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Abstract: Triple-negative breast cancer (TNBC) remains a significant clinical challenge due to its aggressive nature and
limited treatment options. Cisplatin is a widely used chemotherapeutic agent for TNBC, but its clinical application is hin-
dered by dose-limiting nephrotoxicity. Cafteic acid phenethyl ester (CAPE), a bioactive component of propolis with known
antitumor and organ-protective effects, has potential as an adjuvant to chemotherapy. This study evaluates the synergistic
antitumor efficacy of CAPE combined with cisplatin and its ability to mitigate nephrotoxicity. In vitro, the CAPE-cisplatin
combination synergistically inhibited TNBC cell proliferation, an effect reversed by the apoptosis inhibitor Z-VAD-FMK
and the ROS scavenger N-acetylcysteine. Enhanced apoptosis was confirmed by Annexin V/PI staining and elevated cleaved
caspase-3 levels, while increased ROS generation was verified by DCFH-DA flow cytometry. DNA damage was further
supported by comet assays, immunofluorescence, immunocytochemistry, and Western blotting. Mechanistic studies using
network pharmacology, transcriptomics, and Western blotting implicated the MAPK signaling pathway in mediating the
therapeutic synergy. In vivo, combination therapy significantly enhanced the antitumor efficacy of a subtherapeutic dose
of cisplatin and reduced nephrotoxicity compared to monotherapies. These findings suggest that CAPE potentiates the
anticancer effects of cisplatin in TNBC while providing renal protection, offering a promising strategy to improve chemo-
therapy outcomes with reduced toxicity.

Keywords: synergistic antitumor, caffeic acid phenethyl ester, cisplatin, triple-negative breast cancer, MAPK signaling
pathway.

Abbreviations: CAPE - caffeic acid phenethyl ester; ALT - alanine aminotransferase; AST - aspartate aminotransferase;
TNBC - triple-negative breast cancer; CI - Combination Index; DAPI - 4', 6-diamidino-2-phenylindole; DMSO - dimethyl
sulfoxide; H&E - hematoxylin & eosin staining; IHC - immunohistochemistry; MAPK - mitogen-activated protein kinase;
MTT - 3-4,5-dimethylthiazol-2-yl-2,5-diphenyltetrazolium bromide

INTRODUCTION recurrence is up to 25% and the median survival time
is less than 2 years [5, 6]. Therefore, the treatment of

As one of the most prevalent malignant tumors, breast patients with TNBC remains a huge challenge.

cancer ranks first in incidence and second in mortality

among female cancers [1, 2]. Triple-negative breast can-
cer (TNBC), characterized by the absence of estrogen
receptors (ER), progesterone receptors (PR), and human
epidermal growth factor receptor 2 (HER2), represents
approximately 15% of all breast cancer cases [3]. This
subtype is characterized by its particularly aggressive
behavior, high malignancy, recurrence tendency, and
significant metastatic potential [4]. The rate of TNBC
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The primary treatment for TNBC relies on che-
motherapy, including anthracyclines, paclitaxel, and
platinum drugs [7]. Among them, cisplatin, a DNA-
damaging agent, demonstrates robust antitumor activity
by causing cross-linking and DNA breakage in cancers.
This therapeutic effect is amplified in TNBC due to
characteristic deficiencies in DNA damage repair [8, 9].
A research team from the Affiliated Cancer Hospital of
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Fudan University has demonstrated the effectiveness of
cisplatin in patients with metastatic TNBC and explored
the potential of combining cisplatin with different che-
motherapeutic agents to further augment therapeutic
outcomes [10]. However, the nephrotoxicity of cisplatin
frequently leads to reduced treatment adherence and
diminished quality of life in cancer patients, posing
a major challenge to long-term therapeutic efficacy
[11]. Current mitigation strategies, including hydration
regimens, diuretics, and antioxidants, demonstrate
suboptimal efficacy, underscoring the importance for
innovative therapeutic approaches [12]. Therefore, there
is an urgent need to explore combination therapies that
can enhance the therapeutic efficacy of chemotherapy
while mitigating nephrotoxicity.

