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Apoptotic activity of fatty acid derivatives may
correlate with their inhibition of DNA replication
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Abstract. The apoptogenic and DNA damaging effects of
(E)-10-oxooctadec-8-enoic acid (S5C) and (E)-9-oxooctadec-
10-enoic acid (S6C), two structurally related fatty acids
isolated from Red Alga Gracilaria verrucosa, were compared
and their apoptosis-inducing properties characterized against
human lung carcinoma (A549) cells. Significantly, the two
acids decreased the rates of proliferation and viability (ICs,
of ~170 and ~140 uM) as well as evidence of the induction
of apoptosis. Cell morphological changes observed under
light microscopy confirmed apoptosis occurrence. The results
from Annexin V/PI dual staining and the cell cycle arrest
assay indicated that SSC and S6C induced an earlier apoptosis
of A549 cells in a concentration-dependent manner. We found
that they induced DNA damage and inhibited DNA replication
followed by S-phase arrest. In addition, the very sensitive
alkaline micro-gel electrophoresis technique (comet assay)
was used to estimate the compound-induced DNA single- and
double-strand breaks. These findings suggest that S5C and
S6C induced A549 cell apoptosis and their effects are
associated with DNA damage. Therefore, S5C and S6C have
the potential to be developed into anticancer agents due to
their relatively easy synthesis and structural manipulation.

Introduction
The search for new drugs designed for anticancer chemo-

therapy, as well as the discovery of novel targets for such
treatment is currently being investigated. It is well recognized
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that 60% of the agents used as drugs for cancer treatment are
substances of natural origin (1). Moreover, the analysis of
empirically isolated natural substances and their specially
designed derivatives became a potential tool for discovering
principally innovative intracellular targets for anticancer drugs.

The marine environment is an exceptional reservoir of
bioactive natural products, many of which exhibit unique
structural/chemical features since its physical and chemical
conditions are very distinctive from those of the terrestrial
environment. In recent years, the marine environment has
proven to be a very rich source of markedly potent compounds
that have demonstrated significant properties in anticancer,
anti-inflammatory, analgesia, immunomodulation, allergy and
anti-viral assays. Except for the three drugs of marine origin:
cephalosporins, cytarabine (Ara-C) and vidarabine (Ara-C),
which are already well-established on the market (2),
bryostatin-1, squalamine and ET743 have been granted
Orphan Drug status in the previous 2 years (3).

The compounds (E)-10-oxooctadec-8-enoic acid (S5C)
and (F)-9-oxooctadec-10-enoic acid (S6C) were isolated
from the Red Alga Gracilaria verrucosa. The two compounds
showed significant inhibitory effects on the production of
major pro-inflammatory mediators (such as NO, IL-6 and
TNF-a) (4). Previously, compounds S5C and S6C were only
isolated from the airway cells of cotton workers and showed
inhibitory effects on various cancer cell lines (such as HL-60,
U-937 promyelocytes and Eagle's KB carcinoma cells) (5).
However, their biological properties with regard to anti-
proliferative effects and molecular mechanisms for
therapeutic effects have been poorly examined.

Many reports demonstrated that DNA damage was
induced in cancer cells by exposure to chemotherapy drugs
(6,7), and that DNA strand breakage may be one reason for
DNA lesions, which can be sensitively detected in anticancer
studies by the comet assay (8). The alkaline comet assay
detects DNA single- and double-strand breaks, alkali-labile
sites, and incomplete excision repair sites. Consequently,
versions of the assay have been developed for specific types of
DNA damage (e.g., oxidative lesions) and for detecting DNA
damage in numerous types of cells (9). However, responding
to DNA, damaged cells may choose many pathways, such as
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undergoing cell cycle arrest, to facilitate DNA repair, or by
undergoing apoptosis (10,11).

Apoptosis has been characterized as a fundamental cellular
activity which maintains the physiological balance of the
organism. It is involved in immune defence mechanisms (12)
that play a necessary role in protecting against carcinogenesis
by eliminating damaged or abnormal excess cells which have
proliferated owing to the induction of various chemical agents
(12,13). Morphologically, apoptosis is characterized by
shrinkage of the cell, dramatic reorganization of the nucleus,
active membrane blebbing, and, ultimately, fragmentation of
the cell into membrane-enclosed vesicles (apoptotic bodies)
(14). In the early stage of apoptosis, the membrane phospho-
lipid phosphatidylserine (PS) is translocated from the inner to
the outer leaflet. Annexin V has a high affinity for PS, which
identifies apoptosis at this earlier stage.

