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Introduction

Chemotherapy-induced peripheral neuropathy (CIPN) is a 
significant clinical condition marked by intense pain, tin-
gling, numbness, and weakness that can severely impair a 
patient’s quality of life.1-4 It results from various chemo-
therapy agents such as platinum compounds, taxanes, plant 
alkaloids, and proteasome inhibitors known to trigger 
diverse neuropathological damage.5-8

Cisplatin (CDDP) is a prominent anti-tumor agent used to 
treat cancers such as advanced ovarian, testicular, gastric, and 
breast cancers.9-13 CDDP is known to be the most potent 
peripheral neurotoxic agent. However, issues such as nephro-
toxicity and bone marrow suppression are commonly 
observed.14-16 Neuropathy induced by CDDP typically occurs 
starting from a dose of 350 mg/m². It has been reported that 

92% of patients are affected by CDDP at doses of 500 to 
600 mg/m².17-19 The majority of CDDP models of CIPN 
exhibit a chronic nature. However, it has been shown that a 
single dose of CDDP can induce mechanical allodynia and 
heat hyperalgesia, while failing to elicit cold allodynia.20 In 
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Abstract
Chemotherapy-induced peripheral neuropathy (CIPN) has a markedly deleterious impact on a patient’s quality of life. 
It manifests as pain, paresthesia, numbness, and weakness, particularly in the context of cisplatin (CDDP), a widely 
utilised chemotherapeutic agent renowned for its pronounced peripheral nerve toxicity. Trichosanthes kirilowii Maxim. 
(Cucurbitaceae, TK) and cucurbitacin D(CucD), its bioactive compound, have been demonstrated to possess anti-tumour, 
anti-inflammatory, and antioxidant properties. However, their potential to alleviate CIPN has not been fully exploredyet. 
The present study evaluated effectiveness of TK and CucD in mitigating CDDP-induced neuropathic pain using both cellular 
and animal models. CDDP, TK extracts (TKD and TKE), and CucD dose-dependently reduced viability and apoptosis of 
PC12 cells. Conversely, pre-treatment with TKD, TKE, and CucD exhibited significant protective effects against CDDP-
induced cytotoxicity, preserving cell viability and morphology while enhancing neurite outgrowth. In vivo, administration 
of CDDP resulted in the development of mechanical allodynia and thermalhyperalgesia in rats. However, treatment with 
TKD and TKE led to a notable improvement in pain threshold and a reduction in hyperalgesia, while CucD demonstrated 
less pronounced effects. Although body weight was reduced in the CDDP-treated group, it was not significantly mitigated 
bytreatments. In conclusion, results of this study indicate that TKD, TKE, and CucD have the potential to alleviate CDDP-
induced neuropathic pain by protecting against cell damage, promoting neuriteregeneration, and improving pain responses 
in animal models. Further investigation into TK and CucD as therapeutic options for managing CIPN is warranted.
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the case of multiple doses, animals consistently exhibit 
mechanical allodynia, although effects on cold allodynia and 
heat hyperalgesia vary.21 Neurotoxicity induced by platinum 
compounds is known to primarily damage neurons in the dor-
sal root ganglia (DRG).22,23 CDDP can damage peripheral 
neurons through accumulation of DNA-CDDP adducts, 
which can lead to apoptosis in DRG neurons.12

Trichosanthes kirilowii Maxim. (Cucurbitaceae, TK) has 
seen widespread use in traditional medicine due to its anti-
tumor,24-26 anti-inflammatory27,28, antioxidant,29,30 and anti-
diabetic31 properties. An ethanol extract of TK has been 
shown to possess protective effects against CDDP-induced 
nephrotoxicity,32 underscoring its potential for addressing 
adverse effects associated with chemotherapeutic agents. 
Bioactive compounds of TK are known as cucurbitacins 
with a total of 17 major molecules documented, ranging 
from cucurbitacin A to cucurbitacin T. They are predomi-
nantly present in root tubers. Among cucurbitacins identi-
fied, cucurbitacin B (approximately 250 µg/g) and CucD 
(approximately 50 µg/g) exhibit the highest concentra-
tions.33 CucD is recognized for its robust anticancer proper-
ties.34-36 However, it has also been observed to mitigate cold 
and mechanical allodynia induced by paclitaxel, a finding 
consistent with that observed for TK.37 Although 
Cucurbitacin B was also investigated in the study of Lee 
et al,37 it was excluded due to its dose-dependent cytotoxic 
effect in non-cancerous RAW 264.7 cells.

While existing research has explored analgesic effects of 
TK and CucD, studies focusing on CIPN are limited with a 
notable exception of paclitaxel, a taxane class drug.37 
Therefore, this study aimed to explore the efficacy of TK 
and CucD in relieving CDDP-induced neuropathic pain in 
both in vitro and in vivo contexts.