Given the limitations of platinum-based therapy,
natural compounds with synergistic potential have
gained much attention. Traditional Chinese medicine
(TCM), with a millennia-old heritage in China, offers
distinctive therapeutic advantages including multi-
targets, lower adverse reactions, and enhancement of
the immune system through holistic regulation [13].
Thus, combining cisplatin with natural compounds
may provide a more effective therapy [14]. Propolis,
a resinous substance produced by honeybees through
the combination of glandular secretions and plant
resins, demonstrates significant antitumor proper-
ties and serves as a clinically recognized adjuvant
in cancer therapy [15]. Caffeic acid phenethyl ester
(CAPE), the predominant phenolic acid constituent
in propolis, serves as a key quality control marker
for propolis products. Wu et al. reported that CAPE
demonstrated a variety of antitumor effects, including
promoting apoptosis, modulating the cell cycle, and
inhibiting angiogenesis, without any noticeable impact
on normal mammary cells [16]. Then Colombo et al.
demonstrated its capacity to enhance the sensitivity
of cisplatin in cisplatin-resistant ovarian tumors by
regulating the ubiquitin-specific protease 8 (USP8)
[17]. Accumulating evidence has well-documented
the multi-organ protective effects of CAPE against
chemotherapy-induced toxicity. In particular, CAPE has
been shown to effectively alleviate doxorubicin-induced
cardiotoxicity and tamoxifen-induced hepatotoxicity in
preclinical studies [18-20]. Moreover, previous studies
have demonstrated that CAPE exhibited nephroprotec-
tive effects in healthy animal models against high-dose
cisplatin-induced renal damage through antioxidant
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pathways [21]. However, its renoprotective potential
in tumor-bearing models receiving chronic low-dose
cisplatin remains unclear. A critical question remains
whether CAPE can preserve renal function without
attenuating cisplatin’s antitumor activity, which con-
stitutes a key focus of the present investigation.

In this study, a thorough investigation of the poten-
tial synergistic effects of CAPE and cisplatin on TNBC
was conducted both in vitro and in vivo. Our results
show that this combination therapy has a favorable
synergistic antitumor effect on TNBC by regulating
the MAPK pathway without causing nephrotoxicity.

MATERIALS AND METHODS

Ethics statement

Animal experiments were approved by the Institutional
Animal Care and Use Committee of Zhejiang
Chinese Medical University (Approval No.: PHA-
TACUC-20241028-02) and carried out in accordance
with the guidelines of the Laboratory Animal Research
Center of Zhejiang Chinese Medical University.

Materials

Caffeic acid phenethyl ester (CAPE, #HY-N0274) was
purchased from MedChemExpress (NJ, USA). Cisplatin
(cisplatin, #15663-27-1) was obtained from Shanghai
yuanye Bio-Technology Co. Ltd (Shanghai, China).
Antibodies against p-ERK (#9101), ERK (#9102),
p-p38 (4511s), p38 MAPK(#86908), p-JNK (#4668),
and JNK (#3708) were obtained from Cell Signaling
Technology (MA, USA). Antibody against GAPDH
(#E12-042-3) was acquired from EnoGene (Nanjing,
China), the antibody against y-H2AX was purchased
from Abcam (Cambridge, UK). ALT (#C009-2-1) and
AST (#C010-2-1) kits were purchased from Jiancheng
(Nanjing, China).

Cell lines and cell culture

The human TNBC cell line MDA-MB-468 and mouse
TNBC cell line 4T1 were obtained from the Chinese
Academy of Sciences (Shanghai, China). All cells were
cultured with DMEM/F12 medium (Gibco, Grand
Island, NY, USA), supplemented with 10% FBS (Gibco,
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Grand Island, NY, USA) in a humidified incubator at
37°C with 5% CO,, and passaged every 3 days.

Cell viability assay

Logarithmic TNBC cells were seeded into 96-well plates
at a density of 5 x 10° cells per well and exposed to
CAPE and cisplatin for 48 h after cell adhesion. MTT
(Gibco, Grand Island, NY, USA) solution (5 mg/mL) was
added to each well and DMSO (Gibco, Grand Island,
NY, USA) was added to dissolve the formazan crystals
after 4 h. Then absorbance was measured at 490 nm.

Calculation of the combination index

Drug synergy was evaluated and analyzed with
CompuSyn software (Biosoft, Ferguson, MO, USA).
The combination index (CI)<1 indicates synergistic
effects.

