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Kaempferol Synergistically Enhances Cisplatin-induced
Apoptosis and Cell Cycle Arrest in Colon Cancer Cells

Muhammad Haroon, Sun Chul Kang

Department of Biotechnology, Daegu University, Gyeongsan, Korea

Colon cancer remains a significant global health concern, necessitating the continuous exploration of novel therapeutic strategies.
Cisplatin is a first-line chemotherapy medication that is frequently used to treat patients for a variety of malignancies, including
colon cancer. However, a major obstacle to its clinical usefulness is acquired resistance. This research investigates the synergistic
effects of kaempferol, a natural flavonoid with known anti-cancer properties, in combination with cisplatin, in colon cancer cells. Our
study employed colon cancer cell lines to evaluate the individual and combined cytotoxic effects of kaempferol and cisplatin. The
results demonstrated a notable enhancement in the cytotoxicity of colon cancer cells when treated with a combination of kaemp-
ferol and cisplatin compared to individual treatments. This synergistic effect was further characterized by an increase in apoptosis,
as evidenced by morphological changes and biochemical markers of apoptosis and cell cycle. The investigations revealed that
the combined treatment led to the modulation of key apoptotic pathways, including the upregulation of pro-apoptotic factors and
downregulation of anti-apoptotic factors. Additionally, the synergistic effect was associated with the inhibition of cell proliferation
and induction of cell cycle arrest. The findings of this study suggest that the combination of kaempferol and cisplatin holds promise
as a potent therapeutic strategy for colon cancer treatment, potentially enhancing the efficacy of conventional chemotherapy while
minimizing adverse effects. Further in-depth investigations, including in vivo studies, are warranted to validate these findings and
explore the translational potential of this synergistic approach in clinical settings.
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INTRODUCTION

The tumor stage of colorectal cancer determines its prog-
nosis. Stage | patients have a 90% 5-year survival rate,
compared to 10% for stage IV patients. Even though 60%
of patients may have their tumors surgically removed after
diagnosis, 20% to 25% of patients can have tumor spread
and recurrence following treatment, which can be fatal [1].
Several therapeutic alternatives have emerged. Currently
used clinical practice in the management of cancer include
targeted treatment, chemotherapy, radiation, and surgical
resection [2]. Despite being a crucial strategy for colorectal
cancer treatment, chemotherapy’s significant side effects and
easily developed drug resistance limit its efficacy to a small
number of individuals.

Cisplatin, platinum-based chemotherapy, is a commonly
used treatment for colorectal cancer [3]. Nevertheless, de-
spite the initial response to cisplatin, most cancer patients

eventually relapse and acquire treatment resistance [4].
Recently, combined chemotherapy is considered a superior
treatment strategy [5]. Therefore, there is an urgent need
to find efficient chemosensitizers that can boost anticancer
medication efficacy while overcoming adverse effects and
multidrug resistance.

Cancer cells naturally produce more reactive oxygen spe-
cies (ROS) than normal cells [6]. The elevation of ROS is
crucial for the initiation and progression of cancer. On the oth-
er hand, excess production of ROS may be hazardous and
increase the susceptibility of cancer cells to more oxidative
stress induced by external factors [7]. It has been reported
that oxidative stress can cause cell death through several
mechanisms, including mitochondrial cascade and endoplas-
mic reticulum (ER) stress [8]. As a result, regulating ROS lev-
els allows for the selective killing of cancer cells and is linked
to the anti-tumor properties of several therapeutic drugs, such
as piperlongumine, disulfiram, and auranofin [9].
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Natural substances originating from plants have been uti-
lized to treat malignancies of various types [10]. Kaempferol,
(3,5,7-trihydroxy-2-(4-hydroxyphenyl)-4H-1-benzopyran-4
one), is a naturally occurring flavonoid in a wide variety of
vegetables and fruits, such as broccoli, tomatoes, onions, red
fruits, grapes and tea [11]. This polyphenol has antioxidant,
inflammatory and antineoplastic effects [12]. Additionally, kae-
mpferol can affect a variety of cellular pathways that disrupt
the survival or regulation of some cancer cells [13].

The current study aimed to determine whether kaempferol
had synergistic effect with cisplatin on inhibiting colon can-
cer cell growth through induction of apoptosis. Kaempferol
enhanced the induction of cell cycle arrest and apoptosis,
which led to a synergistic impact. The analyses revealed that
kaempferol, as a ROS inducer, may significantly increase the
death of colon cancer cells caused by cisplatin in vitro by in-
ducing a ROS-mediated pathway.

MATERIALS AND METHODS

Materials

RPMI-1640, Dulbecco’s Modified Eagle Medium (DMEM),
Rhodamine-123, dichlorodihydrofluorescein diacetate (H,D-
CFDA), DAPI, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) and dimethylsulfoxide (DMSO) were
purchased from Sigma-Aldrich. FBS was from Gibco. A list of
the antibodies used in the study is provided in the Table S1.
All other chemicals, unless otherwise mentioned, were pur-
chased from Sigma-Aldrich.