Emerging evidence has demonstrated that the anticancer
properties of certain chemotherapeutic agents are involved in
the induction of apoptosis, which is regarded as the preferred
way of treating cancer (15). Therefore, it is essential to identify
novel apoptosis-inducing compounds that are candidates as
antitumor agents. Similarly, small molecules, such as S5C
and S6C have a great potential to be developed into anti-
cancer drugs because they can easily be synthesized and
structurally manipulated for selective development. The
clarification of the mode of action of S5C and S6C may also
be important in developing their applications.

Therefore, the major goal of our study was to compare
several parameters of apoptosis induced in A549 cells by the
fatty acids, SSC, S6C and their analogs (S5 and S6) (Fig. 1).
We demonstrated that S5C- and S6C-induced A549 cell
apoptosis was accompanied by DNA damage and the inhibition
of DNA replication.

Materials and methods

Chemicals. The PI/RNase staining buffer for cell cycle
analysis and the Annexin-FITC kit for apoptosis were from
BD Biosciences Pharmingen, USA. DMSO and PBS (pH 7.4)
were purchased from Sigma Chemical Co. RPMI-1640, fetal
bovine serum (FBS), and penicillin-streptomycin and trypsin-
EDTA were obtained from Hyclone Laboratories (Logan,
UT). CCK-8 was purchased from Dojin Laboratories (Osaka,
Japan). All other chemicals were from an analytical reagent
grade.

Preparation of S5C, S6C and their ester analogs (S5 and S6).
S5C and S6C were isolated from Red Alga Gracilaria
verrucosa and obtained from the laboratory of Dr J.H. Jung.
Stock solutions of the samples were prepared in dimethyl
sulfoxide (DMSO) and kept at 4°C. Further dilutions were
made immediately prior to each experiment.

Cell lines. A549 cells obtained from the American Type
Culture Collection (ATCC) were cultured in RPMI-1640
supplemented with 10% fetal bovine serum at 37°C (5%
CO,) in a humidified atmosphere.

Cell viability and proliferation assay. A549 cells were plated
at 5x10° cells into each well of a 96-well microplate. After a
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24-h incubation, S5C, S6C and their analogs (S5 and S6)
were added to each well as treatment at various concen-
trations and an appropriate volume of the drug vehicle
(DMSO) was used as the control. The plates were incubated
further for 48 h. Then, 10 u1 of CCK-8 reagent was added and
incubated for a further 2 h. The cell viability was assessed by
WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-
(2 4-disulfophenyl)-2H-tetrazolium], and was reduced by
dehydrogenases in the cells to give a yellow-colored product
(formazan), which is soluble in cell culture medium. The
optical density for living cells was read at 450 nm in a multi-
microplate reader (synergy HT, BIO-TEK®) (16).

For the cell proliferation assay, cells were seeded at
5x10%ml media in 96-well plates and treated with or without
S5C, S6C, S5 and S6 (75, 150 and 300 xM) at various times.
Each experiment was repeated at least three times.

Measurement of apoptotic morphology. A549 cells were
distributed (1x103 cells/well) into a 24-well plate and allowed
to adhere overnight. The cells were treated with S5C and
S6C (with an ICs, concentration), respectively, for the relevant
times. Non-treated wells received an equivalent volume of
DMSO (<0.1%). Optic phase-contrast photographs were
taken with a Nikon™ Phase Contrast-2, ELWD 0.3 inverted
microscope. Each experiment was repeated at least three times.

Annexin V-FITC/PI apoptotic analysis. The cells (5x10° cells
in 60-mm? dishes) treated with or without S5C and S6C were
collected by trypsinization and washed with cold PBS via
centrifugation. The pellets were suspended in 100 ul of
binding buffer and stained with 5 pl of Annexin V-FITC (BD
PharMingen) and 10 ul of PI (50 pg/ml) for 15 min at room
temperature in the dark. Thereafter the samples were read in
a FACSCalibur flow cytometer immediately. In each analysis,
10,000 events were recorded. Analyses were performed by
CellQuest software (Becton-Dickinson Instruments, Franklin
Lakes, NJ).

