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ABSTRACT

Modulation of chemotherapy-induced peripheral neuropathy by JZL.195
through glia and endocannabinoid system

Leejeong Kim

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Bae Hwan Lee)

Chemotherapy-induced peripheral neuropathy (CIPN) is one of the most serious
side effects of chemotherapy. The pathophysiology of CIPN is complex and
multifactorial, thereby its pathogenesis depends on the types of chemotherapy used.
As a results, the clear mechanism behind CIPN remains elusive. However, recent
attention has been given to neuroinflammation, which is modulated by the
endocannabinoid system (ECS) and associated with glial activation, as a significant
factor in the pathogenesis of CIPN. Therefore, the aim of this study was to
investigate the pain-relieving effect of JZL195, which simultaneously inhibits fatty
acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL), in an animal
model of CIPN and to investigate the correlation between the ECS and glial cells.

In this study, cisplatin was used to develop an animal model of CIPN. T hree
different concentrations of JZL195 were then administered to the CIPN animal
model. Both the up-down test and acetone test were conducted to assess mechanical
and cold allodynia after JZL195 injections. Furthermore, western blot analysis was
conducted to investigate the expression levels of the ECS and toll-like receptor 4
(TLR4), as well as the activation of glial cells, in the dorsal root ganglia (DRG) and



spinal cord. Immunohistochemistry staining was performed to determine whether
the cannabinoid receptor 1/2 (CB1R and CB2R) and TLR4, which showed
expressional changes in the DRG and spinal cord, were regulated by JZL 195 within
glial cells.

The results of behavioral analyses showed that 20 mg/kg of JZL195 provided
significant pain relief for both mechanical and cold allodynia. Furthermore, the
western blot analysis revealed distinct regulation of FAAH, MAGL, CB1R, and
CB2R expression in the DRG and spinal cord. Additionally, treatment with JZL195
resulted in a reduction in the expression levels of TLR4, as well as TNF-o and IL-
1B, indicating that JZL195 might alleviate neuroinflammation. Furthermore,
JZL195 inhibited the activation of satellite glial cells in the DRG, as well as
astrocytes and microglia in the spinal cord, which were initially activated by
cisplatin. Immunohistochemistry staining revealed changes in the morphology of
glial cells, as well as alterations in the expression of CB1R, CB2R, and TLR4,
which co-localized with astrocytes and microglia, but not with satellite glial cells.

These findings suggest that the inhibition of FAAH/MAGL with JZL195 can
effectively alleviate CIPN and that the alleviation of CIPN is mediated through the

close interaction between glial cell activity and cannabinoid receptors.

Key words: chemotherapy-induced peripheral neuropathy, endocannabinoid

system, glia, neuroinflammation, toll-like receptor 4
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Modulation of chemotherapy-induced peripheral neuropathy by JZL.195
through glia and endocannabinoid system

Leejeong Kim

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Bae Hwan Lee)

I. INTRODUCTION

Chemotherapy-induced peripheral neuropathy (CIPN) is one of the most serious and
dose-limiting side effects of chemotherapy.? Approximately 30% of chemotherapy
patients experiences CIPN.>? CIPN typically affects the peripheral areas of the body,
particularly the hands and feet, and is characterized by a distribution pattern known as
“glove and stocking”.® The symptoms include numbness, paresthesia, dysesthesia,
hyperalgesia, and allodynia, which can lead to chronic pain.® These symptoms appear and
persist during chemotherapy, often resulting in a reduction or premature cessation of
treatment.* Besides, CIPN can persist or worsen even after chemotherapy is discontinued,
significantly impacting the overall quality of life for cancer patients.>’ The
pathophysiology of CIPN is complex and multifactorial, with the specific mechanisms
depending on the type of chemotherapy used (e.qg., platinum drugs, taxanes, vinca alkaloids,
bortezomib, and thalidomide).>* As a result, the exact mechanism underlying CIPN
remains elusive. Recent research suggest that neuroinflammation plays a crucial role in
CIPN.”® However, since there are currently no established preventative or therapeutic

treatments for CIPN,7 understanding and modulating neuroinflammation is essential to



identify new targets for alleviating this condition.

Neuroinflammation is a localized inflammatory response in the central nervous system
(CNS) and peripheral nervous system (PNS), characterized by increased production of pro-
inflammatory substances and the activation of glial cells.®* There are growing evidences
that chemotherapeutic agents can induce glial cell activation in both the CNS and PNS.**
16 In addition to controlling neuroinflammation, glial cells also contribute to pain.217-1°
Given the profound role of glial cells in neuroinflammation and pain, numerous researchers
have sought to alleviate CIPN by regulating glial cell activity. In a study on CIPN,
microglia in the spinal cord were activated not only during cisplatin administration but also
remained active even after the cessation of cisplatin exposure.?’ The activation of microglia
was significantly reduced by minocycline, a microglial inhibitor, leading to pain relief.?° In
another study on CIPN, astrocytes showed significantly increased activation after paclitaxel
administration in both male and female mice.'* Satellite glial cells (SGCs) in the PNS are
also activated in response to noxious stimuli and pathological conditions, resulting in
changes in their structure and the release of signaling molecules, such as pro-inflammatory
cytokines and chemokines, which sensitize neurons and cause pain.®#51° In a study with
using cultured satellite glial cells, the activation of glial fibrillary acidic protein (GFAP)
progressively increased over time after cisplatin treatment.?* Furthermore, the release of
TNF-o and IL-6 from SGCs was increased following cisplatin treatment.?! To date, various
drugs and therapies have been used to alleviate CIPN by modulating glial cells.?>?
However, it remains unclear whether these approaches directly or indirectly influence glial
activity in CIPN. Therefore, more specific mechanisms are needed to achieve better
therapeutic effects with novel treatments.