Cell culture and in vitro assays

In RPMI-1640 media, human colon cancer HCT-15 cells
and HCT-116 cells (ATCC) (KCLB) were cultivated. DMEM
medium was used to culture the human skin keratinocytes
(HaCaT) (KCLB) and the human embryonic kidney (HEK-
293) cell line (ATCC). Cells were kept in a 5% CO, incubator
at 37°C and both media were supplemented with 10% FBS
(Gibco) and 1% penicillin-streptomycin (Gibco). HCT-15 and
HCT-116 cells were grown in 3 mm cell culture plates (SPL)
with a cell number of 1.0 x 10° cells/well for various experi-
ments.

Cell viability measurements

The MTT assay was used for the assessment of cell viability.
Briefly, HCT-15, HCT-116, HaCaT, and HEK-293 cells were
seeded at a density of 1.0 x 10 cells/well in a 96-well flat-bot-
tom microtiter plate and allowed to adhere and proliferate
for 24 hours at 37°C and 5% CO,. Cells were subsequently
treated with various concentrations of kaempferol (10, 30,
and 50 uM) and cisplatin (1, 5, and 10 uM) or their combina-
tion. HaCaT and HEK-293 cells were treated with kaempferol
(50 uM) and cisplatin (10 uM) or their combination followed
by incubation for 48 hours at 37°C and 5% CO,. The plates
were then incubated for 4 hours at 37°C after the wells were
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replaced with 50 uL of fresh media along with 50 uL of the
MTT working solution (2.5 mg/mL dissolved in PBS). Follow-
ing aspiration of the medium, 150 uL of DMSO was added to
each well to solubilize the produced formazan crystals. Using
an ELISA plate reader, the amount of purple color produced
by the formazan crystals’ dissolution was measured at 540
nm.

Clonogenic assay

We conducted experiments to assess cell proliferation and
colony-forming assay. Briefly, 6-well cell culture plates (BD
Falcon) were used to seed HCT-15 and HCT-116 cells at a
density of 1.0 x 10* cells/well in RPMI-1640 media. Colon
cancer cells, were subsequently treated with kaempferol
(50 uM) and cisplatin (10 uM) or their combination. After the
incubation, fixation of the cells was carried out with 4% (w/
v) formaldehyde, followed by staining with 0.1% (w/v) crystal
violet solution, and then photographs were taken.

Bromodeoxyuridine cell proliferation assay

The bromodeoxyuridine (BrdU) assay was conducted with a
commercially available BrdU labelling and detection kit (Ab-
cam; ab126556), following the instructions provided by the
manufacturer. Briefly, 96-well cell culture plates (BD Falcon)
were used to seed HCT-15 and HCT-116 cells at a density
of 1.0 x 10° cells/well in RPMI-1640 media. Cells were sub-
sequently treated with kaempferol (50 uM) and cisplatin (10
uM) or their combination for 48 hours. The BrdU uptake was
measured according to steps in the kit manual and the absor-
bance was measured using an ELISA microtiter plate reader
at 450/540 nm.

Cellular senescence assay (senescence-associated
pB-galactosidase activity)

Detecting SA-B-Gal activity using a fluorometric substrate
is an effective way to assess cellular senescence (96-Well
cellular senescence assay kit, CBA-231, Cell Biolabs, Inc.)
[14]. Briefly, 96-well cell culture plates (BD Falcon) were used
to seed HCT-15 and HCT-116 cells at a density of 1.0 x 10°
cells/well in RPMI-1640 media. Cells were subsequently
treated with kaempferol (50 uM) and cisplatin (10 uM) or their
combination for 48 hours. The fluorescence was measured at
360 nm (excitation)/465 (emission).

Estimation of intracellular ROS generation

HCT-15 and HCT-116 cells were cultured in 12-well cell cul-
ture plates at a density of 1.0 x 10° cells/well in 2 mL RPMI
media. The cells were subsequently treated with kaempferol
(50 uM) and cisplatin (10 uM) or their combination. After treat-
ment, cells were washed with PBS before addition of 10 uM
of H,DCFDA dye, a peroxide-sensitive fluorescent probe. Af-
ter incubation for 30 minutes. ROS production was detected
with a fluorescence microscope. To measure the production
of superoxide in mitochondria, the cells were stained with 5



pM MitoSOX™ Red (Thermo Fisher Scientific). The staining
of cells was observed under an inverted fluorescence micro-
scope.

Estimation of nitric oxide generation

Cells were treated with kaempferol (50 uM) and cisplatin
(10 uM) or their combination. Griess reagent was added to
the cell homogenate, followed by incubation for 15 minutes
at room temperature in the dark and the absorbance at 540
nm was measured. Using sodium nitrite as a standard, the
amount of NO was estimated against the standard curve.