Materials and Methods

Drugs

Trichosanthes kirilowii Maxim. (TK) was provided by 
Sanyacho Village (Jangheung, Republic of Korea) and 
extracted using distilled water (TKD) or 70% ethanol (TKE) 
by FORUSGEN (Chungju, Republic of Korea). Cucurbitacin 
D (Cat# CFN90209, CucD) with a purity of over 98% was 
sourced from ChemFaces (Wuhan, China) and prepared in 
dimethyl sulfoxide (DMSO, Sigma-Aldrich). Cisplatin 
(Cat# 1134357, CDDP) was acquired from Sigma Aldrich 
(St. Louis, MO, USA). Pregabalin (Cat# PRGB-192B08S, 
PRG) was obtained from HL Genomics (Yongin, Republic 
of Korea).

Cell Culture

PC12 cells (Cat# CRL-1721, RRID: CVCL_0481) were 
obtained from the American Type Culture Collection 
(ATCC, Rockville, MD, USA). They were cultured in 

RPMI medium (Welgene, Gyeongsan, Republic of Korea) 
supplemented with 10% heat-inactivated horse serum 
(Gibco™, Waltham, Massachusetts, USA), 5% fetal bovine 
serum (FBS, J R Scientific, Woodland, CA, USA), and 1% 
penicillin-streptomycin (Lonza, Basel, Switzerland). These 
cells were maintained in a 37ºC humidified atmosphere 
containing 5% CO2.

Cell Viability Assay

Cell viability was assessed using the MTT assay. Cells were 
plated into a 96-well plate at a density of 1 × 104 cells/well 
and treated with various concentrations of CDDP, TKD, 
TKE, or CucD for 48 hours. Pre-treatment with TKD, TKE, 
or CucD was conducted 2 hours before administering 
CDDP. Subsequently, aqueous MTT reagent (5 mg/ml, 
Sigma-Aldrich) was added to each well followed by incu-
bation at 37ºC for 2 hours. After the supernatant was 
removed, 100 μl of DMSO (Duksan, Seoul, Republic of 
Korea) was added to dissolve formazan crystals and the 
absorbance was measured at 570 nm using a VersaMax 
microplate reader (Molecular Devices, Winnersh, UK).

Neurite Outgrowth Assay Using PC12 Cells

For attachment of PC12 cells, solutions of poly-l-lysine 
(PLL, Sigma Aldrich) and fibronectin (Sigma-Aldrich) were 
employed. Fibronectin powder was dissolved in distilled 
water (D.W.) to a final concentration of 40 μg/ml. PLL was 
applied in each well of microplates for 2 hours at RT. Plates 
with the fibronectin solution were stored at 4ºC overnight. 
Solutions were then removed and plates were washed 3 times 
(5 minutes for each wash) with 200 μl of PBS containing 
CaCl2 and MgCl2 (Gibco™). After being coated with PLL 
and fibronectin, plates were stored at 4ºC. Before plating 
cells, plates were exposed to UV light for 30 minutes.

Neurite outgrowth was evaluated using a Neurite 
Outgrowth Staining Kit (Cat# A15001, Invitrogen™, Thermo 
Fisher Scientific, Carlsbad, CA, USA) according to the man-
ufacturer’s protocol. Briefly, cells were seeded onto 96-well 
black/clear bottom plates (SPL Life Sciences, Pocheon, 
Republic of Korea) in a growth medium containing 100 ng/
ml Nerve Growth Factor (NGF, Sigma-Aldrich) followed by 
incubation for 48 hours. Subsequently, cells were washed 
with PBS and stained with 1× working Stain Solution for 
20 minutes at RT. After staining, 1× working Background 
Suppression Dye was added to each well. A fluorescence 
microplate reader (Synergy H1, Biotek, Seoul, Republic of 
Korea) was then set to standard TRITC settings.

Detection of Apoptosis Induction

Apoptosis induction was assessed using Annexin-V/7-AAD 
analysis. Treated PC12 cells were harvested via centrifuga-
tion at 225 RCF for 8 minutes at RT, washed with PBS, 
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stained with Annexin-V-FITC (Cat# 556570, RRID: 
AB_2869085, BD Biosciences, Franklin Lakes, New 
Jersey, USA) for 15 minutes, then supplemented with 
7-AAD Ready Made Solution (Cat# SML1633, Sigma-
Aldrich) for 5 minutes in the dark. Following staining, cells 
were analyzed using a FACS flow cytometer (Beckman 
Colter, Brea, CA, USA).

