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Abstract

Objectives: To explore the anti-tumor effect of Ginsenoside compound K (CK) on small cell lung cancer (SCLC). To elu-
cidate the underlying mechanisms of CK's effects on SCLC.

Methods: Investigation through MTT, cell colony formation assays, and AO/EB staining to assess CK's effect on cell
proliferation. Propidium iodide (PI), Annexin V/PI staining, TUNEL assay, and western blotting to analyze CK-induced
DNA damage, G2/M arrest, and apoptosis in SCLC cells. A xenograft nude mice model to evaluate the in vivo effect of
CK on tumor growth.

Results: CK effectively inhibits the proliferation of SCLC cells in vitro. CK induces DNA damage, G2/M cell cycle arrest,
and apoptosis in SCLC cells in a dose-dependent manner. The anti-tumor effects of CK are mediated primarily through
the ATM/ATR signaling pathway. In a xenograft model, CK treatment significantly inhibits tumor growth without caus-
ing notable side effects.

Conclusion: This study provides the first evidence of CK’s anti-cancer efficacy in SCLC. The findings suggest that CK could
be a promising therapeutic approach for SCLC, opening up new opportunities for ginsenosides in lung cancer treatment.
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Lung cancer holds a dominant position as the most represent the two primary histological classifications
prevalent form of cancer and carries the highest mor-  of lung cancer. SCLC, known for its high aggressiveness,
tality rate among all cancer types globally. Small cell constitutes approximately 15% of all lung malignancies.”
lung cancer (SCLC) and non-small cell lung cancer (NSCLC)  SCLC is a formidable and life-threatening disease charac-
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terized by a dismal prognosis. Its aggressive nature is at-
tributed to rapid growth, a propensity for metastasis, and
an abundance of cancer stem cells.®! In a clinical context,
SCLC demonstrates swift growth and a heightened pro-
pensity for spreading to distant body regions. To address
the elevated fatality associated with it, numerous scien-
tists have concentrated on strategies to prevent lung can-
cer alongside initiatives for early detection and enhanced
therapeutic approaches. Over the last few decades, there
has been a gradual enhancement in the survival rate of
NSCLC. In contrast, the survival rate of SCLC has exhibited
minimal alteration over time."**! Indeed, when compared
to the overall five-year survival rate for all types of lung
cancer, the five-year survival rate for SCLC is notably low.
I An urgent demand is for new and efficient anti-cancer
medications that improve clinical results while causing
fewer and milder side effects.”

SCLC treatment strategies include surgery, chemother-
apy, and thoracic irradiation.®! Starting from the 1980s,
the standard initial treatment for SCLC has involved che-
motherapy using etoposide in combination with a single
platinum-based agent.® Initially, SCLC is susceptible to
chemotherapy, but it swiftly acquires resistance to drugs
as the tumor spreads.'™ As outlined by the guidelines of
the American Cancer Society, chemotherapy stands as the
primary approach for treating SCLC, with cisplatin, eto-
poside, carboplatin, and irinotecan being the commonly
employed medications. Nevertheless, these drugs demon-
strate restricted effectiveness and produce substantial side
effects.' Medicinal herbs derived from natural products
have captured considerable interest due to their excep-
tional effectiveness and minimal toxicity in the progres-
sion of cancer drug development.l'? The primary bioactive
component of ginseng, known as ginsenoside, has been
scientifically demonstrated to exhibit remarkable pharma-
cological properties, including its effectiveness in combat-
ing tumors."! Over the years, a range of effects attributable
to CK has been documented, with particular emphasis on
its potential as an anti-cancer agent. CK has garnered sig-
nificant attention in cancer research and treatment owing
to its potent anti-cancer properties. It has demonstrated
the ability to inhibit cell proliferation, induce cell cycle ar-
rest, and trigger apoptosis and autophagy in human cancer
cells.'*'1 However, the effect of ginsenoside CK on SCLC
was not studied.

Many anti-cancer drugs exert their effects by halting the
cell cycle and promoting apoptosis in cancer cells. The
processes of inducing cell cycle arrest, facilitating DNA
damage repair, and triggering apoptosis are substantially
influenced by the activities of ataxia telangiectasia mu-
tated (ATM) and ataxia telangiectasia and Rad3-related

(ATR), both of which play crucial roles in preserving ge-
nome integrity.'® When DNA damage is detected, cer-
tain sites on ATM and ATR are phosphorylated, activating
them." The initiation of ATM and ATR activation leads to
the consequent phosphorylation of downstream proteins
like p53, checkpoint kinase 1 (CHK1), and CHK2. When
p53 is phosphorylated at Ser15 by ATM or ATR, it hinders
the binding of mouse double minute 2 homolog (Mdm?2),
resulting in the buildup of p53 and an enhanced capacity
for its transcriptional activation [20]. ATM and ATR activate
CHK1 and CHK2 in reaction to DNA damage or replication
stress. These activated CHK1 and CHK2 play a crucial role
in regulating the cell division cycle 25 (CDC25) phospha-
tase family, particularly CDC25A, CDC25B, and CDC25C.
Through ATM/ATR pathways triggered by DNA damage or
replication stress, CHK1 and CHK2 activation lead to the
deactivation of CDC25s. This prompts cyclin-dependent
kinases (CDKs) inhibition and induces cell cycle arrest.?'2?
However, the impact of ginsenoside CK on prompting cell
cycle arrest and apoptosis through the ATM/ATR signaling
pathway in human small-cell lung cancer has not been in-
vestigated. This research endeavors to explore the anti-
cancer potential of ginsenoside CK on SCLC and delves
into its prospective molecular targeting mechanism by
examining SCLC cell lines. Additionally, the study aims to
assess the anti-tumor efficacy within a tumor xenograft
model.