Toll-like receptors (TLRs) are known to mediate neuroinflammation in infectious and
non-infectious neurological diseases of the CNS.%%* TLRs are pattern recognition receptors
(PRRs) with a specific extracellular domain designed to recognize both pathogen-
associated molecular patterns (PAMPs) and damage-associated molecular patterns

(DAMPs).2® TLRs contribute to the activation of the innate adaptive immune system and



are well-known for their role in inducing neuroimmune response by recognizing
pathogens.®?%27 TLRs are primarily expressed on glial cells, neurons, and immune cells in
the CNS and PNS.%?62¢ Among the 13 subtypes of TLRs, TLR4 is one of the most widely
characterized and plays a crucial role in the induction, conversion, and maintenance of
chronic pain conditions.?® Multiple recent studies have shown a significant correlation
between TLR4 and neuropathic pain.?®3! The underlying mechanism involves TLR4
triggering the activation of microglia and astrocytes, leading to the release of
proinflammatory cytokines within the spinal cord.*> Consequently, this process contributes
to the initiation and persistence of both inflammatory pain and neuropathic pain.*
Furthermore, TLR4 is known to play an important role in inflammatory responses and has
been associated with neuroinflammation and neurotoxicity induced by chemotherapy.® In
a study on CIPN, the expression of TLR4 in the dorsal root ganglia (DRG) and spinal cord
was increased by paclitaxel, while intrathecal administration of lipopolysaccharide derived
from R. sphaeroides (LPS-RS), a TLR4 antagonist, prevented the development of CIPN.3
Another study reported that intraperitoneal injections of cisplatin induced severe tactile
allodynia with an increased dimerization of TLR4, the first step in the activation of a TLR4
inflammatory cascade, in spinal microglia.3* Although studies on the TLR4 signaling
pathway in CIPN are still lacking,® as TLR4 is mainly expressed on microglia and
astrocytes within the CNS and satellite glial cells of the PNS, modulation of TLR4 in glial
cells may provide new insights to solve the unknown roles of the TLR4 signaling pathway
and ultimately mitigate CIPN.

Endocannabinoids have attracted growing attention in CIPN pathogenesis due to their
ability to modulate neuroinflammation, as well as their role in modifying pain perception.®
The endocannabinoid system (ECS), which functions similarly to cannabis in the body,%
plays an important role in pain control and immune-mediated inflammatory processes.3"°
The ECS is composed of cannabinoid receptors, endogenous cannabinoid ligands,
endocannabinoids, and catabolic enzymes, namely fatty acid amide hydrolase (FAAH) and

monoacylglycerol lipase (MAGL).*® Cannabinoid receptors are G-protein-coupled



receptors, which are divided into cannabinoid receptor 1 (CB1R) and cannabinoid receptor
2 (CB2R).“? CB1R is mainly expressed in the CNS, such as the brain and spinal cord, and
plays a crucial role in pain transmission and regulation. CB2R, on the other hand, is mainly
expressed in immune cells and glial cells, such as microglia and astrocytes. Anandamide
(AEA) and 2-arachidonoylglycerol (2-AG), which are well-known endocannabinoids, are
hydrolyzed by the catabolic enzymes FAAH and MAGL, respectively.*14? As the ECS
plays an important role in the neuropathic pain control and the chronicization of pain,
previous studies have focused on pain control through treatments that act directly or
indirectly on CB1R or CB2R.**¢ Recently, there have been attempts to modulate different
types of pain using treatments that can act on both CB1R and CB2R with the expectation
of synergistic effects. JZL195, a selective inhibitor of FAAH and MAGL, indirectly acts
on the two major cannabinoid receptors, resulting in increased levels of the major
endocannabinoids AEA and 2-AG.*” JZL195 has demonstrated analgesic effects in
neuropathic and inflammatory pain.®4® A recent study reported that the dual
FAAH/MAGL inhibitor JZL195 reduced inflammation-induced allodynia in the Complete
Freund's Adjuvant model.

The studies on the pathogenesis of CIPN have been hindered by various factors that
contribute to its development, leaving it as an unanswered question. Neuroinflammation,
which has recently gained attention as a major factor in the pathogenesis of CIPN, is
expected to make a significant contribution to understanding the mechanisms of CIPN.
Therefore, the aim of the study was to investigate the pain-relieving effect of JZL195 by
inhibiting FAAH/MAGL in a CIPN animal model. In addition, based on the
aforementioned background, this study sought to provide insights into the potential
connection between cannabinoid receptors and TLR4 in glial cells, which may be

associated with neuroinflammation.



