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Abstract: Chemotherapy-induced peripheral neuropathy (CIPN) is a major drawback in the use
of chemotherapeutic agents for patients with cancer. Although studies have investigated a broad
number of molecules that might be related to CIPN, the differences in the chemokine pathways
between various chemotherapeutic agents, such as vincristine and oxaliplatin, which are some of the
most widely used treatments, have not been fully elucidated. We confirmed that the administration
(intraperitoneal injections for seven days) of vincristine (0.1 mg/kg) and oxaliplatin (3 mg/kg)
induced pain by using the von Frey behavioral test. Subsequent applications with vincristine and
oxaliplatin led to mechanical allodynia that lasted more than one week from the fifth day. After the
induction of mechanical allodynia, the mRNA expression of CXCR2, CXCL1, CXCL3, and CXCL5
was examined in the dorsal root ganglia (DRG) and spinal cord of the CIPN models. As a result,
the mRNA expression of CXCR2 robustly increased in the lumbar spinal cord in the oxaliplatin-
treated mice. Next, to evaluate the involvement of CXCR2 in CIPN, reparixin, a CXCR1/2 inhibitor,
was administered intrathecally or intraperitoneally with vincristine or oxaliplatin and was further
verified by treatment with ruxolitinib, which inhibits Janus kinase 2 downstream of the CXCR1/2
pathway. Reparixin and ruxolitinib blocked oxaliplatin-induced allodynia but not vincristine-induced
allodynia, which suggests that CXCR2-related pathways are associated with the development of
oxaliplatin-induced neuropathy. Together with the above results, this suggests that the prevention of
oxaliplatin-induced neuropathy by CXCR2 inhibition can lead to successful chemotherapy, and it
is important to provide appropriate countermeasures against CIPN development for each specific
chemotherapeutic agent.
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1. Introduction

Chemotherapy-induced peripheral neuropathy (CIPN) frequently occurs in patients
treated with anticancer drugs, including platinum derivatives, taxanes, vinca alkaloids, and
thalidomide [1]. Approximately more than 50% of patients under chemotherapy experience
CIPN, but the ratio of incidence differs depending on the type and dose of anticancer
drug [2]. CIPN manifests as paresthesia, dysesthesia, and numbness in the hands and
feet through chemotherapeutic damage to long peripheral axons [3]. These symptoms are
characterized by the development of severe peripheral pain during chemotherapy treatment
or long-lasting and persistent pain after the end of chemotherapy [4]. Although treatment
for chronic persistent pain after chemotherapy is also necessary, the occurrence of CIPN in
some patients undergoing chemotherapy may lead to discontinuation of chemotherapy;
thus, the prevention of CIPN occurrence during chemotherapy is an important issue [5].
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However, the molecular mechanism behind each drug remains elusive, despite continuous
efforts to overcome CIPN induced by various chemotherapeutic agents [6].

Numerous investigations have identified a variety of molecules and pathways that
may contribute to the development of CIPN [7], and both prevention and treatment have
been considered as two possible suggestions for CIPN management. At present, reductions
in the cumulative and individual dose intensities are considered to effectively prevent
CIPN, but no drug can claim to prevent CIPN [8] due to the lack of mechanism studies on
CIPN development. Currently, general therapy, including the administration of lidocaine,
opioids, and SSRNI, is applied for pain management [1]. Therefore, a full understanding
of the involved pathway is necessary to suggest possible methods for the prevention or
treatment of CIPN.

Oxaliplatin, known to cause frequent CIPN as a platinum-based chemotherapeutic
agent, acts by binding platinum to neuronal DNA [9] and it has been used as a chemothera-
peutic agent to treat colorectal and esophageal cancer [10-13]. Most patients treated with
oxaliplatin (94%) experience cold allodynia and 87% of them develop acute symptoms,
while the use of oxaliplatin carries a 50% chance of potential chronic CIPN development
after four weeks of treatment [14]. Among the widely used anticancer drugs, vincristine, a
vinca alkaloid family chemotherapeutic agent, acts by interfering with the formation of mi-
totic spindles and the assembly of microtubules, which causes damage to cell division and
leads to apoptosis [5]. Regardless of its effectiveness as a chemotherapeutic agent to treat
leukemia, non-Hodgkin’s lymphoma, Hodgkin’s disease, and some solid tumors [15-18],
30—40% of patients experience the development of CIPN [5,19], which could last for more
than four years, and such chronic CIPN is difficult to cure [20].

The peripheral neuropathy induced by these two chemotherapeutic agents is associ-
ated with chemokine pathways [6]. Various chemokines that are released from macrophages
or glial cells are reported to be key molecules in vincristine- or oxaliplatin-induced neu-
ropathy, as well as in neuropathic pain [21-23]. Previous studies suggested that the ad-
ministration of vincristine resulted in NFkB-dependent CXCL1/CXCR?2 signaling [24] and
CCL2/CCR?2 signaling-dependent monocyte infiltration into the sciatic nerve [25] and
that the administration of oxaliplatin resulted in the activation of the T-cell (NFAT)-CCR2
pathway [26], and microglia—astrocyte-induced the IL8/CXCR2 pathway [27]. In addition,
the upregulation of CXCL9, CXCL10, IL6, IL18, IL13, and TNF-« and the infiltration of
the CX3CR1+ macrophages in the sciatic nerve are associated with vincristine-induced
neuropathy [28-30], while the administration of oxaliplatin can decrease CCL4 in DRG, and
increase CD45+CD4+ and CD45+CD8 in the blood and IL4 in the spleen [31]. Although
both anticancer drugs induce similar peripheral neuropathy, it is not known whether the
chemokines involved are similar or different.

In this study, we investigated the difference in the relevance of chemokines in the
development of peripheral neuropathy caused by the administration of vincristine and
oxaliplatin, and we propose an approach that can prevent the occurrence of CIPN based on
chemokine-related mechanisms.