Methods

Materials and Chemicals

The study employed various chemicals and materials
sourced from different providers. Ginsenoside CK was ob-
tained from Chengdu Biopurify Phytochemicals Ltd. in Si-
chuan, China. Gefitinib was acquired from AstraZeneca in
Cheshire, UK. Roswell Park Memorial Institute (RPMI-1640)
cell culture media and penicillin/streptomycin were pro-
cured from HyClone in LA, USA. Fetal bovine serum (FBS)
was sourced from GIBCO in NY, USA. Giemsa staining so-
lution was purchased from Heart Biological Technology in
Xi'an, China. The Pan-caspase inhibitor and Hoechst 33342
fluorescent dye were obtained from the Beyotime Institute
of Biotechnology in Shanghai, China. All antibodies used
in the study were purchased from Proteintech Group, Inc.
Polyethylene glycol (PEG-400) was obtained from Longyu-
an Chemical in Zhengzhou, China. Dimethyl sulfoxide
(DMSO) and methyl thiazolyl diphenyl tetrazolium bro-
mide (MTT) were acquired from Aladdin Biotechnology in
Shanghai, China. A cell cycle analysis kit was sourced from
KeyGen Biotech in Nanjing, China.



Cell Culture

AllH1688 and DMS114 cell recovery, medium replacement,
passage, and cryopreservation were carried out according
to the literature.”™ Cell culture was placed in a 37 °C, 5%
COz incubator.

Cell Viability Assay

In this study, the MTT method was engaged to assess the
inhibitory impact of ginsenoside CK on H1688 and DMS114
small-cell lung cancer cells. Two distinct types of small cell
lung cancer cells, characterized by robust growth and a cell
density exceeding 85%, were selected for experimentation.
After washing with pre-cooled PBS, they are digested with
0.25% trypsin. After the digestion is completed, collect and
centrifuge the cells. After centrifugation, use cell culture me-
dium After dilution and counting on a counting plate, dilute
the cell density to 5x104 cells/mL and inoculate it into a 96-
well plate with 100 microliters per well. After incubating for
8 hours in a carbon dioxide cell incubator, discard the culture
medium and use different concentrations of CK (0, 10, 20,
30, and 40 pM) for 24 and 48 h respectively. After 24 and 48
hours, 50 yL of MTT solution with a concentration of 1 mg/
mL was added to each well and continued culturing in the
incubator for 4 hours. Then aspirate the MTT solution, add
150 pL dimethyl sulfoxide to each well, shake on the shaker,
detect the OD value at 490 nm with a microplate reader, and
use the following formula to calculate the cell viability:

Cell survival rate (%) = (OD value of experimental group/
OD value of control group) x 100%

Colony Formation Assay

H1688 and DMS114 cells were seeded and grown, then col-
lected, washed with PBS, digested, centrifuged, counted,
and then added to a 6-well plate (300 cells per well). After
24 h, ginsenoside CK (0, 10, 20, and 30 uM) was added and
cultured for 24 h. Then use complete culture medium to
continue culturing. After about two weeks, obvious colo-
ny formation can be observed. Then wash with PBS, add
methanol to fix for 10 minutes, add Giemsa working solu-
tion for staining for 10 minutes after washing with PBS, and
then wash with PBS. Observe under a microscope, take pic-
tures, and record the number of colonies formed in each
well. Ultimately, ImageJ software quantified the number of
colonies containing 50 cells or more.

Detection of Cell Cycle Distribution

Theimpact of ginsenoside CK on the cycle distribution of two
small cell lung cancer cell lines was examined using flow cy-
tometry. H1688 and DMS114 cells were grown and digested
with 0.25% trypsin respectively, collected and centrifuged,
and after counting on a cell counting plate, diluted to 2x105
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cells/well, inoculated evenly in a 6-well plate, and waited until
the cells were cultured for 8 hours and adhered, 0, 10, 20 and
30 uM ginsenoside CK solutions were added respectively, and
the drug acted for 24 hours. Remove the supernatant, add
trypsin, centrifuge and collect, wash with PBS, fix the cells in
75% ethanol at 4°C overnight, centrifuge to remove the su-
pernatant, and then add the prepared PI/RNase A staining
working solution. Stain at room temperature in the dark for
30-60 minutes, and finally use flow cytometry (Becton Dick-
son, CA) to detect cell cycle distribution. The obtained data
were then analyzed using FlowJo software.

Quantification of Apoptosis using Annexin V/PI
Staining

H1688 and DMS114 cells were grown, digested with 0.25%
trypsin, collected, and centrifuged, and after counting on
a cell counting plate, dilute them to 2x105 cells/well and
place them in a 6-well plate. Inoculate evenly in the medi-
um. After the cells have adhered to the culture for 8 hours,
0,10, 20, and 30 uM ginsenoside CK solutions are added re-
spectively, and the drug acts for 24 hours. Remove the su-
pernatant, digest with trypsin, centrifuge and collect, wash
twice with PBS, add Annexin V-FITC, mix well, and react in
the dark for 5 to 15 minutes. Finally, use a flow cytometer to
detect the cell apoptosis rate.