Il. MATERIALS AND METHODS

1. Experimental animals

Male C57BL/6 mice (6 weeks old; 20-25 g; Orient Bio, Seongnam, Gyeonggi, South
Korea) were utilized for the tests conducted in this study. The animals were housed in
groups of five per cage and maintained under a 12-h light/12-h dark cycle, with a constant
temperature of 22 °C + 2 °C and humidity of 55% + 5%. Food and water were available to
the mice, ad libitum. Animals were allowed to acclimate for 7 days after arrival at the
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)-
accredited Yonsei University College of Medicine Animal Care Facilities. All experimental
procedures were approved by the Institutional Animal Care and Use Committee of Yonsei
University Health System (permit no.: 2022-0114, approval date: 14 June 2022) and
adhered to the National Institutes of Health Guidelines.

2. Experimental designs

Based on several research studies that have developed animal models of CIPN using
cisplatin, an experiment was designed to induce peripheral neuropathy by administering
cisplatin to a minimum. As this study aimed to carry out experiments once peripheral
neuropathy was established, a series of assessments including up-down tests and acetone
tests were performed on day 7 and day 14 to validate the maintenance of peripheral
neuropathy following two cisplatin administrations. The open field tests were performed
on day 8 and day 15 to assess the locomotor activity following two cisplatin administrations.
The experimental results from day 7 (day 8) and day 14 (day 15) were compared with
previously findings,*® and based on this, further studies were conducted on day 14. The
experiments in this study were divided into two parts. In experiment 1, the study objected

to validate the pain-relieving effects of JZL195 in the CIPN animal model and to



characterize the effects of JZL195 specifically through cannabinoid receptors and TLR4 in
glial cells. In Experiment 2, the study sought to further refine the behavioral effects of
JZL.195 by identifying the specific areas within the CIPN animal model responsible for the
pain-relieving effects of JZL195 observed in experiment 1.

Experiment 1 was designed to determine whether JZL195 can relieve pain in the CIPN
model. Both up-down tests and acetone tests were carried out on day 14. The concentrations
of JZL195 used in this study were categorized as low (3 mg/kg), medium (10 mg/kg), and
high (20 mg/kg), based on previous reports.5*52 Consequently, tests were conducted in five
groups. This experiment established the optimal concentration and time point of JZL195
that demonstrated the most effective pain-relieving effect. Additionally, the movement of
the mice was recorded through the open field test and subsequently analyzed to assess the
effect of JZL195 on locomotor activity. After administering JZL195 to the CIPN animal
model, western blots were performed to identify changes in glial cells and ECS in the DRG
and spinal cord, as well as to further investigate changes in TLR4 and inflammatory factors.
In addition, immunohistochemistry staining was performed to determine whether glial cells,
cannabinoid receptors, and TLR4 were altered after JZL195 administration, and to identify
potential correlations between ECS and TLRA4.

Experiment 2 was designed to determine the specific location where JZL195 acts to
relieve pain. To achieve this, either AM251, a CB1R antagonist, or AM630, a CB2R
antagonist, was directly administered into the intrathecal cavity 1.5 h after the JZL195
administration on day 14. Both the up-down test and acetone test were performed, and the
subjects were divided into five groups. . The concentrations of AM251 and AM630 used in
the experiments were set as low (0.01 mg/kg) and high (0.03 mg/kg), based on previous

studies.>~*
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Figure 1. An illustration of overall experimental design. The illustration
delineates the days of drug administration and the behavioral tests performed in

this study.

3. Drugs

Cisplatin (cis-Diammineplatinum(1l) dichloride) was obtained from Sigma-Aldrich
(P4394; St.  Louis, MO, USA). JZL195 (4-[(3-Phenoxyphenyl)methyl]-1-
piperazinecarboxylic acid 4-nitrophenyl ester) was obtained from Tocris Bioscience (4715;
Ellisville, MO, USA). AM251 (1-2,4-dichlorophenyl)-5-[4-iodophenyl]-4-methyl-N-1-
piperidinyl-1H-pyrazole-3-carboxamide) and AMG630  ([6-iodo-2-methyl-1-[2-(4-
morpholinyl)ethyl]-1H-indol-3-yl][4-methoxyphenyllmethanone6-lodopravodoline) were



obtained from Cayman Chemical (71670; 10006974; Ann Arbor, MI, USA). All drugs were
prepared just before administration. Cisplatin was diluted in sterile normal saline (0.9%
NaCl). JZL195, AM251, and AM630 were dissolved in DMSO and diluted in ethanol,
cremophor, and sterile normal saline at a final ratio of 1:1:18.

4. Chemotherapy-induced peripheral neuropathy model

To induce a CIPN model, C57BL/6 mice were injected with cisplatin (2.3 mg/kg; i.p.)
twice every other day, following the concentration and frequency used in previous CIPN
studies.*%>% Control groups for cisplatin-induced peripheral neuropathy received sterile
normal saline instead of cisplatin. Previous studies have shown that cisplatin is known to
cause weight loss after administration. Therefore, the mice were weighed before cisplatin
administration (Pre), and after the first cisplatin administration (day 1) and the second
cisplatin administration (day 3). Mice that lost 20% of their body weight after cisplatin
administration were excluded from the study. However, in this study, none of the mice lost
more than 20% of their body weight, and accordingly all mice were included. Additionally,
the mice were weighed on day 7 and day 14.

