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Abstract. In the present study, the anticancer activity 
of 1-[(3S,4R)-2,2-dimethyl-3-oxo-4-(2-piper idonyl)
chroman-6-yl]-3-phenylurea (S32) was investigated by 
testing its effect in vitro on the growth of HeLa cells. First, 
we showed that the IC50 value of S32 was ~70 µM by using 
WST‑8 assay, and that it significantly inhibited the prolifera-
tion and viability of HeLa cells in a dose-dependent manner 
after 48 h. Morphological changes in apoptotic cells included 
cellular shrinkage and nuclear condensation. The results of 
[3H]‑thymidine incorporation and flow cytometric analysis 
indicated that S32 induced inhibition of DNA replication and 
G2-phase cell cycle arrest. Moreover, S32 induced the levels 
of reactive oxygen species (ROS) and decreased the mito-
chondrial membrane potential (MMP) in a time-dependent 
manner. Using Annexin V-FITC/propidium iodide (PI) dual 
staining assay, we found that S32 noticeably increased early 
apoptosis in HeLa cells in a time-dependent manner. The result 
of western blot analysis showed that the apoptotic induction 
was associated with an increase in Bax levels and a decrease 
in Bcl-2 levels, which led to activation of caspase-8, -9 and -3. 
Taken together, our findings demonstrated that S32 induces 
mitochondrial-mediated apoptosis in HeLa cells and suggest 
that S32 has potential as an anticancer drug.

Introduction

Cervical carcinoma is the second most prevalent female cancer 
and the most common malignancy in terms of both incidence 

and mortality worldwide (1). More than 80% of the cervical 
cancers occur in developing countries (2). Several therapies 
are used to treat the disease, but each of them has adverse 
effects (3). Therefore, the development of a safer and more 
efficient chemotherapeutic treatment for cervical carcinoma 
is very important.

The process of apoptosis or programmed cell death 
is tightly controlled and it plays important roles in many 
biological processes ranging from fetal development to 
adult tissue homeostasis (4). Apoptosis is characterized by 
morphological changes, including cell shrinkage, nuclear 
reorganization, blebbing of active membrane, and fragmen-
tation of the cell into membrane-enclosed vesicles (5). As 
malignant cells suppress this response to survive, apoptosis 
has been an important focus of the current cancer research. 
Apoptosis can be initiated through the intrinsic (mitochon-
drial-mediated) and extrinsic (death receptor-mediated) 
pathway (6-8). Several important events occur in the mito-
chondria right after intrinsic apoptotic stimulation, including 
the release of pro-apoptotic factors such as cytochrome c 
from the mitochondria into the cytoplasm (9,10). In the 
cytosol, cytochrome c interacts with apoptotic protease 
activating factor-1 (Apaf-1), leading to the activation of 
the cysteine-aspartic protease caspase-9, which activates 
caspase-3 followed by activation of the rest of the caspase 
cascade, leading to programmed cell death (11). In addition, 
the activation of mitochondria and the release of regula-
tory factors from the mitochondrial intermembrane space 
control a number of Bcl-2 family of regulatory proteins 
downstream (12-14). Some of these proteins such as Bcl-2 
are anti-apoptotic and prevent the release of cytochrome c, 
whereas others such as Bax promote the release of cyto-
chrome c (15). The extrinsic pathway involves the binding 
of ligands of the tumor necrosis factor (TNF) superfamily to 
cell surface death receptors and the subsequent activation of 
membrane-proximal caspases (caspase-8 and -10) (16).

Reactive oxygen species (ROS) [e.g., superoxide 
anions (O2·-), hydrogen peroxide (H2O2), and hydroxyl radi-
cals (OH·)] are by-products of cellular metabolic pathways 
and are crucial secondary messengers in various intracellular 
signaling pathways (17,18). Recently, it has become clear that 
ROS play a significant role in the cause of apoptotic cell death 
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under physiological as well as pathological conditions, and that 
interestingly, mitochondria are both the source and the target 
of ROS (19,20). Several investigators suggested evidence that 
intracellular ROS can directly cause the mitochondrial perme-
ability transition activation, loss of mitochondrial membrane 
potential (MMP), and release of cytochrome c from mitochon-
dria (21,22).

