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Abstract

In this study, we determined the therapeutic effect of parthenolide (PTL), the active component of Tanacetum parthenium,
on neuropathic pain caused by paclitaxel (PTX), a chemotherapeutic drug frequently used in cancer treatment, at the gene
and protein levels. To this end, 6 groups were formed: control, PTX, sham, 1 mg/PTL, 2 mg/kg PTL, and 4 mg/kg PTL. Pain
formation was tested by Randall-Selitto analgesiometry and locomotor activity behavioral analysis. Then, PTL treatment was
performed for 14 days. After the last dose of PTL was taken, Hen2, Trpal, Scn9a, and Kcnsl gene expressions were measured
in rat brain (cerebral cortex/CTX) tissues. In addition, changes in the levels of SCN9A and KCNS1 proteins were determined
by immunohistochemical analysis. Histopathological hematoxylin-eosin staining was also performed to investigate the effect
of PTL in treating tissue damage on neuropathic pain caused by PTX treatment. When the obtained data were analyzed, pain
threshold and locomotor activity decreased in PTX and sham groups and increased with PTL treatment. In addition, it was
observed that the expression of the Hcn2, Trpal, and Scn9a genes decreased while the Kcnsl gene expression increased.
When protein levels were examined, it was determined that SCN9A protein expression decreased and the KCNS1 protein
level increased. It was determined that PTL treatment also improved PTX-induced tissue damage. The results of this study
demonstrate that non-opioid PTL is an effective therapeutic agent in the treatment of chemotherapy-induced neuropathic
pain, especially when used at a dose of 4 mg/kg acting on sodium and potassium channels.
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Introduction

Cancer is a difficult disease whose incidence increases every
day, threatening people’s lives and reducing their quality of
life (Addington and Freimer 2016). Cancer requires long-
term intensive care and treatment. Therefore, cancer causes
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many irreversible psychosocial and economic effects on
society. This dramatic situation has caused the fight against
cancer to be an area of special interest and preventive inter-
ventions to be developed and implemented (WHO 2007).
Despite the presence of cancer treatment methods, the use
of anticancer drugs is one of the most basic approaches.
Although treating with these drugs is highly successful, they
adversely affect the healing process of patients and their
treatment. Neuropathy is one of the most common adverse
effects of drugs used in cancer chemotherapy (Alessandri-
Haber et al. 2008).

Neuropathic pain is a type of chronic pain that occurs due
to injury to nerves located in pain pathways in the nervous
system (Colloca et al. 2017). Nerve damage, injury, diabetes,
or the use of chemotherapeutics are among the causes of this
pain (Huynh et al. 2020). Patients suffering from pain may
show various clinical outcomes. In most cases, the condi-
tions causing the pain will improve over time, and the body
can enter a normal healing process. In some cases, the pain
becomes chronic, lasting for many years (Yang and Chang
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2019). Paclitaxel, an anticancer drug obtained from the bark
of the plant Taxus brevifolia, is a chemotherapy drug fre-
quently used to treat ovarian, lung, and breast cancers (Gao
et al. 2016; Zhou et al. 2020). However, severe neuropathic
pain syndrome and some other side effects prevent the use
of this drug for a long time and in high doses, which causes
cancer recurrence. Normally, paclitaxel-induced neuropathic
symptoms begin with paresthesia and fatigue. Afterward,
they continue with pain in the hands and feet, difficulties
in daily life movements, drowsiness, and balance disorder,
especially at night (Maihofner et al. 2021; Omran et al.
2021). Despite using various analgesics, unrelieved pain
remains a major health concern (Testa 1996; Colloca et al.
2017). Thus, it is very important to develop more effective
treatment methods or drug candidates to prevent neuropathy
caused by chemotherapeutic agents used in cancer treatment
(Fields 2011; Nadipelly et al. 2018).