Colony formation assay

Cells were seeded into a 12-well plate at a density
of 1 x 10° cells per well and cultured in a medium
containing CAPE and cisplatin. Following seeding,
plates were incubated in a humidified atmosphere of
5% CO; at 37°C for 14 days. After the incubation, the
culture medium was carefully aspirated, and cells were
tixed with 4% paraformaldehyde solution for 15 min
at room temperature. Fixed cells were then stained
with 0.1% (w/v) crystal violet solution for 15 min in
the dark. Following staining, wells were gently rinsed
three times with phosphate-buffered saline (PBS) to
remove excess dye and air-dried overnight at room
temperature before acquiring images.

Measurement of ROS production

Cells were seeded into 6-well plates and harvested after
incubating with culture medium containing drugs for
24 h. They were then dyed with DCFH-DA for 30 min
at 37°C in the dark and analyzed by flow cytometer.

Cell apoptosis
Cells were seeded into 6-well plates and collected after

exposure to drugs for 48 h. According to the instruc-
tions of the cell apoptosis kit (Beyotime, Shanghai,
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China), cells were washed with PBS and then stained
with Annexin V-FITC and PI for 15 min at 25°C in
the dark. After being resuspended with binding buffer,
cells were analyzed by flow cytometry.

Comet assay

As described previously [22], cells were treated with
drugs for 24 h, harvested, mixed with 0.6% low-melting
agarose, spread on 0.6% normal-melting point agarose,
and left at 4°C for 10 min to solidify. The gel was lysed
in alkaline lysis buffer at 4°C for 1.5 h, and then electro-
phoresis was performed at 300 V for 20 min. After the
pH was neutralized with 0.4 M Tris-HCI, the samples
were dehydrated with 50%, 75%, and 100% ethanol for
5 min and dried naturally overnight. Samples were dyed
with Gel-Red in the dark, and images were captured
within 24 h. Images were imported into Image] and
analyzed with the OpenComet plugin.

Immunofluorescence staining

Cells were seeded into 24-well plates at a density of
1 x 10* per well, then the culture medium was re-
moved and fixed with 4% paraformaldehyde after
being treated with drugs for 24 h. Sequentially, they
were permeabilized with 0.5% Triton X-100 for 1 h
and blocked with 1% bovine serum albumin (BSA)
for 1 h. Followed by incubation with the antibody of
y-H2AX overnight, cells were incubated with Texas
Red-labeled goat anti-rabbit IgG Ab for 2 h at room
temperature, and then stained with the fluorescent
stain 4',6-diamidino-2-phenylindole (DAPI) for 10
min. Finally, images were captured using a fluorescence
microscope (Carl Zeiss, China).

Western blotting analysis

Western blotting was performed as described previ-
ously [23]. Proteins were extracted using RIPA lysis
buffer, and concentrations were determined using the
bicinchoninic acid (BCA) assay. Equal amounts of
protein samples were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and then transferred to polyvinylidene fluoride or
polyvinylidene difluoride (PVDF) membranes. The
membranes were blocked with 5% skim milk, incubated
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with primary antibodies, followed by incubation with
secondary antibodies. Protein bands were visualized
using an enhanced chemiluminescence (ECL) detec-
tion system (Bio-Rad Laboratories, Inc. USA).

In vivo tumor model

Female BALB/c nude mice (4-6 weeks old) were pro-
vided by Hangzhou Qizhen Experimental Animal
Technology Co., Ltd. (Hangzhou, China). A total of 2
x 10° 0of 4T1 cells were injected into the dorsal flank of
each mouse. After a week, they were randomly divided
into 4 groups: control, cisplatin (1 mg/kg), CAPE (10
mg/kg), and cisplatin (1 mg/kg) + CAPE (10 mg/kg).
Cisplatin was administered intraperitoneally every three
days and CAPE was administered intraperitoneally
once a day. Body weight was measured every other
day, and tumor size was calculated with the formula:

volume= (width”x length) + 2 (1)

After 2 weeks, blood, liver, and kidney were har-
vested for further studies.

Liver and kidney index

Liver and kidney indices were calculated as:

Index = organ weight (mg) + body weight(g) (2)
H&E staining and IHC analysis

Tissue was fixed with formalin and embedded in
paraffin. Slices were incubated with y-H2AX for IHC
staining or stained with H&E for histological analysis.