5. JZL195, AM251 and AMG630 injections

JZL.195, AM251, and AM630 were used in this study. JZL195 was administered on day
14 after the completion of the Pre behavioral test. JZL195 at concentrations of 3, 10, and
20 mg/kg were administered intraperitoneally (i.p.) to mice in the cisplatin group. AM251
and AM630 were used as antagonists of JZL195 and were administered 1.5 h after JZL195
administration. The injection time of AM251 and AM630 was set to be 30 min earlier than
the time when JZL195 exhibited its maximum effectiveness. Both antagonists were
administered intrathecally (i.t.) at 0.01 mg/kg and 0.03 mg/kg. Mice were anesthetized with

isoflurane (Hana Pharm, Seongnam, Gyeonggi, South Korea), and the hair on their back



was gently shaved to facilitate the identification of the lumbar 5 level. The antagonists were
then slowly injected into the spinal cavity using a 31-gauge needle. Following the
administration of antagonists, needle was withdrawn after 5 min to prevent the chemicals

from refluxing.

6. Behavioral tests

A.Mechanical allodynia assessment

To estimate the response to the mechanical stimulus, an up-down test was conducted. The
50% withdrawal thresholds in response to a series of eight von Frey hairs (2.44 to 4.31 g)
were examined using the up-down method, as described previously, starting with a 3.61 g
filament (Stoelting, Wood Dale, IL, USA).>"*8 Clear acrylic cages were placed on mesh
platforms, and the mice were placed inside the cages. The mice were habituated for 30 min
to 1 h before the 50% withdrawal thresholds were measured by applying filaments to the
paw pad of the mice. The filament was held for 3-5 sec to fully deliver the mechanical
stimulus. Withdrawal, licking, and flinching of the hind paw were considered as responses

to the von Frey filament.

B.Cold allodynia assessment

To evaluate the response to a cold stimulus, an acetone test was conducted. After the up-
down test, mice were habituated for an additional 30 min on mesh platforms with clear
acrylic cages to assess cold allodynia. Acetone was prepared in a 1-ml syringe with a blunt
tip to avoid any mechanical stimulation. Acetone was dispensed at the end of the blunt tip
and applied to the paw pad. To assess both immediate and delayed responses to acetone,
the behavior of the mice was monitored for 5 min following acetone application.

Withdrawal, licking, and flinching were considered as responses, and five responses were



collected and recorded as data.

C.Open field test (OFT)

One day before OFT recording, the mouse cages were placed in the room where the
OFT was to be conducted, allowing the mice to become accustomed to the space. On
testing day, mice were placed in the transparent apparatus (43 cm length x 43 cm width
x 30 cm height) and were given 30 min to habituate. Locomotor activities were measured
for 10 min after habituation and when the recording was completed, the transparent
apparatus was wiped with 10% ethanol for next behavioral session. Locomotor activities
were recorded and analyzed using a photosensor system (Super Flex; Fusion software;
Omnitech Electronics Inc., Columbus, OH, USA). All OFTs, including habituation and

recording, were conducted between 8:00 am and 6:00 pm.

7. Western blot analysis

Western blot analysis was performed to evaluate the expression levels of FAAH, MAGL,
CB1R, CB2R, TLR4, TNF-q, IL-1B, GFAP, and ionized calcium binding adaptor molecule
1 (Ibal) in the DRG and spinal cord. Mice were anesthetized with isoflurane (Hana Pharm)
and euthanized for tissue collection on day 14. The L1-L6 level of the DRG and the L4-L6
level of the spinal cord were collected immediately and stored at —70 °C for further tests.
The tissues were homogenized with a mixture of lysis buffer (PRO-PREP; Intron
Biotechnology, Pyeongtaek, Korea) and a protease inhibitor cocktail (P8340; Sigma-
Aldrich). The samples were then sonicated and centrifuged at 15,000 rpm for 10 min, and
the supernatants containing proteins were decanted into a clean tube. The protein
concentration was measured using a BCA kit. For western blot analysis, samples with 20
pg of total protein were prepared and loaded into an 8-12% acrylamide gel, and then

transferred onto a PVVDF transfer membrane (Merck Millipore, Darmstadt, Germany). The

10



PVDF membranes were incubated in 5% skim milk (SM2010; Georgiachem, Norcross, GA,
USA) for 1h at room temperature (RT), and then incubated with the primary antibody
overnight at 4 °C. FAAH (101600; Cayman Chemical; 1:500), MAGL (100035; Cayman
Chemical; 1:500), CB1R (PA5-85080; Invitrogen, Waltham, MA, USA; 1:10000), CB2R
(#703485; Invitrogen; 1:5000), TLR4 (PA5-23125; Invitrogen; 1:1000), TNF-a (ab66579;
Abcam, Cambridge, UK; 1:1000), IL-1p (ab9722; Abcam; 1:10000), GFAP (ab279291;
Abcam; 1:1000), Ibal (ab283346; Abcam; 1:1000), and GAPDH (LF-PA0018; AbFrontier;
1:10000) in 5% bovine serum albumin (Sigma-Aldrich) with 1x TBST were used as
primary antibodies. The membrane was then incubated with secondary anti-rabbit antibody
(#7074; CTS; 1:5000) and anti-mouse antibody (#7076; CTS; 1:5000) for 2 h at room
temperature. Enhanced chemiluminescence select detection reagent (ECL; Cytiva) was
used to visualize the antibody-labeled protein bands. The bands were detected using Cytiva

(1Q800), and the intensities were quantified using ImageJ.