The cell cycle is deregulated in tumors, causing lack of 
differentiation and aberrant growth of cells (23-25). The 
cell cycle regulates cell division, differentiation, growth and 
programmed cell death (26). Many anticancer agents have 
been developed to arrest the cell cycle at specific checkpoints, 
thereby causing apoptotic cell death (27). G2 or pre-mitotic 
phase is the third and final subphase of interphase in the cell 
cycle, directly preceding mitosis and following successful 
completion DNA replication during S phase. G2 ends with 
the onset of prophase, the first phase of mitosis, during which 
the chromatin condenses into chromosomes. A series of 
chroman analogs previously reported as potassium channel 
openers were examined for their in vitro growth inhibitory 
effect on human glioma cells (28). We evaluated the cytotoxic 
effect of six chroman analogs that were kindly provided 
by Dr D.S. Shin on HeLa cells using the WST-8 assay, and 
found that 1-[(3S,4R)-2,2-dimethyl-3-oxo-4-(2-piperidonyl)
chroman-6-yl]-3-phenylurea (S32) (Fig. 1) showed the strongest 
effect. Notably, we found that chroman derivatives containing a 
phenylurea group were more cytotoxic than derivatives without 
this group (Table I), showing that this group is important for 
cytotoxicity (21). Phenylurea-type 2,2-dimethylchromans have 
been identified as a new class of potential antitumor agents for 
an innovative therapeutic approach for high-grade glioma (28). 
However, the underlying molecular mechanisms attributed to 
the growth inhibitory and cytotoxic effects of S32 are poorly 
understood. In this study, we investigated the anticancer effect 
of S32 derivatives in HeLa cells to identify appropriate novel 
candidate antitumor drugs.

Materials and methods

Chemicals. The Annexin V-FITC kit and propidium 
iodide (PI)/RNase staining buffer for apoptosis were obtained 
from BD Biosciences (Franklin Lakes, Nj, USA). Eagle's 
minimum essential medium (EMEM), penicillin-streptomycin 
and trypsin-EDTA were obtained from HyClone (HyClone: 
GE Healthcare Life Sciences, Logan, UT, USA). Fetal bovine 
serum (FBS) was purchased from Gibco-BRL (Gibco-BRL: 
Thermo Fisher Scientific, Inc., Waltham, MA, USA). 
Cell Counting kit-8 (CCK-8) was obtained from Dojindo 
Molecular Technologies, Inc. (Kumamoto, japan). Dimethyl 
sulfoxide (DMSO) and phosphate-buffered saline (PBS, 
pH 7.4) were purchased from Sigma-Aldrich Chemical 
Co. (Sigma-Aldrich Chemical Co.: Merck KGaA, Darmstadt, 
Germany). All other chemicals were of analytical reagent 
grade.

Cell lines. HeLa cells obtained from the American Type 
Culture Collection (ATCC) (Manassas, VA, USA) were 
cultured in EMEM supplemented with 10% FBS and 1% 
penicillin‑streptomycin at 37˚C in a humidified atmosphere 
with 5% CO2.

Preparation of chroman analog sample. 1-[(3S,4R)-2,2-dime-
thyl-3-oxo-4-(2-piperidonyl)chroman-6-yl]-3-phenylurea (S32) 
and other chroman analogs (S10, S16, S18, S24, and S26) were 
obtained from the laboratory of Dr D.S. Shin (Changwon 
National University). The stock solutions of all chroman 

Table I. Evaluation of the cytotoxic effects of phenyl-
urea-including compounds and non-including compounds 
(mother compound) on HeLa cells.

Compound Structure IC50 value (µM)

  

S10  >300

  

S16  84

  

S18  >300

  

S24  138

  

S26  >200

  

S32  72

Figure 1. Chemical structure of 1-[(3S,4R)-2,2-dimethyl-3-oxo-4-(2-pipe-
ridonyl)chroman-6-yl]-3-phenylurea (C20H21N3O4) (S32).
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analogs were prepared in DMSO as 100 mM and maintained 
at 4˚C. Further dilutions were made immediately prior to each 
experiment.

