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Paclitaxel (sold under the brand name Taxol) is a chemotherapeutic drug that is
widely used to treat cancer. However, it can also induce peripheral neuropathy,
which limits its use. Although several drugs are used to attenuate neuropathy,
no optimal treatment is available to date. In this study, the effect of
cucurbitacins B and D on paclitaxel-induced neuropathic pain was assessed.
Multiple paclitaxel injections (a cumulative dose of 8 mg/kg, i. p.) induced cold
and mechanical allodynia from days 10 to 21 in mice, and the i. p. administration
of 0.025mg/kg of cucurbitacins B and D attenuated both allodynia types.
However, as cucurbitacin B showed a more toxic effect on non-cancerous
(RAW 264.7) cells, further experiments were conducted with cucurbitacin D.
The cucurbitacin D dose-dependently (0.025, 0.1, and 0.5 mg/kg) attenuated
both allodynia types. In the spinal cord, paclitaxel injection increased the gene
expression of noradrenergic (a-and ap-adrenergic) receptors but not
serotonergic (5-HTya and 3) receptors. Cucurbitacin D treatment significantly
decreased the spinal a;- but not as-adrenergic receptors, and the amount of
spinal noradrenaline was also downregulated. However, the tyrosine
hydroxylase expression measured via liquid chromatography in the locus
coeruleus did not decrease significantly. Finally, cucurbitacin D treatment did
not lower the anticancer effect of chemotherapeutic drugs when co-
administered with paclitaxel in CT-26 cell-implanted mice. Altogether, these
results suggest that cucurbitacin D could be considered a treatment option
against paclitaxel-induced neuropathic pain.
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1 Introduction

Paclitaxel (sold under the brand name Taxol) is a
chemotherapeutic drug widely used against tumors, such as
ovarian and breast cancers (Rowinsky and Donehower, 1995;
Bernabeu et al., 2017). However, along with its anti-tumor effect,
paclitaxel can induce neurotoxicity (Rowinsky et al,, 1993).
Peripheral neuropathy, which is characterized by sensory
symptoms such as numbness and paresthesia, is one of the
most common and serious adverse effects experienced by
paclitaxel-treated patients (Chaudhry et al, 1994; Kosturakis
et al,, 2014). It can induce both acute and chronic pain in up
to 78% of treated patients (Beijers et al., 2012). Paclitaxel is a
cytoskeletal drug as it targets tubulins. Its main mechanism of
action in cells is to cause a mitotic block by stabilizing the mitotic
spindle microtubules, thereby inhibiting the dynamic nature of
these cytoskeletal structures (Jordan, 2002). These aggregated
microtubules in cells mostly affect the sensory nervous system,
while the motor and autonomic nervous systems are less affected
(Kuroi and Shimozuma, 2004; Stillman and Cata, 2006; Pachman
et al., 2011). Antidepressants are considered the first drug
treatment of choice (Dworkin et al., 2007; Finnerup et al,
2015). Among the various types of antidepressants, serotonin
norepinephrine reuptake inhibitors (SNRIs) are known to be
effective (Durand et al., 2012; Farshchian et al., 2018). Therefore,
modulating the serotoninergic and noradrenergic systems in
paclitaxel-induced neuropathic pain could be an effective
strategy to alleviate cold and mechanical allodynia.

Trichosanthes kirilowii Maximowicz (TK) is categorized in
the genus Trichosanthes and family Cucurbitaceae. Various types
of cucurbitacins are largely present in the root tubers of TK.
Cucurbitacins are a group of natural triterpenoids and have long
been used in traditional medicine (Rios et al., 2005; Chen et al,,
2008; Kaushik et al., 2015). Plants containing cucurbitacins have
been reported to have anti-tumor, anti-inflammatory, and anti-
bacterial activities (Jayaprakasam et al., 2003; Chen et al., 2005).
A total of 17 major molecules from cucurbitacin A to
cucurbitacin T and hundreds of derivatives have been
reported. Among them, cucurbitacins B (CucB), D, E, and I
have been reported to possess strong anticancer activities, while
cucurbitacins F, O, P, and Q have moderate anticancer activity
(Sun et al., 2010). Cucurbitacin D (CucD), which can be isolated
from TK, was shown to induce apoptosis in human
hepatocellular carcinoma cells (Takahashi et al., 2009) and
autophagy in human T-cell leukemia cells (Nakanishi et al.,
2016). It was also found to interfere with the viability of
breast cancer cells (Ku et al., 2018). The anti-tumor activity of
CucB has been studied for
(Hunsakunachai et al., 2019).