Determination of mitochondrial membrane
potential

Briefly, 1.0 x 10° HCT-15 and HCT-116 cells/well were cul-
tured in 12-well cell culture plates. Following this, cells were
treated with kaempferol (50 uM) and cisplatin (10 uM) or their
combination. After washing the cells with PBS, 10 uM/mL
Rh-123 dye was added, and the cells were incubated for 30
minutes. Following a PBS rinse, fluorescence microscopy at
20% magnification was used to determine the degree of mito-
chondrial membrane damage.

Quantitative analysis of ATP

Cells were treated with kaempferol (50 uM) and cisplatin (10
uM) or their combination against HCT-15 and HCT-116 cells
in a 96-well plate at a density of 1.0 x 10* cells/well. The mea-
surement of ATP was carried out according to the instructions
provided by the manufacturer (ATP Bioluminescent Assay Kit;
FLAA, Sigma-Aldrich).

Determination of chromatin condensation by
DAPI

Briefly, the cells were cultured in 12-well cell culture plates at
a density of 1.0 x 10° cells/well in 2 mL RPMI media. Cells
were treated with kaempferol (50 uM) and cisplatin (10 uM)
or their combination and then incubated for 48 hours. Follow-
ing a PBS wash, treated cells were exposed to 1 ug/mL DAPI
and incubated for 30 minutes at 37°C. The cells were rinsed
with PBS and the cells were photographed using a fluores-
cence microscope at 20x magnification.

Estimation of lactate dehydrogenase release
Cells were treated with kaempferol (50 uM) and cisplatin (10
uM) or their combination. Lactate dehydrogenase (LDH) leak-
age into the culture medium from cells was measured using
an LDH assay kit (Sigma-Aldrich) to determine the integrity of
the plasma membrane.

Western blot analysis

Cells were treated with kaempferol (50 uM) and cisplatin (10
uM) or their combination. Following incubation, cell lysis was
carried out using RIPA buffer. SDS-polyacrylamide gel elec-
trophoresis was conducted using 100 ug of protein per lane.
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On a polyvinylidene difluoride (PVDF) membrane, proteins
were transferred. Non-specific proteins were inhibited by in-
cubating the PVDF membrane in 3% to 5% BSA for 2 hours
at room temperature. The membrane was then treated with
a primary antibody, followed by an appropriate HRP-conju-
gated secondary antibody. The PVDF-membrane blots were
then using the enhanced chemiluminescence reagent, which
was obtained from Amersham Biosciences Inc. Using ImageJ
software, version 1.8.0, the intensity of protein bands was
calculated.

Gene silencing with p53 small interfering RNA

HCT 116 cells were transfected with small interfering RNA
(siRNA) specific to p53 or scrambled (SCR) siRNA as a
control. The siRNA sequences were acquired from Integrat-
ed DNA Technologies (IDT, Inc.). The p53 siRNA sequence
employed was (sense) 5-GACUCCAGUGGUAAUCUAC-3’
and (antisense) 5 GUAGAUUACCACUGGAGUC-3'. The
transfections were conducted utilizing lipofectamine 3000 (In-
vitrogen). For each well, a total of 5 pmol of either p53-siRNA
or SCR-siRNA was mixed with RPMI serum-reduced medium
(Gibco). Lipofectamine-3000 reagent was mixed with RPMI.

Flow cytometry-based apoptosis detection

The fluorescence activated cell sorting (FACS) analysis was
conducted using a FITC Annexin V Apoptosis Detection Kit
| (BD Pharmingen). Cells were treated with kaempferol (50
uM) and cisplatin (10 uM) or their combination. The cells
were examined using a BD FACS Verse™ cell analyzer.
FlowJo 7.6.1 Software was used to analyze the results.

Cell-cycle analysis

Flow cytometry was carried out for the cell-cycle profiling [15].
The cells were exposed to kaempferol (50 uM) and cisplatin
(10 uM) alone or in combination. Cells were harvested by us-
ing a 0.05% trypsin-EDTA solution after treatment. Cell pellets
were redissolved in 0.1 mL of 1 x PBS, and 2 mL of RNase
solution (100 mg/mL), and the suspension was incubated at
37°C for an hour. Propidium iodide (PI) solution (50 pug/mL)
was then added, and the mixture was gently vortexed. And
the contents were examined using BD FACS Verse™ cell
analyzer. FlowJo 7.6.1 Software was used to analyze the re-
sults.