Pain is a complex process shaped by many biological and
psychological systems, involving the action of numerous
proteins throughout the peripheral and central nervous sys-
tems. Therefore, the interaction of genes among themselves
and with various environmental factors affects pain sensi-
tivity and expression (Summers et al. 1988). To develop an
effective treatment method for chronic pain, it is important to
understand the mechanisms involved in pain chronicization
(Woolf 1999, 2004; Costigan 2009). Voltage-gated potas-
sium (Kv) channels are very important ion channels due to
their fundamental role in pain regulation and the transmis-
sion mechanism of nociceptive signals. KCNS1 is the first
Kv gene associated with chronic pain in humans. Therefore,
genetic analysis has demonstrated that Kcns/ gene polymor-
phisms are associated with a tendency toward pain develop-
ment (Costigan et al. 2010; Hendry et al. 2013; Langford
et al. 2014). Another gene associated with pain, the Scn9a
gene, is the sodium channel called Nav1.7 and is located in
the nociceptors that transmit pain signals. Nociceptors are
sensory receptors located at nerve endings responsible for
transmitting painful stimuli. It is thought that mutations in
SCN9A may be associated with painful neuropathy, as in
primary erythmalgia (Cox et al. 2006; Dib-Hajj et al. 2007).
Members of transient receptor potential (TRP) channels,
including TRP ankyrin 1 (TRPA1), also have an important
role in pain (Souza Monteiro de Araujo et al. 2020). The
expression of cyclic nucleotide gated (HCN) channels acti-
vated by hyperpolarization in dorsal root ganglion (DRG)
neurons has a role in peripheral nociception, leading to the
use of HCN blockers as antinociceptive drugs (Jansen et al.
2021).

Herbal remedies can be effective methods for treating
pain. Tanacetum parthenium, known as feverfew, is a herb
with a high parthenolide content in the leaves and flower
heads (Pittler 2004; Saranitzky 2009; Pareek 2011). Fever-
few has been extensively studied more recently, and its
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efficacy in the treatment and prophylaxis of migraine has
been confirmed (Pittler 2004; Saranitzky 2009). Although
studies have shown that PTL effectively reduces allodynia
and hyperalgesia after sciatic nerve injury, its effect on neu-
ropathic pain has not been fully explained (Fiebich 2002;
Uchi 2002). This study aims to investigate the therapeutic
effect of PTL, the active component of Tanacetum parthe-
nium, on neuropathic pain caused by an anticancer drug,
PTX, at the gene and protein levels.

Materials and methods
Animals and experimental design

Sprague-Dawley male rats (220-295 g, n=48) were
obtained from the Medical Experimental Research and
Application Center of Atatiirk University. All rats were
housed in cages with constant temperature and light cycles
(23 +1 °C, 12:12 h dark/light cycles) (Fig. 1). Rodent chow
and water were given ad libitum. Decision no 193 of Atatiirk
University Animal Experiments Local Ethics Committee
(AUHADYEK) taken during the session dated 07.11.2019
and numbered 14 approved that all stages of our study com-
plied with the ethical rules. Pain tests were performed in
accordance with the guidelines of the International Associa-
tion for the Study of Pain (IASP) (Zimmermann 1983). Rats
were randomly assigned to six groups (n=38). All injections
were made intraperitoneally.

Group 1 (Control): Animals in this group did not receive
any treatment.

Group 2 (PTX): The neuropathic pain group was created
by administering 2 mg/kg PTX (Huynh et al. 2019).
Group 3 (Sham): 2 mg/kg of PTX and DMSO, the solvent
of PTL, were given.

Group 4 (1 mg/kg PTL): 2 mg/kg paclitaxel was applied,
and 1 mg/kg PTL was given for 14 consecutive days.
Group 5 (2 mg/kg PTL): 2 mg/kg paclitaxel was applied,
and 2 mg/kg PTL was given for 14 consecutive days.
Group 6 (4 mg/kg PTL): 2 mg/kg paclitaxel was applied,
and 4 mg/kg PTL was given for 14 consecutive days.

Paclitaxel-induced peripheral neuropathy model

The first administration of paclitaxel (2 mg/kg) was per-
formed intraperitoneally in all groups, except for the con-
trol group. On days 2, 4, and 6 of the experiment, the 2nd,
3rd, and 4th doses of PTX were administered every other
day. Care was taken to administer PTX at the same time
every day. The model formation was expected between
days 7 and 21 of the experiment (Fig. 2). In this process,
the feed and water needs of the subjects were followed,
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Fig. 1 Schematic representation of the experimental setup

and their weights were measured periodically (Zhou et al.
2020; Son et al. 2021).

Intraperitoneal injection of parthenolide

Between days 22 and 36 of the experiment, PTL, a 14-day
treatment drug, was started to be administered intraperi-
toneally. At the end of day 37, the rats in all groups were
decapitated under anesthesia (200 mg/kg sodium thiopen-
tal), and their brain tissues were removed (Fig. 2).

Pain behavioral testing

The Randall-Selitto analgesiometry test was used to meas-
ure hyperalgesia in the rats in all groups, and the locomotor
activity test was used to evaluate their motor activities.