Hoechst 33342 Staining Assay

Hoechst 33342 staining was used to examine the cell mor-
phology. In a 6-well plate, H1688 and DMS114 cells (2 105
cells/mL) were cultivated. After being exposed to CK (0,
10, 20, 30 M) for 24 hours, H1688 and DMS114 cells were
rinsed with PBS and then incubated with Hoechst 33342
(Solarbio, Beijing, China). UV illumination was used to ob-
serve the Cell morphological features through an inverted
fluorescence microscope.

AO/EB Staining Assay

The morphological characteristics of apoptosis in small cell
lung cancer cells under the influence of ginsenoside CK
were observed using the AO/EB double staining method.
Take H1688 and DMS114 cells, digest them with trypsin re-
spectively, collect and centrifuge, and after counting on a
cell counting plate, dilute them to 2x105 cells/well, inocu-
late them evenly in a 6-well plate, and wait for culture for
8 hours. After the cells adhered for 1 hour, 0, 10, 20, and 30
MM ginsenoside CK solutions were added respectively, and
the drug was allowed to act for 24 hours. Add pre-cooled
PBS and wash twice, then add AO/EB mixture (AO 100 mg/
mL and EB 100 mg/mL) for staining for 5-10 minutes, and
observe and take pictures under an inverted fluorescence
microscope (Nikon, Japan).
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Western Blotting

In the conducted study, H1688 and DMS114 cells were
cultured in a 6-well plate at a concentration of 5x10A5
cells/mL and exposed to varying concentrations of CK (0,
10, 20, 30 uM) for a duration of 24 hours. Subsequent to
the treatment, the cell samples underwent two washes
with PBS and were lysed on ice in RIPA buffer (Beyotime,
Shanghai, China), supplemented with 1% PMSF, 1% phos-
phorylated inhibitors (Solarbio, Beijing, China), and 1T mM
phenylmethylsulfonyl fluoride (PMSF) for 35 minutes. Fol-
lowing lysis, the cell lysates were centrifuged at 12,000 rpm
for 25 minutes at 4 °C, and the protein concentrations were
quantified using the BCA Assay kit (Thermo Fisher, Shang-
hai, China). The separated proteins were then subjected
to SDS-PAGE and electro-transferred onto polyvinylidene
fluoride (PVDF) membranes. These membranes were sub-
sequently blocked with 5% nonfat milk in TBST for 2 hours
at room temperature, followed by overnight incubation
with the respective primary antibodies at 4°C. Afterward,
the membranes underwent five washes with 1x TBST and
were exposed to HRP-conjugated secondary antibodies for
1 hour at room temperature. The protein bands were visu-
alized using an ECL system (Tanon, Shanghai, China).

Human Lung Cancer Xenograft Nude Mouse Model

To investigate the potential tumor-suppressing effects of
ginsenoside CK on small cell lung cancer (SCLC), we es-
tablished a model using nude mice bearing tumors. Fe-
male nude mice were obtained and raised in conditions
that are free from specific pathogens (SPF). After a week
of getting accustomed to the environment, the mice were
injected with H1688 cells at a cell density of 1x107 cells/
cell. Before injection, the skin of the nude mice was locally
disinfected, and the inoculation was done through sub-
cutaneous injection into the left armpit. Once the tumor
volume reached 100-150 mm?3, mice with similar tumor
sizes were chosen and divided into four groups (n=5): (1)
Control group: receiving daily intraperitoneal injections
of a mixture of 5% Tween 80 and 95% saline; (2) Low-dose
ginsenoside CK group: receiving daily intraperitoneal in-
jections of 25 mg/kg ginsenoside CK; (3) High-dose gin-
senoside CK group: receiving daily intraperitoneal injec-
tions of 50 mg/kg ginsenoside CK; (4) Cisplatin positive
control group: receiving intraperitoneal injections of 4
mg/kg cisplatin every three days. Throughout the experi-
mental duration, the body weight and tumor size of the
nude mice were regularly monitored every two days. The
tumor volume was calculated using the formula: V=0.5 x
long diameter of the tumor x short diameter of the tu-
mor x short diameter of the tumor (mm?). After 21 days
of treatment, the nude mice were euthanized humanely.

Tumor blocks were then extracted and preserved either in
liquid nitrogen or fixed in formalin/2.5% glutaraldehyde
for subsequent analyses, including western blot analysis,
H&E staining, immunohistochemistry analysis, and trans-
mission electron microscopy analysis. Additionally, the
primary organs (heart, liver, spleen, lungs, and kidneys) of
nude mice from different experimental groups were har-
vested, fixed in formalin, and subjected to H&E staining
analysis.

Hemogram Assay and Measurement of
Biochemical Parameters

On the 21+ day of the investigation, blood and serum sam-
ples were obtained from each experimental group. Periph-
eral blood was drawn from the orbital venous plexus and
placedintubes containing ethylenediaminetetraacetic acid
(EDTA) for the assessment of hematological parameters,
including the white blood cell (WBC) count, lymphocyte
(LYM) count, and granulocyte (GRAN) count. This analysis
was conducted using an automated hematology analyzer
(HC2200, Meiyilinm, China). Additionally, on the 21 day,
serum samples were collected and used to examine liver
function indicators, including alanine aminotransferase
(ALT) and aspartate transaminase (AST). Furthermore, renal
function parameters such as urea, uric acid (UA), and cre-
atinine were scrutinized using commercial kits following
the guidelines provided by the manufacturer (Shanghai
Enzyme Biotechnology Co., Ltd, Shanghai, China).

