografts in mice was examined by IHC staining. 
The expression of γH2AX (Fig. 4d) in xenografted tumors 
was increased in mice treated with CYT-Rx20. In contrast, 
the expression of Vimentin was decreased in xenografted 
tumors of mice treated with CYT-Rx20 (Fig. 4e). No sig-
nificant differences were observed in the body weight 
(Suppl. Figure  4a), blood biochemical parameters (Suppl. 
Table  1), or histology of the ovary, heart, liver, lung, and 
kidney between CYT-Rx20-treated mice and control mice 
(Suppl. Figure 4b).

Table 1   Cytotoxicity of 
CYT-Rx20, CYT-Rx21, 
CYT-Rx22, CYT-Rx44, 
CYT-Rx45, CYT-Rx46, and 
CYT-Rx47 on SKOV3 human 
ovarian cancer cells

Cells were treated with various concentrations of CYT-Rx compounds for 24  h before assessment with 
XTT assay
a  Data were presented as mean ± SD from three independent experiments

Cell lines IC50 (μg/ml)a

CYT-Rx20 CYT-Rx21 CYT-Rx22 CYT-Rx44 CYT-Rx45 CYT-Rx46 CYT-Rx47

SKOV3 1.39 ± 0.01 >6 1.42 ± 0.02 >4 3.12 ± 0.12 >6 4.10 ± 0.06

Table 2   Cytotoxicity of CYT-Rx20 and cisplatin on human ovarian 
cancer cell lines

Cells were treated with various concentrations of CYT-Rx20 or cispl-
atin for 24 h before assessment with XTT assay
a  Data were presented as mean ± SD from three independent experi-
ments

IC50 (μg/ml)a

CYT-Rx20 (μg/ml) Cisplatin (μg/ml)

Ovarian cell lines

 MDAH 2774 2.41 ± 0.16 4.78 ± 0.38

 PA-1 2.35 ± 0.16 1.94 ± 0.03

 SKOV-3 2.48 ± 0.08 6.60 ± 0.96
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Fig. 2   Cytotoxic effect of CYT-Rx20 on ovarian cancer cells. a 
Cells were pretreated with NAC (10 mM) for 1 h, followed by CYT-
Rx20 treatment for 24 h prior to examination of cell viability. b Cells 
were pretreated with glutathione (GSH; 1 mM) or 2-mercaptoethanol 
(2-ME; 100 μM) for 1  h, followed by CYT-Rx20 (2 μg/mL) treat-
ment for 24  h prior to XTT assay. c The expression of apoptosis-
related proteins in ovarian cancer cells treated with CYT-Rx20 for 

24 h was analyzed by immunoblotting. The expression of β-actin was 
used as the internal control. The results were representative of three 
separate experiments. d Ovarian cancer cell death after CYT-RX20 
(2 μg/ml) treatment for 24 or 48 h was determined using annexin V/
PI staining followed by flow cytometric analysis. The data were pre-
sented as mean ±  SD. *P  <  0.05, **P  <  0.01, ***P  <  0.001 com-
pared with the indicated group by one-way ANOVA
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Discussion

In the current study, we demonstrated for the first time 
that CYT-Rx20, a synthetic derivative of β-nitrostyrene, 
significantly reduced cell viability and induced apoptotic 
cell death in ovarian cancer cells, and it exhibited a higher 
potency against ovarian cancer cells than the clinically used 
chemotherapeutic agent CDDP. CYT-Rx20 also decreased 
ovarian tumor growth in a mouse xenograft model. These 
results provide in  vitro and in  vivo evidence for the anti-
neoplastic activity of CYT-Rx20 in ovarian cancer.

Reactive oxygen species (ROS) are generated as a nor-
mal product of cellular metabolism. Various environmen-
tal stresses lead to excessive production of ROS, causing 
progressive oxidative damage and ultimately cell death. 
Under environmental stress, ROS are overproduced and 
then interfere with the stability of mitochondrial membrane 
potential, leading to an excessive release of mitochondrial 
ROS followed by cell death [23]. In this study, we provided 
evidence that CYT-Rx20 treatment induced ROS accumu-
lation and ovarian cancer cell death. Furthermore, ROS 
can be generated through uncontrolled electron delivery or 
deficiency in ROS scavengers such as GSH, a major intra-
cellular antioxidant responsible for maintaining the cellular 
redox state and protecting cells from oxidative damage [24–
26]. Our results showed that the CYT-Rx20-induced cyto-
toxicity in ovarian cancer cells was significantly attenuated 
by thiol antioxidants NAC, GSH, and β-mercaptoethanol, 
suggesting that the anticancer activities of CYT-Rx20 may 
result from the imbalance of thiol redox status. Similar to 

our previous study on breast cancer cells [11], we found 
that CYT-Rx20 treatment leads to ROS accumulation in 
ovarian cancer cells. Our previous study showed that CYT-
Rx20 promoted breast cancer cell death and autophagy 
through ROS-mediated MEK/ERK pathway. The activation 
of autophagy can be significantly reversed by thiol group 
and partially reversed by ERK inhibitors in breast cancer 
cells [11]. However, the increase of phospho-ERK was not 
observed in the present study, which might be due to the 
cell-type specificity.