Randall-Selitto analgesiometry test
The Randall-Selitto or paw pressure test is used to evalu-

ate mechanical hyperalgesia by measuring pain response
in animals. In this test, a constantly increasing force is
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Fig.2 Schematic representation of the timeline of the pain model creation and PTL treatment process
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applied to the base of the animal's hind paw, and the
pressure (grams) with which the animal pulls its paw is
recorded as the pain threshold. It is attempted to test the
effectiveness of analgesics by observing the response to
increased pressure. Pain is said to be present if the ani-
mal exhibits an escape response. Pain measurements were
made with Randall-Selitto analgesiometry before neuro-
pathic pain was formed and after pain was induced and
treated (Neugebauer et al. 2007).

Locomotor activity test

Locomotor activity was measured using a computerized
system in which animals were placed individually in a
clear plastic cage (30 X 23 x 23 cm). Movement activities
were recorded for 10 min after the rats acclimatized to
the new environment for a few minutes. The locomotor
activity test determines changes in the motor activities
of animals exposed to pain and the effect of the applied
substances on their motor activities (Jain and Kulkarni
1999; Patil et al. 2003).

Histopathological scoring

Brain tissues were fixed in a 10% neutral formalin solu-
tion by necropsies of the rats. After routine alcoh-ol-xylol
steps, the tissues were embedded in paraffin blocks. Sec-
tions of 5 um were stained with hematoxylin-eosin, and
the numerical reduction in all neurons in five random
areas (X 40) in the cerebral cortex was statistically evalu-
ated (Benzer et al. 2018) (Fig. 8c).

2

4

Immunohistochemical examinations

After 5-um tissue sections taken on polylysine slides were
passed through xylol and alcohol series, endogenous per-
oxidase inactivation was achieved with 3% H,0,. They
were treated with antigen retrieval solution to reveal the
antigen in the tissues. The tissues washed with PBS were
then incubated with Nav1.7 antibody (Cell signaling, Cat.
no. 14573S) and KCNS1 (Invitrogen, Cat. no. PA568277)
primary antibodies at a dilution rate of 1/400 at+4 °C over-
night. Secondarily, the Large Volume Detection System:
anti-Polyvalent, HRP (Thermo Fischer, Cat. no. TP-125-HL)
was used in line with the manufacturer's recommendations.
DAB (3,3'-Diaminobenzidine) was used as a chromogen.
After counterstaining with Mayer’s hematoxylin, it was cov-
ered with Entellan and examined under a light microscope.
The immunopositive in the motor cortex of the brain tissues
were evaluated as none (-), mild (+), moderate (++), and
severe (+++) (Aksu et al. 2016).

Bioinformatics analysis

Bioinformatics analyses were performed to determine the
regions where the genes used in our study were expressed
on the brain tissue. For this purpose, the GTEx portal and
g: profiles bioinformatics programs were used. According to
the data obtained, it was determined that the Scn9a, Kcnsl,
Trpal, and Hcn2 genes were predominantly expressed in the
cortex region of the brain (Fig. 3). Therefore, analyses were
made in the cerebral cortex region. In addition, the visualiza-
tion of the interaction network of the target proteins examined
in the study was performed using the STRING web resource
(http://string-db.org) based on different types of evidence.
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Fig. 3 Determination of regions where Scn9a, Kcnsl, Hen2, and Trpal genes are expressed in the brain. CTX cerebral cortex, TH thalamus, BG
basal ganglia, HY hypothalamus, MB midbrain, P pons, M medulla oblongata, SC spinal cord, CB cerebellum
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Real-time PCR

Cerebral cortex samples were taken from the animals in all
groups, and RNA was isolated using the RNA isolation kit
(Invitrogen 12183025 RNA Mini Kit). cDNA synthesis was
performed from the isolated RNA using the cDNA synthe-
sis kit (Biolabs, E6300S). The obtained cDNA was stored
at -20 °C (Ceylan et al. 2019). Quantitative changes in the
Scn9a, Kensl, Trpal, and Hen2 gene expressions were exam-
ined by qPCR using the SYBR Green method (Kocpinar et al.
2020; Budak et al. 2014). Table 1 contains the primers used
in this study. Data on the relative gene expression were ana-
lyzed using the ACT method (Zhang et al. 2003).

Statistical analysis

Three animals were included in each group, and all measure-
ments were made in triplicate for each animal. Experimental
results were statistically compared using GraphPad Prism
Software version 8.0 for Windows (GraphPad Software,
San Diego, CA). The results of the control and experimental
groups were analyzed with one-way ANOVA and Tukey’s
post hoc test using Prism software. All data were presented
as mean + standard mean error (SEM). P-values <0.05 were
considered significant. Statistically significant changes are
indicated with a symbol (*). Symbol expressions are as fol-
lows: *P <0.05 (significant); **P < 0.01 (very significant);
*#%P <0.001 and ****P <0.0001 (highly significant).