Western Blotting

Cells were washed twice with PBS, lysed with RIPA buffer 
(Biosesang, Yongin, Republic of Korea), and incubated on 
ice for 30 minutes. Cellular debris was removed by centrifu-
gation at 13 000 rpm for 20 minutes at 4ºC. Protein concen-
trations were determined using a Bio-Rad protein assay dye 
(Bio-Rad Laboratories, Hercules, CA, USA). Equal 
amounts of protein were separated on SDS-PAGE gels and 
meticulously transferred onto nitrocellulose (NC) mem-
branes (Cytiva, Little Chalfont, Buckinghamshire, UK) at 
85 V for 90 minutes. Blots were incubated with primary 
antibodies overnight at 4ºC, washed with PBS-T (0.1% 
Tween-20 in PBS), and developed using an ECL detection 
kit (DoGEN, Seoul, Korea). The following primary anti-
bodies were used: PARP (Cat# 9542, RRID: AB_2160739, 
Cell signaling Technology, Danvers, Massachusetts, USA), 
cleaved caspase-3 (Cat# 9661, RRID: AB_2341188, Cell 
signaling Technology), p-p53 (Cat# 9284, RRID: 
AB_331464, Cell signaling Technology), p53 (Cat# sc-126, 
RRID: AB_628082, Santa cruz), p-H2A.X (Cat# 2577, 
RRID: AB_2118010, Cell signaling Technology), and 
H2A.X (Cat# 2595, RRID: AB_10694556, Cell signaling 
Technology).

Measurement of Intracellular ROS Levels

Cellular ROS generation was assessed using a DCFDA/
H2DCFDA Assay Kit (Cat# ab113851, Abcam). Cells were 
incubated with DCFDA solution at 37ºC for 30 minutes in 
the dark. These cells were then washed with 1× Buffer and 
treated with different drugs for 48 h. Fluorescence was 
observed and recorded using a fluorescence microplate 
reader at Ex/Em = 485/535 nm. All values of ROS level (%) 
were normalized to the control group.

Animals

Male Sprague Dawley rats (RRID_RGD_734476, 5 weeks 
old) were obtained from YoungBio (Seongnam, Republic of 
Korea). These animals were transferred to a specific patho-
gen-free animal center and housed in cages under standard 
experimental conditions (temperature: 23°C ± 2°C, humid-
ity: 65 ± 5%, and a 12-h light and 12-h dark cycle). They 
were maintained on a standard diet with freely available 
water. This animal study was reviewed and approved by the 

Institutional Animal Care and Use Committee (IACUC) of 
Rudacure Co., LTD (Incheon, Republic of Korea; Permit 
No. 23-RCI-R-051).

Establishment of CDDP-Induced Peripheral 
Neuropathy

CDDP 20 mg was dissolved in 400 µl of DMSO and then 
diluted with 99.6 ml of saline to achieve a final concen-
tration of 0.2 mg/ml. A solution of 2 ml was administered 
intraperitoneally. CDDP (2 mg/kg) was administered 
once a day for 4 consecutive days, with a 24-h interval 
between each administration to induce pain. Dose and 
duration of CDDP were chosen based on previously 
reported studies.38-40 On the seventh day following CDDP 
administration, allodynia responses and thermal nocicep-
tive responses were quantified to confirm the induction 
of pain. The success of pain induction was indicated by a 
reduction in baseline pain response measurement of more 
than 40%.

Animal Study

Rats were randomly divided into 2 groups: a control group 
(n = 6) and a CIPN group (n = 36). Rats in the CIPN group 
were further divided into 6 subgroups: (1) 0.9% normal 
saline (Saline), (2) PRG (30 mg/kg), (3) TKD (500 mg/
kg), (4) TKE (500 mg/kg), (5) CucD low (5 μg/kg), and (6) 
CucD high (25 μg/kg). TK and CucD doses were chosen 
based on previous studies.31-33,37 TKD, TKE, and PRG 
were suspended in Saline. CucD (400 µg) was dissolved in 
1% (0.16 ml) DMSO, followed by sequential addition of 
9% (1.44 ml) DMSO, 40% (6.4 ml) PEG400 (Duksan), 5% 
(0.8 ml) Tween80 (Duksan), and 45% (7.2 ml) saline. This 
resulted in a solubility of 25 µg/ml CucD. Following the 
7th day of CDDP administration, the presence of neuropa-
thy was confirmed. Thereafter, saline and CucD were 
administered via intraperitoneal injection, while TKD and 
TKE were administered orally. Mechanical allodynia was 
assessed using the Von Frey test. Thermal hyperalgesia 
was evaluated using the Hargreaves test before CDDP 
administration and at 7, 8, 9, 10, 14, and 21 days after 
CDDP administration. Body weights of rats were recorded 
on the day of CDDP injection (day 0) and on days 1, 2, 3, 
7, 8, 9, 10, 14, and 21.

Assessment of Serum TNF-α, IL-1β, and IL-6 
Levels
Serum TNF-α, IL-1β, and IL-6 levels were measured 
using ELISA kits (TNF-α: Cat# DY510-05; IL-1β: Cat# 
DY501-05; and IL-6: Cat# DY506-05, R&D systems, 
Minneapolis, MN, USA) according to the manufacturer’s 
protocol.
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Statistical Analysis

Quantitative data are expressed as mean ± standard devia-
tion (SD) or mean ± standard error of the mean (SEM). 
Significance was assessed via one-way analysis of variance 
(ANOVA) or two-way ANOVA according to the experi-
mental design. All statistical analyses were performed using 
GraphPad Prism (RRID: SCR_002798, version 8.0. 
GraphPad Software Inc., USA). A P-value of less than .05 
was considered statistically significant. Statistically signifi-
cant differences are marked by asterisks (*P < .05, 
**P < .01, ***P < .001, and ****P < .0001).