In our previous study, we demonstrated the antinociceptive
effect of TK on paclitaxel-induced allodynia (Lee et al., 2022) and
showed that spinal noradrenergic receptors play an important

well

several decades as

role in the effect of TK. Furthermore, as cucurbitacins are major
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components of TK, we have suggested that they may play an
important role in the antinociceptive effect. However, the effect
of cucurbitacins has not yet been studied.

Thus, the primary aim of this study was to assess the
antinociceptive effect of two different types of cucurbitacins
(CucB and CucD) in mice with paclitaxel-induced pain. The
secondary aim was to assess their cytotoxic effect on cancerous
and non-cancerous cells. Finally, we aimed to clarify their
underlying mechanism of action on mice with paclitaxel-
induced neuropathic pain.

2 Materials and methods
2.1 Collection and preparation of the plant

TK used in this experiment was produced by Hanpoong
Pharm & Foods Co., Ltd., Jeonju, South Korea. The collected
mature TK was cleaned and dried before storage. TK was
extracted via the reflux method with 70% ethanol for 3h at
100°C. The extracts were filtered and concentrated under
decompression at 60°C. The required drug concentrations
were prepared by diluting in the phosphate-buffered saline
(PBS) at a concentration of 50 mg/ml.

2.2 Animals

We used six male C57BL mice (8 weeks old) in most of the
experiments; only the anti-tumor growth assessment experiment
was conducted on BALB mice (8 weeks old). Both kinds of
animals were purchased from Dae Han Bio Link (Chungbuk,
South Korea). They were placed in a specific pathogen-free
animal center and housed in cages under standard
experimental conditions (23°C + 2°C; 65 £ 5% humidity; 12-h
light and 12-h dark cycle). They were maintained on a standard
diet (Purina, Seongnam, South Korea) with freely available water.
All of the experimental protocols were approved by the Kyung
Hee University Animal Care and Use Committee (approval no.:
KHUASP-21-543) and were in accordance with the guidelines of
the International Association for the Study of Pain.

2.3 Tissue collection

The mice used in immunohistochemistry (IHC), quantitative
real-time polymerase chain reaction (qPCR), and high-
(HPLC)
anesthetized via the inhalation of isoflurane to the point of

performance  liquid  chromatography were
unresponsiveness. They were then transcardially perfused with
cold PBS with a pH of 7.2 until the exiting blood ran clear. Brain
tissue was dissected in 4% paraformaldehyde (PFA) for IHC. The

mice used for qQPCR or HPLC were also scarified via transcardial
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Effects of multiple paclitaxel injections on mice. Behavioral tests to assess allodynia were performed before (time point zero) and after four

i.p. injections of 2 mg/kg of paclitaxel (days 0, 2, 4, and 6; an accumulative dose of 8 mg/kg). The timeline of behavioral tests (A) and the behavioral
responses to cold (B) and mechanical (C) stimuli. Cold and mechanical stimuli were provided via the acetone drop and von Frey filament tests,
respectively. A mixed solution of Cremophor EL and ethanol (1:1) was used as the vehicle. N = 8 in each group. ** p < .01 and **** p < .0001 vs.
control with two-way ANOVA, followed by Tukey's post-test for multiple comparisons.

perfusion under isoflurane anesthesia without PFA fixation.
Tissues were frozen and stored at —80°C until further processing.

2.4 Paclitaxel administration

Paclitaxel (Sigma Aldrich, Mo, United States) was formulated
in 50% Cremophor EL and 50% absolute ethanol to a
concentration of 6 mg/ml. Paclitaxel was diluted in PBS to
make a final concentration of 0.2 mg/ml. The control group
received the same volume of the mixture of Cremophor EL
solution (Sigma Aldrich, Mo, United States) and ethanol (1:1)
with a PBS dilution. The mice received an i. p. injection of
paclitaxel and vehicle at a concentration of 2 mg/kg every other
day (days 0, 2, 4, and 6). In total, 8 mg/kg of paclitaxel was
injected to induce allodynia (Figure 1A).