8. Immunohistochemistry staining

The animals were anesthetized with pentobarbital (50 mg/kg, i.p.) and then perfused
transcardially with 0.9% sterile normal saline, followed by 4% paraformaldehyde in
phosphate buffer saline (PBS) (pH 7.4). The DRG and spinal cord were extracted and post-
fixed overnight at 4 °C before cryoprotecting in 30% sucrose in 1x PBS for 24 h. The tissues
were placed in a mold and covered with Optimal Cutting Temperature (O.C.T.; Sakura
Finetek, Torrance, CA, USA). Subsequently they were rapidly frozen using liquid nitrogen
and stored at —70 °C for further testing. The tissues were sectioned transversely (14 pm)
using a cryostat (Microm HM525; Thermo Scientific, Waltham, MA, USA). Prior to testing,
the slide glasses with the sectioned tissues were incubated in 10 mM sodium citrate buffer
to expose antigen sites. The sectioned tissues were washed with 1x PBS for 15 min and
then washed with 0.3% PBST (Triton X-100 in 1x PBS) for 15 min. The sectioned tissues

were incubated with blocking solution (normal donkey serum in 0.3% PBST) for 1 h, and
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then incubated overnight in primary antibodies (primary antibodies in blocking solution) at
4 °C. The primary antibodies used were TLR4 (PA5-23125; Invitrogen; 1:500), CB1R
(ab23703; Abcam; 1:500), CB2R (#703485; Invitrogen; 1:1000), GFAP (ab279291;
Abcam; 1:500), and Ibal (ab283346; Abcam; 1:500). The sectioned tissues were washed
with 0.3% PBST and incubated for 2 h with secondary antibodies. After an additional wash
with 0.3% PBST, DAPI staining (Vectashield mounting medium; Burlingame, CA, USA)
was conducted before covering with a cover glass. Images were obtained using a laser
scanning confocal microscope (Zeiss LSM 700; Carl Zeiss, Jena, Germany) at 20X
maghnification for the DRG and 40x magnification for the spinal cord. Representative
images were subjected to maximum intensity projection (MIP) and exported using Zen
Black software (Carl Zeiss). Quantification of the stained area and mean fluorescence

intensity (MFI) with MIP images were processed using Zen Blue software (Carl Zeiss).

9. Statistical analysis

Statistical analyses were performed using GraphPad Prism 10.1.0 (GraphPad Software,
San Diego, CA, USA). The behavioral test data for the up-down and acetone tests were
analyzed using a two-way analysis of variance (ANOVA) with repeated measures,
followed by Bonferroni’s test for post hoc comparisons. The behavioral test data for the
OFT between two groups were analyzed using t-tests and Mann-Whitney’s non-parametric
tests. The OFT data comparing three groups were analyzed using one-way ANOVA and
Kruskal-Wallis’s non-parametric tests with Dunn’s multiple comparison. Western blotting
data and IHC data were analyzed by one-way ANOVA followed by Tukey’s test for
multiple comparisons. Th data obtained using the up-down test, acetone test, and western
blot are presented as means * standard error of the mean (SEM). Data for OFT are
expressed as median with interquartile range (IQR). P values less than 0.05 were considered

to indicate statistically significant differences.
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1. RESULTS

1. Differences in locomotor behaviors on day 8 and day 15 in the CIPN animal model

First, the mechanical and cold allodynia were assessed through the up-down test and
acetone test to confirm the development of pain from Pre to day 7 or day 14 (Figure 2A).
Next, the OFT was performed on day 8 or day 15 to analyze the movement of mice and to
monitor their locomotor activities after cisplatin injection (Figure 2A). The 50%
withdrawal thresholds were significantly reduced by cisplatin on day 1 and remained so
until day 7 (Figure 2B, for days: F3 54 = 9.656, p < 0.0001; for groups: F1,1s = 38.77, p <
0.0001; for days x groups interaction: F3 54 = 20.21, p <0.0001, two-way ANOVA followed
by Bonferroni’s multiple comparison test). Similarly, the responses to acetone were
significantly increased by cisplatin on day 1 and remained so until day 7 (Figure 2C, for
days: Fs 54 = 26.68, p < 0.0001; for groups: F1, 18 = 66.43, p < 0.0001; for days x groups
interaction: F3 54 = 14.09, p < 0.0001, two-way ANOVA followed by Bonferroni’s multiple
comparison test). On day 8, one day after the up-down test and acetone test were conducted,
the mice treated with cisplatin traveled significantly longer distances than the mice treated
with the vehicle (Figure 2D and 2E, p = 0.0152, unpaired t-test). Meanwhile, there was no
significant difference in the movement episode count, which reflects the overall number of
locomotor activities, between the vehicle and cisplatin groups on day 8 (Figure 2F, p =
0.5087, unpaired t-test). However, on day 8, the mice treated with cisplatin spent
significantly more time in movement compared to the mice treated with the vehicle (Figure
2G, p = 0.0411, unpaired t-test).