DNA content analysis. The cells (5x10° cells in 60-mm?
dishes) treated with or without S5C and S6C were collected by
trypsinization and washed with cold PBS via centrifugation.
The cells were suspended in PBS and fixed with 70% ethanol
(v/v). Samples were washed with PBS and stained with
PI/RNase staining buffer (BD PharMingen) for 15 min at
4°C. The cells in different phases of the cell cycle were
analyzed using a FACScan flow cytometer analysis system
(Becton-Dickinson, San Jose, CA), and 20,000 events were
analyzed for each sample. The percentage of cells residing in
different phases of the cell cycle were determined using
Modfit software (Becton-Dickinson Instruments). All experi-
ments were performed in duplicate and yielded similar results.

[PH]thymidine incorporation assay. The [*H]dTTP incorpo-
ration was performed as previously described (17). Briefly,
A549 cells were applied to 12-well plates in a growth medium
(RPMI-1640 + 10% FBS). After the cells had grown to 70-80%
confluence, they were rendered quiescent by incubation for
24 h in RPMI-1640 containing 2% FBS. RPMI supplemented
with 10% FBS and an ICs, concentration of the sample (or
control) were added to cells and the cultures were incubated
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Figure 1. The structures of S5C, S6C, S5 and S6.

for 21 and 45 h. [*H]dTTP was added at 1 ¢Ci/ml (1 uCi =
37 kBq) and incubated further for 3 h. Incorporated
[*H]dTTP was extracted in cell lysis buffer and measured in a
liquid scintillation counter.

Single-cell gel electrophoresis. To examine the DNA damage
in these single-cell suspensions, we performed an alkaline
single-cell gel electrophoresis (comet assay). The comet assay
was based on the protocol proposed by Singh et al (8,18)
with some modification. Each step was carried out under
indirect light. Briefly, the cells (treated with or without S5C
and S6C for 24 and 48 h, respectively) were pelleted and then
resuspended in a 0.5% low melting point agarose gel at 37°C.
Thereafter, they were layered on a frosted microscope slide
previously coated with a thin layer of 1% normal melting
agarose gel and kept for 10 min on ice. After solidification,
the slides were immersed in lysing solution (2.5 M NacCl,
100 mM EDTA, 10 mM Tris, pH 10, 1% Triton X-100 and
10% DMSO for 1 h 30 min at 4°C). The slides were then
incubated in an alkaline buffer (0.3 M NaOH and 1 mM Na,
EDTA) for 40 min at 4°C. Electrophoresis was carried out for
40 min at 25 V. After electrophoresis, the slides were
washed with 0.4 M Tris (pH 7.5), stained with ethidium
bromide (2 pg/ml) and observed under fluorescent microscopy
(Leica DM LB2).

The data were analyzed using the Komet 5.5 software.
Olive Tail Moment (OTM) approved by Olive was used to
evaluate DNA damage. OTM, expressed in arbitrary units, is
calculated by multiplying the percent of DNA (fluorescence)
in the tail by the length of the tail in ym (19,20). The tail
length is measured between the edge of the Comet head and
the end of its tail. A major advantage of using the OTM as an
index of DNA damage is that the amount of damaged DNA
and the distance of migration of the genetic material in the
tail are represented by a single number (21).

Statistical analysis. Each experiment was repeated at least
three times and the results were expressed as mean + SEM
in some quantitative experiments. The results reported were
obtained from at least three independent experiments with
similar results.
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Figure 2. Effects of S5C and S6C on the viability and proliferation of A549
cells. A549 cells were treated with various concentrations of S5C, S6C, S5
and S6 for 48 h (A) or with 0 and 150 uM of S5C, S6C, S5 and S6 for 12,
24,36 and 48 h, respectively (B). Relative cell viability was determined by
WST-8 and is presented as the percentage of control cells. The data are
shown as means + SD of three independent experiments.