2.5 Behavioral tests

Cold and mechanical allodynia were measured and
quantified using the acetone drop and von Frey filament tests,
respectively. The mice were habituated to the arena for 30 min
prior to testing. Von Frey filaments (Stoelting, W1, United States)
of different forces (.02-2 g) were then used to determine the 50%
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withdrawal threshold, as previously described (Lee et al., 2021).
Briefly, the filaments were applied perpendicular to the plantar
surface of the filament for up to a maximum of 5 s or until licking,
flinching, or withdrawal of the paw occurred. According to
Dixon’s up-down method and Chaplan’s calculation method,
a 50% threshold value was calculated (Chaplan et al., 1994). The
results are presented as the average of both hind paws. The
acetone drop test was used to measure the response to an
innocuous cold stimulus. An acetone drop (10puL) was
applied to the mid-plantar hind paw of the mice. The
response latency and withdrawal frequency (number of
responses) within 30 s were recorded. A positive response was
considered as a lick, flinch, or withdrawal of the hind paw. Thus,
the term “# of Responses” mentioned in the figures represents the
average number of responses to a 10-uL acetone drop. This was
conducted three times, with an interval of 5 min between
applications; the total individual withdrawal durations were
then calculated.

2.6 Cucurbitacin and noradrenaline
analysis by HPLC

HPLC analysis was performed using an Agilent 1260 Infinity
1l HPLC and UV detector. Cucurbitacin analysis conditions are
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shown in Supplementary Table S1. Stock solutions from CucB
(160 pg/ml) and CucD (125 pg/ml) were prepared in methanol.
The CucB and CucD used in this study were purchased from
Sigma (Mo, United States). Serial dilutions of CucB (160, 80, 40,
20, 10, and 5 pg/ml) and CucD (125, 62.5, 31.25, 15.625, 7.8125,
and 3.90625 ug/ml) were prepared and subjected to HPLC
analysis. The standard solution was stored at —20°C in the
dark until use. A sample (100 mg) was ultrasonically extracted
(4°C, 30 min) with 1 ml of 30% ethanol. The diluted solution was
centrifuged at 4°C at 10,000 rpm for 5 min, and the supernatant
was filtered through a 0.45-um syringe filter to obtain a test
solution.

NE analysis conditions are also shown in Supplementary
Table S2. The stock solution from NE (160 pg/ml) was prepared
in distilled water. The NE used in this study was purchased from
Sigma (Mo, United States). A total of serial dilutions of NE (50,
25, 12.5, 10, and 6.25 ug/ml) were prepared and subjected to
HPLC analysis. The standard solution was stored at —20°C in the
dark until use. The subsequent procedure was the same as that of
the cucurbitacin analysis.

2.7 The effect of CucB and CucD on RAW
264.7 and Caco-2 cell lines measured by
MTT proliferation assay

Cytotoxic studies were determined in RAW 264.7 and Caco-
2 cell lines obtained from the Korea Cell Line Bank (ATCC).
Caco-2 cells were grown in Eagle’s minimum essential medium
(MEM) supplemented with 10% fetal bovine serum (FBS), and
RAW 264.7 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% FBS. Cultures were
maintained in a humidified atmosphere with 5% CO, at 37°C and
passaged bi-weekly. The viability of cells was determined via an
MTT assay. Briefly, 1 x 10* cells, suspended in 200 pL of growth
medium, were seeded in 96-well plates for 24 h. After incubation,
each concentration of cucurbitacin previously dissolved with
dimethyl sulfoxide (DMSO) was treated for 24h. To assess
the viability, the medium was exchanged for an MTT working
solution (5 mg/ml in a cell culture medium) and incubated for
1 h at 37°C. Afterward, the reaction was terminated. The formed
formazan was dissolved with DMSO and measured at 490 nm
using a microplate reader. The results are presented as a
percentage of the control (untreated cells).

2.8 Quantitative real-time polymerase
chain reaction

Total RNA was extracted using the AccuPrep Universal RNA
extraction kit (Bioneer, Daedeok-gu, Korea), according to the
manufacturer’s protocols. The concentration of RNA was
quantified using a NanoDrop ND-1000 Spectrophotometer
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(Thermo Scientific, DE, United States). cDNA was then
RT PreMix Kit (iNtRON
Biotechnology, Seongnam, South Korea). qPCR was
performed using the SensiFAST SYBR No-ROX kit (Bioline,
London, UK) and CFX Connect Real-time PCR Detection
System (Bio-Rad, CA, United States). The oligonucleotide
primers used for the PCR were as follows: Gapdh forward 5'-
GGA GGT AGC TCC TGA TTC GC-3 and reverse 5'-CAC ATT
GGG GGT AGG AAC AC-3’; al-adrenergic receptor (Adrala)
forward 5'-ATG CTC CAG CCA AGA GTT CA-3’ and reverse
5""TCC AAG AAG AGC TGG CCT TC-3% a2-adrenergic
receptor (Adra2a) forward 5-AAA CCT CTT CCT GGT
GTC TC-3’; 5-hydroxytryptamine receptor 1A (Htrla)
forward 5'-AAC TAT CTC ATC GGC TCC TT-3' and
reverse 5-GAT TGC CCA GTA CCT GTC TA-3; and 5-
hydroxytryptamine receptor 3A (Htr3a) forward 5'-TGG TCC
TAG ACA GAA TAG GG-3' and reverse 5'-GGT CTT CTC
CAA GTC CTG A-3’. The reaction was preheated for 10 min at
94°C, followed by 40 cycles at 94°C for 20's, 57°C for 20 s, and
72°C for 30 s. GAPDH primers were used to standardize the
amount of RNA in each sample. The reaction without cDNA was