Transcriptomics analysis

MDA-MB-468 cells were inoculated in 6-well plates, and
the cells were collected after treatment with cisplatin
and CAPE for 24 h. The samples were washed with
PBS, resuspended, and centrifuged at 1,000 x g for 5
min. After supernatant removal, 200 pL of TRIzol lysate
was added for cell lysis, and the lysate was stored on
dry ice. Then the samples were sent to Beijing Tsingke
Biotech Co., Ltd. for transcriptomics analysis.
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Network pharmacology

The chemical structures of cisplatin and CAPE were
obtained from PubChem (https://pubchem.ncbi.nlm.
nih.gov/) and saved in SMILES format. Potential targets
of cisplatin and CAPE were predicted using Super-
PRED (https://prediction.charite.dep) [23, 24]. The
above targets were unified into official gene symbols
using Uniprot (https://www.uniprot.org/). The online
Venn diagram tool (https://bioinfogp.cnb.csic.es/tools/
venny/) was used to obtain the targets of cisplatin and
CAPE. Enrichment analysis was performed using
Metascape (https://metascape.org/gp/index.html).

Statistical analysis

The results of the experiments were analyzed by
GraphPad Prism 8.3. All data were expressed as the
mean+SD. The comparisons of stats between groups
were performed by Student’s t-test.

RESULTS

CAPE combined with cisplatin synergistically
inhibits the growth of TNBC cells

The cytotoxicity of CAPE on TNBC cells was first as-
sessed using the MTT assay at concentrations ranging
from 1.875 to 60 uM for 48 h. Notably, CAPE dose-
dependently inhibited the growth of MDA-MB-468
and 4TT1 cells, and 4T1 cells (IC, =3.03+0.64 uM)
were more sensitive to CAPE than MDA-MB-468
cells (IC, =26.31+1.53 uM) (Fig. 1A, B). Based on this,
the synergistic antitumor effects of CAPE with vari-
ous concentrations of cisplatin were investigated and
analyzed by CompuSyn software. The combination
of CAPE and cisplatin showed synergistic antiprolif-
erative effects, as evidenced by CI values consistently
below 1 (Fig. 1C-H). Considering the inhibitory effect
and CI values, 2 pM of cisplatin was used to combine
with 7.5 uM of CAPE for subsequent experiments in
MDA-MB-468 cells, and 2.5 uM of cisplatin with 7.5
1M of CAPE was chosen in 4T1 cells. Colony formation
analysis also found that CAPE combined with cisplatin
exhibited significant antitumor effects compared with
monotherapy (Fig. 1I). These findings suggest that the
combination of CAPE and cisplatin has synergistic
inhibitory effects on TNBC cells.
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Fig. 1. CAPE combined with cisplatin synergistically inhibits the growth of TNBC cells. AB - After MDA-MB-468 and 4T1 cells were
treated with CAPE for 48, the cell viability was detected by MTT assay. CD - After MDA-MB-468 and 4T1 cells were treated with
cisplatin and CAPE for 48, the cell viability was detected by MTT assay. E-H - CI values were calculated to estimate the synergistic ef-
fect of this combination. I - After MDA-MB-468 and 4T1 cells were treated with cisplatin and CAPE for 2 weeks, the colony formation
was stained by crystal violet solution. Data are presented as the mean+SD. "'P<0.05, “"P<0.01 and ""P<0.001 vs control group; “P<0.05,

#P<0.01 and **P<0.001 vs the combination group.
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CAPE combined with cisplatin
significantly inhibits TNBC
tumor growth in vivo

To further assess the antitumor ef-
fects of CAPE combined with cispla-
tin, the in vivo TNBC model was es-
tablished. Consistent with the above
results, co-treatment of CAPE (10
mg/kg) and cisplatin (1 mg/kg) also
exhibited significant tumor growth
suppression compared with mono-
therapy, without obvious body weight
loss and liver damage (Fig. 2A-E and
2@G). Interestingly, 1 mg/kg cisplatin
exhibited significant kidney toxicity
with increased levels of the kidney
index, blood urea nitrogen (BUN),
and creatinine (CRE), whereas CAPE
decreased these levels and exerted a
protective effect on the kidney (Fig.
2F). H&E staining revealed that cispl-
atin induced pathological alterations
in renal tissue, including localized
necrosis, glomerular atrophy, and
vacuolization. However, these altera-
tions were significantly attenuated by
CAPE’s co-treatment with cisplatin
(Fig. 2G). These findings suggest that
the combination of CAPE and low-
dose cisplatin not only significantly
inhibits tumor growth but also has
a protective effect on the kidneys.