Histopathology and Immunohistochemistry

We embedded tumor tissues, as well as vital organs such
as the heart, liver, spleen, lungs, and kidneys, in paraffin.
Subsequently, 5 um sections were prepared and subjected
to hematoxylin and eosin (H&E) staining. The assessment of
Ki67 expression in the tumor tissues was conducted using
an immunohistochemistry assay, and the resulting images
were captured using a microscope.

TUNEL Assay

The TUNEL assay was utilized to identify apoptosis within
tumor tissues. In a concise description, the tissues were
first fixed in a 4% paraformaldehyde solution for a period
ranging from 4 to 24 hours at a temperature of 4°C. Fol-
lowing fixation, the tissues were cryosectioned into thin 5
pum slices, subsequently undergoing permeabilization with
0.2% Triton X-100. This was followed by incubation with a
TUNEL reaction mixture that contained both nucleotide
mixture and terminal deoxynucleotidyl transferase (TdT),
which was carried out for 1 hour at 37°C. The stained cells
were then subjected to PBS washing and observed utilizing
a fluorescence microscope manufactured (Nikon, Japan).



Statistical Analysis

The statistical analysis was carried out using either the
GraphPad Prism 8.0.1 software package or SPSS 19.0
software (SPSS Inc., USA). The findings were expressed as
meanszstandard deviation (SD) derived from three or more
independent samples. A P-value below 0.05 was deemed
statistically significant.

Results

Inhibitory Effect of Ginsenoside CK on the
Proliferation of SCLC Cells

To investigate the inhibitory effect of ginsenoside CK on
SCLC cells, two distinct small-cell lung cancer cell lines,
H1688 and DMS114 cells were subjected to varying con-
centrations of ginsenoside CK for 24 and 48 hours, and cell
viability was judged using the MTT assay. The experimental
findings reveal that with increasing exposure time and dos-
age of ginsenoside CK, its inhibitory effect on both SCLC
cell lines intensifies, demonstrating a concentration- and
time-dependent relationship. In comparison to the control
group, these effects are statistically significant (*p<0.05
or **p<0.01, Fig. 1A, B). Moreover, AO/EB double staining
was performed to confirm the effects of ginsenoside CK on
H1688 and DMS114 cell viability. AO/EB staining assay re-
vealed that the number of cells that displayed red-orange
fluorescence was concentration-dependently greater in
both treated H1688 and DMS114 cells (Fig. 1C). Further-
more, colony formation experimental results are shown in
Fig. 1D. As the dose of ginsenoside CK increases, the num-
ber of cell colonies formed by H1688 and DMS114 cells
gradually decreases.

Effect of Ginsenoside CK on Cycle Distribution of
H1688 and DMS114 Cells

The effect of ginsenoside CK on the cell cycle distribution of
H1688 and DMS114 cells was evaluated using flow cytome-
try, and the outcomes are depicted in Figure 2A. In compar-
ison to the control group, exposure to 30 uM ginsenoside
CK resulted in an increased proportion of G2/M phase cells
in both H1688 and DMS114 cells, along with a decrease in
G1 and S phase cells. Moreover, to explore the molecular
mechanisms driving SCLC cell cycle arrest induced by gin-
senoside CK, Western blotting was employed to assess the
expression of proteins associated with the G2/M cell cycle.
As presented in Figure 2B, the results indicated a signifi-
cant elevation in the expression levels of cyclin B1 protein,
phosphorylated cdc2 protein, phosphorylated cdc25c¢ pro-
tein, and p21 protein in both H1688 and DMS114 cells with
escalating concentrations of ginsenoside CK. Simultane-
ously, the expression levels of cdc2 protein demonstrated
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Figure 1. Ginsenoside CK inhibited the proliferation of SCLC cells
in vitro. (a) The cell viability of H1688 and (b) DMS114 cells. (c) AO/
EB staining via fluorescence microscopy. (d) The colony formation
of H1688 and DMS114 cells. Data are presented as the means+SD
of triplicate experiments, *p<0.05, **p<0.01, ***p<0.001 compared
with the control.

a noticeable concentration-dependent reduction. These
changes are statistically significant compared to the blank
control group (*p<0.05 or **p<0.01). These data confirmed
that ginsenoside CKinduces G2/M phase arrest in small cell
lung cancer cells by influencing crucial cell cycle-related
proteins in a concentration-dependent manner.

CK-Induces Caspase-Dependent Apoptosis in SCLC
Cells

To investigate whether the inhibitory effect of ginsenoside
CK on small-cell lung cancer cells is attributed to apoptosis,
Hoechst 33342 fluorescent staining was engaged to ob-
serve morphological changes in H1688 and DMS114 cells
following ginsenoside CK treatment. Hoechst 33342 stain-
ing solution, with slight cell permeability, revealed distinct
morphological alterations. As depicted in Figure 3A, the
control group displayed light blue, uniformly stained, and
intact nuclei. Conversely, post-treatment with ginsenoside
CK resulted in a significant reduction in cell numbers, dis-
playing a dose-dependent effect. Moreover, for a quanti-
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Figure 2. (a) Effect of ginsenoside CK on the cell cycle distribution in SCLC cells. (b) Expression levels of G2/M cell cycle-related proteins in
SCLC cells following ginsenoside CK treatment. The data are depicted as means+SD of triplicate experiments, *p<0.05, **p<0.01 in comparison

to the control group.