prepared with a Maxime

used as a negative control. We needed qPCR data for

amplification-generated fluorescence to reach a specific
threshold of detection (Ct value). The relative gene expression
was quantified on the basis of equal amounts of RNA (.1 ug) and
average Ct value for each gene. Delta Ct (ACt = Ctirge
gene—Clieference gene) Was calculated using Ct values for genes
in the same sample. Actin was used as the internal reference
control gene. The AACt value was obtained via the equation
AACt = (A Ctyarget gene—A Cluntreated)- The normalized expression

fold was expressed as the value of 274" (Gapdh control = 1).

2.9 Immunohistochemistry

Animals were anesthetized with isoflurane, and the tissues
were fixed via transcardial perfusion with 4% PFA. After
perfusion, the tissues were collected and post-fixed with 4%
PFA overnight. Following fixation, tissues were transferred to
a 30% sucrose solution in PBS for 3 days at 4°C. Serial sections 10-
pm thick were collected on adhesive glass slides (Mas, Japan).
The slides were washed thrice for 5 min in PBS, followed by a 5-h
soak in .2% Triton X-100/PBS for permeabilization. The slides
were again washed in PBS, followed by a 30-min soak in 3% BAS/
PBST (0.05%) for blocking. After blocking, the tissues were
incubated for 24h at 4°C in .1% BSA/PBS containing mouse
anti-tyrosine hydroxylase (TH, 1:500, Novus Biologicals,
United States). The slides were again washed thrice in PBS
and incubated for 2 h at room temperature with Alexa Fluor
488-conjugated goat anti-rabbit IgG (H + L) (1:1,000, Abcam,
United States). The slides were mounted with Vecta-shield
containing DAPI and analyzed under a confocal microscope
(LSM 780, Carl-Zeiss) by ZEN image software.
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2.10 Assessment of tumor growth in
tumor-injected mice

CT-26 cells (1.5 x 10° cells) were subcutaneously implanted
in the right flank of BALB/c mice. We selected the CT-26 cell
line-bearing mouse model as it had been used in some previous
studies to assess the anti-tumor effect (Yamamoto et al., 2017;
Miyagi et al., 2019). The tumor weight did not exceed 10% of the
body weight until the end of the experiment. The mice were
treated with paclitaxel (8 mg/kg i. p., once a week for 3 w) and
CucD (.5mg/kg i. p., three times a week for 3 weeks). The
measurements of tumor volumes were performed on days 7,
10, 13, 16, 19, 22, and 25. The tumor volumes were calculated as
follows: volume (mm?) = % (length x width?). Each experiment
was performed on six animals per group.

2.11 Statistical analysis

The statistical analyses were performed by GraphPad Prism
(version 7.0. GraphPad Software Inc., United States). The data
are displayed as mean * SD. Data were first evaluated for
Gaussian distribution by using the D’Agostino and Pearson
normality test. Two-group comparisons were performed using
the two-tailed Student’s f-test for unpaired samples. Statistical
analyses were performed using one-way ANOVA, followed by
Tukey’s test for the cell viability, gene expression, TH protein,
and NE level analysis. The parametric two-way ANOVA with
Sidak’s post-test for multiple comparisons was used for
behavioral experiments. A level of p < .05 was considered
significant.