Cell viability and proliferation assay. HeLa cells were seeded 
at 5x103 cells into each well of a 96-well microplate. After 24 h, 
media were replaced with fresh media containing the various 
concentrations (20, 40 and 80 µM) of S32. The plate was incu-
bated for a further 48 h. Then, CCK-8 reagent (10 µl) was added 
to each well of the plate and incubated for 2 h. The cell viability 
was assessed using WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-
nitro phenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium] according 
to the manufacturer's recommendations (29). The optical 
density for living cells was read at 450 nm using a multi-micro-
plate reader (Synergy HT; BioTek Instruments, Inc., Winooski, 
VT, USA). For determination of cell proliferation, cells were 
seeded at 5x103 cells/ml media in 96-well microplates and 
treated with or without S32 (70 µM) for various times (0, 12, 
24, 36, 48 and 60 h). Each experiment was repeated at least 
three times.

Measurement of apoptotic cell morphology. HeLa cells were 
distributed (1x105 cells/well) into a 6-well plate and allowed 
to stand overnight. The cells were treated with S32 (70 µM) 
for 24 and 48 h. Wells that were not treated with S32 received 
an equivalent volume of DMSO (<0.1%) used as a control. 
Phase-contrast images were captured with a Nikon Phase 
Contrast-2, ELWD 0.3 inverted microscope.

Measurement of ROS. Production of ROS was assessed using 
the fluorescent indicator 2',7'-dichlorodihydrofluorescein 
diacetate (H2DCF-DA), a cell-permeable indicator for ROS, 
shown to react with H2O2 (30). H2DCF-DA is oxidized to 
highly green fluorescent 2',7'‑dichlorofluorescein (DCF) via 
the generation of ROS. HeLa cells (3x105 cells in a 60-mm 
dish) treated with (70 µM) or without S32 were collected by 
trypsinization and centrifugation at 300 x g for 5 min. The 
pellets were washed with cold PBS and stained with 2 µl 
of H2DCF‑DA for 30 min at 37˚C in a dark room. Relative 
fluorescence intensities were observed using the FACSCalibur 
flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) 
and analyzed by CellQuest Pro software (Becton-Dickinson: 
BD Biosciences, Franklin Lakes, Nj, USA) with the FL-1 
channel (green) set to 530 nm.

Measurement of MMP (ΔΨm). Changes in MMP were 
detected by using a fluorescent probe, rhodamine 123 (RH‑123; 
Molecular Probes, Inc.; Thermo Fisher Scientific, Inc., 
Eugene, OR, USA). HeLa cells (3x105 cells in a 60-mm 
dish) treated with (70 µM) or without S32 were collected by 
trypsinization and centrifugation at 300 x g for 5 min. The 
pellets were washed with cold PBS and stained with 5 µl of 
rhodamine and intensities were observed by the FACSCalibur 
flow cytometer (BD Biosciences) and analyzed by CellQuest 
software (Becton-Dickinson: BD Biosciences) with the FL-1 
channel.

[3H]‑thymidine incorporation assay. The [3H]-thymidine 
incorporation assay was performed as described in a previ-
ously study (31). HeLa cells were cultured in 6-well plates in 

growth media (EMEM + 10% FBS + 1% penicillin-strepto-
mycin). After the cells were grown to 70‑80% confluence, 
they were rendered quiescent by incubation for 24 h in EMEM 
containing 2% FBS. Cells were then treated with (70 µM) 
or without S32 in EMEM supplemented with 10% FBS. 
After incubation for 21 or 45 h, [3H]-thymidine was added 
at 1 µCi/ml (1 µCi = 37 kBq) and further incubated for 3 h. 
Incorporated [3H]-thymidine was measured by using a Liquid 
Scintillation Analyzer (Tris-Carb 2910TR; PerkinElmer, Inc., 
Waltham, MA, USA).