Results and discussion

Anticancer treatments with chemotherapeutic agents such
as platinum derivatives, taxanes, and vinca alkaloids pro-
duce chemotherapy-induced peripheral neuropathy (CIPN),
affecting >60% of patients. This is one of the most common
dose-limiting side effects of chemotherapy. CIPN is a non-
fatal condition but is considered an unavoidable side effect of
chemotherapy since it significantly reduces patients’ quality

of life (Canta et al. 2015; Goldlust et al. 2021). Various anal-
gesics, such as antidepressants and opioids, are used to treat
neuropathic pain (Bouhassira and Attal 2018; Micheli et al.
2020). Since many analgesic drugs used to fight severe pain
cause addiction in patients, studies on developing alterna-
tive non-addictive drugs to existing painkillers have been
conducted (Majithia et al. 2016; Colvin 2019).

Many putative targets for treating CIPN have been com-
piled from animal studies, but the available evidence for its
effective treatment is scarce. In a study, 75 patients with
painful CIPN reported significant improvement in pain when
treated with gabapentin up to a dose of 800 mg/day com-
pared to the control group. However, another study involving
115 patients with multiple types of CIPN found that treat-
ment with gabapentin up to 900 mg three times daily caused
no improvement in pain compared to the control group
(Farquhar-Smith 2011). In a similar study, 82 patients with
paclitaxel or docetaxel-induced CIPN reported improvement
in pain scores after treatment with pregabalin or duloxetine
(Salehifar et al. 2020). Another clinical study examining 231
patients who developed painful CIPN reported a 59% and
38% reduction in pain after duloxetine and placebo treat-
ments, respectively (Smith et al. 2013; Privitera and Anand
2021). This study investigated the therapeutic effect of par-
thenolide (PTL), the active component of Tanacetum parthe-
nium, on paclitaxel (PTX)-induced neuropathic pain in rats
at the gene and protein levels. To this end, 48 rats were first
divided into 6 groups, 8 rats in each group. Subsequently,
4 doses of 2 mg/kg PTX were administered to each rat to
induce neuropathic pain. Afterward, a 14-day PTL treat-
ment at 1 mg/kg, 2 mg/kg, and 4 mg/kg was administered
to the three groups, except for the PTX and sham groups.
PTX is one of the chemotherapy drugs causing sensory neu-
ropathy and acute pain in some patients, and pain intensity
peaks approximately 3—4 days after the administration of
the drug (Polomano and Bennett 2001). In our study, pain
threshold measurements were performed with a Randall-
Selitto analgesiometer to show the occurrence of pain after
PTX administration and determine to what extent the pain

Table 1 Gene-specific

. . Gene symbols
primers showing the names,

Accession no

Elongation position Primer/prob sequence (5'— 3')

gene symbols, and GenBank Scn9a NM 1332892
accession numbers -
Kcensl NM_053954.2
Trpal NM_207608.1
Hcn?2 NM_053684.2
Gapdh NM_017008.4

Forward TCTCCCTTCAGTCCTCTAA
Reverse AACAAAGTCCAGCCAGTT
Forward ATCGCCGCCATGTGCATCCAC
Reverse AGGCGCGACGACACCTCGAAG
Forward TCCAAACCTCCGAAATAG
Reverse ATGTTAGTGGCCTTGTGC
Forward GGACCATCGGGAAGAAGATGTA
Reverse GCTGAGATCATGCTGAACCTTG
Forward CCTTCATTGACCTCAACTAC
Reverse TCGCTCCTGGAAGATGGTGAT

@ Springer



3712

Naunyn-Schmiedeberg's Archives of Pharmacology (2023) 396:3707-3721

was reduced after PTL treatment. When the results were
evaluated, it was determined that the pain threshold was
significantly reduced in all groups compared to the control
group after PTX treatment. As expected, PTX administra-
tion induced neuropathic pain in rats. When the measure-
ments were repeated after 14 days of PTL treatment, it was
observed that the pain thresholds of the PTX and sham
groups continued to decrease compared to the control group
but increased depending on the PTL dose in the treatment
groups and reached a similar level with the control group,
especially in the 4 mg/kg PTL group (Fig. 4).