The increased ROS accumulation in cells may also 
induce oxidative damage to DNA, including strand breaks 
and base and nucleotide modifications [27]. On the other 
hand, DNA damage also induces ROS generation through 
the H2AX-Nox1/Rac1 pathway [28]. In this study, we 
monitored DSBs by two approaches, γ-H2AX foci forma-
tion assay and neutral comet assay [29, 30]. Our results 
from both assays provided evidence of DSB induction in 
a dose-dependent manner after CYT-Rx20 treatment. We 
also found that CYT-Rx20-mediated γ-H2AX foci forma-
tion and DSB were inhibited by NAC in all the ovarian 
cancer cell lines we tested, suggesting that DNA damage is 
involved in CYT-Rx20-induced cell death.

Our findings showed that apoptosis is involved in CYT-
Rx20-induced cell growth inhibition in ovarian cancer 
cells, evident by the increased number of annexin V-pos-
itive cells. It is well known that members of the caspase 
family mediated apoptotic programmed cell death in vari-
ous cancer cell types including ovarian cancer [31]. Cas-
pase-9 is activated very early in the apoptotic cascade by 
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cytochrome c, which is released from the mitochondria in 
response to apoptotic stimuli, followed by the activation of 
downstream caspases including caspase-3 and the cleav-
age of PARP, a hallmark of apoptosis [32]. In this study, 
we showed that CYT-Rx20 treatment of ovarian cancer 
cells resulted in the activation of caspase-9, caspase-3, and 
the cleavage of PARP. These results suggested that CYT-
Rx20 exerted strong anticancer activity on ovarian cancer 
by inducing apoptosis.

CYT-Rx20 treatment of ovarian cancer cells pro-
moted anoikis, a form of cell death induced upon cell 

detachment from the extracellular matrix [20]. Recent 
evidence has suggested that the process of epithelial to 
mesenchymal transition (EMT) may play a role in the 
development of chemoresistance [33]. The main char-
acteristics of EMT are the up-regulation of extracellu-
lar matrix components, loss of intercellular cohesion, 
increased ability of cellular migration and invasion, and 
increased resistance to apoptosis [34]. In agreement with 
these findings, our study demonstrated that CYT-Rx20 
treatment suppressed the migration of ovarian tumor 
cells through activation of epithelial marker (E-cadherin) 
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Fig. 3   Effect of CYT-Rx20 on ovarian cancer cell migration. a Ovar-
ian cancer cells were treated with CYT-Rx20 for 24 h and then col-
lected after 24 h of anoikis induction for evaluation of cell death rate, 
determined by trypan blue staining using hemocytometer. b Ovarian 
cancer cells were treated with CYT-Rx20 for 24  h and the migra-
tion efficiencies were determined using a modified Boyden chamber 
assay. c Protein expression of epithelial to mesenchymal transition 

(EMT) markers was analyzed by immunoblotting after three ovar-
ian cancer cell lines were treated with the indicated concentrations 
of CYT-Rx20 for 24  h. The intensity of the protein band after nor-
malization to the internal control β-actin was calculated as the fold of 
controls and then depicted as histograms. The data were presented as 
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the 
indicated group by one-way ANOVA
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and inactivation of mesenchymal markers (Vimentin and 
Twist). These results suggested that CYT-Rx20 inhibited 
not only the proliferation but also the migratory capabili-
ties of cancer cells.

The anticancer activity of CYT-Rx20 was also evalu-
ated in  vivo. We found that CYT-Rx20 suppressed 
xenografted ovarian tumor growth associated with the 
increased expression of γ-H2AX and decreased expres-
sion of Vimentin in tumor tissues. There were no obvious 
abnormal histological changes in the examined organs 
of nude mice (including ovary), and no impairment in 
hematopoiesis, renal or liver function (Suppl. Table  1), 
rendering CYT-Rx20 a potential anti-ovarian cancer 
agent with low toxicity.

Taken together, the present study demonstrated that the 
synthetic β-nitrostyrene derivative CYT-Rx20 induced 
apoptosis in ovarian cancer cells through a ROS induc-
tion pathway. Our findings indicate that CYT-Rx20 may 
be developed as a potential chemotherapeutic agent for 
ovarian cancer. Further pre-clinical and clinical studies 
are required to confirm its therapeutic potential for ovarian 
cancer treatment.
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