Statistical analysis

The mean * standard deviation of 3 independent experiments
was used to represent the data. Data were examined using
one-way analysis of variance (ANOVA) and Student’s t-tests
in GraphPad Prism Software for the statistical comparisons
(version 8.0.1).

http:/Avww.jcpjournal.org 71



Haroon and Kang

RESULTS AND DISCUSSION demonstrate a remarkable synergy between cisplatin and
kaempferol across a range of concentrations in colon cancer
Co-treatment of kaempferol and cisplatin cells.
synergistically enhances cell death in colon Cells treated with kaempferol (10 and 30 uM) had slightly
cancer cells decreased the HCT-15 and HCT-116 cell proliferation, while
The synergistic effect of cisplatin with natural apoptosis induc- significant effects were observed at the highest concentration
ers was determined as reported previously [16]. Our results (50 uM) as compared to the control cells. The cisplatin con-
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Figure 1. Assessment of cell viability for kaempferol alone or in combination with cisplatin against human colon cancer and normal cell
lines. (A) and (B) The graphs represent the percentage of viable HCT-116 and HCT-15 cells after treatment with kaempferol (10, 30, and 50 uM) and
cisplatin (1, 5, and 10 uM) and their combination after 48 hours. (C) and (D) the graphs represent cytotoxicity assessment for kaempferol and cispla-
tin alone or in combination for 48 hours against human keratinocytes (HaCaT) and human embryonic kidney-293 (HEK-293) cell lines. (E) Effects of
kaempferol and cisplatin alone or in combination were evaluated against the colony formation ability of HCT-116 and HCT-15 colon cancer cell lines.
(F) The graphs represent the relative colony formation ability of HCT-116 and HCT-15. (G) and (H) cell viability in colon cancer was also determined
by the LDH release assay for cells treated with kaempferol and cisplatin alone or in combination. The data are represented as the mean + standard
deviation. *P < 0.05, **P < 0.01, and ***P < 0.001 for comparison between control and treated cells, whereas *P < 0.05 for comparison between kae-
mpferol alone and combination and *P < 0.01 for comparison between cisplatin only and combine treatment. ns, not significant.

72 J Cancer Prev 2024;29(3):69-87



centration (10 uM) was selected based on the cytotoxicity as-
sessment by using various concentrations of the compound
in normal cells. The MTT results are shown in Figure 1A and
1B.

The cytotoxicity evaluation of the cisplatin and kaempferol,
alone or in combination was evaluated in normal cell lines
such as HEK-293 and HaCAT cells. No significant reduction
in the proliferation was observed in these normal cells treated
with a combination of kaempferol (50 uM) and cisplatin (10
uM) (Fig. 1C and 1D).

For the confirmation of these results, we investigated the
colony formation ability. The kaempferol (50 uM) and cisplatin
(10 uM) co-treated cells dramatically decreased the number
of colonies (Fig. 1E and 1F). When the cell membrane is
damaged, the enzyme LDH is released [17]. LDH release at
48 hours after exposure to kaempferol and cisplatin alone or
in combination are shown in Figure 1G and 1H in which there
was a significant increase in the LDH release in kaempferol
and cisplatin co-treated cells.

The MTT assay revealed that a combination of kaemp-
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ferol (50 uM) and cisplatin (10 puM) significantly (P < 0.001)
increased the rate of cell death in both cell lines. Patterns
of synergism were observed in HCT-15 cells and HCT-116
cells, and the cell viability was determined to be 50.6% + 3%
(P <0.001) and 26.9% + 2.5% (P < 0.001), respectively. The
synergism evaluation for the cisplatin and kaempferol was
carried out with Synergy Finder 3.0 [18], as shown in Figure
2.

Kaempferol and cisplatin enhance cellular
senescence in colon cancer cells

The morphological study of both HCT-15 and HCT-116 cell
lines showed noticeable changes that are typical of senes-
cent cells, such as larger and flatter forms with increased
granularity and the changes were more prominent in the
group that received the co-treatment indicating a synergistic
interaction (Fig. 3A). These alterations are the hallmark of
cellular senescence-like phenotype [19]. The BrdU uptake
assay is an essential method for quantifying cell proliferation
and DNA synthesis, and it has a significant role in demon-
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Figure 2. Synergistic activity for kaempferol and cisplatin against colon cancer HCT-15 and HCT-116 cells. Evaluation of the synergistic poten-
tial of kaempferol and cisplatin co-treatment in colon cancer cells (A) HCT-116 and (B) HCT-15. Single-agent dose-response curves for each drug and
their combinatory effect were assessed through the combination index (Cl) plot, highlighting synergy (HSA synergy score > 10). Heatmap displaying

the Cl values across different drug concentrations.
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Figure 3. Kaempferol and cisplatin co-treatment induced cellular senescence in human colon cancer HCT-15 and HCT-116 cells. (A) Mor-
phological images depict cellular alterations associated with senescence, including flattened and enlarged cell morphology (Magnification 20x and
scale bar 100 um). (B, C) The BrdU assay was performed to assess cell proliferation. (D, E) The senescence-associated -galactosidase (SA-B-Gal)
assay was used to assess the cellular senescence. (F, G) Ki67 protein expression analysis was carried out to evaluate cell proliferation status. The
relative protein expression intensity was analyzed with ImageJ software. The data are represented as the mean + standard deviation. *P < 0.05, **P <
0.01, and ***P < 0.001 for comparison between control and treated cells, whereas “P < 0.05 for comparison between kaempferol alone and combina-
tion and *°P < 0.01 for comparison between cisplatin only and combine treatment.