Cell cycle arrest analysis. HeLa cells (3x105 cells in a 60-mm 
Petri dish) treated with (70 µM) or without S32 were collected 
by trypsinization and washed with cold PBS by centrifugation 
at 412 x g for 6 min. After suspension in PBS and fixation 
with 70% ethanol (v/v), samples were washed with cold PBS 
and stained with PI/RNase staining buffer for 15 min at room 
temperature. The number of cells in the different cell cycle 
phases was analyzed using a FACSCalibur flow cytometer 
analysis system (BD Biosciences) and 20,000 events were 
analyzed for each sample. The percentage of cells in the 
different phases was determined using ModFit software (Verity 
Software House, Inc., Topsham, ME, USA).

Annexin V‑FITC/PI apoptotic analysis. HeLa cells (3x105 cells 
in a 60-mm dish) treated with (70 µM) or without S32 were 
collected by trypsinization and washed with ice-cold PBS via 
centrifugation at 2,500 x g for 3 min. Subsequently, 1x105 cells 
were resuspended in 100 µl of binding buffer and stained with 
5 µl of Annexin V-FITC and 10 µl of PI (50 µg/ml) for 15 min 
at room temperature in the dark. Analysis was performed 
using FACSCalibur flow cytometer (BD Biosciences) with 
10,000 events each time. The data were analyzed by CellQuest 
Pro software (Becton-Dickinson: BD Biosciences).

Protein extraction and western blot analysis. After the 
treatment of HeLa cells (1x105 cells in a 150-mm dish) with 
(70 µM) or without S32, total cell lysates and cytosolic frac-
tions were prepared as described in a previous study (32). 
Protein contents of the lysates were determined by the Bradford 
protein assay. Proteins (20 µg) were separated by SDS-PAGE 
and transferred onto nitrocellulose membranes by western blot 
analysis. The following primary polyclonal antibodies were 
used: β-actin (cat. no. 4967), pro-caspase-8 (cat. no. 4790), 
pro-caspase-9 (cat. no. 9502), Bcl-2 (cat. no. 2872) (1:1,000 
dilution; rabbit; Cell Signaling Technology, Inc., Danvers, 
MA, USA), pro-caspase-3 (1:300; mouse; cat. no. sc-7272; 
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and 
Bax (1:1,000; mouse; cat. no. 556467; BD Biosciences, San 
Diego, CA, USA). The results were quantified using ImageJ 
v.1.43 software (National Institutes of Health, Bethesda, MD, 
USA).

Statistical analysis. Each experiment was repeated at least 
three times. The results are expressed as the mean ± standard 
deviation (SD) values of three independent experiments. 
Statistical analysis was performed by one-way analysis of 
variation (ANOVA). The criterion for significance was set at 
P<0.05. For the statistical and graphical evaluations, Microsoft 
Excel 2007 was used.
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Results

S32 inhibits the viability and proliferation of HeLa cells. 
In the present study, we evaluated the cytotoxic effect of 
chroman compounds, S26 and S32, at different concentra-
tions (75, 150, and 300 µM) on HeLa cells. After incubation 
with the chroman compounds for 48 h, we observed a signifi-
cant (P<0.05) concentration-dependent cytotoxicity of S32 
compared to that observed with the control. In addition, we 
found that S32 inhibited cell viability to a greater extent than 
the mother compound S26 (Fig. 2). Therefore, we selected 
S32 for further study. As shown in Fig. 3A, the IC50 value of 
S32 was 70 µM. Treatment of HeLa cells with 70 µM of S32 
for various time periods (0, 12, 24, 36, 48 and 60 h) showed 
that their growth gradually increased until 12 h and started 
to decrease at 24 h, whereas untreated cells maintained 
exponential proliferation (Fig. 3B). These data demonstrated 
that S32 decreased HeLa cell viability in a concentration- and 
time-dependent manner.

S32 induces apoptosis‑related cell morphology. Morphological 
changes are important characteristics of apoptotic cells. 
Microscopic analysis revealed the occurrence of apoptosis in 
cells treated with 70 µM of S32 for various durations (Fig. 4). 
As shown in Fig. 4A and C, non-treated HeLa cells prolifer-
ated regularly throughout the culture plate and grew to near 
confluence. After 24 h of treatment with S32, some cells were 
detached from the plate but the majority of the attached cells 
maintained a normal shape (Fig. 4B). After 48 h of treat-
ment, the number of floating cells increased and the attached 
cells showed cell shrinkage and disruption, indicating apop-
tosis (Fig. 4D).