2. Results
2.1. Vincristine Induces Peripheral Inflammation along with CIPN

Vincristine, oxaliplatin, and normal saline were each injected intraperitoneally for
7 days (Figure 1A), and after measuring the baseline of the paw withdrawal threshold
(PWT) on day 0, the PWT was measured 24 h after each drug injection. The PWT was
reduced in the vincristine- and oxaliplatin-treated mice compared to the sham mice from
the 5th day, and the PWT measured on the 7th day (statistically) significantly decreased,
indicating that mechanical allodynia occurred: 1.270 £ 0.158 g in the sham mice, 0.314
=+ 0.071 g in the vincristine-treated mice, and 0.320 + 0.074 g in the oxaliplatin-treated
mice (Figure 1B, n = 5). After the full development of CIPN, the epidermal thickness
of the mouse hind paws on the 7th day was measured (Figure 1C, n = 4), as previously
described by Cheng et al. (2020) [32]. The epidermal thickness of the hind paws in the
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vincristine-treated mice was 72.60 £ 1.88 um, which was thicker than that of both the sham
mice and oxaliplatin-treated mice, with 45.48 £ 1.35 um and 44.65 £ 1.26 pum, respectively
(Figure 1D). The number of infiltrated cells was counted, as previously described by Boman
et al. (1996) [33]. In the vincristine-treated mice, 83.44 + 5.40 cells/0.01 mm? of infiltrated
cells was observed, which was significantly more than the sham mice and oxaliplatin-
treated mice: 39.89 + 4.97 cells/0.01 mm? and 55.00 + 2.75 cells/0.01 mm?, respectively
(Figure 1E, n =9). These results indicate the difference in the peripheral phenotype between
the vincristine- and oxaliplatin-treated mice; nonetheless, the development of CIPN was
induced by both chemotherapeutic agents. Although CIPN develops after vincristine and
oxaliplatin administration, the results showing the different epidermal changes suggest
that the pain mechanisms involved may be different.
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Figure 1. (A) Injection scheme to induce CIPN. (B) PWT measured for mechanical allodynia test using
von Frey filament and PWT on the 7th day of the experiment (n = 5). (C) Histology of hind paw skin
of a mouse on 7th day; scale bar represents 50 pm in length (n = 4). (D) Epidermal thickness length
measured. Vincristine- and oxaliplatin-treated mice were compared to the sham mice. (E) Number of
cells counted per 0.01 mm? in the epidermis and dermis layer (n = 9). Results are presented as the
mean + SEM (## p < 0.01, ### p < 0.001, *** p < 0.001, ANOVA, followed by Bonferroni post hoc test).

2.2. Increases in CXCR2 mRNA in the Lumbar Spinal Cord in the Early Stage of
Oxaliplatin-Induced Neuropathy

Next, we investigated which chemokines in the spinal cord and DRG were involved
in CIPN. The mRNA expression of chemokines was evaluated in the spinal cord and
DRG of each CIPN model (n = 4). The fold change of CXCR2 expression in the lumbar
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spinal cord increased after the 1st day of oxaliplatin administration by 3.506 + 0.971-fold,
while the mRNA expression of CXCR2 did not alter with a 1.295 & 0.039-fold change
after vincristine administration when compared to the sham group; CXCL3 expression
decreased after oxaliplatin administration by 0.723 % 0.069-fold, and CXCL5 expression
decreased after the administration of both vincristine and oxaliplatin by 0.659 £ 0.072-fold
and 0.759 =+ 0.608-fold, respectively (Figure 2A). On the 7th day, the CXCR2 mRNA ex-
pression in the lumbar spinal cord increased after both vincristine and oxaliplatin admin-
istration by 3.564 + 0.724-fold and 3.010 £ 0.549-fold, respectively (Figure 2B), which
is in line with other research, proving the increase in CXCR2 in both vincristine- and
oxaliplatin-induced neuropathy [24,27]. Additionally, CXCL1 and CXCL5 expression in-
creased after both vincristine and oxaliplatin administration (CXCL1: 1.356 + 0.123-fold
and 1.426 + 0.068-fold, respectively; CXCL5: 1.651 £ 0.030-fold and 1.125 + 0.031-fold, re-
spectively). As regards the change in the chemokine mRNA of DRG, no significant changes
in both the vincristine- and oxaliplatin-treated mice were observed on the 1st day, except
for an increase in CXCL5 expression after vincristine administration by 1.386 & 0.078-fold,
but vincristine and oxaliplatin administration both decreased the mRNA expression of
CXCL3 and CXCL5 on the 7th day (CXCL3: 0.266 £ 0.098-fold and 0.295 + 0.031-fold,
respectively; CXCL5: 0.562 & 0.135-fold and 0.282 + 0.063-fold, respectively). These results
suggest that oxaliplatin administration increased CXCR2 from the beginning of the pain
and maintained it consistently, while vincristine administration only involved CXCR2 in
the late phase of the pain (7th day) after the CIPN had already developed.
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Figure 2. (A) Real-time quantitative PCR results showing mRNA expression levels of CXCR2, CXCL1,
CXCL3, and CXCLS5 in the lumbar spinal cord and DRG after the 1st day from the first injection of
either vincristine or oxaliplatin (n = 4). (B) mRNA expression levels of targets in the lumbar spinal
cord and DRG after the 7th day from the first injection of either vincristine or oxaliplatin (n = 4).
All the expression levels were normalized to the amount of GAPDH and were compared to the
sham group. Results are presented as the mean relative fold change = SEM (* p < 0.05, ** p < 0.01,
**p < 0.001, ANOVA followed by Bonferroni post hoc test).
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2.3. Inhibition of CXCR2 with Reparixin Prevents Oxaliplatin-Induced CIPN