strating cellular senescence [20]. There was a significant de-
cline in BrdU incorporation in cells co-treated with kaempferol
and cisplatin in both cell lines (Fig. 3B and 3C). The SA-p-Gall
assay is a commonly used technique for identifying cellular
senescence [21]. The result showed a notable rise in the per-
centage of SA-B-Gal-positive cells in the co-treatment group
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compared to the other treatment groups (Fig. 3D and 3E). In
addition, the cells co-treated with both kaempferol and cispla-
tin showed a significant decrease in Ki67 expression in both
cell lines (Fig. 3F and 3G). Ki67 is a widely known indicator
of cell proliferation. It is present during all the active stages
of the cell cycle (G1, S, G2, and mitosis) but its expression is
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Figure 4. Kaempferol and cisplatin co-treatment induced oxidative stress-mediated inflammatory response in human colon cancer HCT-15
and HCT-116 cells. Colon cancer cells treated with kaempferol, and cisplatin combination promotes changes in reactive oxygen species (ROS) pro-
duction which is observed by alterations in fluorescence observed via different staining. (A, B) Representative fluorescent microscopy images of HCT-
15 and HCT-116 colon cancer cells stained with H,DCFDA. (C, D) Visualization of mitochondrial ROS was carried out with MitoSOX™ Red staining in
HCT-15 and HCT-116 cells. Scale bar of images 100 um. The graphs represent the relative fluorescence intensity of the cells treated with kaempferol
and cisplatin co-treatment as compared to control. (E) Kaempferol and cisplatin co-treatment further increased the level of nitric oxide production in
cells. (F) HCT-15 and (G) HCT-116; kaempferol and cisplatin combine treated cells altered the redox signaling. Quantification of H,DCFDA, MitoSOX-
™ Red fluorescence intensity and relative protein expression intensity were analyzed with ImageJ software. The data are represented as the mean *
standard deviation. *P < 0.05, **P < 0.01, and ***P < 0.001 for comparison between control and treated cells, whereas *P < 0.05, P < 0.01, and for
comparison between kaempferol alone and combination and *P < 0.05, P < 0.01 for comparison between cisplatin only and combine treatment. ns,
not significant.
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reduced in the resting (quiescent) phase (GO0) [22].

Synergistic action of kaempferol and cisplatin
modulates oxidative stress and inflammatory
response

Endogenous free radicals can lead to genotoxic stress, which
leads to DNA damage and the start of numerous cell-fate
decision-making pathways [23]. The synergistic effect of kae-
mpferol and cisplatin co-treatment (P < 0.001) induces a high
level of ROS generation as compared to the control group in
both cell lines (Fig. 4A and 4B).

MitoSOX™ labelling was carried out to evaluate the gener-
ation of mitochondrial ROS. The co-treatment of kaempferol
and cisplatin led to the more pronounced MitoSOX™ fluores-
cence intensity in both cell lines (Fig. 4C and 4D).

The production of molecules like NO, which is the result of
cellular senescence, is also severely influenced by chemo-
therapeutic agents [24]. Additionally, NO synthesis and ROS
synthesis together contribute to oxidative stress [25,26]. We
examined the NO content of cells treated with kaempferol
and cisplatin alone or in combination. As shown in Figure 4E.
Kaempferol and cisplatin co-treatment significantly increased
the NO production in HCT-15 and HCT-116 cells as com-
pared to other groups.

Furthermore, by analyzing the expression of proteins in-
volved in redox signalling, the condition of oxidative stress
was verified at the molecular level. As seen in Figure 4F and
4G, kaempferol and cisplatin combination significantly re-
duced the TRX protein expression in HCT-15 and HCT-116
cells compared to control. The redox regulation was further
supported by the analysis of e-NOS and i-NOS protein ex-
pression. Combined treatment significantly increased the ex-
pression of i-NOS and e-NOS in both HCT-15 and HCT-116
cells.

Further, we also observed the higher expression of inter-
leukin-6 (IL-6), and IL-1B which has a role in the regulation
of redox balance by regulating the production of NO and
other antioxidant enzymes [27]. Kaempferol and cisplatin
combined treatment further increased the expression of IL-
6, and IL-1pB in both cancer cell lines (Fig. 4F and 4G). COX-
2 is an enzyme which causes the conversion of arachidonic
acid into prostaglandins, which are lipid mediators implicated
in fever, pain, and inflammation [28]. In cells co-treated with
kaempferol and cisplatin significantly reduced the expression
of COX-2.