3 Results

3.1 Multiple paclitaxel injections induce
cold and mechanical allodynia in mice

Cold and mechanical allodynia were induced after
multiple i. p. injections of paclitaxel (a cumulative dose of
8 mg/kg) in mice. The acetone drop and von Frey filament
tests were used to assess each allodynia type. Behavioral tests
were conducted on the first day (D0), and days 10 (D10), 15
(D15), 17 (D17), and 21 (D21), following the initial injection
(Figure 1A) of paclitaxel. From D10 to D21, in the mice
injected with paclitaxel, the response to cold stimuli
significantly increased (Figure 1B), and the withdrawal
threshold of the mechanical stimuli significantly decreased
(Figure 1C). All of the significant differences between the
paclitaxel-injected and control groups were <.0001. Based on
these results, the consequent behavioral experiment was
performed between D10 and D21, when both allodynia
types were significantly developed and maintained.
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3.2 Anti-allodynic effect of the
hydroalcoholic extract of TK and CucB
and CucD

To assess the antinociceptive effect of TK and understand the
role of CucB and CucD in the effect of TK, behavioral tests were
conducted after TK, CucB, and CucD treatment in mice with
paclitaxel-induced neuropathic pain (Figure 2A). TK was
administered orally, whereas CucB and CucD were injected i.
p- CucB and CucD are known to be present in TK, and the CucB
and CucD doses were calculated accordingly (Zhang et al., 2019).
Multiple paclitaxel injections induced cold and mechanical
allodynia, and the intensities of both allodynia types were
measured before and after the administration of 500 mg/kg of
TK and .025 mg/kg of CucB and of CucD. PBS and 20% DMSO
were used as solvents for TK and of CucB and CucD, respectively.
The results showed that TK, CucB, and CucD significantly
alleviated cold and mechanical allodynia (Figures 2B,C). In
the evaluation of cold allodynia, p-values were <.0001 at
500 mg/kg of TK, and <.001at .025mg/kg of CucB and
.025 mg/kg of CucD. In addition, the mechanical allodynia p-
values were .0051, .0118, and .0126, respectively, versus the 20%
DMSO group.

3.3 ldentification and quantification of
CucB and CucD in TK

To identify CucB and CucD as active components in TK,
HPLC was conducted (Figure 3). The retention time of CucB was
approximately 13.2min (Figure 3A) and that of CucD
(Figure 3B) was approximately 26.2 min. The retention time
and spectrum (absorbance unit) of the standard solution (red
arrow) and cucurbitacin solutions (blue arrow) were consistent.
Calibration curves showed the linearity of the detector over the
ranges of CucB (160, 80, 40, 20, 10, and 5 pg/ml) and CucD (125,
62.5, 31.25, 15.625, 7.8125, and 3.90625 pg/ml). The CucB
regression equation was y = 9.57667x + 2.93812 and RSQ =
.99999, and the CucD regression equation was y = 12.67383x +
1.55528 and RSQ =.99999. The content of CucB and CucD in TK
was approximately 0.0068% and 0.0048%, respectively.

3.4 Assessment of cell viability of CucB
and CucD in RAW 264.7 and Caco-2 cells

To assess the cytotoxic effect of CucB and CucD, in vitro
experiments were conducted by using non-cancerous RAW
264.7 cells and human colonic carcinoma Caco-2 cells. The
cytotoxic effects of CucB and CucD on the viability of the
RAW 264.7 and Caco-2 cells are presented as percentage cell
viabilities of three dependent experiments (Figures 4, 5). CucB
(RAW 264.7 cell: p-values = 0.0045, 0.005, 0.0019, and 0.0011;
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Caco-2 cell: p-values = .0062, .0024, .004, and .007, respectively)

and CucD (RAW 264.7 cell: p-values = .003, 0.005,

.0011, and

.002; Caco-2 cell: p-values = .0157, .0194, 0.0282, and 0.0298,
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respectively) showed a significant cytotoxic effect on Caco-2 cells

in a concentration range between .5 uM and 5 pM. However,

although  CucD

consistently

exhibited a viability of
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Assessment of the cytotoxic effect of cucurbitacin B (CucB). The chemical structure of CucB (A). The effect of four different doses of CucB on
the viability of RAW 264.7 and Caco-2 cells (B) and their morphologies (C and D). Data were experiments and were expressed as the mean value + SD
of three independent experiments. ** p < .01 vs. control with one-way ANOVA.

approximately 79.3% in the concentration ranges in RAW
264.7 cells, CucB showed a dose-dependent viability as the
viability decreased to 66.6% at the highest concentration
(i.e, 5uM). As these results showed that CucB has a dose-
dependent cytotoxic effect in non-cancer cells (ie, RAW
264.7), we focused on CucD in our subsequent experiments.