Additionally, the mechanical and cold allodynia were measured from Pre to day 14. The
50% withdrawal thresholds were significantly decreased by cisplatin from day 1 to day 14
(Figure 2H, for days: Fa,72 = 17.69, p < 0.0001; for groups: F1, 1 = 163.6, p < 0.0001; for
days x groups interaction: Fs 7> = 18.93, p < 0.0001, two-way ANOVA followed by

Bonferroni’s multiple comparison test). Similarly, the responses to acetone were
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significantly increased from day 1 to day 14 due to cisplatin (Figure 21, for days: Fa, 7> =
19.00, p < 0.0001; for groups: F1, 18 = 81.52, p < 0.0001; for days x groups interaction: Fa,
72 = 8.468, p < 0.0001, two-way ANOVA followed by Bonferroni’s multiple comparison
test). These findings demonstrate that a final concentration of 4.6 mg/kg of cisplatin
effectively prolongs both mechanical and cold allodynia not only until day 7 but also until
day 14. On day 15, the total distance traveled did not show a significant difference between
the vehicle and cisplatin groups (Figure 2J and 2K, p = 0.6991, unpaired t-test). There was
no significant difference in the count of movement episodes between the vehicle and
cisplatin groups on day 15 (Figure 2L, p = 0.2576, unpaired t-test). Furthermore, there was
no significant difference in movement time observed between the vehicle group and
cisplatin groups on day 15 (Figure 2M, p = 0.6991, unpaired t-test). Previous studies have
reported that animals receiving chemotherapy typically display reduced activity due to
toxicity or motor neuropathy.®® The measurements on day 8 slightly differed from the
previously reported results in CIPN animal models, while the OFT results for day 15 were
more similar to those reported in the previous CIPN study.*

In summary, mechanical and cold allodynia persisted until day 7 and day 14 after
administering 4.6 mg/kg of cisplatin twice. Furthermore, on day 15, locomotor activities
were similar to those observed in a previous CIPN animal study. Consequently, further

tests were conducted on day 14 instead of day 7.
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Figure 2. Assessment of the mechanical allodynia, cold allodynia, and
locomotor activity of the mice after cisplatin injection. (A) An illustration of
experimental timeline for OFT. (B) Development of the mechanical allodynia
after cisplatin injection. Cisplatin group showed significant decrease in the 50%
withdrawal thresholds from day 1 to day 7 compared to vehicle group (n = 10).
Red arrows indicate the 2.3 mg/kg cisplatin injections. (C) Development of the
cold allodynia after cisplatin injection. Cisplatin group showed significant
increase in the responses to acetone from day 1 to day 7 compared to vehicle group
(n = 10). (D) A graphical representation of the distance traveled by mice. The
darkening color of the line reflects the passage of time as the mice moves. (E)
Measurement of the total distance of the mice on day 8 after cisplatin injection.
On day 8, the cisplatin group traveled significantly longer compared to the vehicle
group. (F) Measurement of the movement episode count of the mice on day 8 after
cisplatin injection. The movement episode count did not exhibit any significant
alterations between the vehicle groups and cisplatin groups on day 8. (G)
Movement time of the mice on day 8 after cisplatin injection. On day 8, the
cisplatin group significantly spent more time to travel when contrasted with the
vehicle group. (H) Development of the mechanical allodynia after cisplatin
injection. Decreased 50% withdrawal thresholds due to cisplatin administration
and the mechanical allodynia was maintained until day 14 (n = 10). (I)
Development of the cold allodynia after cisplatin injection. Increased responses
to acetone due to cisplatin administration and cold allodynia was maintained until
day 14 (n = 10). (J) A graphical representation of the distance traveled by mice.
(K) Measurement of the total distance of the mice on day 15 after cisplatin
injection. On day 15, there was no significant difference between the two groups.
(L) Measurement of the movement episode count of the mice on day 15 after

cisplatin injection. The movement episode count did not exhibit any significant
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alterations between the vehicle groups and cisplatin groups on day 15. (M)
Movement time of the mice on day 15 after cisplatin injection. On day 15, there
was no difference in the movement time between the vehicle groups and cisplatin
groups. Data for up-down test and acetone test are presented as mean + SEM and
analyzed by two-way ANOVA followed by Bonferroni’s post hoc multiple
comparison test. Data for OFT are presented as median with IQR and analyzed by
t-test and Mann-Whitney non-parametric test. The significances are marked as *p

< 0.05 and ***p < 0.001, compared with the vehicle group.

2. JZL195 alleviates mechanical and cold allodynia in an animal model of CIPN

Mice were weighed throughout the entire experiment to determine any of them lost more
than 20% of their body weight due to cisplatin treatment. Both on day 1 and day 3, the day
after cisplatin administration, the body weight of mice in the cisplatin group slightly
decreased, but this decrease was not statistically significant compared to the vehicle group.
Additionally, none of the mice in the cisplatin group lost over 20% of their body weight
(Figure 3A, for days: Fs es0 = 226.2, p < 0.0001; for groups: Fa 130 = 1.840, p = 0.1251; for
days x groups interaction: Fao ss0 = 1.268, p = 0.1932, two-way ANOVA).