These findings suggest that cells with kaempferol, and cis-
platin co-treatment lose their antioxidant capacity, which may
prevent the preservation of redox state equilibrium [29]. It has
been well-recognized that inflammation plays a crucial role in
the development of cellular senescence [27].

Impact of kaempferol and cisplatin co-treatment
on mitochondrial membrane potential
The mitochondrial membrane’s gradient electrochemical po-

Kaempferol Promotes Apoptosis in Colon Cancer

tential structure is crucial for the storage of freshly produced
ATP. According to several observations, oxidative stress
changes the permeability of the mitochondrial membrane
[30]. By Rh-123 staining, we could see that the kaempferol
and cisplatin co-treatment markedly interfered with the mito-
chondrial membrane integrity (AWm) of HCT-15 and HCT-116
cells (Fig. 5A). The findings demonstrate a notable reduction
of green fluorescence following kaempferol and cisplatin
co-treatment (Fig. 5B). To assess the functioning and con-
dition of mitochondria, cells were stained with MitoTracker™
Deep Red (Invitrogen). The decrease in mitochondrial func-
tion and damage to mitochondria suggests that the co-treat-
ment has a synergistic effect on impairing the integrity of
mitochondria in colon cancer cells (Figure S1).

Alterations in the homeostasis of the mitochondria specif-
ically remove the functioning of the mitochondria, which fur-
ther causes the unintended loss of cell viability by activating
the machinery for programmed cell death [31]. Anticancer
drugs frequently target cellular mechanisms such as glycol-
ysis, oxidative phosphorylation, and mitochondrial activity
which are essential for the generation of ATP. The reduction
of ATP can contribute to cellular stress and ultimately result
in cell death [32]. In the current study, we measyred the ATP
levels in the cells. As shown in Figure 5C, kaempferol and
cisplatin co-treatment (P < 0.001) apparently lowered ATP to
a greater extent than did the individual treatments.

Kaempferol and cisplatin co-treatment
significantly enhances DNA damage response
Extended activation of DDR, caused by continuous exposure
to ROS and NO, can disturb the regular progression of the
cell cycle, resulting in either growth inhibition or apoptosis.
In the context of cancer, the prolonged activation of DDR
mechanisms can contribute to the advancement of tumors
by causing genetic instability and abnormal cell proliferation.
This highlights the important relationship between DDR, ox-
idative stress, and cellular growth [33,34]. DNA damage can
be detected by analyzing the fragmentation patterns of DNA
taken from treated cells using electrophoresis [35]. The treat-
ment of HCT-15 and HCT-116 colon cancer cells with cispla-
tin and kaempferol in combination resulted in substantial DNA
fragmentation (Fig. 6A).

Further, the DDR was evaluated at the molecular level by
measuring the expression level of various protein markers
involved in DNA damage repair and response. Expression
of y-H2AX, which is the phosphorylated version of histone
H2AX, serves as an indicator DDR activation [36,37]. The
high expression of y-H2AX protein is an indication of double
strands break (DSB) mediated DDR [38]. A more prominent
in the expression of y-H2AX in the kaempferol and cisplatin
co-treated cells as compared to the other groups (Fig. 6B and
6C).

In the DNA repair system following the kaempferol and cis-
platin treatment, the expression of PARP/cleaved-PARP was
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Figure 5. Effects of kasmpferol and cisplatin co-treatment mitochondrial membrane potential and ATP synthesis. (A) Representative fluores-
cent microscopy image of treated colon cancer cells stained with rhodamine 123 (magnification 20x and scale bar 100 um). (B) The graph represents
the change in the relative fluorescence intensity in the cells treated with either kaempferol, cisplatin or their combination. (C) The ATP level was de-
termined in colon cancer cells following kaempferol and cisplatin or their combination treatment. The quantification of rhodamine-123 fluorescence
intensity was carried out with ImageJ software. The data are represented as the mean + standard deviation. *P < 0.05, **P < 0.01, and ***P < 0.001
for comparison between control and treated cells, whereas *P < 0.05, *P < 0.01 for comparison between kaempferol alone and combination and *P <
0.05, *P < 0.01 for comparison between cisplatin only and combine treatment.

also analyzed and a significant increase in the expression of
cleaved-PARP was observed in the kaempferol and cispla-
tin co-treated HCT-15 and HCT-116 cells. Additionally, we
observed a significant decrease in the expression of ERCC-
1 in the kaempferol and cisplatin co-treatment group in both
cell lines. ERCC-1 is critically important in the DNA damage
repair process [39]. The telomerase reverse transcriptase
(hTERT) plays a crucial role in cancer cells by preserving the
length of telomeres, which allows for uninterrupted cell divi-
sion and prevents the aging of cells [40,41]. The combined
administration leads to a considerable decrease in hTERT
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expression in both cell lines. Conclusively rigorous analysis of
the protein expression implicated in the DNA damage and re-
pair event shows that kaempferol and cisplatin co-treatment
effectively activates the DNA damage pathway and inhibits
the DNA repair system.