tative analysis of SCLC cell apoptosis, flow cytometry An-
nexin V/PI double staining was conducted to assess the
impact of ginsenoside CK on apoptosis. Annexin V, able
to enter intact cell membranes, in combination with PI
dye, which penetrates damaged cell membranes, allowed
for the distinction of cells at various stages of apoptosis.
As illustrated in Figure 3B, the number of early and late
apoptotic cells in both H1688 and DMS114 cells markedly
increased following ginsenoside CK treatment in a con-
centration-dependent manner, with all showing signifi-

cant differences (**p<0.01). Furthermore, TUNEL staining
was employed to validate CK-induced apoptosis in tumor
tissues. The control group exhibited few apoptotic H1688
cells, whereas the CK-treated and cisplatin-treated groups
exhibited a dose-dependent increase in TUNEL-positive
H1688 cells (Figure 3C). Additionally, to elucidate the mo-
lecular mechanism underlying the induction of apoptosis
in small-cell lung cancer (SCLC) cells by ginsenoside CK, the
protein expressions associated with cell apoptosis were ex-
amined through western blotting. As illustrated in Figure
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4A, the experimental results indicate that, with an increase
in ginsenoside CK concentration, the expression levels of
key members of the mitochondrial apoptosis pathway in
SCLC cells p53 protein, Bax, cleaved caspase-9, cleaved cas-
pase-3, and cleaved PARP were significantly upregulated.
In contrast, the expression of Bcl-2 protein exhibited a no-
table dose-dependent decrease compared to the control
group (*p<0.05 or **p<0.01). To further validate the apop-
totic effect of ginsenoside CK on SCLC cells, Z-VAD-FMK,
a pan-caspase inhibitor capable of inhibiting caspase ac-
tivity, was employed. H1688 and DMS114 cells were pre-
treated with Z-VAD-FMK at a concentration of 60 uM for
2 hours, followed by treatment with ginsenoside CK at a
concentration of 20 uM. MTT experiments demonstrated
that Z-VAD-FMK mitigated the impact of CK on SCLC cell
viability. In comparison to the ginsenoside CK group, after
Z-VAD-FMK treatment, the viability of small cell lung cancer
cells noticeably increased (##p<0.01, Figure 4B, C). Finally,
the study investigated the expression changes of apop-
tosis-related proteins in SCLC cells following Z-VAD-FMK
treatment. Z-VAD-FMK significantly reduced the expres-
sion levels of cleaved caspase-3 and cleaved PARP proteins
compared to those treated with CK alone (#p<0.05, Figure
4D). These findings suggest that ginsenoside CK induces
SCLC cell apoptosis by activating the mitochondrial apop-
tosis pathway.

CK Suppressed H1688 Tumor Growth in Vivo

Based on the results of in vitro experiments, H1688 cells
were chosen as the central focus of the study, and a xeno-
graft tumor model for human small-cell lung cancer (SCLC)
was established to assess the suppressive effects of gin-
senoside CK on SCLC in vivo. In the xenograft model using
H1688 cells in nude mice bearing small-cell lung cancer,
the in vivo inhibitory effect of ginsenoside CK on SCLC was
investigated through subcutaneous administration. The
morphological changes in the tumors after 21 days of ad-
ministration are depicted in Figure 5A, indicating that both
the ginsenoside CK groups and the cisplatin group signifi-
cantly hindered the growth of small-cell lung cancer. Fur-
thermore, Figure 5B demonstrates that, following 21 days
of administration, the low-dose ginsenoside CK group,
high-dose ginsenoside CK group, and cisplatin group sub-
stantially reduced the tumor weight by 47.02%, 76.24%,
and 78.26%, respectively, compared to the negative con-
trol group. All treatment groups exhibited significant differ-
ences (p<0.05), with the high-dose ginsenoside CK group
achieving a nearly equivalent effect to the positive control
cisplatin group. The impact of ginsenoside CK and cispla-
tin on the tumor volume of tumor-bearing nude mice is
presented in Figure 5C. In comparison to the negative con-

trol group, the low-dose ginsenoside CK group, high-dose
ginsenoside CK group, and cisplatin group demonstrated
a slower increase in tumor volume. After 21 days of admin-
istration, the average tumor volume in the low-dose gin-
senoside CK group was 857.79 mm?®, and in the high-dose
ginsenoside CK group, it was 386.68 mm?, both showing
significant differences (p<0.05) compared to the negative
control group. The cisplatin-treated group had an average
tumor volume of 308.75 mm?, also significantly different
from the negative control group. Moreover, to explore the
therapeutic impact of ginsenoside CK on H1688 small-cell
lung cancer tumor-bearing nude mice, tumor tissues were
extracted, and H&E staining was conducted to observe the
influence of ginsenoside CK on tumor tissue. The H&E stain-
ing results in Figure 5E revealed that in H1688 small-cell
lung cancer tumor-bearing nude mice, the control group
exhibited a high number of tumor cells with deep staining,
while the 50 mg/kg CK treated group displayed a decrease
in tumor cells, with a low cell density. Additionally, there
were significantly reduced areas of light-staining tumor
tissue with numerous regions of necrosis and fibrosis, as
observed in the H&E staining of tumor tissues from tumor-
bearing nude mice. Moreover, the expression of Ki67, a mo-
lecular marker for cell proliferation, was assessed. As shown
in Figure 5F, the Ki67 expression levels in the high-dose CK-
treated and cisplatin-treated groups were significantly re-
duced compared to the control group. These findings sug-
gest that ginsenoside CK significantly inhibits the growth
of tumors in nude mice bearing small-cell lung cancer.