To substantiate the analgesic effect of JZL 195, all tests were conducted on day 14. In line
with previous results, mice treated with cisplatin showed a significant decrease in the 50%
withdrawal thresholds, indicating the establishment and maintenance of mechanical
allodynia until day 14 (Figure 3B, for days: F4,240 = 256.1, p < 0.0001; for groups: F4 60 =
152.0, p < 0.0001; for days x groups interaction: Fis 240 = 14.93, p < 0.0001, two-way
ANOVA followed by Bonferroni’s multiple comparison test). On day 14, the mice
underwent a Pre behavioral test, which was the final test for the development of CIPN
(day 14) and served as a baseline test for JZL195 administration (Pre). Subsequently, three
different concentrations (3, 10, and 20 mg/kg) of JZL195 were administered to determine

the most effective concentration with analgesic properties. The analgesic effects of
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JZL.195 on mechanical and cold allodynia were assessed through the up-down test and
acetone test at 0.5, 1, 2, 4, 8, and 24 h following JZL195 administration. In the up-down
test, mice receiving 3 mg/kg of JZL195 (Cis + 3 mg/kg JZL195) did not show any
significant changes in the 50% withdrawal thresholds compared to mice receiving the
vehicle (Cis + Veh). In contrast, mice receiving 10 mg/kg of JZL195 (Cis + 10 mg/kg
JZL.195) demonstrated a significant increase in the 50% withdrawal thresholds compared
to mice receiving the vehicle (Cis + Veh) at 2 h after JZL.195 administration. This indicates
that administering 10 mg/kg of JZL195 provides pain relief at 2 h, but the effect does not
last beyond this point. Mice receiving 20 mg/kg of JZL195 (Cis + 20 mg/kg JZL195)
displayed a significant analgesic effect in mechanical allodynia at 1 and 2 h, with the most
pronounced effect observed at 2 h, compared to mice receiving the vehicle (Cis + Veh)
(Figure 3C, for time: Fe, 360 = 16.57, p < 0.0001; for groups: F4 60 = 351.4, p < 0.0001; for
time x groups interaction: Fa4, 360 = 5.356, p < 0.0001, two-way ANOVA followed by
Bonferroni’s multiple comparison test). In the acetone test, cisplatin significantly
increased responses to acetone, indicating the development and persistence of cold
allodynia until day 14 (Figure 3D, for days: F4, 260 = 79.40, p < 0.0001; for groups: F4 65 =
44.82, p < 0.0001; for days x groups interaction: Fig, 260 = 3.572, p < 0.0001, two-way
ANOVA followed by Bonferroni’s multiple comparison test). In the acetone test, 3 and
10 mg/kg of JZL195 (Cis + 3 mg/kg JZL 195 and Cis + 10 mg/kg JZL195) did not produce
a significant analgesic effect compared to mice receiving the vehicle (Cis + VVeh). However,
a significant increase in responses to acetone was observed 2 h after the administration of
20 mg/kg JZL195 (Cis + 20 mg/kg JZL195) compared to mice receiving the vehicle (Cis
+ Veh) (Figure 3E, for time: Fg 390 = 13.31, p < 0.0001; for group: F4 ¢s =50.54, p < 0.0001;
for time x group interaction: Fas 390 = 1.904, p = 0.0068, two-way ANOVA followed by
Bonferroni’s multiple comparison test).

Taken together, these results suggest that the optimal concentration of JZL195 to
alleviate mechanical and cold allodynia is 20 mg/kg. Moreover, the analgesic effect of
JZ1.195 peaks at 2 h after administration.
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Figure 3. Assessment of the mechanical allodynia, cold allodynia, and body weight in
CIPN animal model after JZL195 administration. (A) The body weights were
measured through overall experimental. The body weight of the cisplatin groups (Cis +
Veh, Cis + 3 mg/kg JZL195, Cis + 10 mg/kg JZL 195, and Cis + 20 mg/kg JZL195) tended

to decrease on day 1 and day 3. However, the decrease in the body weight was not greater

19



than 20% and was not statistically significant when compared to the vehicle group (Veh +
Veh) (n = 27). A red arrows indicate the 2.3 mg/kg cisplatin injections. (B) Development
of the mechanical allodynia after cisplatin injection. The cisplatin groups (Cis + Veh, Cis
+ 3 mg/kg JZL195, Cis + 10 mg/kg JZL195, Cis + 20 mg/kg JZL195) showed significant
decrease in the 50% withdrawal thresholds from day 1 to day 14 (n = 13). (C) The pain-
relieving effect of JZL195 on the mechanical allodynia. 10 mg/kg of JZL195 significantly
attenuated 50% withdrawal thresholds after 2 h, while 20 mg/kg of JZL195 significantly
attenuated 50% withdrawal thresholds after 1 and 2 h (n = 13). A blue arrow indicates the
JZL.195 administrations. (D) Development of the cold allodynia after cisplatin injection.
The cisplatin groups (Cis + Veh, Cis + 3 mg/kg JZL 195, Cis + 10 mg/kg JZL195, Cis +
20 mg/kg JZL195) showed significant increase in the responses to acetone from day 1 to
day 14 (n = 14). (E) The pain-relieving effect of JZL195 on the cold allodynia. 20 mg/kg
of JZL195 significantly alleviated responses to acetone after 1 and 2 h (n = 14). Data are
presented as mean + SEM and analyzed by two-way ANOVA followed by Bonferroni’s
post hoc multiple comparison test. The significances are marked as ***p < 0.001,
compared with the Veh + Veh group. The significances are marked as *p < 0.05 and *#p
< 0.001, compared with the Cis + Veh group.