Co-treatment of CAPE and
cisplatin induces apoptosis and
ROS overproduction in TNBC
cells

To elucidate the ways of CAPE and
cisplatin induced-cell death, inhibi-
tors of ROS (acetylcysteine, NAC),
apoptosis (Z-VAD-FMK), autoph-
agy (chloroquine, CQ), pyropto-
sis (disulfiram, DSF), necroptosis
(necrostatin-1, Nec-1), and ferrop-
tosis (ferrostatin-1, Fer-1; deferox-
amine, DFO) were used in 4T1 and
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*P<0.05, #P<0.01 and **P<0.001 vs combination group.

215

apoptosis [25, 26], was significantly
upregulated compared with CAPE or
cisplatin alone (Fig. 3D). These find-
ings suggest that co-treatment of CAPE
and cisplatin induces apoptosis and
ROS overproduction in TNBC cells.

CAPE enhances DNA damage
induced by cisplatin

As a DNA damage agent, cisplatin
obstructs the normal progression of
DNA replication by forming inter-
strand crosslinks (ICLs) with DNA
and eliciting DNA double-strand
breaks (DSBs). To further investigate
whether CAPE enhances cisplatin-
induced DNA damage, the comet as-
say was conducted in MDA-MB-468
and 4T1 cells. The results showed that
CAPE significantly enhanced cisplatin-
induced DNA damage (Fig. 4A and B).
As a marker of DNA double-strand
breaks and damage, y-H2AX (Ser-139)
is a kind of checkpoint protein that
initiates a homologous recombination
repair system after cisplatin-induced
DNA damage [27]. As shown in Fig.
4C-D, co-treatment of cisplatin and
CAPE markedly increased the expres-
sion of y-H2AX, which was further
confirmed by immunohistochemistry
analysis in vivo (Fig. 4E). These find-
ings indicate that CAPE enhances DNA
damage induced by cisplatin.

ROS overproduction contributes
to DNA damage and apoptosis
induced by a combination of
cisplatin and CAPE

MDA-MB-468 cells. Notably, cell viability was restored Evidence from the literature suggests that ROS could
by Z-VAD-FMK and NAC (Fig. 3A). Flow cytometry induce DNA damage and apoptosis, which can be
revealed that the combination of CAPE and cisplatin inhibited by oxygen radical scavengers such as NAC
markedly enhanced ROS accumulation and apoptosis (28, 29]. Consistent with these findings, our results
(Fig. 3B and C), aligning with the MTT assay results. demonstrated that apoptosis was almost completely
Similarly, cleaved caspase 3, known as a marker of inhibited and the remarkable accumulation of y-H2AX
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CAPE combined with cisplatin
induces the dysregulation of the
MAPK signaling pathway

To systematically elucidate the synergistic
mechanism of CAPE and cisplatin, we
conducted network pharmacology and
transcriptomics analysis. Initially, we iden-
tified 107 cisplatin targets and 81 CAPE
targets from the respective databases (Fig.
6A). Subsequently, we integrated these

targets and conducted pathway enrichment
analysis using an online tool, identifying

the top 10 enriched pathways, includ-

ing trans-synaptic signaling, ADHD and
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autism (ASD) pathways, the calcium sig-
naling pathway, and the MAPK signaling
pathway (Fig. 6B). Hierarchical clustering
of differentially expressed genes was visu-
alized in a heat map (Supplementary Fig.
1). KEGG pathway enrichment analysis
identified the MAPK signaling pathway
as the most significantly modulated by the
combination therapy (P<0.05, log2FC >
1). Notably, comparative transcriptomic
analysis of cisplatin-treated versus control
groups (Fig. 6C) demonstrated significant
enrichment of differentially expressed
genes in both MAPK and Rapl1 signaling
pathways, suggesting their pivotal roles in
mediating cisplatin’s therapeutic effects.
As a key member of the Ras GTPase su-
perfamily, the Rap1 signaling pathway
functionally interacts with MAPK cascades
by directly activating the ERK signaling