Toxicity Evaluation of CK in the Xenograft Nude
Mice

After establishing the xenograft model using H1688 small
cell lung cancer tumor-bearing nude mice, we investigated
the impact of ginsenoside CK and cisplatin on the body
weight of these mice (Fig. 5D). Throughout the 21-day ad-
ministration period, both CK-treated mice and control mice
consistently showed an increase in weight. However, the
body weight of mice in the cisplatin-treated positive con-
trol group initially increased for the first 6 days and then be-
gan to decline, indicating the toxicity of cisplatin (p<0.05).
Moreover, we assessed whether ginsenoside CK and cispla-
tin influenced the normal function of immune cells in the
peripheral blood of nude mice in various groups, includ-
ing the normal group (normally fed nude mice without
tumor inoculation), the negative control group, low-dose
and high-dose ginsenoside CK groups, and the cisplatin
group. According to the results, there was no significant
difference in the counts of white blood cells (WBC), granu-
locytes (GRAN), and lymphocytes (LYM) in the peripheral
blood between the normal group, normal + high dose CK
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Figure 4. Ginsenoside CK triggers apoptosis via intrinsic pathways in human small-cell lung cancer cells. (a) The levels of apoptosis-related
proteins in both H1688 and DMS114 cells were evaluated using western blotting. H1688 cells (b) and DMS114 cells (c) were pre-treated with
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group, control group, low dose CK group, and high dose
CK group. However, the counts of these immune cells in
the cisplatin group were reduced compared to those in
the normal group (Fig. 6A), suggesting that cisplatin might
compromise the immune system of the nude mice, while
CK did not exhibit such immune-suppressive effects. More-
over, we examined the impact of CK on hepatic and renal
functions. After administering CK to mice for 21 days, there
were no significant alterations in liver function parame-
ters, namely alanine aminotransferase (ALT) and aspartate
transaminase (AST), or renal function parameters (blood
urea nitrogen and creatinine) when compared to the con-
trol group. Thus, CK did not negatively affect the liver or
kidneys. Conversely, the liver function parameters of cispla-
tin-treated mice were notably elevated, indicating that cis-
platin had adverse effects on liver function (p<0.05, Fig. 6B,
Q). Furthermore, the vital organs (heart, liver, spleen, lungs,
and kidneys) of nude mice with small-cell lung cancer in
different groups were removed for H&E staining analysis,
aiming to observe the effects of ginsenoside CK and cis-
platin on the internal organs of tumor-bearing nude mice.
As depicted in Figure 6D, the heart, liver, spleen, lungs, and
kidneys of the normal group, negative control group, and
ginsenoside CK-treated groups exhibited no signs of dam-
age. In contrast, cisplatin demonstrated damaging effects
on the spleen, liver, and kidneys of nude mice. In conclu-
sion, these findings affirm that CK does not have adverse
effects on the normal functions of vital organs and immune
cells in vivo.

Ginsenoside CK Induced Changes in the DNA
Damage Response and Activated the ATM/ATR
Signaling Pathway in SCLC Cells

Cell cycle arrest commonly arises from DNA damage, and
a swift response to induce double-strand breaks in DNA
involves the phosphorylation of the histone variant H2AX
at Ser-139, known as y-H2AX. This phosphorylation results
in the formation of distinct DNA damage-induced nucle-
ar foci. To evaluate whether ginsenoside CK induces DNA
damage, we examined the phosphorylation of y-H2AX
through western blot analysis. In both H1688 and DMS114
cells treated with ginsenoside CK, we observed a notable
increase in phosphorylated H2AX in a dose-dependent
manner (Fig. 7A). Previous research has also indicated that
the accumulation of functional p53 plays a pivotal role in
the apoptosis process induced by chemotherapy.?? West-
ern blot analysis conducted in this study demonstrated a
dose-dependent elevation in p53 protein expression 24
hours after treatment with ginsenoside CK. It is noteworthy
that DNA damage-sensing kinases such as ATM, ATR, and
checkpoint kinases (Chk1 and Chk2) are known to regulate
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the p53 protein.’?>? The ATM/ATR pathway plays an impor-
tant role in DNA homologous recombination repair.””? The
effect of ginsenoside CK on the ATM/ATR-CHK2/CHK1 Sig-
naling Pathway was also investigated in this study. Because
two distinct kinase signaling cascades, the ATM-CHK2 and
ATR-CHK1 pathways, coordinate cellular responses to DNA
damage.” This study used western blot analysis to assess
the expression levels and phosphorylation states of ATM
(Ser1981), ATR (Ser428), CHK2 (Thré8), and CHK1 (Ser345)
in H1688 and DMS114 cells treated with ginsenoside CK.
This analysis aimed to determine whether ginsenoside
CK treatment activates DNA damage-sensing kinases in
these cells. As portrayed in Figure 7A, while the overall
protein levels of ATM, ATR, CHK2, and CHK1 remained con-
stant, their phosphorylation levels exhibited a significant
increase. To further confirm the involvement of the ATM/
ATR pathway in SCLC, experiments were conducted using
the ATM/ATR inhibitor, caffeine. H1688 and DMS114 cells
treated with ginsenoside CK, in the absence or presence of
caffeine, demonstrated that the ATM/ATR inhibitor effec-
tively impeded the activation of the ATM/ATR-CHK2/CHK1
signaling pathway induced by ginsenoside CK. Caffeine, an
inhibitor of the ATR/ATM signaling pathway, was used at
a concentration of 10 mM to pretreat H1688 and DMS114
cells for 2 hours, followed by treatment with CK (20 uM) for
24 hours. The MTT experiment results indicated that pre-
treatment of small cell lung cancer cells with caffeine could
reverse the cell death induced by ginsenoside CK. After
pretreatment with caffeine, the survival rates of H1688 cells
treated with 20 uM ginsenoside CK increased from 55.3%
to 68.3%, compared to those treated with ginsenoside CK
alone, showing a significant difference (#p<0.05; Fig. 7B).
Similarly, after pretreatment with caffeine, the survival
rates of DMS114 cells treated with 20 uM ginsenoside CK
increased from 56.7% to 69.7%, compared to those treated
with ginsenoside CK alone, also displaying a significant dif-
ference (#p<0.05; Fig. 7C). The western blot experiments il-
lustrated in Figure 7D demonstrated that caffeine induced
the phosphorylation of ATM/ATR downstream proteins,
while maintaining the overall protein levels of ATM, ATR,
CHK2, and CHK1 constant. Notably, their phosphoryla-
tion levels exhibited a significant increase. These findings
strongly suggest that ginsenoside CK activates DNA dam-
age-sensing kinases.