Results

Effects of CDDP, TKD, TKE, and CucD on 
Viability of PC12 Cells

To evaluate the impact of CDDP on neuropathy, PC12 
cells were subjected to treatment of CDDP with increasing 
concentrations and cell viability was evaluated at 48 hours 

after treatment. CDDP at concentrations starting from 
15 μM and higher diminished cell viability in a dose-
dependent manner (Figure 1A). Treatment with CDDP 
decreased cell viability to 69.3% at 15 µM, 62.9% at 
20 µM, and 44.6% at 25 µM. Non-toxic concentrations of 
TKD, TKE, and CucD for PC12 cells were identified. As 
shown in Figure 1B to D, TKD at concentrations up to 
100 μg/ml, TKE at concentrations up to 25 μg/ml, and 
CucD at concentrations up to 50 nM did not significantly 
decrease viabilities of PC12 cells.

TKD, TKE, and CucD Protect PC12 Cells Against 
CDDP-Induced Cytotoxicity

To assess protective effects of TKD, TKE, and CucD against 
CDDP-induced cytotoxicity, PC12 cells were pre-treated 
with TKD, TKE, and CucD for 2 hours, followed by expo-
sure to CDDP for 48 hours. Pre-treatment with TKD, TKE, 
and CucD significantly attenuated the reduction in cell via-
bility induced by CDDP. In the absence of TKD 

Figure 1.  Effects of CDDP and drugs on cell viability in PC12 cells. Cells were treated with different concentrations of (A) CDDP, 
(B) TKD, (C) TKE, and (D) CucD for 48 hours. Data are means ± SD (n = 3). *P < .05, **P < .01, ***P < .001 versus control group.
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pretreatment, CDDP treatment resulted in a 60% decrease 
in cell viability. Conversely, TKD pretreatment led to a sig-
nificant increase in cell viability to 87.2% at 25 µg/ml com-
pared to the control without TKD pretreatment (Figure 2A). 
In TKE pretreated groups, cell viability showed marked 
increases (90.1%, 85.8%, and 88.9% at 6.25, 12.5, and 
25 µg/ml, respectively) at all 3 concentrations used for TKE 
compared to the control without TKE pretreatment (CDDP 
treatment alone; Figure 2B). Pre-treatment with CucD 
offered protection against CDDP-induced cellular damage, 
increasing cell viability to 99.2% at 25 nM (Figure 2C). 
While TKD, TKE, and CucD alone did not affect cell via-
bility, they effectively mitigated toxic effects of CDDP on 
PC12 cells. CDDP treatment alone resulted in cells exhibit-
ing slightly pointed morphologies. However, co-treatment 
with TKD, TKE, or CucD led to cell aggregation and a 
rounded shape in cell morphology analyses (Figure 2D).

TKD, TKE, and CucD Protect PC12 Cells Against 
CDDP-Induced Neurodegeneration

To examine effects of TKD, TKE, and CucD on neurite out-
growth in PC12 cells, we initially determined if CDDP 
could inhibit neurite extension. NGF is a neurotrophic fac-
tor that can promote neurite extension and differentiation in 
developing neurons. First, PC12 cells were cultured with 
NGF. Upon exposure to CDDP alone, significant neurite 
atrophy was induced. Treatment with TKD, TKE, or CucD 
promoted neurite extension in PC12 cells at 48 hours post-
treatment (Figure 3A). In comparison with the control 
group, CDDP alone resulted in an average decrease of 0.73-
fold in neurite outgrowth. However, when TKD was used 
for pretreatment, neurite outgrowth was restored to 0.93-
fold at 6.3 µg/ml, 0.89-fold at 12.5 µg/ml, and 1.09-fold at 
25 µg/ml. After pre-treatment with TKE, neurite outgrowth 
was restored to 0.93-fold at 6.3 µg/ml, 0.89-fold at 12.5 µg/
ml, and 1.09-fold at 25 µg/ml. Pre-treatment with CucD 
resulted in neurite outgrowth being restored to 1.06-fold at 
25 nM. These results were significantly higher than those 
observed in cells treated with CDDP alone (Figure 3B-D).