Fig. 4. CAPE enhances cisplatin-induced DNA damage in TNBC cells. A, B - Images
and data statistics of cisplatin, CAPE monotherapy, or combined treatment induced DNA
damage in MDA-MB-468 and 4T1 cells were detected by comet assay. C -

sion of y-H2AX (Ser-139) in MDA-MB-468 and 4T1 cells of each group

by Western blotting assays. D - Representative images of the expression of y-H2AX in
MDA-MB-468 and 4T1 cells detected by IF analysis. E - Representative images of the ex-
pression of y-H2AX in tumors of each group detected by IHC analysis. Data are presented
as the mean+SD. ""P<0.001 versus control group; “*P<0.001 versus combination group.

decreased in both cell lines after pretreatment with
NAC (Fig. 5A and B). These results indicate that ROS
overproduction contributes to DNA damage and apop-
tosis induced by a combination of cisplatin and CAPE.

axis. Transcriptomic profiling of CAPE
monotherapy revealed significant enrich-
ment in chemical carcinogenesis-DNA
adduct formation pathways (Fig. 6D), a
phenomenon mechanistically linked to
ROS accumulation and DNA damage
responses that are established modulators
of MAPK signaling [30]. Importantly, the
combination group exhibited concur-
rent enrichment in Rap1 signaling (Fig. 6E), which
was closely related to the MAPK signaling pathway.
Comparative analysis of differentially expressed genes
between monotherapy and combination therapy groups

The expres-
was detected



Arch Biol Sci. 2025;77(3):209-224

217

A Ctrl Comb

NAC NAC+Comb

MDA-MB-468
#

—
=
=

@1-UL(0.05%) Q1-UR{2.80%) @1-UL0.00%) Q1-UR(37.13%) Q1-UL(0.00%)

Q1-UR(283%) 01-UL{D.02%) O1-UR(17.55%) ko

MDA-MB-468

;

Q1-LL(B4 67%) Q1-LR(12.48%) Q1-LL(17.60%) Q1-LR(45.27%)

Q1-LL(BB.BT%) -

R 0

Q1-LRE.30%) O1-LL{56 52%) Q1-LR(25.91%)

Pl

[eXe]
> 7
==
S E
3
Vo
+ +
i3
+ +

Q1-UL(0.08%) Q1-UR(2.34%) 01-UL(0.05%) Q1-UR(38.97%) Q1-UL(0.47%)

e
s

4TI

Q1-UR(6.42%) Q1-UL(0.01%) Q1-UR(18.44%) 4T1

gl

m-‘L'LQs 46%) O1-LR(2.12%) O1-LL(42 22%)

Q1-LR(18.75%)

01-LL(81 30% "

Q1-LR(1 81%) Q1-LL(T2.94%) 7 | 01-LR{8 61%)

Annexin V-FITC

B MDA-MB-468

S

Cisplatin - + - *

Cisplatin - + -
CAPE = + -
NAC ~ - +

Y-H2AX | o — —

GAPDH | - s s s

Fig. 5. NAC rescues apoptosis and DNA damage induced by co-treatment of cisplatin and CAPE in TNBC cells. A - MDA-MB-468 and
4T1 cells were stained with Annexin V-FITC and PI, followed by flow cytometry for cell apoptosis rate. B - Western blotting detected the
expression of y-H2AX in MDA-MB-468 and 4T1 cells after cisplatin, CAPE monotherapy, or combined treatment. Data are presented
as the mean + SD. "P < 0.01 versus control group; “P<0.05 and “P<0.01 versus combination group.

identified 1,133 overlapping targets through Venn
diagram quantification (Fig. 6F). It is noteworthy
that many MAPK-related genes, such as DUSP9 and
MAP2KGS, are included (Fig. 6G). Thus, the integration
of network pharmacology and transcriptomics analysis
suggests a potential mechanism involving the MAPK
signaling pathway.