In order to determine whether CXCR2 blockade in the spinal cord is involved in the
development of CIPN, reparixin, a CXCR1/2 inhibitor, was intrathecally administered along
with oxaliplatin or vincristine. After measuring the baseline of the PWT on day 0, reparixin
was injected (n = 5) intrathecally on the 2nd, 4th, and 6th days after measuring the PWT. The
PWT measured on the 7th day was 0.244 & 0.064 g in mice with vincristine administration
and 0.276 % 0.022 g in mice with vincristine and reparixin administration, showing no
significant effect of reparixin administration on vincristine-induced neuropathy. Meanwhile,
the PWT following oxaliplatin-induced mechanical allodynia was 0.196 £ 0.027 g, which
was significantly inhibited by reparixin administration, with a PWT of 0.800 £ 0.080 g
(Figure 3A). These results suggest that CXCR2 in the spinal cord was involved in the
development of oxaliplatin-induced neuropathy but not vincristine-induced neuropathy.
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Figure 3. (A) PWT of vincristine- and oxaliplatin-treated mice with reparixin administration, mea-
sured by mechanical allodynia testing using von Frey filament. Reparixin was intrathecally injected
three times on the 2nd, 4th, and 6th days (n = 5). PWT of vincristine- and oxaliplatin-treated mice with
intrathecal administration of reparixin on the 7th day of the experiment. (B) PWT of vincristine- and
oxaliplatin-treated mice with intraperitoneal administration of reparixin, measured by mechanical
allodynia testing using von Frey filament (n = 4). PWT of vincristine- and oxaliplatin-treated mice
with intraperitoneal administration of reparixin on the 7th day of the experiment. Vincristine-treated
mice were compared to vincristine and reparixin-treated mice, and oxaliplatin-treated mice were
compared to oxaliplatin and reparixin-treated mice. Results are presented as the mean + SEM
(* p <0.05, *** p < 0.001, ANOVA followed by Bonferroni post hoc test).

Next, we studied whether the intraperitoneal administration of reparixin, a drug
known not to cross the blood-brain barrier (BBB) [34], could prevent CIPN (n = 4). Similar
to the results of the intrathecal administration of reparixin, oxaliplatin-induced neuropathy
was blocked by reparixin administration from 0.263 4 0.023 g to 0.883 &+ 0.010 g, but not
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vincristine-induced neuropathy from 0.285 £ 0.026 g to 0.235 &+ 0.041 g (Figure 3B). This
result is considered to be due to the BBB damage caused by oxaliplatin [35].

2.4. Inhibition of JAK2 with Ruxolitinib Prevents Oxaliplatin-Induced CIPN

In order to further confirm the involvement of Janus kinase 2 (JAK2) downstream of
the CXCR2 pathway [36] in the development of oxaliplatin-induced neuropathy, ruxolitinib,
a JAK2 inhibitor, was administered to the oxaliplatin-treated mice (n = 5). Since ruxoli-
tinib can cross the BBB [37], the intraperitoneal injection of ruxolitinib was accompanied
by oxaliplatin administration. Ruxolitinib administration inhibited the development of
oxaliplatin-induced neuropathy, and the PWT on the 7th day increased from 0.332 £ 0.068 g
to 0.822 4+ 0.053 g (Figure 4). This shows that the involvement of the CXCR2 pathway is
associated with the development of oxaliplatin-induced neuropathy.
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Figure 4. PWT of oxaliplatin-treated mice with intraperitoneal administration of ruxolitinib measured
by mechanical allodynia testing using von Frey filament, and PWT measurement on the 7th day
(n =5). Oxaliplatin-treated mice compared to oxaliplatin with ruxolitinib-treated mice. Results are
presented as the mean &+ SEM (*** p < 0.001, ANOVA followed by Bonferroni post hoc test).

3. Discussion

In this study, we demonstrated that the development of oxaliplatin-induced CIPN,
not vincristine-induced CIPN, is determined by the intraspinal CXCR2 pathway and is
prevented by the blockade of CXCR2. This suggests that if CIPN, which is predicted to be
caused by oxaliplatin, can be blocked in advance, treatment for cancer can be successfully
performed without giving up halfway due to pain.

3.1. The Peripheral Neuropathy and Epidermal Change

In this study, we confirmed that vincristine and oxaliplatin not only induced peripheral
neuropathy but also showed different actions in skin tissue. It is known that oxaliplatin
acts with a cytotoxic effect on tumor cells by binding platinum to neuronal DNA [9]
and that vincristine leads to damage in cell division and apoptosis by inhibiting the
formation of mitotic spindles and the assembly of microtubules [5]. Our results show that
the consecutive administration of each drug reduced the PWT, and the maximum pain
response was seen 7 days after drug administration.

As regards the change in peripheral tissues, oxaliplatin is known to induce intraepi-
dermal nerve fiber loss but no significant change in the epidermis length [38]. This finding
is in accordance with our findings that both oxaliplatin and vincristine cause pain, but
only vincristine increases the epidermal thickness and cell infiltration in the epidermis and
dermis layer (Figure 1). In the H&E staining of the skin tissue, all the infiltrated cells in the
epidermis and dermis are not inflammatory cells, but they can be qualitatively evaluated as
inflammatory cells and their increase means that inflammation has occurred [39]. Kingery
(2010) reported a relationship between epidermis thickening and an immune response with
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pain [40], implying that the mechanical allodynia developed by vincristine may partially
be due to peripheral immune responses.

3.2. The Changes in CXCR2 mRNA Expression in the Spinal Cord

Chemokines and cytokines are involved in neuropathic pain, including CIPN [6].
Thus, we examined the mRNA expression of both lumbar DRG and lumbar spinal cord
tissues, which may be directly related to the development of mechanical allodynia. CXCR2
in the spinal cord, which plays an important role in the development of oxaliplatin-induced
neuropathy, and its related ligands, CXCL1, 3, and 5, were analyzed together. On the 1st
day of vincristine and oxaliplatin treatment, slight changes were observed in the mRNA
expression of all factors related to CXCR2 in DRG. Meanwhile, on the 7th day, CXCL1 and
CXCLS5 expression increased in the lumbar spinal cord, and CXCL3 and CXCL5 expression
decreased in DRG after vincristine and oxaliplatin administration. These results are unlikely
to be involved in the early stages (days 1~3) of CIPN development. However, these
chemokine ligands in the spinal cord may be involved in persistent pain, as reported by
Zhou et al. (2018) [24] and Xu et al. (2016) [41]. In the spinal cord, CXCR2 mRNA expression
robustly increased on the 1st day when oxaliplatin was administered, which lasted until
the 7th day, while CXCR2 expression only increased on the 7th day in the vincristine group.
In neuropathic pain, CXCL1-CXCR2 interactions in the spinal cord induce mechanical
allodynia [42]. Previous studies are consistent with our results. Brandolini et al. (2019) [27]
and Zhou et al. (2018) [24] reported that CIPN was associated with the NF-kappa B-
dependent CXCL1(IL-8)/CXCR2 signaling pathway. As CXCL3 expression by oxaliplatin
administration and CXCL5 expression by both vincristine and oxaliplatin administration
decreased in the spinal cord, these chemokine ligands may not be involved in the activation
of CXCR2.