Patients with CIPN may have motor impairments, bal-
ance problems, or problems performing certain manual
tasks (such as buttoning up) (Velasco-Gonzélez and Coffeen
2022). Therefore, in addition to pain threshold measure-
ments, behavioral analysis is performed using automated
technologies to study pain generation in rodents. Then,
inferences can be made about different “pain” states by
comparing the behavior of pain-modeled animals (Deuis
et al. 2017). A study conducted on mice with carrageenan-
induced inflammatory pain found that the immobility time
of the mice increased and locomotor activity decreased in
the pain groups. However, locomotor activities improved
in the groups receiving indomethacin treatment (Hasriadi
et al. 2021). Another study in which the rat acute postop-
erative pain model was created determined that the escape/
avoidance behavior of animals increased and locomo-
tor activity decreased at certain time intervals during the
experiment (Bree et al. 2016). In a similar study on rats
with traumatic brain injury, ambulatory activity and total
distance traveled decreased while resting time increased
(Anderson et al. 2021). Likewise, a study investigating the
nociceptive mechanisms involved in osteoarthritis pain
determined that the distance traveled by mice in the pain
group decreased and the resting time increased (Alves et al.
2020). In our study, locomotor activity (distance, resting,

mm Control
E 1 mg/kg PTL

= PTX E# Sham
2 mg/kg PTL 4 mg/kg PTL

ns ns NS ns ns

Pain threshold (Gr)
H

o
1

Post PTX Post PTL

Baseline

Fig.4 Randall-Selitto analgesiometer measurement values. Compara-
tive analysis of the change in pain threshold of animals among groups
after baseline, PTX, and PTL
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and ambulatory movement) was analyzed to evaluate the
effects of PTL treatment on locomotor activity in the case
of PTX-induced neuropathic pain. The results showed that
the distance covered in the initial measurements before
the application was similar in all groups, while this level
decreased significantly in the other groups compared to the
control group after PTX treatment. After the PTL treat-
ment, while this decrease continued in the PTX and sham
groups, the total distance traveled in the treatment groups
increased and reached similar levels to the control group
(Fig. 5c). This shows that PTL reduces the pain level in
animals and enables them to move. Considering the resting
movement, another behavioral parameter, it was determined
that the rats in all groups behaved similarly in the baseline
measurements before the applications, while movements
decreased significantly in the resting behavior of almost
all groups compared to the control group after the PTX
treatment. When the measurements taken after the treat-
ment were examined, it was seen that the immobility time
in the PTX and sham groups started to increase, but the
recognition and entanglement movements of the treatment
groups, especially the 2 and 4 mg/kg PTL groups, increased
and the resting time decreased and approached the control
group (Fig. 5d). Ambulatory movement, another locomotor
activity analysis criterion, is all movements performed on
the ground. It is all kinds of displacement movements of
the experimental animals, such as getting up, sitting, and
looking left and right, without standing up. The analysis of
the ambulatory movement results in this study showed that
the baseline measurements were similar in each group, but
there were significant decreases in all groups compared to
the control group after PTX administration. After 14 days of
PTL treatment, while the movements of the rats in the PTX
and sham groups continued to decrease, the 4 mg/kg PTL
application, with which animals in the treatment groups
became active, further alleviated the pain in the rats and
brought their movements to the level of the control group
(Fig. 5e). Similar results were obtained upon examining the
stereotypical activity of recognizing the environment, head
movements, searching movements, sniffing, and grooming
movements (Fig. 5f).

There is a need for effective and safe treatment strategies
because CIPN, a common consequence of chemotherapy, sig-
nificantly reduces the quality of life of cancer patients (Luo
et al. 2018). Neuropathy causes changes in the ion channels
in nerves affecting spinal and brain sensory signals. The
increased expression of sodium channels in sensory nerves
results in signal transduction and neurotransmitter release.
The role of Nav1l.7, one of the subtype-selective sodium
channels, has recently been associated with neuropathic pain
or trigeminal neuralgia. In particular, it has been determined
that gain-of-function mutations in Nav1.7 may cause pain
(Chung and Chung 2004; Dabby et al. 2011; Bouhassira
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movements of a selected rat during the test period. ¢ Comparative

and Attal 2018). Studies have shown that changes in sodium
channel type and activity may lead to CIPN, as seen in many
neuropathic pain conditions. Nav1.7 channel expression has
been found to be increased in CIPN-affected segments in
human dorsal root ganglia. An acute Na* channel has been
revealed to mediate neuronal excitability in patients with
CIPN treated with oxaliplatin (Colvin 2019).