3.5 Administration of CucD alleviates
paclitaxel-induced cold and mechanical
allodynia dose-dependently in mice

CucD has
antinociceptive effect on paclitaxel-induced neuropathic pain,
three different doses (.025, .1, and .5 mg/kg) of CucD were
administered i. p. to mice. Behavioral tests were performed
before and 1h after the CucD in the
allodynia-induced mice. The results show that all three doses

To elucidate whether a dose-dependent

administrations

of CucD could significantly attenuate paclitaxel-induced cold
(Figure 6A) and mechanical (Figure 6B) allodynia. The effect was
dose-dependent as the .5 mg/kg CucD group showed the highest
anti-allodynic effect. In the evaluation of cold allodynia, p-values
were <.0001 at .1 and 0.5 mg/kg of CucD and .0034 at .025 mg/kg
of CucD compared to the 20% DMSO group. In addition, in
mechanical allodynia, p-values were .016, .03, and <.0001,
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respectively, compared to the 20% DMSO group. In this
study, the effect of CucD on paclitaxel-induced neuropathic
pain was investigated in females compared to males. As a
result of evaluating the efficacy of CucD in females, the effect
was similar to that in males, and there was no difference between
females and males (Supplementary Figure S1).

3.6 Involvement of spinal noradrenergic
but not serotonergic receptors in the
antinociceptive effect of CucD

To understand the underlying mechanism of antinociceptive
action after the administration of CucD, the gene expression of
noradrenergic and serotonergic receptors was evaluated from the
mouse spinal cord tissue harvested 1 hour after CucD treatment.
First, QRT-PCR was performed to determine the effect of paclitaxel
on the expression of spinal «;- and «,-adrenergic receptors and
serotonin (5-HT), 5 and 5-HTj3, receptors in the spinal cord. The
results showed that paclitaxel increased the expression of «;- and
ay-adrenergic receptors but not 5-HT;, and 5-HTs, receptors
compared to the control group (Figure 7A). In a subsequent
experiment, to verify whether the increased expression of
adrenergic receptors is downregulated after CucD treatment,
the spinal gene expression of mice treated with .5 mg/kg of
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Assessment of the cytotoxic effect of cucurbitacin D (CucD). The chemical structure of CucD (A). The effect of four different doses of CucD (.5,
1, 2, and 5 pM) on the viability of RAW 264.7 and Caco-2 cells (B) and their morphologies (C and D). Data were experiments and expressed as the
mean value + SD of three independent experiments. * p < .05 and ** p < .01 vs. control with one-way ANOVA.
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Dose-dependent effect of cucurbitacin D (CucD) on cold and mechanical allodynia induced by multiple paclitaxel injections in mice. Behavioral
tests were performed twice: before (before) and 1 h after (after 1 h) the i. p. injection of 20% DMSO or of .025, .1, or .5 mg/kg of CucD in paclitaxel-
injected mice. Experiments were conducted 15 days after the first paclitaxel injection. Cold (A) and mechanical (B) allodynia assessments were made
via the acetone drop test and von Frey filament assay, respectively. P, paclitaxel; CucD, cucurbitacin D; DMSO, dimethyl sulfoxide. N = 7 in each
group. * p < .05, *** p < .001, and **** p < .0001 vs. before with two-way ANOVA, followed by Tukey's post-test for multiple comparisons.

CucD was analyzed (Figure 7B). The result showed that the spinal
expression of a;- but not of a,-adrenergic receptors was

significantly ~ decreased
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administration group (p-values: .0231 and .2005, respectively).
These results showed that CucD can mediate its antinociceptive

effect via spinal a;-adrenergic receptors.
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Quantitative real-time polymerase chain reaction of adrenergic and serotonergic receptor genes in the spinal cord. The effect of paclitaxel on
spinal a; - and a,-adrenergic and 5-HT;4 and 34 receptors (A). The effect of i p. cucurbitacin D injection on spinal a;- and a,-adrenergic receptors on
mice with paclitaxel-induced neuropathic pain (B). a;-ADR, a;y-adrenergic receptor; a>-ADR, a-adrenergic receptor; 5-HT;5 5-hydroxytryptamine
1A receptor; 5-HTza, 5-hydroxytryptamine 3A receptor. N = 6 in each group. Data were experiments and expressed as the mean value + SD. *

p <.05vs. controland # p < .05 vs. P + 20% DMSO with two-tailed Student’s t-test A and one-way ANOVA, followed by Tukey's post-test for multiple
comparisons (B).
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FIGURE 8

Expression levels of tyrosine hydroxylase (TH) protein immunofluorescence in mouse brains and noradrenaline content in the spinal cord. Brain
sections were fixed and stained with the anti-TH antibody. The administration of paclitaxel and cucurbitacin D changed the noradrenaline levelin the
mouse spinal cord (A). Relative intensity of TH protein production in mouse brains (B) and the image is representative of the slides of each group (C).
N = 6 in each group. *** p < .001 vs. control and * p < .05 vs. paclitaxel with one-way ANOVA, followed by Tukey's post-test for multiple

comparisons.