In addition, in our unpublished results, the spinal cord histology (H&E staining)
revealed an increase in the number of cells that infiltrated the lamina I and lamina II
layers only in the oxaliplatin-treated mice, which is in accordance with the infiltrated
inflammatory cells in the spinal dorsal horn observed after oxaliplatin administration
by Dong et al. (2022) [43] and the lack of mast cell infiltration observed after vincristine
administration by Starobova et al. (2021) [44], suggesting oxaliplatin-induced inflammatory
cell infiltration in the spinal cord. Although the types of cells infiltrating the spinal cord,
such as mast cells, macrophages, monocytes, and microglia, have not been identified, it is
thought that the infiltration of these inflammatory cells is related to the increase in CXCR2
in the spinal cord of oxaliplatin-treated mice, which may lead to mechanical allodynia. In
terms of the different effects of vincristine and oxaliplatin, vincristine reduces damage to
the blood-brain barrier (BBB) [45], while oxaliplatin induces the loosening of the BBB [35].
This suggests one plausible explanation for the increase in spinal CXCR2 expression in the
oxaliplatin-treated mice. Collectively, in terms of CIPN development and not persistent
pain, our results implied that increased CXCR?2 in the spinal cord in the oxaliplatin group
played a key role in the development of CIPN by oxaliplatin. However, the increased
CXCR?2 expression in the vincristine group on the 7th day is not considered to contribute to
the development of CIPN since increased CXCR2 expression emerged after the mechanical
allodynia had already been established.

3.3. The Role of Spinal CXCR?2 in the Development of Oxaliplatin-Induced Neuropathy

Whether or not spinal CXCR2 signaling is involved in the development of CIPN,
and if so, whether vincristine- or oxaliplatin-induced neuropathy is related to CXCR2, are
the questions that remain. Reparixin, an inhibitor of CXCR1/2, was observed to have
a preventive effect in the development of CIPN in the oxaliplatin-treated mice but not
in the vincristine-treated mice when given intrathecally (Figure 3). Additionally, JAK?2,
which is present downstream of CXCR2 activation [46], showed a similar result when it
was inhibited by the JAK2 inhibitor ruxolitinib, as shown in Figure 4. The results imply
that the mechanical allodynia that developed following oxaliplatin treatment was due to



Int. J. Mol. Sci. 2023, 24, 1855

8of 12

the overexpressed CXCR2 in the lumbar spinal cord. The preventive effect targeting the
CXCR2/JAK2 signal pathway highlights the role of spinal CXCR2 in the development
of CIPN by oxaliplatin. The question remains as to why the inhibition of CXCR2 by
reparixin did not have any effect on vincristine when spinal CXCR2 expression increased
on the 7th day. Although the indirect inhibition of CXCR?2 alleviates persistent CIPN by
vincristine [24], our result indicates that the CXCR2 pathway may not be involved in the
development of vincristine-induced CIPN.

The importance in our study of systemic reparixin administration is that the drug
can be administered intraperitoneally rather than intrathecally, which could be a crucial
difference when it comes to clinical issues, as repeated intrathecal injections can be a great
burden to the patient compared to an intraperitoneal injection, a type of systemic adminis-
tration. When reparixin, which cannot cross the BBB, was administered intraperitoneally,
we observed a similar effect to intrathecal injection (Figure 3). Additionally, the preventive
effect lasted up to the 7th day. This is believed to be in accordance with the loosening of the
BBB induced by oxaliplatin administration.

3.4. The Clinical Implication for the Prevention of Oxaliplatin-Induced CIPN

The significant problems of CIPN derive from the fact that severe CIPN often leads
to chemotherapy discontinuation. Thus, it is important to determine how the problem
should be addressed based on whether the aim is to prevent the predicted pain or to
alleviate the symptoms of CIPN, which lasts even after chemotherapy is finished. This
study focused on the difference between the development of CIPN by vincristine and oxali-
platin administration. The significance of this study is that it differentiates the previously
ambiguous chemokine pathway in CIPN development and focuses on the prevention of
CIPN instead of treatment. Our findings suggest that identical chemokine pathways may
have a preventive effect depending on what chemotherapeutic agent is used. Overall,
even though both vincristine and oxaliplatin can lead to the same phenotypic side effects
termed CIPN, and the CXCR2 pathway plays a role in CIPN, the mechanism behind the
development of CIPN by vincristine and oxaliplatin seems distinct. A blockade of the
CXCR2 pathway also has a unique effect, i.e., a treatment effect with vincristine-induced
CIPN and a preventive effect with oxaliplatin-induced CIPN. Therefore, the appropriate
countermeasures for CIPN between prevention and treatment should be determined for
the different types of chemotherapeutic agents, even if a drug, such as reparixin, is used to
inhibit identical CXCR2 pathways to achieve successful anticancer treatment.

4. Materials and Methods
4.1. Animals

All experimental methods were approved by the Experimental Animal Ethics Com-
mittee of Hanyang University. C57BL/6 wild-type mice (OrientBio, Sungnam, Republic of
Korea), weighing 18-22 g, were used in this study. Experimental animals were housed at
22 °C and 60% humidity with 12 h light-dark cycles and fed food and water ad libitum. All
animals had one week of adaptation period to the new environment before the experiment.
Every animal model consisted of 4 to 5 mice, and injections were administered on the same
day of and after the experiment was complete.

4.2. Reagents

Solutions of vincristine sulfate (Sigma Aldrich, St. Louis, MO, USA), oxaliplatin
(Sigma Aldrich, St. Louis, MO, USA), reparixin (Sigma Aldrich, St. Louis, MO, USA),
and ruxolitinib (Adooq Bioscience, Irvine, CA, USA) were prepared in 5% DMSO (Sigma
Aldrich, St. Louis, MO, USA), 40% PEG300 (Sigma Aldrich, St. Louis, MO, USA), 5% tween
80 (Daejung Chemicals and Metals, Siheung-si, Republic of Korea), and 50% saline (Daihan
Pharm, Seoul, Republic of Korea).
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4.3. Drug Treatment

Vincristine was dissolved to a concentration of 0.1 mg/kg, oxaliplatin to 3 mg/kg,
reparixin to 20 mg/kg, and ruxolitinib to 10 mg/kg for intraperitoneal administrations, and
reparixin to 50 pg/kg for intrathecal administration. Intraperitoneal administration was
performed for 7 consecutive days, and intrathecal administration was performed 3 times on
alternative days starting from 2nd day.