Like sodium channels, voltage-gated potassium (Kv)
channels are a family of ion channels that have been fre-
quently studied in recent times as master regulators of nocic-
eptive excitability. KCNS|1 is one of the first potassium chan-
nels associated with increased pain intensity and the risk of
developing chronic pain (Tsantoulas et al. 2018). It has been
determined that decreased potassium channel expression in
primary sensory neurons causes an increase in spontane-
ous neuronal activity in various types of chemotherapy. An
increase in Na™ channel activity and a decrease in K* chan-
nel activity predispose patients to hyperexcitability, reduc-
ing the properties of CIPN with agents increasing K 4 chan-
nel hyperpolarization (Tsantoulas et al. 2012; Busserolles

b)

d)

f)

2mg/kg
PTL

4 mg/kg
PTL

1 mg/kg

Sham PTL

Control

Baseline

Post PTX

Post PTL

Resting (%)

Post PTX Post PTL

600

400+

200+

Stereotypical activity

=
L

Post PTL

Post PTX

Baseline

analysis of total distance traveled among groups. d Comparative anal-
ysis of rest time among groups. e Comparative analysis of ambulatory
movement activity among groups. f Comparative analysis of stereo-
typical movement activity among groups

et al. 2016; Colvin 2019). In the case of cold hyperalgesia
induced by the chemotherapy drug oxaliplatin, ambroxol, a
Nav channel inhibitor, has been shown to effectively reduce
cold allodynia in mice when administered alone or in com-
bination with pregabalin (Furgata et al. 2018). Another
study found that lacosamide, a Nav channel antagonist, sig-
nificantly alleviated the severely painful symptoms of CIPN
in a patient treated with cisplatin (Ibrahim et al. 2015). A
study examining the effect of loss of gene function of Nav1.7
(Scn9a) on pain showed that in the hot plate experiment,
the latency in claw withdrawal decreased with increasing
temperature in wild-type (WT) mice, whereas in Scn9a KO,
mice were heat-insensitive (Xue et al. 2021). Considering
these data, it seems important to focus on these ion channels
for a further investigation of Na* channel activities playing
a role in disease states, such as neuropathic pain, and drug
development (Hargus and Patel 2007; Wheeler et al. 2014).
Upon evaluating the results from the studies as a whole, it is
seen that many researchers focus on blocking sodium chan-
nels in the treatment of neuropathic pain. However, current

@ Springer



3714

Naunyn-Schmiedeberg's Archives of Pharmacology (2023) 396:3707-3721

treatments seem unable to inhibit Nav1.7 without adverse
effects on neuropathic pain (Cai et al. 2018; Xue et al. 2021).

A study in mice found that Kv7 activation was increased
and paclitaxel-related symptoms were alleviated in CIPN
induced by oxaliplatin and paclitaxel after treatment with
minoxidil (Salat 2020). A similar study determined that
Kv9.1 expression decreased with the development of
hypersensitivity to pain in a rat model. It was observed that
siRNA-mediated inhibition of Kv9.1 similarly led to neuro-
pathic pain behaviors (Tsantoulas et al. 2012). Another study
investigating the role of potassium channels in chronic pain
found that Kv1.2 expression decreased in the spinal cord and
dorsal root ganglia of rats with chronic constriction injury
(CCI) and mechanical and thermal hypersensitivity occurred
(Zhang et al. 2021). Potassium channels are a class of ion
channels that have not been adequately studied in the physi-
ology, pharmacology, and pathophysiology of pain. The fact
that these channels are effectors of potent analgesic drugs
suggests that their direct activation may induce analgesia
(Busserolles et al. 2016). Given its role in chronic pain, it is
important to further examine the role of KCNS1 and develop
pharmacological tools to specifically target KCNS1 (Tsan-
toulas et al. 2018).

Fig.6 Relative mRNA expres-

Scn9a

Chronic pain, which affects approximately 30-50% of
the population globally, can occur as a result of pathologi-
cal conditions such as migraine, diabetic neuropathy, nerve
damage and treatment with chemotherapeutic agents. Mem-
bers of transient receptor potential (TRP) channels, includ-
ing TRP ankyrin 1 (TRPAL1), also have an important role in
pain (Souza Monteiro de Araujo et al. 2020). Several stud-
ies have shown that acute pharmacological inhibition using
various TRPAT1 inhibitors or TRPA1 gene deletion reduces
both mechanical and cold hypersensitivity associated with a
persistent inflammation in models of osteoarthritis induced
by carrageenan, monosodium iodoacetate, and monosodium
(Petrus et al. 2007; Fernandes et al. 2011). Data obtained as a
result of spinal nerve ligation in mice also support the effect
of TRPAL in neuropathic pain models (Obata 2005). Down-
regulation of TRPA1 expression in L5/DRG and upregula-
tion in L4/DRG suggested that a compensatory mechanism
may occur after nerve injury. Subsequent studies showed a
similar pattern of expression using other nerve injury mod-
els, such as sciatic nerve injury through chronic constriction
or transection (Katsura et al. 2006; Staaf et al. 2009). All
these data revealed a possible analgesic strategy by blocking/
inhibiting TRPA1 (Souza Monteiro de Araujo et al. 2020).
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The expression of cyclic nucleotide gated (HCN) channels
activated by hyperpolarization in dorsal root ganglion (DRG)
neurons has a role in peripheral nociception, leading to the
use of HCN blockers as antinociceptive drugs (Jansen et al.
2021). In a study, the pharmacological effect of MEL55A,
which can selectively block HCN1/HCN2 isoforms, on DRG
neuron excitability in vitro was investigated. When the results
were analyzed, it was determined that MEL55A managed
to alleviate the neuropathic pain caused by chemotherapy,
and the importance of investigating small molecules with
selectivity against HCN channel isoforms involved in nocic-
eption was revealed (Dini et al. 2018). In a similar study, the
analgesic effect of ivabradine, a non-selective HCN blocker,
available by prescription for cardiac indications, was investi-
gated in patients with diabetic neuropathic pain. The results
suggested that ivabradine may be an effective analgesic, espe-
cially when used in higher doses in patients with diabetic
neuropathic pain (Bernard Healey et al. 2021).