Results

S5C and S6C induced the inhibition of A549 cell growth and
apoptotic cell death. To explore the cytotoxicity of S5C, S6C
and their ester analogs (S5 and S6), we started our study with
a cytotoxicity assay to determine ICs, in A549 cells, a human
lung cancer cell line. The water-soluble tetrazolium salt,
WST-8, was used as an indicator in the cytotoxicity assay
(16). As shown in Fig. 2A, treatment of A549 cells with
various concentrations of S5C and S6C for 48 h caused a
concentration-dependent decrease in cell number, with an
1Cs, of 169 and 139 uM (S5C and S6C, respectively), but
their ester analogs (S5 and S6) did not show strong cyto-
toxicity. Cell proliferation assay was used to investigate the
growth inhibitory effect of S5C and S6C on A549 cells. The
proliferation of S5C- and S6C-treated cells gradually increased
to 12 h and significantly decreased at 24 h, whereas the
control- and their ester analog-treated cells maintained an
exponential proliferation state. However, with a low concen-
tration of S5C and S6C (up to 75 M) cell growth was not
affected, and with a higher concentration of S5C and S6C (up
to 300 uM) the cells were killed. Therefore, only the data
using 150 uM are shown in Fig. 2B.
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Figure 3. Morphological changes in A549 cells were observed under light microscopy. Exponentially growing cells were incubated either with vehicle alone
for 12 (A) and 24 h (D), 169 uM of S5C for 12 (B) and 24 h (E) or 139 uM of S6C for 12 (C) and 24 h (F). Magnification, x160.
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Figure 4. Measurement of apoptotic population induced by S5C and S6C. A549 cells were treated with vehicle alone for 24 (A) and 48 h (D), 169 uM of S5C
for 24 (B) and 48 h (E), and 139 uM of S6C for 24 (C) and 48 h (F). Cells were harvested at the indicated time points, and stained with Annexin V-FITC/PI
and analyzed for apoptosis by flow cytometry. As shown, the cell populations shown in the lower left represent living cells, the lower right represents earlier
apoptotic cells, the upper right represents late apoptotic or necrotic cells and the upper left represents pre-necrotic cells. All experiments were performed in

duplicate and gave similar results.

Changes in the cells treated with an ICy, concentration of
S5C and S6C using light microscopy revealed morphological
features of apoptosis. Under light microscopy, non-treated
A549 cells spread regularly in the culture plates and grew to
near confluence (Fig. 3A and D). After a 12-h treatment with
the ICs, value of S5C and S6C, some A549 cells floated, but
the majority of the attached cells kept a normal cellular shape
(Fig. 3B and C). After 24 h, a significant proportion of the
AS549 cells dislodged from their plates and most of the
remaining attached cells showed typical morphological

changes corresponding to apoptosis, which was characterized
by cellular shrinkage and disruption (Fig. 3E and F). Little or
no detachment was observed in the control A549 cells.

An Annexin V and PI double staining assay was performed
to obtain further evidence for the induction of apoptosis by
S5C and S6C in A549 cells. Significant differences were
observed between the control and treated cells. As shown in
Fig. 4A, 93.90% of vehicle alone-treated A549 cells were
viable (Annexin V-PI') for 24 h, and ~0.75% were early
apoptotic cells (Annexin V*PI'). In contrast, A549 cells
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Figure 5. Effect of S5C and S6C on the cell cycle progression of A549 cells. A549 cells were treated with vehicle alone or with 169 yM of S5C or 139 uM of
S6C for 24 h (A, B and C) and 48 h (D, E and F). The DNA content was analyzed by flow cytometry with PI staining. The cell cycle distribution was
calculated as the percentage of cells containing apoptosis, GO/G1, S and G2/M phase. The data are of three independent experiments.
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Figure 6. Inhibitory effect of S5C and S6C on [PH]dTTP incorporation of
A549 cells. A549 cells were either untreated (as a control, indicated by O h),
or pretreated with 169 yM of S5C and 139 uM of S6C for the indicated
times. [*H]dTTP was added, followed by an additional 3-h incubation. The
amount of [*H]dTTP incorporated was analyzed by scintillation counting.
Standard deviations are shown with error bars from a mean of at least three
different experiments.