4.4. Von Frey Test

All experiments were performed in a quiet environment by the same investigator. As a
measurement of hypersensitivity to mechanical allodynia, the mice were habituated for 30
min on an iron-wired mesh (1 mm x 1 mm) and placed individually in chambers. All mice
were habituated for one to two hours in the experiment room prior to testing. Mechanical
allodynia was measured by applying von Frey filaments of different forces to the center of
the paw while avoiding the walking pads. The response was recorded on the observation of
hind paw withdrawal and or twitching with the appropriate von Frey filament scale based
on the up-down method [47] and evaluated by the quantitative assessment developed by
Chaplan et al. 1994 [48].

4.5. Real-Time PCR

Total RNA was isolated from mouse DRG and spinal cord tissue using Trizol reagent
(Takara, Kusatsu, Japan). Reverse transcription was performed using 1 pg of total RNA
along with random hexamer (Thermo Fisher Scientific, Waltham, MA, USA), then placed
under Thermal cycler (T100 thermal cycler, Bio-Rad, Hercules, CA, USA) for 5 min at 70
°C. Master mix was prepared using Improm II 5X buffer (Promega, Madison, WI, USA),
dNTP (Takara, Kusatsu, Japan), RNAsin Ribonuclease inhibitor (Promega, Madison, WI,
USA), and Reverse transcriptase (Promega, Madison, W1, USA) with a cycling protocol of
25 °C for 5 min, 42 °C for 60 min, 70 °C for 15 min, and rest at 4 °C. The cDNA product
was used as a template for the quantitative measurement of the amplified target gene
transcripts using real-time PCR. Quantitative real-time PCR was performed with Bio-rad
CFX Connect Real-Time system (Bio-Rad, Hercules, CA, USA) and Sensifast no-ROX SYBR
green (Bioline, Cincinnati, OH, USA), as instructed by the manufacturer. PCR primers were
ordered through Macrogen, Seoul, Republic of Korea, and sequences are as follows:

GAPDH forward, 5-AGGTCGGTGTGAACGGATTTG-3/;
GAPDH reverse, 5-TGTAGACCATGTAGTTGAGGTCA-3;
CXCR2 forward, 5-TGAGGGTCGTACTGCGTATC-3/;
CXCR2 reverse, 5-AGTGTGAACCCGTAGCAGAA-3/;
CXCL1 forward, 5-TCCAGAGCTTGAAGGTGTTGCC-3';
CXCL1 reverse, 5-AACCAAGGGAGCTTCAGGGTCA-3';
CXCL3 forward, 5-TGAGACCATCCAGAGCTTGACG-3/;
CXCL3 reverse, 5-CCTTGGGGGTTGAGGCAAACTT-3;
CXCL5 forward, 5'-CCGCTGGCATTTCTGTTGCTGT-3';
CXCL5 reverse, 5-CAGGGATCACCTCCAAATTAGCG-3'.

The PCR amplifications were performed as follows: denature at 95 °C for 10 s, an-
nealing and extension at 59 °C for 45 s, repeated 40 times, followed by melting curve
detection scheme.

4.6. Staining

Mice were anesthetized, then perfused with saline, and then with 4% paraformalde-
hyde. Hind paw skin tissue was obtained and placed in 30% sucrose in phosphate-buffered
saline (PBS) solution for 48 h. Frozen transverse sections (12 um-thick) were mounted on
the slide and stained with hematoxylin and eosin (H&E) for histological analysis using
microscope (Leica DM5000, Leica Microsystems, Wetzlar, Germany) with 20 (Leica 506503,
Leica Microsystems, Wetzlar, Germany) lenses along with LAS X program (LAS version
4.0.0, Leica Microsystems, Wetzlar, Germany). Thickness of hind paw skin was measured
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using image ] software (Image J 1.53t, Wayne Rasband and contributors National Institutes
of Health, USA). The epidermis area was measured stratum basale to stratum granulosum,
and the infiltration of the cells was counted in three randomly picked areas (0.01 mm?)
per sample.

4.7. Statistical Analysis

All data analysis was performed using GraphPad Prism 8.0.1 software (GraphPad
Prism 8.0.1, Boston, MA, USA). Differences with a p value < 0.05 were considered statisti-
cally significant. One-way ANOVA was used to analyze the data with Bonferroni post hoc
test. Data are expressed as mean + SEM.

Author Contributions: H.S.C. and S.U.P. performed molecular experiments and analyzed the data.
H.S.C. and Y.S.H. performed behavioral tests. H.S.C. and Y.I.C. performed H&E staining experiments.
H.S.C., YIC. and J.K. contributed to methodology and validation of the study. H.S.C. and S.J.J.
drafted the manuscript. H.S.C., ] K. and S.J.]. reviewed and edited the manuscript. S.J.J. conceived
and supervised the project. All authors approved the submitted version. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Research Foundation (NRF) of Korea (NRF-
2021R1A2C2011021) and supported by the Electronics and Telecommunications Research Institute (ETRI)
grant funded by the Korean government [22ZB1160, Neuromorphic decoder-encoder technology].