S32 induces ROS production and depolarization of the 
MMP. Several studies have reported that ROS can acti-
vate the mitochondrial permeability transition and loss of 
MMP (33). By using the cell permeable dye, we showed that 
S32 has the capacity to induce the generation of intracellular 

ROS. Treatment of the HeLa cells with 70 µM of S32 for 1 h 
induced ROS generation compared to that observed with the 
control. As shown in Fig. 5, the mean H2DCF‑DA fluorescence 
increased from 109.26 to 341.67 after treatment with S32 for 
1 h. Apoptosis induces mitochondrial membrane depolariza-
tion. A decrease in H2DCF‑DA fluorescence suggests the loss 
of MMP. We examined S32-induced MMP loss in HeLa cells. 
As shown in Fig. 6, the mean RH‑123 fluorescence signifi-
cantly (P<0.05) increased from 91.93 (0 h) to 99.73 (12 h) and 
then significantly (P<0.05) decreased to 66.75 after treatment 
with S32 for 24 h, respectively, suggesting that S32 induced 
apoptosis.

S32 promotes inhibition of DNA replication and induction of 
G2 phase cell cycle arrest in HeLa cells. To identify that S32 
affects cells at the DNA level, we analyzed DNA replication 
in cells treated with 70 µM of S32 by using a [3H]-thymidine 
incorporation assay. As shown in Fig. 7A, [3H]-thymidine 
incorporation was significantly (P<0.05) reduced in HeLa 

Figure 2. Cytotoxic effect of S26 and S32 on HeLa cells. HeLa cells were 
treated with 0, 75, 150, 300 µM of S26 and S32 for 48 h. Cell viability 
was measured by WST-8 assay. Results are expressed as mean ± SD, n=3. 
*P<0.05, significantly different from the control at the same level. SD, stan-
dard deviation.

Figure 3. Effect of S32 on cytotoxicity and proliferation of HeLa cells. 
(A) HeLa cells were treated with 0, 20, 40 and 80 µM of S32 for 48 h. 
(B) HeLa cells were treated with 70 µM of S32 for various times (0, 12, 
24, 36, 48 and 60 h). Cell viability was measured by WST-8 assay. Results 
are expressed as mean ± SD, n=3. *P<0.05, significantly different from the 
control at the same level. SD, standard deviation.
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cells treated with S32, suggesting that DNA replication was 
inhibited in a time-dependent manner.

Cell proliferation and apoptosis are controlled by regula-
tors of cell cycle progression and apoptotic impulses (34,35). 
The appearance of a sub-G0/G1 peak, also termed apoptotic 
peak, on flow cytometric DNA content histograms is thought 
to be one of the features of cells undergoing apoptosis (36). To 
examine the effect of S32 on cell cycle progression, HeLa cells 
were treated with 70 µM of S32 for 24 or 48 h, and analyzed 
by using flow cytometry. Treatment with S32 (Fig. 7Bb and d) 
increased the fraction of G2-phase cells compared to the 
untreated cells (Fig. 7Ba and d). In addition, treatment of S32 
increased the percentage of sub-G1 phase (apoptotic) cells in 
a time-dependent manner. These data demonstrated that S32 
induced G2 phase cell cycle arrest in HeLa cells.

S32 induces apoptosis in HeLa cells. To confirm that 
apoptosis was induced by S32, HeLa cells were treated 

with 70 µM of S32 for 24 or 48 h and were then analyzed 
using flow cytometry after staining with Annexin V‑FITC 
and PI. The staining of cells with Annexin V-FITC and 
PI is used to distinguish and quantify non-apoptotic 
(Annexin V-FITC-/PI-), early apoptotic (Annexin V-FITC+/PI-), 
and late apoptotic (or necrotic) (Annexin V-FITC+/PI+ and 
Annexin V-FITC-/PI+) cells (37). Treatment with S32 increased 
the fraction of apoptotic cells (Fig. 8B and D) compared to the 
non‑treated cells (Fig. 8A and C), confirming that S32 induced 
apoptosis in HeLa cells in a time-dependent manner.