Discussion

Small cell lung cancer (SCLC) is characterized by high ag-
gressiveness and resistance to chemotherapy, making it
one of the most challenging malignant tumors to treat.
Additionally, the side effects associated with chemother-
apy often impose limitations on the successful treatment
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of lung cancer.”*3% Hence, there is a pressing demand for
novel therapeutic approaches, and ginsenoside CK has ex-
hibited potent anti-cancer properties against diverse types
of tumors. In-depth mechanistic investigations have con-
sistently shown that CK hinders cancer cell proliferation by
inducing cell cycle arrest, fostering apoptosis, suppressing
angiogenesis, and enhancing the sensitivity of colon can-
cer and neuroblastoma cells.B'3 However, there is current-
ly no available information regarding the inhibitory actions
of ginsenoside CK on small cell lung cancer (SCLC). This
investigation was undertaken to explore the anti-prolifera-
tive effects and underlying molecular mechanisms of CK in
both in vitro and in vivo settings. Our findings unveiled the
anti-tumor efficacy of CK against SCLC, operating through
apoptotic and cell cycle arrest pathways. The results indi-
cated that CK impeded the growth of H1688 and DMS 114
cells following a 24-hour incubation period. In vitro experi-
ments, including MTT, colony formation, and AO/EB stain-
ing, affirmed the effective suppression of proliferation in
H1688 and DMS 114 cells by CK. Moreover, in a xenograft
model involving nude mice, CK demonstrated inhibitory
effects on tumor growth. Notably, CK significantly dimin-
ished the expression of Ki-67 in tumor tissues, indicating
its inhibitory influence on tumors. Crucially, H&E staining
disclosed that both the low-dose and high-dose CK groups
did not adversely impact the normal functions of vital or-
gans. Serum biochemical parameter assays showed no sig-
nificant differences in liver and renal function parameters
between CK-treated groups and the normal group. Hemo-
gram analysis indicated that CK did not lead to a decrease
in immune cell levels in peripheral blood across all groups,
suggesting no immune impairment by CK. Our animal ex-
periment results indicated that mice treated with CK main-
tained higher body weights compared to those treated
with cisplatin, indicating the lack of toxic effects from CK.
Additionally, we explored the potential underlying mecha-
nism of CK's anti-cancer effect on SCLC, revealing its asso-
ciation with inducing cell cycle arrest and apoptosis.

A number of research studies have highlighted that certain
anti-cancer agents trigger the cell cycle arrest checkpoint,
consequently promoting apoptotic cell demise. Notably,
the unregulated cell cycle stands as a characteristic trait of
cancer cells, playing a significant role in cancer advance-
ment and progression.’*33 Cdks, controlled by interactions
with cyclins specific to the cell cycle and Cdk inhibitors, are
the primary regulators of the central machines that drive
cell cycle progress. Cdk4 and Cdké form a complex with
cyclin D during the Gl to S phase. The cyclin B/CDK1 com-
plex induces the G2/M transition and processes during mi-
tosis, while cyclin A/Cdc2 and Cdk2 complex regulate the
S and G2 phases.®® P53 and P21 protein levels increase in

response to DNA damage, controlling the CDK2-cyclin E
complex downstream.”