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Animal Care and Use Committee (IACUC)
at the College of Medicine, Hanyang University (IACUC approval No. HY-TACUC-2021-0227A and
12 November 2021 date of approval).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Maihofner, C.; Diel, I; Tesch, H.; Quandel, T.; Baron, R. Chemotherapy-induced peripheral neuropathy (CIPN): Current therapies
and topical treatment option with high-concentration capsaicin. Support. Care Cancer 2021, 29, 4223-4238. [CrossRef] [PubMed]

2. Boyette-Davis, J.A.; Hou, S.; Abdj, S.; Dougherty, PM. An updated understanding of the mechanisms involved in chemotherapy-
induced neuropathy. Pain Manag. 2018, 8, 363-375. [CrossRef] [PubMed]

3. Park, S.B.; Goldstein, D.; Krishnan, A.V; Lin, C.S.Y,; Friedlander, M.L.; Cassidy, J.; Koltzenburg, M.; Kiernan, M.C. Chemotherapy-
induced peripheral neurotoxicity: A critical analysis. CA Cancer ]. Clin. 2013, 63, 419-437. [CrossRef] [PubMed]

4. Boyette-Davis, J.A.; Cata, ].P; Driver, L.C.; Novy, D.M.; Bruel, B.M.; Mooring, D.L.; Wendelschafer-Crabb, G.; Kennedy, WR;
Dougherty, PM. Persistent chemoneuropathy in patients receiving the plant alkaloids paclitaxel and vincristine. Cancer Chemother.
Pharmacol. 2013, 71, 619-626. [CrossRef]

5. Windebank, A.J.; Grisold, W. Chemotherapy-induced neuropathy. J. Peripher. Nerv. Syst. 2008, 13, 27-46. [CrossRef]

6.  Safat, K. Chemotherapy-induced peripheral neuropathy: Part 1—Current state of knowledge and perspectives for pharmacother-
apy. Pharmacol. Rep. 2020, 72, 486-507. [CrossRef]

7.  Starobova, H.; Mueller, A.; Deuis, J.R.; Carter, D.A.; Vetter, I. Inflammatory and neuropathic gene expression signatures of
chemotherapy-induced neuropathy induced by vincristine, cisplatin, and oxaliplatin in C57BL/6] mice. . Pain 2020, 21, 182-194.
[CrossRef]

8.  Cascella, M.; Muzio, M.R. Pharmacological Approaches and Natural Products for Prevention of Chemotherapy-Induced Periph-
eral Neuropathy-A Review. Assessment 2017, 12, 13. [CrossRef]

9. Oun, R; Moussa, Y.E.; Wheate, N.J. The side effects of platinum-based chemotherapy drugs: A review for chemists. Dalton Trans.
2018, 47, 6645-6653. [CrossRef]

10. André, T.; Boni, C.; Mounedji-Boudiaf, L.; Navarro, M.; Tabernero, J.; Hickish, T.; Topham, C.; Zaninelli, M.; Clingan, P;
Bridgewater, J. Oxaliplatin, fluorouracil, and leucovorin as adjuvant treatment for colon cancer. N. Engl. |. Med. 2004, 350,
2343-2351. [CrossRef]

11. Tesniere, A.; Schlemmer, E; Boige, V.; Kepp, O.; Martins, I.; Ghiringhelli, F; Aymeric, L.; Michaud, M.; Apetoh, L.; Barault, L.

Immunogenic death of colon cancer cells treated with oxaliplatin. Oncogene 2010, 29, 482—491. [CrossRef] [PubMed]


http://doi.org/10.1007/s00520-021-06042-x
http://www.ncbi.nlm.nih.gov/pubmed/33624117
http://doi.org/10.2217/pmt-2018-0020
http://www.ncbi.nlm.nih.gov/pubmed/30212277
http://doi.org/10.3322/caac.21204
http://www.ncbi.nlm.nih.gov/pubmed/24590861
http://doi.org/10.1007/s00280-012-2047-z
http://doi.org/10.1111/j.1529-8027.2008.00156.x
http://doi.org/10.1007/s43440-020-00109-y
http://doi.org/10.1016/j.jpain.2019.06.008
http://doi.org/10.18052/www.scipress.com/IJPPE.6.47
http://doi.org/10.1039/C8DT00838H
http://doi.org/10.1056/NEJMoa032709
http://doi.org/10.1038/onc.2009.356
http://www.ncbi.nlm.nih.gov/pubmed/19881547

Int. J. Mol. Sci. 2023, 24, 1855 11 0f12

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Khushalani, N.I; Leichman, C.G.; Proulx, G.; Nava, H.; Bodnar, L.; Klippenstein, D.; Litwin, A.; Smith, J.; Nava, E.; Pendyala,
L. Oxaliplatin in combination with protracted-infusion fluorouracil and radiation: Report of a clinical trial for patients with
esophageal cancer. J. Clin. Oncol. 2002, 20, 2844-2850. [CrossRef] [PubMed]

Rodel, C.; Grabenbauer, G.G.; Papadopoulos, T.; Hohenberger, W.; Schmoll, H.-].; Sauer, R. Phase I/1I trial of capecitabine,
oxaliplatin, and radiation for rectal cancer. J. Clin. Oncol. 2003, 21, 3098-3104. [CrossRef] [PubMed]

Krishnan, A.V.; Goldstein, D.; Friedlander, M.; Kiernan, M.C. Oxaliplatin-induced neurotoxicity and the development of
neuropathy. Muscle Nerve Off. |. Am. Assoc. Electrodiagn. Med. 2005, 32, 51-60. [CrossRef]

Carbone, P.P; Bono, V.; Frei, E., III; Brindley, C.O. Clinical studies with vincristine. Blood 1963, 21, 640-647. [CrossRef]
Rosenthal, S.; Kaufman, S. Vincristine neurotoxicity. Ann. Intern. Med. 1974, 80, 733-737. [CrossRef]

Weiss, H.D.; Walker, M.D.; Wiernik, P.H. Neurotoxicity of commonly used antineoplastic agents. N. Engl. |. Med. 1974, 291,
127-133. [CrossRef]

Bohannon, R.A.; Miller, D.G.; Diamond, H.D. Vincristine in the treatment of lymphomas and leukemias. Cancer Res. 1963, 23,
613-621.