To validate these findings, we assessed MAPK path-
way effectors by Western blotting analysis. Consistent
with transcriptomic predictions, phosphorylated p38
(p-p38) and JNK (p-JNK) levels were significantly
upregulated in co-treated cells, while total protein
expression remained unchanged (Fig. 7). Integrative
analysis of network pharmacology, transcriptomics,
and Western blotting validation demonstrates that

the antitumor synergy between CAPE and cisplatin is
principally mediated through coordinated regulation
of the MAPK signaling axis.

DISCUSSION

Cisplatin, a conventional chemotherapeutic agent
used for malignant tumors [31], has shown notable
efficacy in neoadjuvant therapy and combination
regimens for TNBC [32, 33]. However, the nephrotoxic
effects of therapeutic-dose cisplatin restrict its clinical
application and compromise treatment efficacy [34,
35]. The integration of natural compounds with che-
motherapeutic agents has attracted extensive research
attention in antitumor therapy, yielding promising
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Fig. 7. Co-treatment of cisplatin and CAPE regulates the MAPK
signaling pathway. The expression of (p-)JNK, (p-)p38, and (p-)
ERK in MDA-MB-468 and 4T1 cells treated with cisplatin, CAPE,
and co-administration was detected by western blotting.

results. Although chemotherapeutic agents are effec-
tive therapy, they often induce toxicity and adverse
reactions in vital organs such as the heart, liver, and
kidney. Combination with natural compounds can si-
multaneously mitigate these toxicities and inhibit tumor
cell proliferation, thereby augmenting the antitumor
effects of chemotherapy. For example, triptolide has
been shown to enhance cisplatin sensitivity by confer-
ring DNA repair in TNBC [36]. Hesperetin attenuates
cisplatin-induced kidney injury by reducing oxidative
stress, inflammation, and apoptosis [37]. Therefore,
finding a natural compound to combine with cisplatin
may be a feasible option.

Eighty percent of breast cancer patients commonly
opt for alternative and natural therapies, including
herbs and vitamins, to enhance survival and quality
of life, indicating that herb-derived phytochemicals
used alongside standard therapy may offer a promis-
ing approach [38]. Propolis, a resinous natural prod-
uct produced by Apis mellifera, contains CAPE as
its major bioactive component, which exerts diverse
pharmacological effects, including anti-inflammatory,
antioxidant, and antitumor activities. Previous studies
have demonstrated an inhibitory effect of both propolis

219

and CAPE on TNBC [16, 39]. However, whether CAPE
can enhance the efficacy of cisplatin in TNBC re-
mains unreported and the underlying mechanisms are
worth exploring. Hence, this study aimed to investigate
whether CAPE can potentiate the antitumor effect of
cisplatin and also mitigate its toxic side effects.

This study demonstrated that the combination of
CAPE and cisplatin exerted synergistic inhibitory effects
on TNBC cell viability, as indicated by CI less than 1.
Further in vivo experiments demonstrated that CAPE
reinforced the therapeutic effect of 1 mg/kg cisplatin
without compromising body weight or kidney tissue
indices, with minor renal toxicity (Fig. 2). In vivo stud-
ies demonstrated that CAPE synergistically enhanced
the antitumor efficacy of a subtherapeutic dose of
cisplatin (1 mg/kg, lower than conventional dosing
ranges for TNBC: 1.5-5 mg/kg) while concurrently
mitigating cisplatin-induced nephrotoxicity [40-43].
To elucidate the synergistic antitumor mechanism,
the MTT assay was conducted with various inhibitors.
Notably, Z-VAD-FMK and NAC significantly restored
cell viability, as further confirmed by induced apoptosis
and ROS accumulation detected via flow cytometry,
along with increased levels of cleaved caspase-3 ob-
served through Western blotting (Fig. 3). These results
suggest that the co-treatment of cisplatin and CAPE
could induce more significant apoptosis and ROS
overproduction than monotherapy. Additionally, the
increased DNA double-strand break (DSB) detected
by comet assay and the upregulated expression level
of y-H2AX (Ser-139) analyzed by Western blotting,
IF, and THC, suggest that CAPE could enhance DNA
damage induced by cisplatin both in vitro and in vivo.