TKD, TKE, and CucD Attenuate CDDP-Induced 
Apoptosis in PC12 Cells

To explore mitigating effects of TKD, TKE, and CucD on 
CDDP-induced apoptosis, we conducted FACS analysis 
and assessed expression levels of apoptosis-related proteins 
in PC12 cells. As illustrated in Figure 4A, treatment with 
CDDP alone promoted apoptotic cell death. However, such 
cell death was significantly diminished following treatment 
with TKD, TKE, and CucD. Treatment with CDDP alone 

increased apoptotic cell population by approximately 20%, 
whereas pre-treatment with TKD decreased it in a dose-
dependent manner. Pretreatment with TKD at 50 and 
100 µg/ml decreased apoptotic cell populations to 15.3% 
and 11.3%, respectively (Figure 4B). Pre-treatment with 
TKE significantly decreased the apoptosis rate, reaching 
13% at a concentration of 12.5 µg/ml (Figure 4C). Pre-
treatment with CucD also decreased apoptotic cell death to 
17.6% at 25 nM (Figure 4D). Statistical analysis of apop-
totic cells further corroborated protective effects of TKD, 
TKE, and CucD. Furthermore, treatment with CDDP alone 
increased cleavage of PARP and caspase-3. However, treat-
ment with TKD, TKE, or CucD attenuated such increases of 
caspase-3 and cleavage of PARP (Figure 5).

TKD, TKE, and CucD Prevent CDDP-Induced 
ROS Generation in PC12 Cells

As illustrated in Figure 6A, CDDP treatment alone resulted 
in a 60% increase in ROS level compared to the control (no 
CDDP treatment). In the group that received TKD pre-treat-
ment, ROS levels exhibited a dose-dependent decrease, 
reaching 85% and 78% of control levels after pre-treatment 
with TKD at 50 and 100 µg/ml, respectively. In a similar 
manner, pre-treatment with TKE decreased ROS levels in a 
dose-dependent manner, with reductions of 111.7% and 
108.9% after pre-treatment with TKE at 12.5 and 25 µg/ml, 
respectively. Pre-treatment with CucD also attenuated the 
production of ROS induced by CDDP, reaching 115% at 
25 nM. However, the ROS inhibitory effect of CucD was 
more pronounced at 25 nM than at a higher concentration of 
50 nM. While pre-treatment with CucD led to a substantial 
reduction in ROS level when compared to the CDDP-alone 
group, ROS levels after pre-treatment with CucD remained 
significantly elevated, exhibiting a 32% increase compared 
to that in the control group. These findings imply that while 
CucD alone exerts no effect on ROS levels, it appears to 
induce ROS when it is applied concomitantly with CDDP. 
Induction of DNA damage by platinum has been shown to 
result in an increase in phosphorylation of H2A.X and acti-
vation of the pro-apoptotic protein p53.41,42 As illustrated in 
Figure 6B to D, phosphorylation levels of H2A.X and p53 
were substantially elevated following treatment with CDDP 
alone. However, pre-treatment with TKD, TKE, or CucD 
significantly inhibited the ratio of phospho- to total-form of 
H2A.X and p53 phosphorylation. These findings suggest 
that these drugs might be able to block CDDP-induced 
DNA damage. Collectively, these observations provide con-
siderable evidence that TKD, TKE, and CucD can effec-
tively mitigate CDDP-induced cellular toxicity and 
apoptosis by suppressing ROS-mediated DNA damage.
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Figure 2.  Effects of drugs on CDDP-induced cytotoxicity in PC12 cells. Cells were co-treated with the CDDP (20 μm) and indicated 
concentrations of (A) TKD (0-100 μg/ml), (B) TKE (0-25 μg/ml), or (C) CucD (0-50 nM) for 48 hours. Data are presented as the 
means ± SD (n = 3). *P < .05, **P < .01, ***P < .001 versus control group; #P < .05, ##P < .01, ###P < .001 versus CDDP group. (D) At 
the end of treatment, Morphological changes of PC12 cells were photographed under an inverted microscope (200× magnification).
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Figure 3.  Protective effects of drugs on CDDP-induced neurite atrophy in PC12 cells. To stimulate neurite outgrowth, NGF 
(100 ng/ml) was used to pre-treat the cells for 2 days. (A) Representative images of co-treatment with CDDP and TKD, TKE, or 
CucD in the presence of NGF (200× magnification). (B-D) Neurite-bearing cells were quantitatively analyzed as described in the 
neurite outgrowth assay. Values are the means ± SD of 3 independent experiments (n = 3). *P < .05, **P < .01, ***P < .001 versus 
NGF group; #P < .05, ##P < .01, ###P < .001 versus CDDP group.
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Figure 4.  Inhibitory effects of drugs on CDDP-induced apoptosis in PC12 cells. (A) PC12 cells were untreated (control) or treated 
with CDDP alone or CDDP + drugs (TKD, TKE, CucD), stained with Annexin V-FITC/7-AAD and cell apoptosis measured by flow 
cytometry. Quantitative analysis of apoptosis rate of PC12 cells treated with (B) TKD, (C) TKE, or (D) CucD in the presence or 
absence of CDDP. Data are analyzed by one-way ANOVA and expressed as means ± SD (n = 3). ***P < .001 versus control group; 
#P < .05 versus CDDP group.
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Figure 5.  Western blot analysis of the expression levels of PARP and cleaved caspase-3 in PC12 cells treated with TKD (A), TKE 
(B), or CucD (C). GAPDH was used as a loading control. Full-length blots are presented in Supplemental Figure S1.