Brandolini, L.; d’Angelo, M.; Antonosante, A.; Cimini, A.; Allegretti, M. Chemokine signaling in chemotherapy-induced
neuropathic pain. Int. J. Mol. Sci. 2019, 20, 2904. [CrossRef]

Brzezifiski, K. Chemotherapy-induced polyneuropathy. Part I. Pathophysiology [Polish version: Polineuropatia wywotana
chemioterapia. Czes¢ I. Patofizjologia p. 79]. Contemp. Oncol. Wspétczesna Onkol. 2012, 16, 72-85. [CrossRef]

White, EA.; Jung, H.; Miller, R.J. Chemokines and the pathophysiology of neuropathic pain. Proc. Natl. Acad. Sci. USA 2007, 104,
20151-20158. [CrossRef] [PubMed]

Watkins, L.R.; Maier, S.F. Beyond neurons: Evidence that immune and glial cells contribute to pathological pain states. Physiol.
Rev. 2002, 82, 981-1011. [CrossRef] [PubMed]

Gao, Y.-].; Ji, R.-R. Chemokines, neuronal—-glial interactions, and central processing of neuropathic pain. Pharmacol. Ther. 2010,
126, 56-68. [CrossRef] [PubMed]

Zhou, L.; Hu, Y;; Li, C; Yan, Y,; Ao, L;; Yu, B.; Fang, W.; Liu, J.; Li, Y. Levo-corydalmine alleviates vincristine-induced neuropathic
pain in mice by inhibiting an NF-kappa B-dependent CXCL1/CXCR2 signaling pathway. Neuropharmacology 2018, 135, 34—47.
[CrossRef] [PubMed]

Montague, K.; Simeoli, R.; Valente, J.; Malcangio, M. A novel interaction between CX3CR1 and CCR2 signalling in monocytes
constitutes an underlying mechanism for persistent vincristine-induced pain. J. Neuroinflammation 2018, 15, 101. [CrossRef]
llias, A.M.; Gist, A.C.; Zhang, H.; Kosturakis, A.K.; Dougherty, PM. Chemokine CCL2 and its receptor CCR?2 in the dorsal root
ganglion contribute to oxaliplatin-induced mechanical hypersensitivity. Pain 2018, 159, 1308. [CrossRef]

Brandolini, L.; Castelli, V.; Aramini, A.; Giorgio, C.; Bianchini, G.; Russo, R.; De Caro, C.; d’Angelo, M.; Catanesi, M.; Benedetti, E.
DF2726A, a new IL-8 signalling inhibitor, is able to counteract chemotherapy-induced neuropathic pain. Sci. Rep. 2019, 9, 11729.
[CrossRef]

Liu, W.; Ye, J.; Yan, H. Investigation of key genes and pathways in inhibition of oxycodone on vincristine-induced microglia
activation by using bioinformatics analysis. Dis. Markers 2019, 2019, 3521746. [CrossRef]

Chen, X.-J.; Wang, L.; Song, X.-Y. Mitoquinone alleviates vincristine-induced neuropathic pain through inhibiting oxidative stress
and apoptosis via the improvement of mitochondrial dysfunction. Biomed. Pharmacother. 2020, 125, 110003. [CrossRef]

Old, E.A.; Nadkarni, S.; Grist, J.; Gentry, C.; Bevan, S.; Kim, K.-W.; Mogg, A.].; Perretti, M.; Malcangio, M. Monocytes expressing
CX3CR1 orchestrate the development of vincristine-induced pain. J. Clin. Investig. 2014, 124, 2023-2036. [CrossRef]

Makker, P.G.; Dufty, S.S.; Lees, J.G.; Perera, C.J.; Tonkin, R.S.; Butovsky, O.; Park, S.B.; Goldstein, D.; Moalem-Taylor, G.
Characterisation of immune and neuroinflammatory changes associated with chemotherapy-induced peripheral neuropathy.
PLoS ONE 2017, 12, €0170814. [CrossRef] [PubMed]

Cheng, X.; Yu, Z; Song, Y.; Zhang, Y.; Du, J.; Su, Y.; Ma, X. Hair follicle bulge-derived stem cells promote tissue regeneration
during skin expansion. Biomed. Pharmacother. 2020, 132, 110805. [CrossRef]

Boman, N.L.; Tron, V.A,; Bally, M.B.; Cullis, P.R. Vincristine-induced dermal toxicity is significantly reduced when the drug is
given in liposomes. Cancer Chemother. Pharmacol. 1996, 37, 351-355. [CrossRef] [PubMed]

Brandolini, L.; Cristiano, L.; Fidoamore, A.; De Pizzol, M.; Di Giacomo, E.; Florio, T.M.; Confalone, G.; Galante, A.; Cinque, B.;
Benedetti, E. Targeting CXCR1 on breast cancer stem cells: Signaling pathways and clinical application modelling. Oncotarget
2015, 6, 43375. [CrossRef] [PubMed]

Branca, J.J.V.; Maresca, M.; Morucci, G.; Becatti, M.; Paternostro, F.; Gulisano, M.; Ghelardini, C.; Salvemini, D.; Mannelli, L.D.C.;
Pacini, A. Oxaliplatin-induced blood brain barrier loosening: A new point of view on chemotherapy-induced neurotoxicity.
Oncotarget 2018, 9, 23426-23438. [CrossRef] [PubMed]

Cheng, Y.; Ma, X.-L.; Wei, Y.-Q.; Wei, X.-W. Potential roles and targeted therapy of the CXCLs/CXCR2 axis in cancer and
inflammatory diseases. Biochim. Et Biophys. Acta (BBA)-Rev. Cancer 2019, 1871, 289-312. [CrossRef]

Haile, W.B.; Gavegnano, C.; Tao, S.; Jiang, Y.; Schinazi, R.F; Tyor, W.R. The Janus kinase inhibitor ruxolitinib reduces HIV
replication in human macrophages and ameliorates HIV encephalitis in a murine model. Neurobiol. Dis. 2016, 92, 137-143.
[CrossRef]

Boyette-Davis, J.; Xin, W.; Zhang, H.; Dougherty, P. Intraepidermal nerve fiber loss corresponds to the development of taxol-
induced hyperalgesia and can be prevented by treatment with minocycline. PAIN® 2011, 152, 308-313. [CrossRef]