treated with 169 yM of S5C and 139 uM of S6C showed a
gradual increase of early apoptotic cells. After a 24-h
treatment with S5C and S6C, only 74.54 and 72.30% of
AS549 cells were viable, while 1.59 and 2.59% were apoptotic,
respectively (Fig. 4B and C). Furthermore, the proportion of
apoptotic cells increased to 6.14 and 6.45% after a 48-h
incubation of 169 uM of S5C and 139 M of S6C (Fig. 4E
and F). In addition, the percentage of late apoptotic cells (or
necrotic cells) stained by Annexin V-FITC and PI (Annexin
V+PI*) was also increased by treatment of S5C and S6C.
Therefore, in comparison with the control cells, treated A549
cells displayed an increase in apoptosis in a time-dependent
manner.

S5C- and S6C-induced apoptosis is associated with an
increased S phase population. The dysregulation of the cell
cycle may be a reason to initiate apoptosis (22-24), and
investigate whether the inhibition of A549 cell proliferation
was mediated or a flow cytometry analysis of PI-stained
A549 nuclei was performed. Since the ICs, value was ~169 and
139 M (S5C and S6C, respectively), A549 cells were treated
with this concentration at various times. As shown in Fig. 5,
S5C and S6C was able to perturb the cell cycle in a time-
dependent course. After a 48-h treatment, the percentage of
cells in the S phase significantly increased from a control value
of 12.05 to 13.50% and 16.91% in cells treated with S5C
(169 uM) and S6C (139 uM), respectively. This increase
occurred by decreasing the GO/G1 cell population. The
population of the cells in the G2/M phase was not affected.

S5C and S6C inhibit DNA replication, associated with the
induction of DNA damage. From the cell cycle assay result,
we demonstrated that A549 cells treated with S5C and S6C
accumulated in the S phase. Therefore, we hypothesized that
they induced the A549 cell cycle arrest in S phase due to the
inhibition of DNA replication. To confirm this hypothesis,
we analyzed DNA replication in cells treated with S5C and
S6C by determining the incorporation of [*H]JdTTP. As shown
in Fig. 6, after the 24-h treatment, S5C (169 M) and S6C
(139 M) inhibited the [*H]dTTP incorporation by ~80 and
90%, respectively, in A549 cells, but did not show a time-
dependent manner until 48 h later. We hypothesized that
DNA damage induced by S5C and S6C leads to the inhibition
of DNA replication observed, which is then responsible for
blockage of the S-phase progression. To test this hypothesis,
we implemented the alkaline version comet assay. It is a
sensitive method that evaluates DNA single-strand breaks at
a single-cell level by the increased tail of DNA migration.
Fig. 7B is a photomicrograph of DNA migration patterns in
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Figure 7. S5C and S6C induce DNA strand breaks in A549 cells. (A) Olive Tail Moment of DNA from A549 cells treated with 169 uM of S5C or 139 uM of
S6C, respectively. (B) DNA single-strand breaks induced by S5C and S6C in A549 cells. Cells are incubated with or without 169 yM of S5C and 139 pM of
S6C. The comet assay was determined as described in Materials and methods. Results are from three independent experiments.

A549 cells. When cells were treated with 169 yM of S5C
and 139 uM of S6C for 24 h, DNA damage, as indicated by
the increased olive tail moment in our data (Fig. 7A), was
observed in the treated cells as increased tails of DNA
migration in the photomicrograph. After a 48-h treatment
with S5C and S6C, almost the entire population of A549 cells
contained damaged DNA. The clear DNA fragmentation was
noted throughout the experiment, with OTM values ranging
from 138.23 to 140.89 in S5C-treated cells and from 151.05
to 276.32 in S6C-treated cells. At the same time after 48-h
treatments, the S population had slightly increased (Fig. 6),
and apoptosis was barely detectable (Fig. 5). S5C and S6C

therefore induced the DNA strand breaks before S phase
accumulation and apoptotic induction.