Kaempferol enhances the effects of cisplatin to
activate the apoptotic pathway

We performed flow cytometry for the detection of the cell pop-
ulation in early apoptosis, late apoptosis and necrosis (Fig.
7A). Q4 represented the percentage of live cells with 89.3%
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for HCT-15 and 88% for HCT-116 colon cancer in the control
group which was reduced in the treatment groups. The per-
centage of apoptotic cells was 11.4% and 19.8% for HCT-15
and HCT-116 cells, respectively for the combined treatment
group. These results have confirmed the significant impact
of the combined treatment of cisplatin and kaempferol on the
apoptotic cell death.

Understanding the cellular alterations brought on by the
induction of apoptosis can be visualized by DAPI staining, a
potent technique for observing nuclear morphology [42]. Our

results demonstrate that co-treatment enhances the results of
DAPI staining, leading to a significant modification of nuclear
features of apoptosis (Fig. 7B). The AO/EtBr also assessed
morphological changes that occur during apoptosis (Figure
S2).

The tumor suppressor protein p53, often referred to as
TP53 (tumor protein 53), is essential for controlling several
cellular functions, such as the progression of the cell cycle,
DNA repair, apoptosis, senescence, and metabolism [43].
The combined treatment had a more profound impact on
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Figure 7. Continued.

the expression of p53 in HCT-15 and HCT-116 cells (Fig. 7C
and 7D). To validate the impact on downstream apoptotic
pathways, immunoblot analysis was carried out. Proteins be-
longing to the Bcl-2 family (pro-apoptotic and anti-apoptotic)
may bind to the mitochondrial membrane to control the mi-
tochondrial membrane potential change (AWm) in response
to apoptotic stimuli [44]. The combined treatment showed a
significant increase in the expression of pro-apoptotic pro-
teins such as Bax, apoptosis-inducing factor (AIF), caspase/

82 J Cancer Prev 2024;29(3):69-87

cleaved caspase-9 and caspase/cleaved caspase 3 in both
HCT-15 and HCT-116 cell lines. In addition, kaempferol and
cisplatin co-treatment also significantly increased the cyto-
chrome c¢ protein accumulation. The co-treatment also mark-
edly levels of anti-apoptotic proteins such as Bcl-2 and BID
in both cell lines (Fig. 7C and 7D).

To verify the functional role of p53 in the apoptotic re-
sponse initiated by the co-treatment of kaempferol and cis-
platin, we used HCT-116 cells in which p53 expression was



suppressed using p53-siRNA transfection. Western blot anal-
ysis revealed the significant reduction of p53 protein levels in
cells with p53-siRNA transfection, indicating the successful
knockdown of p53 in comparison to control (Fig. 7E). Further
protein expression analysis demonstrated changes in the
expression patterns of apoptotic markers in cells where p53
was knocked down. More precisely, the levels of pro-apoptot-
ic marker Bax were reduced, while the levels of anti-apoptotic
Bcl-2 were increased. Additionally, the expression of the cell
cycle regulator p21 was decreased in p53-suppressed HCT-
116 cells. Surprisingly, when kaempferol and cisplatin were
co-treated together after p53 siRNA transfection, the cells
showed improved responses to apoptosis, as evidenced by
slight alterations in the expression of markers associated
with apoptosis. However, the observed difference was less
prominent as compared to cells receiving the same co-treat-
ment without p53 knockdown. Additionally, the MTT assay
results showed that cell viability was increased in cells with
suppressed p53 expression (Fig. 7F). The p53 knockdown
cells receiving the co-treatment had a less significant reduc-

Kaempferol Promotes Apoptosis in Colon Cancer

tion in cell viability as compared to the control group while the
co-treatment group without p53 knockdown had a significant
impact on the reduction of cell viability. The results empha-
size the crucial function of p53 in facilitating the apoptotic
consequences of combining kaempferol with cisplatin in co-
lon cancer cells.

According to several studies, expression of heat-shock pro-
teins (HSPs) under proteotoxic stress increases cancer cell
survival and chemoresistance [45,46]. We thus investigated
whether the expression of HSPs was affected by kaempferol
and cisplatin treatment either alone or in combination. Our re-
sults showed that the kaempferol and cisplatin co-treatment
remarkably reduced the levels of HSPs such as HSP-27,
HSP-70, and HSP-90 as compared to control (Fig. 7G and
7H). The individual treatment was less effective as compared
to the combined treatment.