CDDP Induces Peripheral Neuropathy

To model CIPN, CDDP was administered intraperitoneally, 
followed by pain behavior assessments according to the time-
line shown in Figure 7A. Repeated CDDP injections from 
Day 0 to Day 3 resulted in a significant decrease in 50% 
mechanical withdrawal threshold, indicative of mechanical 
allodynia. The CDDP-treated group exhibited a reduction of 
84.85% in the threshold by Day 7, with significant pain 
responses persisting until Day 21 (Figure 7B). Additionally, 
paw withdrawal latency (PWL) to heat exposure significantly 
decreased after CDDP injections, suggesting thermal hyper-
algesia. The CDDP-administered group showed a 20.76% 
reduction in PWL by Day 7. Such reduction continued until 
Day 21 (Figure 7C). On Day 7 following CDDP injection, the 
threshold was reduced by 14.75%. However, such reduction 
was not statistically significant.

TKD, TKE, and CucD Alleviates Symptoms of 
CIPN in In Vivo Models

Next, we evaluated effects of TKD, TKE, and CucD in miti-
gating CIPN in rats. After inducing CIPN with repeated 

CDDP treatment for 4 days, TKD, TKE, or CucD was admin-
istered consecutively for 4 days (D7-D10; Figure 7A).

Administration of CDDP reduced the mechanical with-
drawal threshold by nearly 80% by Day 7 in all groups 
except the control group, which did not receive CDDP. 
Groups treated with TKD, TKE, CucD high, and PRG 
exhibited significant increases in pain threshold compared 
to the negative control group (NC; Saline) on D7-D10 
(Figure 8A). On D7, increases in pain threshold after treat-
ment with TKD, TKE, CucD high, and PRG were 82.10%, 
82.85%, 83.62%, and 79.82%, respectively. On D8, these 
increases were 85.92%, 84.65%, 84.98%, and 84.98%, 
respectively. On D9, these increases were 91.46%, 90.82%, 
91.46%, and 91.59%, respectively. On D10, these increases 
were 92.46%, 92.21%, and 94.39%, respectively. However, 
the CucD low (5 μg) group exhibited threshold increases of 
74.61%, 72.32%, 83.15%, and 84.32% on D7, D8, D9, and 
D10, respectively. These increases did not reach statistical 
significance.

When assessing heat nociceptive response, groups 
treated with TKD, TKE, CucD high, and PRG showed sig-
nificant increases (26.43%, 28.53%, 23.99%, and 25.85% 
increases, respectively) in pain threshold compared to the 
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Figure 6.  Suppressive effects of drugs on CDDP-induced ROS production in PC12 cells. (A) PC12 cells exposed to CDDP for 
48 hours with drugs followed by staining cells with H2DCFDA. Values are analyzed by one-way ANOVA and expressed as means ± SD 
(n = 3). ***P < .001 versus control group; #P < .05, ###P < 0.001 versus CDDP group. (B–D) Western blot analysis of p-p53, p53, 
γ-H2A.X, and H2A.X in cells treated with TKD (B), TKE (C), or CucD (D). GAPDH was used as a loading control. Full-length blots 
are presented in Supplemental Figure S2.
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Figure 7.  In vivo experimental design and CIPN rat model establishment. (A) A schematic representation summarizing the 
establishment of the CIPN model through intraperitoneal injection of CDDP (2 mg/kg for 4 days), drugs administration, and evaluation 
parameters. (B) 50% PWT of hind paw of control and CDDP group rats. ***P < .001, ****P < .0001 versus control group (n = 6). (C) 
PWL of hind paw of control and CDDP group rats. **P < .01, ****P < .0001 versus control group (n = 6). Two-way ANOVA test was 
used for statistical analysis in panels (B and C).

negative control group (saline) on D7. On D9, groups 
treated with TKD, TKE, CucD low, CucD high, and PRG 
exhibited threshold increases of 27.95%, 34.16%, 26.44%, 
23.30%, and 29.56%, respectively. On D10, TKD and TKE 
groups exhibited threshold increases of 32.78% and 33.93%, 
respectively, in comparison with the negative control group 
(saline), demonstrating statistically significant effects of 
TKD and TKE on pain threshold (Figure 8B). Additionally, 
administration of CDDP alone led to significant weight loss 
compared to the control group, whereas no weight gain was 
observed in drug-treated groups compared to the normal 
control (NC, saline) group (Figure 8C).