http://doi.org/10.1200/JCO.2002.12.032
http://www.ncbi.nlm.nih.gov/pubmed/12065561
http://doi.org/10.1200/JCO.2003.02.505
http://www.ncbi.nlm.nih.gov/pubmed/12915600
http://doi.org/10.1002/mus.20340
http://doi.org/10.1182/blood.V21.5.640.640
http://doi.org/10.7326/0003-4819-80-6-733
http://doi.org/10.1056/NEJM197407182910305
http://doi.org/10.3390/ijms20122904
http://doi.org/10.5114/wo.2012.27341
http://doi.org/10.1073/pnas.0709250104
http://www.ncbi.nlm.nih.gov/pubmed/18083844
http://doi.org/10.1152/physrev.00011.2002
http://www.ncbi.nlm.nih.gov/pubmed/12270950
http://doi.org/10.1016/j.pharmthera.2010.01.002
http://www.ncbi.nlm.nih.gov/pubmed/20117131
http://doi.org/10.1016/j.neuropharm.2018.03.004
http://www.ncbi.nlm.nih.gov/pubmed/29518397
http://doi.org/10.1186/s12974-018-1116-6
http://doi.org/10.1097/j.pain.0000000000001212
http://doi.org/10.1038/s41598-019-48231-z
http://doi.org/10.1155/2019/3521746
http://doi.org/10.1016/j.biopha.2020.110003
http://doi.org/10.1172/JCI71389
http://doi.org/10.1371/journal.pone.0170814
http://www.ncbi.nlm.nih.gov/pubmed/28125674
http://doi.org/10.1016/j.biopha.2020.110805
http://doi.org/10.1007/s002800050396
http://www.ncbi.nlm.nih.gov/pubmed/8548881
http://doi.org/10.18632/oncotarget.6234
http://www.ncbi.nlm.nih.gov/pubmed/26517518
http://doi.org/10.18632/oncotarget.25193
http://www.ncbi.nlm.nih.gov/pubmed/29805744
http://doi.org/10.1016/j.bbcan.2019.01.005
http://doi.org/10.1016/j.nbd.2016.02.007
http://doi.org/10.1016/j.pain.2010.10.030

Int. J. Mol. Sci. 2023, 24, 1855 12 0of 12

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Agbaje, M.; Rutland, C.S.; Maboni, G.; Blanchard, A.; Bexon, M.; Stewart, C.; Jones, M.A.; Totemeyer, S. Novel inflammatory cell
infiltration scoring system to investigate healthy and footrot affected ovine interdigital skin. Peer] 2018, 6, e5097. [CrossRef]
Kingery, W.S. Role of neuropeptide, cytokine, and growth factor signaling in complex regional pain syndrome. Pain Med. 2010,
11, 1239-1250. [CrossRef]

Xu, W.; Zhu, M,; Yuan, S.; Yu, W. Spinal CXCL5 contributes to nerve injury-induced neuropathic pain via modulating GSK-33
phosphorylation and activity in rats. Neurosci. Lett. 2016, 634, 52-59. [CrossRef] [PubMed]

Zhang, Z.-].; Cao, D.-L.; Zhang, X.; Ji, R.-R.; Gao, Y.-J. Chemokine contribution to neuropathic pain: Respective induction of
CXCL1 and CXCR2 in spinal cord astrocytes and neurons. PAIN® 2013, 154, 2185-2197. [CrossRef] [PubMed]

Dong, Z.-B.; Wang, Y.-].; Wan, W.-].; Wu, J.; Wang, B.-].; Zhu, H.-L.; Xie, M; Liu, L. Resveratrol ameliorates oxaliplatin-induced
neuropathic pain via anti-inflammatory effects in rats. Exp. Ther. Med. 2022, 24, 1-10. [CrossRef] [PubMed]

Starobova, H.; Monteleone, M.; Adolphe, C.; Batoon, L.; Sandrock, C.J.; Tay, B.; Deuis, ]J.R.; Smith, A.V.; Mueller, A.; Nadar,
E.IL Vincristine-induced peripheral neuropathy is driven by canonical NLRP3 activation and IL-1§ release. J. Exp. Med. 2021,
218, €20201452. [CrossRef] [PubMed]

Larsson, B.; Skarby, T.; Edvinsson, L.; Hardebo, J.; Owman, C. Vincristine reduces damage of the blood-brain barrier induced by
high intravascular pressure. Neurosci. Lett. 1980, 17, 155-159. [CrossRef]

Burger, M.; Hartmann, T.; Burger, ].A.; Schraufstatter, I. KSHV-GPCR and CXCR2 transforming capacity and angiogenic responses
are mediated through a JAK2-STAT3-dependent pathway. Oncogene 2005, 24, 2067-2075. [CrossRef]

Bonin, R.P; Bories, C.; De Koninck, Y. A simplified up-down method (SUDO) for measuring mechanical nociception in rodents
using von Frey filaments. Mol. Pain 2014, 10, 26. [CrossRef] [PubMed]

Chaplan, S.R.; Bach, EW.; Pogrel, ].; Chung, J.; Yaksh, T. Quantitative assessment of tactile allodynia in the rat paw. J. Neurosci.
Methods 1994, 53, 55-63. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.7717/peerj.5097
http://doi.org/10.1111/j.1526-4637.2010.00913.x
http://doi.org/10.1016/j.neulet.2016.10.004
http://www.ncbi.nlm.nih.gov/pubmed/27717828
http://doi.org/10.1016/j.pain.2013.07.002
http://www.ncbi.nlm.nih.gov/pubmed/23831863
http://doi.org/10.3892/etm.2022.11523
http://www.ncbi.nlm.nih.gov/pubmed/35949346
http://doi.org/10.1084/jem.20201452
http://www.ncbi.nlm.nih.gov/pubmed/33656514
http://doi.org/10.1016/0304-3940(80)90077-4
http://doi.org/10.1038/sj.onc.1208442
http://doi.org/10.1186/1744-8069-10-26
http://www.ncbi.nlm.nih.gov/pubmed/24739328
http://doi.org/10.1016/0165-0270(94)90144-9

	Introduction 
	Results 
	Vincristine Induces Peripheral Inflammation along with CIPN 
	Increases in CXCR2 mRNA in the Lumbar Spinal Cord in the Early Stage of Oxaliplatin-Induced Neuropathy 
	Inhibition of CXCR2 with Reparixin Prevents Oxaliplatin-Induced CIPN 
	Inhibition of JAK2 with Ruxolitinib Prevents Oxaliplatin-Induced CIPN 

	Discussion 
	The Peripheral Neuropathy and Epidermal Change 
	The Changes in CXCR2 mRNA Expression in the Spinal Cord 
	The Role of Spinal CXCR2 in the Development of Oxaliplatin-Induced Neuropathy 
	The Clinical Implication for the Prevention of Oxaliplatin-Induced CIPN 

	Materials and Methods 
	Animals 
	Reagents 
	Drug Treatment 
	Von Frey Test 
	Real-Time PCR 
	Staining 
	Statistical Analysis 

	References