Changes in the Scn9a, Kcnsli, Trpal, and Hen2 gene
expression after PTL treatment were also analyzed using
real-time PCR. Upon examining the data obtained, it was
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Fig.7 Immune negativity in the control group, moderate immunopo-
sitivity in the PTX and sham groups, mild immunopositivity at 1 mg/
kg PTL (arrowheads), and immune negativity in the 2 mg/kg PTL
and 4 mg/kg PTL groups. Navl.7- IHC. a Moderate immunopositiv-

observed that the Scn9a, Hen2, and Trpal gene expression
increased significantly in the PTX and Sham groups com-
pared to the control group. After 14 days of PTL treatment,
the amount of expression decreased and reached a simi-
lar level to the control group, especially in the 2 and 4 mg
PTL groups (Fig. 6a, c, and d). Considering the change in
the Kcnsl gene, it was observed that the expression level
decreased in the PTX and sham groups, while the expression
level increased in the PTL-treated groups, especially in the 2
and 4 mg/kg PTL groups, and approached the control group
(Fig. 6b). Hcn2, Trpal, and Scn9a channels initiate pain
transmission by allowing Na* ions outside the cell to enter
the cell. Meanwhile, K™ ions, which are in excess inside the
cell, begin to flow out of the cell via the Kcns! ion channel.
In this case, the cell becomes negatively charged and the
stimulus to the brain is stopped and pain is relieved. Thus,
the nerve cell becomes stable. When the data obtained are
evaluated as a whole, it shows that 4 mg/kg PTL treatment
stops the transmission of pain by activating the Hen2, Trpal,
and Scn9a channels that are permeable to Na* ions and
blocking the Kcnsl channels that are permeable to K* ions,
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ity in the control group, mild immunopositivity in the PTX, sham,
1 mg/kg PTL, and 2 mg/kg PTL groups, and moderate immunopo-
sitivity in the 4 mg/kg PTL group (arrowheads). KCNS1-IHC (b).
(Analyses were performed on cerebral cortex tissue)
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especially in the case of neuropathic pain caused by PTX.
This reveals that PTL can be a natural therapeutic agent that
can have an analgesic effect.

In this study, SCN9A and KCNS|1 proteins were evaluated
immunohistochemically to assess the effect of PTL on PTX-
induced neuropathic pain. In the analysis of the obtained
data, significant differences were found between the groups
in immunohistochemical staining with Nav1.7 and KCNS1
in the cerebral cortex (Fig. 7a, b, p <0.05). In the immuno-
histochemical staining performed for Nav1.7, no significant
immunopositivity was observed in the control, 2 mg/kg PTL,
and 4 mg/kg PTL groups, while mild immunopositivity was
found in the 1 mg/kg PTL group, and moderate immunopo-
sitivity was detected in the PTX and sham groups, among the
other administration groups. There was an inverse correlation
between Nav1.7 and KCNS1 in terms of immunopositivity.
KCNS1 immunopositivity was moderate in the control and
4 mg/kg PTL groups and mild in the other administration
groups, PTX, sham, 1 mg/kg PTL, and 2 mg/kg PTL. Both
Navl.7 and KCNS1 immunopositivity were intracytoplas-
mically localized in neurons. A decrease in SCN9A protein
level and an increase in KCNS1 protein level are important
indicators that PTL reduces mechanical hyperalgesia. When
the data were evaluated as a whole, it was determined that
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Fig. 8 Histopathological staining results. a The presence of normal
neurons in the control group, and a slight number of neurons in the
PTX and sham groups (O, arrow). H-E. Mild neuron presence in the
1 mg/kg PTL group and moderate neuron presence in the 2 mg/kg
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4 mg/kg PTL treatment could be a natural therapy with a pos-
sible analgesic effect by acting on the Na™ and K* channels
in the case of PTX-induced neuropathic pain.