TKD, TKE, and CucD do not Affect Secretion of 
Pro-inflammatory Cytokines

Sensory disturbances commonly associated with chemo-
therapeutic agents might have originated from a shared 
mechanism, which is likely to be independent of their anti-
cancer effects. Inflammatory cytokines might play a pivotal 
role in the development of CIPN. They might also be 
responsible for painful paresthesias commonly observed in 
patients undergoing chemotherapy.43 These pro-inflamma-
tory cytokines not only contribute to axonal damage, but 

also modulate nociceptor sensitivity and activity, thereby 
further exacerbating the pain.44-46 Serum was isolated from 
blood sample collected on the 21st day following the initial 
administration of CDDP. We assessed changes in inflamma-
tory cytokines in the blood and analyzed them with ELISA. 
We measured levels of representative pro-inflammatory 
cytokines (TNF-α, IL-1β, and IL-6) in the serum and found 
no significant differences between control, NC, and drug-
treated groups (Figure 9).

Discussion

This study explored the potential of Trichosanthes kirilowii 
Maxim. (TK), its extracts TKD (an aqueous extract) and 
TKE (a 70% ethanol extract), and Cucurbitacin D (CucD), a 
prominent bioactive compound derived from TK, in alleviat-
ing chemotherapy-induced peripheral neuropathy (CIPN) 
using both in vitro and in vivo models. CDDP has been 
proven to be an effective chemotherapeutic agent for treating 
solid tumors.9-13 However, it is important to note that CDDP-
induced neuropathy has a high incidence, which can have a 
significant impact on various factors related to chemotherapy 
treatment, including drug dose, treatment duration, and 
patient compliance. The lack of effective treatment options 
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Figure 8. (continued)
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for this condition can be a major concern as it can hinder 
treatment effectiveness and pose a challenge to the patient’s 
well-being and compliance with the treatment regimen. The 
development of neuropathy is associated with damage 
inflicted upon cell bodies of sensory neurons located within 
the peripheral nervous system by CDDP. In vitro results indi-
cated that CDDP substantially reduced viability of PC12 cells 
in a dose-dependent manner, confirming its neurotoxic 
effects. Conversely, TKD, TKE, and CucD did not exhibit 
significant cytotoxicity at specific concentrations, indicating 
their potential safety for subsequent studies. Crucially, pre-
treatment with TKD, TKE, or CucD effectively shielded 
PC12 cells from CDDP-induced cytotoxicity. This protective 
effect manifested as a reduction in cell viability loss and pres-
ervation of cell morphology, with treated cells maintaining a 
rounded shape in contrast to a pointed morphology seen for 
CDDP-treated cells.

CDDP exposure can decrease lengths of neurites (defined 
as projections from the cell body that include axons and 
dendrites). This decrease in length is attributable to the neu-
rotoxic impact of CDDP on sensory neurons. A number of 
studies have examined whether regulating neurite out-
growth is a potential therapeutic approach for peripheral 
neuropathy.47 TKD, TKE, and CucD enhanced neurite 
extension in PC12 cells, reversed CDDP-induced neurite 
atrophy, and restored the percentage of neurite-bearing cells 
to control levels. Neurite retraction is a key event in the 
initial phase of neuronal cell death.48 Activation of the cas-
pase family of proteins is essential for both initiation and 
execution of the apoptotic process.49 Caspase-3, a key pro-
tease in apoptosis, holds significant importance in 

neurons.50 Caspase-3 is the primary rate-limiting caspase 
responsible for cleaving PARP, ultimately leading to apop-
totic cell death.51 Our study demonstrated that co-exposure 
to TKD, TKE, or CucD and CDDP could suppress CDDP-
induced apoptosis pathway in PC12 cells by blocking the 
cleavage of caspase-3 and PARP. These findings suggest 
that these compounds could safeguard against cell death 
and promote neurite regeneration, underscoring their poten-
tial to alleviate CDDP-induced neurodegenerative effects.

Reactive oxygen species (ROS) have a pivotal role in the 
pathogenesis of CDDP-induced peripheral neuropathy.52,53 
Accumulation of CDDP within mitochondria can trigger an 
oxidative stress response, which has the potential to damage 
mitochondrial DNA and trigger ROS production.54,55 
Antioxidant properties of both TK extract and CucD have 
been previously documented, suggesting a potential protec-
tive effect against ROS induction by CDDP, which might 
contribute to a reduction in apoptosis. Pre-treatment with 
TKD, TKE, or CucD led to a significant reduction in ROS 
level increased by CDDP, achieving levels comparable to 
those in the control group. CDDP can induce apoptosis 
through processes involving ROS, γ-H2AX, and p53.56,57 
The γ-H2AX, also known as phosphorylated H2A.X, is a 
critical regulatory step that ensures cell survival by either 
promoting DNA repair or directing cells toward apopto-
sis.42,58 Treatment with CDDP has been shown to cause gen-
eration of ROS known to cause DNA damage.59 This in turn 
results in an increase in γ-H2AX, while the tumor suppres-
sor protein p53 is stabilized and activated. This sequence of 
events leads to the initiation of a process known as apopto-
sis. Phosphorylation of p53 and the ratio of γ-H2A.X to 