S32 induces mitochondrial‑mediated apoptosis. The Bcl-2 
family of proteins plays a crucial role in the regulation of 
cell life and death (38). The ratio between pro- (e.g., Bax) and 
anti-apoptotic (e.g., Bcl-2) proteins determines, in part, the 
susceptibility of cells to a death signal (39). We evaluated the 
effect of S32 treatment on the Bax/Bcl-2 ratio by using western 

Figure 5. Effect of S32 on ROS generation in HeLa cells at different times 
(0, 1, 2 and 3 h). HeLa cells were treated with 70 µM of S32 for various 
times. Results are expressed as mean ± SD, n=3. *P<0.05, significantly dif-
ferent from the control at the same level. ROS, reactive oxygen species; SD, 
standard deviation.

Figure 6. Effect of S32 on intracellular MMP (ΔΨm) in HeLa cells was 
obtained by RH-123 staining assay. HeLa cells were treated with S32 
(70 µM) for various times (0, 12 and 24 h). All the experiments were per-
formed in triplicate and gave similar results. *P<0.05, significantly different 
from the control at the same level. MMP, mitochondrial membrane poten-
tial; RH-123, rhodamine 123.

Figure 4. Induction of morphological change in HeLa cells treated with S32 for different times (0, 24 and 48 h). HeLa cells were not treated with S32 for 
(A) 24 h and (C) 48 h. HeLa cells were treated with S32 (70 µM) for (B) 24 h and (D) 48 h. Magnification, x160. All the experiments were performed in 
triplicate and gave similar results.
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blot analysis. As shown in Fig. 9, the Bcl-2 level decreased 
while the Bax level increased with time in cells treated with 
S32, indicating that the Bax/Bcl‑2 ratio significantly (P<0.05) 
increased in a time-dependent manner (Fig. 9B).

In response to apoptotic stimuli, the outer mitochondrial 
membrane becomes permeable, resulting in the release of 

cytochrome c and other caspase activators (11). We evalu-
ated whether the caspase-dependent mitochondrial-mediated 
pathway is involved in S32-induced apoptosis to determine 
the underlying molecular mechanism of this process. The 
pro-caspase-9 and -3 levels were markedly decreased in cells 
treated with S32, while the pro-caspase-8 level decreased 

Figure 7. Inhibitory effect of S32 on [3H]-thymidine incorporation and induction of S32 on cell cycle arrest of HeLa cells. (A) HeLa cells were treated with 
70 µM of S32 for 24 and 48 h, respectively. Results are expressed as mean ± SD, n=3. *P<0.05, significantly different from the control at the same level. 
(B) HeLa cells were not treated with S32 for (a) 24 h and (c) 48 h, or HeLa cells were treated with 70 µM of S32 for (b) 24 h and (d) 48 h. S32 treatment induced 
G2‑phase cell cycle arrest in a time‑dependent manner. Data were determined by flow cytometry. The data are representative of three independent experiments. 
SD, standard deviation.

Figure 8. Induction of apoptosis following treatment of S32 in HeLa cells. HeLa cells were not treated with S32 for (A) 24 h and (C) 48 h, or HeLa cells were 
treated with S32 (70 µM) for (B) 24 h and (D) 48 h. Data were obtained by flow cytometric analysis of Annexin V‑FITC/PI double‑staining assay. All the 
experiments were performed in triplicate and gave similar results. PI, propidium iodide.
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slightly in a time-dependent manner (Fig. 9), demonstrating 
the activation of the caspase cascade. These results suggested 
that S32 induces apoptosis in HeLa cells primarily via the 
mitochondrial-mediated pathway.

Discussion

Cromakalim, a potassium channel opener, has been shown 
to have antitumor potential in human neuroblastoma and 
astrocytoma cell lines (15). The mechanism of this antitumor 
effect was suggested to involve the activation of ATP-sensitive 

K+ channels, leading to the inhibition of intracellular Ca2+ 
signaling (40). We previously reported that chroman analogs 
have a cytotoxic effect on HeLa cells and that phenylurea 
derivatives show a stronger effect than other chroman 
compounds (15). Among the phenylurea-including compounds, 
S32 showed the strongest cytotoxicity at a low concentration 
with an IC50 of 72.46 µM. In this study, we investigated the 
underlying mechanism attributed to the cell death induced by 
chroman analogs in human cervical carcinoma HeLa cells.