Kaempferol and cisplatin co-treatment
enhanced the cell cycle arrest at G1 phase
Senescent cells have irreversible growth arrest as a key char-
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Figure 8. Kaempferol and cisplatin co-treatment induced cell cycle arrest at G1 phase. HCT-15 and HCT-116 colon cancer cells were treated
with kaempferol and cisplatin either alone or in combination for 48 hours. (A) The percentage of cell population arrested in G1 phase was analyzed
with flow cytometry following the individual or co-treatment. (B) HCT-15 and (C) HCT-116 cancer cells were checked for molecular markers involved
in the cell cycle and proliferation normalized with 3-actin. (D, E) The cells were analyzed for cyclin-dependent kinase (CDKs) markers which regulates
the progression of cells through different cell cycle phases. The relative protein expression of HCT-15 and HCT-116 colon cancer cells was measured
with ImageJ software. The data are represented as the mean + standard deviation. *P < 0.05, **P < 0.01, and ***P < 0.001 for comparison between
control and treated cells, whereas *P < 0.05, P < 0.01, and **P < 0.001 for comparison between kaempferol alone and combination and *P < 0.05,
%P < 0.01, and ***P < 0.001 for comparison between cisplatin only and combine treatment. ns, not significant.
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Figure 8. Continued.

acteristic, which occurs when cells acquire sublethal DNA
damage and transition into a viable but non-replicating state
[47]. To confirm the growth inhibition and cell cycle arrest at
the G1 phase, we conducted the cell cycle arrest analysis via
flow cytometric detection. As shown in Figure 8A, 78.3% and
82.98% of the cell population were arrested in the G1 phase
following cisplatin and kaempferol co-treatment of HCT-15
and HCT-116 cells respectively. The percentage was signifi-
cantly higher than the control and the individual treatment.
Several molecular pathways are involved in the progres-
sion of the cell cycle from one phase to another. Such mark-
ers play a key role in surveillance systems that monitor and
control the cell’s progression to the next phase of the cell cy-

84 J Cancer Prev 2024;29(3):69-87

cle [48]. The results showed alterations in the expression pat-
tern of key regulators of the cell cycle (Fig. 8B and 8C). The
combination treatment enhanced this impact, demonstrating
a notable increase in the expression of p21 and p27 in both
cell lines. The increased expression of p21 and p27 is associ-
ated with cell cycle arrest at G1 phase because of the inhibi-
tion of CDK2 and CDK4/6 [49]. The p21 expression is upreg-
ulated in response to p53-mediated DDR [50]. In addition, the
levels of p16, another inhibitor of CDKs, were increased after
the combined treatment in both cell lines, providing further
confirmation of cell cycle arrest. An important protein called
proliferating cell nuclear antigen (PCNA) potentiates the ef-
ficiency of DNA synthesis in eukaryotic cells by performing
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Figure 8. Continued.

as a processivity factor for DNA polymerase §. It plays an
important role in the process of DNA replication and is nec-
essary for the progression of the cell cycle, especially during
the S-phase [51]. In our results, the levels of PCNA were sig-
nificantly decreased in cells that received the kaempferol and
cisplatin co-treatment. The results emphasize the increased
effectiveness of using both cisplatin and kaempferol together
to induce cell cycle arrest in colon cancer cells.

To control cell division through extracellular and intracellular
signalling, CDKs, which are catalytic components of cyclins,
create a heterodimer complex [52]. We found that kaemp-
ferol and cisplatin co-treatment significantly reduced CDKs
expression and the associated cyclin complex, which had an
impact on cell-cycle progression (Fig. 8D and 8E). Following

the kaempferol and cisplatin co-treatment, the protein ex-
pression of CDK-4, Cyclin D, CDK-2, and Cyclin E in HCT-
15 was reduced; however, in HCT-116 cells, the co-treatment
of kaempferol and cisplatin reduced the expression of CDK-
4, Cyclin D, CDK-2 and Cyclin E. These findings collectively
showed that co-treatment could prevent cells from moving
from the GO/G1 phase to the S phase of the cell cycle.

Our research provides experimental evidence that co-ex-
posure to kaempferol and cisplatin inhibits the proliferation of
human colorectal cancer cells. Further, kaempferol increases
the process of cisplatin-induced apoptosis in colon cancer
cells via several mechanisms such as the reduction of mito-
chondrial membrane potential, increased oxidative stress,
and enhanced DNA damage. The co-treatment significantly
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enhances the process of programmed cell death, as evi-
denced by the altered expression/activation of crucial protein
markers associated with apoptosis. We observed a substan-
tial increase in cell cycle arrest at the G1 phase. This indi-
cates the impact of kaempferol on the modulation of cell cycle
regulatory proteins while enhancing the effects of cisplatin.
Our research offers the justification for using kaempferol as
a strong adjuvant option based on molecular investigations.
This research promotes the use of kaempferol as a chemo-
therapeutic adjuvant to conventional anticancer medications
to lessen the unfavourable side effects of synthetic toxic
chemicals, which may also help prevent the emergence of
drug-resistant cancer cells. Additional in vivo investigations
and clinical evaluations are necessary to confirm the thera-
peutic efficacy of this combination for the treatment of colon
cancer.
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