Figure 8.  Effects of drugs administration on CDDP-induced mechanical allodynia and thermal hyperalgesia in rats. Modulation 
of various pain response behaviors by TKD, TKE, or CucD treatments was assessed using the Von Frey (A) and Hargreaves (B) 
tests, with the results depicted in individual graphs for each test. Data points are mean ± SEM (n = 6) and were analyzed by two-
way ANOVA with Sidak’s multiple comparisons test. *P < .05, **P < .01, ***P < .001, ****P < .0001 (A); Data are presented as the 
mean ± SEM (n = 6) and were analyzed by two-way ANOVA with Newmam-Keuls multiple comparisons test. *P < .05, **P < .01 (B). 
(C) Body weights of the rats in different subgroups receiving different treatments were monitored for 21 days. Observation was 
presented as @P < .05, @@@P < .001, @@@@P < .0001 versus Cisplatin + Saline group.

Figure 9.  Effects of drugs administration on the levels of pro-inflammatory cytokines in the serum of rats with CIPN. No significant 
difference was observed between the effects of control, CDDP, and all drugs. Data are expressed as mean ± SEM and were analyzed 
by one-way ANOVA.
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H2A.X were found to be downregulated in cells pretreated 
with TKD, TKE, or CucD to a greater extent than in the 
control group without such pretreatment (CDDP treatment 
alone). Therefore, suppression of ROS might be one mecha-
nism by which TKD, TKE, and CucD can protect against 
CDDP-induced apoptosis.

In animal models, CDDP administration resulted in sig-
nificant decreases in mechanical and thermal pain thresh-
olds, indicative of the onset of CIPN. All groups pre-treated 
with TKD, TKE, or CucD except the CucD low group 
exhibited substantial improvements in mechanical thresh-
olds and pain responses relative to the control group with-
out pretreatment (CDDP treatment alone). While allodynia 
and heat nociceptive responses showed no significant dif-
ferences at later stages, TKD and TKE treatment groups 
showed less degeneration in pain responses, suggesting 
their potential therapeutic advantage.

This study has some limitations. First, detailed mechanis-
tic insights into how TKD, TKE, and CucD exerted their pro-
tective effects are unknown, which hinders a deeper 
understanding of their exact mechanisms of action. 
Specifically, in vitro results demonstrated that higher concen-
trations of CucD did not have a significant effect on CDDP-
induced neurodegeneration or apoptosis. This observation 
could be attributed to the ability of CucD to protect against 
DNA damage induced by ROS by inhibiting γ-H2A.X and 
p53 while simultaneously activating mitogen-activated pro-
tein kinases (MAPKs) signaling induced by ROS.60 The 
MAPK signaling pathway is a complex network of protein 
kinases that regulate various cellular processes, including cell 
proliferation, differentiation, survival, death, and inflamma-
tion.61 ROS are signaling molecules produced in response to 
various forms of stress, functioning as messengers that act 
either upstream or downstream in the MAPK cascade.62 
CDDP exerts its effects by damaging DNA, leading to cell 
cycle arrest as cells attempt to repair the damage. If the repair 
process fails, cells can transition into mitosis and subse-
quently undergo apoptosis. During this process, ROS are 
generated, which can activate the p38-MAPK pathway, fur-
ther enhancing cellular responses to damage.63 Therefore, it 
can be hypothesized that co-exposure to CucD and CDDP 
might have induced ROS, which could potentially mitigate 
the protective effect of CucD against CDDP-induced neuro-
degeneration and apoptosis. Furthermore, a brief duration of 
in vivo experiments might not adequately reflect these treat-
ments’ long-term effects or potential side effects. Additionally, 
cytokine ELISA experiments performed on day 21 post-
euthanasia of all rats revealed no significant changes in pro-
inflammatory cytokines (IL-6, IL-1β, TNF-α). This absence 
of notable results could be attributed to the chosen timing of 
sacrifice, which might not have been ideal for assessing cyto-
kine levels. Future studies should address these limitations by 
delving into the molecular mechanisms involved, conducting 
extended efficacy and safety evaluations, and optimizing 

experimental timing to capture therapeutic benefits of these 
compounds more effectively.

Overall, these findings highlight the potential of TKD, 
TKE, and CucD in counteracting CIPN, presenting valu-
able opportunities for further research and development 
of therapeutic strategies to manage chemotherapy-
induced neurotoxicity.

Conclusions

The study indicates that Trichosanthes kirilowii Maxim. 
extracts (TKD and TKE) and Cucurbitacin D (CucD) might 
help alleviate chemotherapy-induced peripheral neuropathy 
(CIPN) induced by cisplatin (CDDP). In cell tests, these 
compounds could improve cell viability, increase neurite out-
growth, and reduce ROS and apoptosis. In animal models, 
TKD and TKE significantly reduced pain symptoms, while 
CucD was less effective at lower doses. Further research is 
needed to understand their mechanisms of action, long-term 
effects, and optimal dosing for clinical use.
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