3.7 Tyrosine hydroxylase production in the (Figure 8A). Similar to the results of IHC conducted in the brain

brain and noradrenaline content in the slice, the level of NE in the spinal cord significantly increased

spinal cord after paclitaxel treatment (63.61 + 7.29 ng/g vs. 81.47 + 6.24 ng/g;

p-values: .0003). However, the spinal NE level after CucD

To measure the NE level in the mouse spinal cord, the spinal administration significantly decreased to 77.67 + 3.32ng/g
segments of L4-5 of the mice were obtained to undergo HPLC (p-value: .0498).
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FIGURE 9

Impact of cucurbitacin D (CucD) on the anti-tumor effect of
paclitaxel. CT-26 (the murine colorectal carcinoma cell line) cell-
implanted mice were treated with paclitaxel (8 mg/kg, i. p.) once a
week and CucD (0.5 mg/kg, i. p.), three times a week for

3 weeks. The tumor volumes were calculated as follows: volume
(mm?) = %2 (length x width?). Tumor growth was expressed as the
mean tumor volume + SD of independent experiments. N = 6 in
each group and **** p < 0001 vs. paclitaxel and paclitaxel + CucD
.5 mg/kg with two-way ANOVA, followed by Tukey's post-test for
multiple comparisons.

As most of the NE in the spinal cord is synthesized in the
locus coeruleus (LC) of the brain, the production of TH was
evaluated 1 hour after CucD administration in the brain via
confocal microscopy (Figure 8). The staining shows the TH
protein in the LC part of the brain of each group (Figure 8C).
When measuring the fluorescence intensity, the value of the naive
group was established as 1 + .42, and the paclitaxel-induced
group significantly increased to 2.16 + .83 (p-value: .0004). The
intensity of the group treated with paclitaxel and CucD decreased
to 1.6 + .34; however, unlike the results obtained from the spinal
cord, the difference was not statistically significant (p-value:
.0851; Figure 8B).

3.8 Anticancer activity of CucD

To assess the effect of CucD on the anti-tumor effect of
paclitaxel, the anti-tumor efficacy of paclitaxel after CucD
administration was investigated after subcutaneous
injections of CT-26 (the murine colorectal carcinoma cell
line) cells in the right flank of BALB/c mice (Figure 9). The
paclitaxel treatment significantly inhibited an increase in the
tumor volume compared to vehicle treatment. Results
showed that the co-treatment of paclitaxel with CucD did
not decrease or inhibit the anti-tumor activity of paclitaxel.
Paclitaxel single or co-treatment with CucD reduced the
tumor volume by 59.6% and 58.8%, respectively, on day
2,525 (p-values: .0168,.0393,.009, and .0063 on days 16, 19,

22, and 25, respectively, compared to the vehicle group).
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4 Discussion

In this study, the dose-dependent antinociceptive effect of
CucD against paclitaxel-induced cold and mechanical
allodynia was demonstrated, along with its underlying
mechanism of action. In
that TK
paclitaxel-induced allodynia and suggested that these effects
may be due to CucD (Lee et al., 2022). In this study, CucD was
identified in TK by HPLC along with CucB, and their toxicities

on non-cancerous and cancerous cells, and RAW 264.7 and

our previous study, we

demonstrated could significantly decrease

Caco-2 cells, respectively, were analyzed. Although the results
that both CucB and CucD have
antinociceptive effects, subsequent

showed similar

experiments were
focused on the effect of CucD as CucB tends to have a
more cytotoxic effect on non-cancerous cells than CucD
(Figures 4, 5).

As the underlying mechanism of action, the involvement of
the spinal NE system was demonstrated. Multiple paclitaxel
injections induced an increase in spinal a;- and a,-adrenergic
receptors and NE. Furthermore, it upregulated the intensity of
TH-positive cells in the LC, which is the A6 noradrenergic group
of neurons. The role of «;- and a,-adrenergic receptors in
neuropathic pain has been reported in many papers (Martins
etal, 2013; Martins et al,, 2015), and the i. p. injection of both «; -
and a,-adrenergic receptor antagonists was demonstrated to
significantly attenuate allodynia in mice with nerve injury-
induced neuropathic pain, suggesting that both receptors are
involved in pain enhancement (Hord et al., 2001). In our study,
the increased gene expression of a;- but not a,-adrenergic
receptors was significantly downregulated 1 hour after CucD
administration. Although it is difficult to determine whether
the protein expression of spinal adrenergic receptors was also
changed after CucD treatment, as in our study we did not
conduct protein assays, several reports (Puhl et al, 2016;
Kong et al., 2018) have shown that the increase and decrease
in noradrenergic receptor gene expression were clearly related to
the changes in protein levels when assessed by Western blot.
Thus, these results suggest the protein expression of adrenergic
receptors may also have been altered, following paclitaxel and
CucD administration.