However, the relationship between ROS accumula-
tion, apoptosis, and DNA damage needs further con-
firmation. Previous reports found that ROS triggered
apoptosis through oxidizing polyunsaturated fatty
acids (PUFAs) and released cytochrome C to activate
caspase 3 [44]. Recent studies have demonstrated that
ROS could affect DNA damage induced by genotoxic
therapy such as chemotherapeutics agents [45]. Our
experimental data demonstrate a causal relationship
among ROS accumulation, apoptosis induction, and
DNA damage, as evidenced by the ability of NAC to
significantly attenuate both apoptotic cell death and
y-H2AX expression (a molecular marker of DNA
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DSBs) induced by the combined treatment. This phar-
macological intervention confirms the central role of
oxidative stress in mediating the cytotoxic effects of
the co-treatment regimen.

Network pharmacology, transcriptomics, and
Western blotting revealed that the synergistic anti-
TNBC mechanism of cisplatin and CAPE involves,
at least in part, modulation of the MAPK signaling
pathway. The results of transcriptomics analysis showed
that differentially expressed genes were predominantly
enriched in the MAPK signaling pathways. DUSP9, a
dual-specificity phosphatase family member, functions
as a negative regulator of ERK/p38 MAPK phosphory-
lation critical for cellular differentiation and meta-
bolic homeostasis [46]. MAP2K6 acts as the primary
upstream kinase governing p38 MAPK activation in
response to cellular stress and inflammatory stimuli,
thereby modulating apoptotic signaling [47].

ROS has been shown to induce apoptosis by acti-
vating the JNK and p38 pathways, whereas p-ERK1/2
supports cell survival. Notably, co-treatment with
cisplatin and CAPE increased p-JNK and p-p38 levels
without significantly affecting p-ERK1/2. Consistent
with previous reports, our findings suggest that the
combination therapy failed to activate pro-survival
signaling pathways, which may explain its failure to
promote cell survival. Emerging evidence highlights
that multiple antitumor agents mediate their anti-
cancer activity, at least in part, through activation of
the p38 and JNK stress-activated signaling pathways.
For instance, 3-deoxyappanchalcone exhibits potent
pro-apoptotic effects in human esophageal cancer
cells by triggering ROS-dependent activation of the
JNK/p38 MAPK cascade [48]. Similarly, securinine
induces programmed cell death in bladder cancer cells
through selective modulation of both p38 and JNK
signaling axes [49]. These findings underscore the
therapeutic potential of pharmacological targeting of
stress-responsive MAPK pathways to enhance tumor
cell apoptosis across diverse malignancies. In addition,
previous literature has reported that activation of the
MAPK signaling pathway facilitates the sensitization
of chemotherapeutic agents, including cisplatin and
doxorubicin [50-52].

Prior research established CAPE as a USP8 in-
hibitor that synergizes with cisplatin to overcome

Arch Biol Sci. 2025;77(3):209-224

chemoresistance in ovarian cancer [17]. We have now
demonstrated CAPE’s therapeutic efficacy in TNBC.
Importantly, CAPE enhances cisplatin’s antitumor
effects in TNBC while reducing nephrotoxicity. This
toxicity-sparing effect addresses a key clinical challenge
that cisplatin-induced renal toxicity often disrupts
TNBC treatment regimens. However, the molecular
mechanisms of this synergy and nephroprotection
require further investigation.

CONCLUSIONS

The combination of CAPE and cisplatin shows syn-
ergistic inhibitory effects against TNBC both in vivo
and in vitro, as well as attenuation of cisplatin-induced
nephrotoxicity. The underlying mechanisms may be
mediated through enhancing ROS-induced cell apop-
tosis, DNA damage, and dysregulation of the MAPK
signaling pathway. This study not only proposes a
novel therapeutic strategy for TNBC but also high-
lights the potential of combination therapies through
integrating chemotherapeutic agents with traditional
Chinese medicine, providing valuable insights for
future translational research.
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ONLINE SUPPLEMENTARY RESEARCH DATASET

Supplementary Fig. S1. Heatmap analysis showed differentially expressed genes in the cisplatin, CAPE, and co-treatment groups vs
the control groups.
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RESEARCH DATASET

The raw data underlying this article is available as an online supplementary research dataset:
https://www.serbiosoc.org.rs/NewUploads/Uploads/Xi%20et%20al_Dataset.pdf
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