Various methods have been developed to monitor the 
different stages of the apoptotic pathway (41,42). First, we 

Figure 9. Induction of protein activation in S32-induced apoptosis in HeLa cells. HeLa cells were treated with S32 (70 µM) for 0, 24 and 48 h and levels of 
apoptosis-associated proteins were determined by western blot analysis. (A) Protein expression levels of pro-caspase-9, -3, and -8, Bcl-2 and Bax. (B) The ratio 
of Bax/Bcl-2. Results are expressed as mean ± SD, n=3. *P<0.05, significantly different from the control at the same level. SD, standard deviation.

Figure 10. The proposed mechanism of apoptosis pathways by S32 in HeLa cells. S32, 1-[(3S,4R)-2,2-dimethyl-3-oxo-4-(2-piperidonyl)chroman-6-yl]-3-phenyl-
urea; ROS, reactive oxygen species; ΔΨm, mitochondrial membrane potential.
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assessed the morphological changes in the HeLa cells treated 
with S32. The apoptotic cell population increased with time 
after S32 treatment, and marked morphological changes indi-
cated apoptosis. The results of the Annexin V-FITC/PI dual 
staining assay indicated that S32 induced early apoptosis in 
the HeLa cells in a time-dependent manner.

The cell cycle machinery tightly controls cell growth and 
the inhibition thereof (43), and dysregulation of cell cycle 
progression has been shown to be involved in the inhibition 
of apoptosis (34,44). Flow cytometric analysis of the DNA 
content indicated that S32 induced G2-phase cell cycle arrest in 
HeLa cells, subsequently leading to an increase in the fraction 
of apoptotic cells. When DNA replication is blocked or if the 
template is damaged by radiation or other factors, signals are 
generated that can result in cell cycle arrest or apoptosis (45). 
Any cell that is damaged beyond the capacity of the DNA 
repair system is eliminated. The [3H]-thymidine incorporation 
assay suggested that S32 inhibited DNA replication and cell 
proliferation in the HeLa cells.

ROS generation induces the depolarization of the MMP, 
thereby triggering a series of mitochondrial-mediated events 
including apoptosis (33). We found that S32-induced apop-
tosis in HeLa cells was associated with an early increase 
in intracellular ROS generation and depolarization of the 
MMP. These results prompted us to investigate the apop-
totic pathway in S32-treated cells further by using western 
blot analysis. As ROS generation causes dimerization of 
Bax in the cytosol, ROS might be directly associated with 
apoptosis (46). The Bcl-2 family proteins Bcl-2 and Bax play 
crucial roles in the initiation of the mitochondrial-mediated 
apoptotic pathway (14). Bax activates cytochrome c release 
into the cytosol, while Bcl-2 prevents this by preserving 
mitochondrial integrity (46). The ratio of Bax to Bcl-2 
was shown to be a determining factor in the induction of 
mitochondrial-mediated apoptosis in drug-induced apoptosis 
in hepatocellular carcinoma cells (47). We showed that S32 
increased the ratio of Bax/Bcl-2, which may be involved 
in cell death initiation. The mitochondrial cytochrome c 
release induces the formation of the apoptosome complex 
composed of Apaf-1 and caspase-9, which subsequently 
activates downstream caspases (11). In the present study, 
both caspase-9 and -3 were found to be activated by treat-
ment with S32, confirming that S32 induced apoptosis via 
the mitochondrial-mediated pathway. Based on the slight 
decrease in pro-caspase-8, we hypothesized that S32 addi-
tionally induced the extrinsic apoptotic pathway.

In the present study, we demonstrated that S32 inhibits 
proliferation of HeLa cells by inducing G2-phase cell cycle 
arrest and inhibiting DNA replication. In addition, S32 
induces apoptosis by promoting ROS generation and MMP 
disruption (Fig. 10). Taken together, our results suggest that 
S32 triggers apoptosis mainly via the mitochondrial-mediated 
pathway, which can be further investigated in future studies, 
and our findings indicate that S32 has potential as an anti-
cancer agent.
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