The LC is the primary source of NE in the brain and projects
NE to diverse parts of the brain and spinal cord (Poe et al., 2020).
TH is a rate-limiting enzyme in the biosynthesis of NE in the LC,
and this regulatory mechanism of the TH reaction is generally
considered to play a key role in controlling the catecholaminergic
action (Nagatsu et al., 1964; Kobayashi et al., 2000). Whether NE
in the LC inhibits or facilitates pain is still unknown, although
some studies found that activating the LC resulted in pain
maintenance and facilitation. Direct lidocaine administration
into the LC in hyperalgesia-developed mice resulted in the
inhibition of all neuropathic signs, showing that LC activation
may be related to pain (Brightwell and Taylor, 2009).
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Furthermore, in a nerve injury-induced animal model of pain,
the responsiveness of LC neurons to noxious mechanical stimuli
was found to be enhanced (Viisanen and Pertovaara, 2007).

In our study, a small amount (.025 mg/kg) of CucB and CucD
significantly attenuated paclitaxel-induced neuropathic pain.
Furthermore, CucD showed a dose-dependent effect, and
.5mg/kg had the strongest antinociceptive effect among the
three treated doses (i.e., .025, .1, and .5 mg/kg). CucD belongs
to the tetracyclic triterpenes and exhibits efficacy and several
characteristic mechanisms. Triterpenes are widely distributed
natural compounds and are generally classified as acyclic,
tetracyclic, and pentacyclic. In previous studies, tetracyclic
triterpene has been reported to improve type I diabetes by
inhibiting the inflammatory response that promotes the
destruction of many beta cells (Kim and Kim, 2008; Keller
2011).  Additionally,
homeostasis was shown to be ameliorated after treatment
(Hong et al,, 2012). Furthermore, CucD directly reduced HIV
replication in the central nervous system (CNS) that had HIV-

et al, patients’  immunological

infected macrophages in an in vitro blood-brain barrier model
(Kodidela et al., 2021), suggesting that CucD could penetrate the
blood-brain barrier.

The i. p. injection of .5 mg/kg of CucD tended to inhibit TH
production in the LC, although the extent of inhibition was not
significant. However, the spinal NE level and «;-adrenergic
receptor were shown to decrease significantly. Results from
other that  the
antinociceptive effect of chemotherapy-induced neuropathic

our and laboratories  demonstrated

pain could be attenuated by central descending pain
suppression systems, such as serotonergic and noradrenergic
pathway activation (Lee et al, 2016; Cheng et al, 2019).
However, in our study, multiple paclitaxel injections
significantly increased the function of the noradrenergic
system as spinal adrenergic receptors, and TH in the LC part
of the brainstem was upregulated. Although it is difficult to fully
understand the differences in the results, the function of the NE
system, especially NE synthesized in the LC, may play a major
role in the transition from acute to chronic pain (Taylor and
Westlund, 2017).

Thus, the days when most of the experiments were conducted in
our study (ie., D15, following the initiation of paclitaxel injection)
may correspond to this period, where a change in the role of the NE
system occurs in paclitaxel-injected mice. This has also been
suggested as the reason why, in some pain states, duloxetine, a
widely known serotonin-NE reuptake inhibitor, has limited effects.
inhibitors
demonstrated to show a stronger effect at first, which decreases

In rodents, serotonin-NE reuptake have been
with the prolongation of pain (Llorca-Torralba et al, 2016).
However, further studies that focus on the relation of the NE
system and chemotherapy-induced neuropathic pain should be
conducted to completely elucidate its role in pain.

In conclusion, our results show that CucD could be

considered an option to treat paclitaxel-induced neuropathic
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pain as it significantly attenuated the pain and did not inhibit
the anti-tumor effect of paclitaxel. For future research,
standardization studies, such as whether the content of CucD
is kept constant during the TK supply and demand stage and the
extraction process stage, are needed. Furthermore, there should
be a focus on how CucD decreases the NE level and the function
of ajadrenergic receptors.).
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