Apoptosis is a kind of genetically programmed cell death
that is tightly reqgulated and frequently studied in human
lung cancer. Numerous cancer cells have been shown to
undergo apoptosis when exposed to the ginsenosides Rk1
and Rk3.283% Qur findings demonstrated that CK triggered
apoptotic cell death, a conclusion supported by AO/EB and
Annexin V-FITC/PI double staining. The Bcl-2 protein family,
pivotal in the intrinsic mitochondrial apoptosis pathway,
plays a vital role in programmed cell death. This pathway
is activated in response to cellular damage or when a cell is
deemed unnecessary, involving the release of cytochrome
¢ from the mitochondria, initiating a cascade of events
culminating in cell death. Pro-apoptotic proteins like Bax
and Bak act as gatekeepers to the mitochondrial apoptosis
pathway, their activation marked by multiple conforma-
tional changes and intramembranous homo-oligomeriza-
tion within the mitochondria. The Bcl-2 family of proteins
governs the intrinsic apoptosis pathway, essential for prop-
er cell cycle functioning. The disrupted regulation of the
cell cycle is a characteristic feature of cancer, resulting from
a breakdown in the mechanisms overseeing the cell cycle
and leading to uncontrolled cell division.*® Bax modifies
the permeability of the mitochondrial membrane, caus-
ing the release of cytochrome-c from the space between
mitochondrial membranes into the cytoplasm. This event
triggers the activation of caspase-9, subsequently leading
to the activation of caspase-3. Ultimately, these cascad-
ing processes culminate in the cleavage of PARP proteins
and the initiation of the intrinsic apoptosis pathway.*"
In this study, the evaluation of caspase activities, JC-10,
and western blot assays collectively illustrated that CK in-
duced apoptosis in lung cancer cells through the caspase-
dependent intrinsic signaling pathway. These findings are
consistent with prior research on apoptosis mechanisms
in cancer. Specifically, our investigation disclosed that CK
prompted apoptosis in small-cell lung cancer (SCLC) cells
by activating Bax, cleaved caspase-3, cleaved caspase-9,
and PARP, while simultaneously reducing the protein levels
of Bcl-2. This implies that CK initiates apoptosis by trigger-
ing the intrinsic mitochondrial pathway within SCLC cells.
Upon activation, p53 assumes a pivotal role in coordinating
a halt in the cell cycle, facilitating DNA repair or apopto-
sis to counteract the proliferation of cells with substantial
DNA damage. This is achieved through the transactivation
of genes associated with initiating cell cycle arrest and/or
apoptosis.i+?

Studies have shown that genistein, a compound found
in soybeans, induces cell cycle arrest at the G2/M phase
through the p53/ATM pathway in a dependent manner.



Once induced, p53 acts as a transcription factor, regulat-
ing various genes involved in apoptosis, senescence, and
cell cycle arrest. In the early stages of tumor development,
genomic instability and DNA damage lead to p53 activa-
tion, which mediates tumor suppression. DNA damage re-
sponse (DDR) is the response of cells to genotoxic pressure,
including DNA repair, cell cycle arrest (cell cycle arrest), and
apoptosis.**!The genetic material of eukaryotic cells can be
replicated correctly and passed on to the next generation
mainly because the cells have a set of effective DNA dam-
age response mechanisms. Ataxia-telangiectasia-mutated
ATM and Rad-3 related proteins (ATM and Rad-3related
ATR) kinase can sense DNA damage and transduce DNA
damage signal to downstream target protein activate stress
system produces cell cycle arrest to complete DNA repair
reactivate or initiate the apoptosis process.*! Therefore,
ATM and ATR are very important to maintain the cell ge-
nome's stability and prevent tumors' occurrence. Chk1 and
Chk2 are important substrates for ATM and ATR, and ATM/
ATR after DNA damage allows Chk1 and Chk2 to obtain ki-
nase activity Chk1 and Chk2 are activated, phosphorylating
downstream Cdc25 family members and other substrates,
transmitting damage signals downstream, and ultimately
preventing the progression of the cell cycle. Both Chk1 and
Chk2 kinases are silk/threonine protein kinases with cer-
tain substrate specificity and have different activation con-
ditions. The ATR signaling pathway downregulates cyclin
protein B1 expression to stop cell mitosis for the detection
and repair of DNA damage.! In this study, we uncovered
the potent anti-tumor effects of ginsenoside CK on small
cell lung cancer (SCLC) through both apoptosis and cell cy-
cle arrest pathways. The efficacy of ginsenoside CK against
cancer displayed a dose-dependent correlation, and CK ini-
tiated a robust DNA damage response, as indicated by in-
creased phosphorylation of CDC25C, CDK1, ATM/ATR, and
CHK2/CHK1, leading to G2/M cell cycle arrest. Treatment
with ginsenoside CK led to a reduction in tumor burden
without eliciting adverse effects on hematologic or hepa-
torenal functions in the animal model. Moreover, the ex-
pression of y-H2AX increased in proportion to the rising CK
concentration, signifying the activation of the DNA dam-
age response (DDR). Subsequent phosphorylation of ATM,
ATR, CHK2, and CHK1 impeded the CDK1-cyclin B1 com-
plex by deactivating CDC25C, impeding G2/M transition
and inducing cell cycle arrest. This G2/M arrest heightened
the susceptibility of tumor cells to radiation, thereby am-
plifying the overall anti-tumor efficacy of ginsenoside CK.
Through the upregulation of ATM/ATR/CHK2/CHKT1 signal-
ing pathways, ginsenoside CK demonstrated its capacity
to impede cell proliferation, induce apoptosis, and prompt
cell cycle arrestin H1688 and DMS114 SCLC cells.

485

Conclusion

In summary, our experimental results represent the first
evidence that ginsenoside CK effectively inhibits cell pro-
liferation, induces apoptosis, and causes cell cycle arrest
at the G2/M phase by activating the ATM/ATR pathway in
small-cell lung cancer. Moreover, ginsenoside CK demon-
strated the ability to suppress the growth of SCLC xeno-
graft tumors without adversely affecting normal bronchial
epithelium viability, as well as maintaining the integrity of
hematological and hepatorenal functions. These findings
suggest that CK holds promise as a novel therapeutic agent
for the future treatment of human SCLC.
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