Discussion

The results indicated that S5C and S6C showed cytotoxicity
on A549 cells and inhibited its proliferation significantly
after a 24-h incubation. In contrast, compared with S5C and
S6C, the cells were not as sensitive with the ester derivatives
S5 and S6. We suggest that the acid group of these compounds
is important for cell cytotoxicity and the different position
of the enone group which also affects their activity. These



INTERNATIONAL JOURNAL OF ONCOLOGY 33: 1291-1298, 2008

results suggest that S5C and S6C inhibit the proliferation of
A549 cells in the early phase while introducing apoptosis in
the late phase during treatment because the proliferation of
the A549 cells treated by S5C and S6C was stopped, increased
at 12 h and then decreased. Therefore, a series of assays
focusing on apoptosis were carried out in this study.

A variety of methods have been reported for monitoring
different steps in apoptotic pathways (25,26). The initiating
effect of S5C and S6C on the A549 cell apoptosis was
confirmed by observing the morphological changes under
light microscopy. The predominant pattern of the abnormal
metaphase morphology in the cells exposed to S5C and S6C
suggests a pronounced and specific impairment with typical
apoptotic patterns including a reduction in the volume and
fragmentation of cells (Fig. 3). The result of the Annexin V-
FITC/PI double staining assay indicated that S5C and S6C
induced early apoptosis in A549 cells at 48 h with different
intensities (Fig. 4). Based on these data, we conclude that
S5C and S6C exhibit their anti-proliferation and cytotoxicity
effects on A549 cells by triggering apoptosis in the cells.
However, to gain clear insight into the mechanisms of S5C-
and S6C-induced apoptosis more work on expression levels,
and the enzyme activities of apoptotic and cell cycle regulators
should be carried out.

Since the activation and execution of apoptosis are
regulated by complex molecular mechanisms, numerous
points of interaction between the regulatory pathway of the
cell cycle and apoptosis exist (27). We observed a similar
accumulation of A549 cells at the S phase upon their treatment
(24,28). S5C and S6C at the ICs, concentration induce S-phase
arrest at 48 h, which is associated with apoptosis induction
(Fig. 5). During the S phase of cell division, the cycle cells
replicate their DNA. In this phase, chromosomal DNA is
replicated only once as a prelude to its segregation with the
daughter cells at mitosis. If DNA replication is blocked by an
inhibitor or the template is damaged by radiation or other
factors, signals are generated that can induce cell cycle arrest
or apoptosis (29,30). Therefore, based on the result we
hypothesized that S5C and S6C induced S-phase arrest and
apoptosis correlated with their effect on DNA replication.

It was of note to find that a 24-h [3H]dTTP incorporation
was inhibited by S5C and S6C treatment after administration
(Fig. 6). Results from the comet assay showed that ~90% of
the cell population contained DNA strand breaks after only
24 h of incubation with S5C and S6C (Fig. 7). These results
support the hypothesis that the inhibition of DNA replication
is caused by DNA damage. However, according to the controls
no increase of early apoptotic cells after a 24-h treatment of
S5C and S6C was noted, suggesting that the apoptosis-
associated DNA fragmentation had not yet occurred.
Moreover, at 48 h DNA was damaged significantly in the
treated cells while the early apoptotic cells increased
insignificantly. Collin et al and Speit et al comment that the
single-strand breaks observed in the alkaline version are not
the most noteworthy of DNA lesions because they are rapidly
repaired and not regarded as a significantly lethal or muta-
genic lesion (31,32). However, through the process of
apoptosis any cell which is severely damaged beyond the
capacity of the DNA repair system or cannot be repaired is to
be eliminated. Therefore, we conclude that S5C and S6C
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induce DNA strand breaks and inhibit the incorporation of
[*H]dTTP, before any cell cycle change has occurred. It
indicated that S5C and S6C induced cell cycle arrest in order
to allow DNA repair. As expected, these mechanisms result
in S-phase arrest and apoptosis.

In conclusion, our study provides experimental evidence
that S5C- and S6C-induced A549 cell apoptosis was
accompanied by DNA damage. S5C and S6C also induced the
S-phase arrest and inhibition of DNA replication. However,
the mechanism of DNA breakage remains elusive, and
further investigation needs to be conducted, such as the target
protein that the compound-induced apoptosis focuses on and
the pathway chosen.
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