Histopathological hematoxylin-eosin staining was per-
formed to investigate the role of PTL in treating tissue dam-
age caused by PTX therapy-induced neuropathic pain, and
the results showed significant differences between the groups
(Fig. 8, p<0.05). Considering the results, it was determined
that the neurons in the cerebral cortex of the control group
rats had a normal histological appearance. It was observed
that a numerical decrease in healthy neurons was the most
significant in the PTX and sham groups among the treat-
ment groups. While the number of healthy neurons in the
1 mg/kg PTL group among the drug administration groups
was similar to the PTX and sham groups, the number of
healthy neurons was moderate in the 2 mg/kg and 4 mg/kg
PTL groups (Fig. 8a, b). These data support the idea that
PTL may have a protective effect by preventing new neuron
damage and possible death in neurons. In this study, the
curative and analgesic effects of PTL on paclitaxel-induced
neuropathic pain were investigated. The results showed that
PTL reduced PTX-induced tissue damage and neuron death.
We think that these data will help to investigate the protec-
tive effect of PTL in future studies.
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.“4 ‘_' : ' (++) Moderate
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PTL and 4 mg/kg PTL groups (O, arrow). H-E. b Numerical scoring
of healthy neurons (p <0.05). ¢ Histopathological scoring. (Micro-
scope images were taken with 40 X magnification)
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Protein-protein interaction (PPI) networks play a crucial
role in cellular functions and biological processes in all organ-
isms. Identification of protein interactions could lead to a better
understanding of infection mechanisms and the development of
a variety of pharmaceutical drugs and treatment optimization
(Kuzmanov and Emili 2013). The proteomics approach provides
an enormous amount of raw data that can be processed with
the help of bioinformatics tools such as STRING (Interacting
Gens/Proteins Search Tool) available on the World Wide Web
(Szklarczyk et al. 2019). The output of proteomic studies is usu-
ally a panel of multiple proteins rather than single proteins. Most
of the identified proteins do not function independently because
they regulate activity and induce/decrease expression levels of
other proteins. To better understand the physiology and biologi-
cal processes that proteins affect, it is important to study protein-
protein interactions (Gomez-Varela et al. 2019).

Proteins, which are the main actors in biological func-
tions occurring in cell metabolism, mostly interact with
each other and with other molecules in the cell (Barabasi
and Oltvai 2004). Therefore, relevant proteins must be evalu-
ated together to understand complex processes such as cell
functioning, disease mechanisms, and drug action mecha-
nisms (Gerdle and Ghafouri 2020). Today, thanks to the

Fig.9 Screening of genes for
neuropathic pain induced by
chemotherapy. The visualiza-
tion of the interaction network
of the proteins examined in the
study was performed using the
STRING web resource (http://
string-db.org)

achievements of -omics technologies, it is possible to create
biological networks to describe cellular processes. Protein-
protein interaction (PPI) networks are a bioinformatics-based
tool that is frequently used for this purpose and helps to make
sense of complex mechanisms. Therefore, using the STRING
online database (Yesilkent and Ceylan 2022), a PPI network
was created for the genes targeted in the current study. The
data obtained showed that all the genes examined in the study
interacted with each other and functioned. Circles show target
proteins and lines show protein-protein interactions (Fig. 9).

Conclusion

The lack of effective pharmacological methods to pre-
vent and treat the development of CIPN creates a serious
therapeutic gap. Although only the non-opioid duloxetine
has been recommended as “moderately safe” for treating
CIPN, there are currently no FDA-approved treatments
for blocking chemotherapy-induced neuropathic pain
(Majithia et al. 2016; Goldlust et al. 2021). While phar-
macological interventions have predominated traditionally,
there is also a need for a holistic approach considering
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mechanically guided non-pharmacological interventions.
The complex interaction between cancer cells, neurons,
and the immune system must be considered when investi-
gating new preventive or modifying treatments for CIPN.
Any new therapy used, especially during oncological treat-
ment, should not interfere with the tumoricidal effects of
chemotherapy (Colvin 2019). Neuropathic pain is still
an unresolved problem since most treatments available
have moderate efficacy or safety. Therefore, new treat-
ment methods are welcomed (Bouhassira and Attal 2018).
Based on the results from this study, we think that non-
opioid PTL, especially when used at a dose of 4 mg/kg, is
an effective therapeutic agent in treating chemotherapy-
induced neuropathic pain, which acts on sodium and potas-
sium channels. In addition, using the data obtained from
this study, ion channels can be specifically targeted with
electrophysiological techniques and the effect of PTL can
be studied in more detail.
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