3. JZL195 with locomotor activity in the CIPN animal model

To analyze the impact of JZL195 on locomotor activities in the CIPN animal model, the
movements of the mice were measured using the OFT 2 h after JZL195 administration
(Figure 4A). The total distance traveled by the mice treated with vehicle (Veh + Veh) was
slightly greater compared to the mice treated with cisplatin (Cis + Veh). The total distance
traveled by the mice treated with JZL195 (Cis + JZL) was reduced compared to the mice
treated with vehicle (Veh + Veh). However, these results were not statistically significant
(Figure 4B, for Veh + Veh: p = 0.3568; for Cis + JZL: p = 0.6924, one-way ANOVA). The

movement episode counts of the mice treated with vehicle (Veh + Veh) were slightly higher
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than those of the mice treated with cisplatin (Cis + Veh). The mice treated with JZL195
(Cis + JZL) also showed a slight increase in their movement counts compared to the mice
treated with cisplatin (Cis + Veh). However, no statistically significant difference was
observed among the three groups (Figure 4C, for Veh + Veh: p = 0.0887; for Cis + JZL: p
= 0.2098, one-way ANOVA). The total movement time of the mice treated with vehicle
(Veh + Veh) was higher, while the mice treated with JZL.195 (Cis + JZL) had a lower total
movement time compared to the mice treated with cisplatin (Cis + VVeh). However, these
changes were not statistically significant (Figure 4D, for Veh + Veh: p = 0.1919; for Cis +
JZL195: p=0.4197, one-way ANOVA). There was no significant difference in resting time
among the three groups (Figure 4E, for Veh + Veh: p = 0.2218; for Cis + JZL195: p >
0.9999, one-way ANOVA).

The OFT areas were divided into outer and inner zones, and the total distance traveled
and movement time were measured in each zone (Figure 4F, G, H, and I). The total distance
traveled in the outer zone was higher in the vehicle group (Veh + Veh) compared to the
cisplatin group (Cis + Veh) (Figure 4F, p = 0.3866, one-way ANOVA). The total distance
traveled by the mice treated with JZL195 (Cis + JZL) was lower compared to the cisplatin
groups (Cis + Veh) (Figure 4F, p = 0.6474, one-way ANOVA). However, these differences
were not statistically significant. Similarly, there were no significant variations in the total
distance traveled in the inner zone among the three groups (Figure 4G, for Veh + Veh: p =
0.0815; for Cis + JZL195: p > 0.9999, one-way ANOVA). There was no significant
variations within any of the three groups in the total duration spent in the outer zone (Figure
4H, for Veh + Veh: p = 0.1919; for Cis + JZL195: p = 0.4197, one-way ANOVA).
Furthermore, there was no significant changes in the total duration spent in inner zone
(Figure 4l, for Veh + Veh: p = 0.0815; for Cis + JZL195: p > 0.9999, one-way ANOVA).
The vertical episode count and vertical activity time, which measure the number and time
of movements corresponding to rearing, did not exhibit significant differences among the
three groups (Figure 4J, for Veh + Veh: p = 0.1364; for Cis + JZL195: p > 0.9999, one-
way ANOVA,; and 4K, for Veh + Veh: p = 0.3318; for Cis + JZL195: p > 0.9999, one-way
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ANOVA). Also, the number of stereotypic episodes did not display any noticeable
difference among the three groups (Figure 4L, for Veh + Veh: p = 0.1204; for Cis + JZL195:
p = 0.5385, one-way ANOVA). However, the duration of stereotypic behavior was
significantly reduced in the cisplatin group (Cis + Veh) compared to the vehicle group (Veh
+ Veh) (Figure 4M, for Veh + Veh: p = 0.0189; for Cis + JZL195: p = 0.4860, one-way
ANOVA followed by Dunn’s multiple comparison test). These results suggest that cisplatin
has the potential to reduce locomotor activity-associated behaviors and that JZL195 does

not substantially impact the locomotor activities in the CIPN animal model.
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Figure 4. Assessments of locomotor activities of the CIPN mice after JZL195
administration on day 15. (A) An illustration of experimental timeline for OFT
and a graphical representation of the distance traveled by mice. (B) Measurement
of total distance. There was no significant difference in the total distance traveled
by the mice among three groups (n = 7). (C) Measurement of movement episode
count. The movement episode counts in cisplatin groups (Cis + Veh and Cis +
JZL.195) were decreased compared to the vehicle group (Veh + Veh), but
statistically not significant (n = 7). (D) Measurement of movement time. The total
movement time showed no significant difference among three groups (n = 7). (E)
Measurement of rest time. There was no statistically significant difference in the
rest time among the three groups, indicating that the mice in three groups rested
for a similar duration (n = 7). (F) Analysis of distance in outer zone (n = 7). (G)
Analysis of distance in inner zone (n = 7). No significant difference was observed
in the total distance traveled within the outer and inner zones between the three
groups (H) The amount of time that the mice traveled in the outer zone (n = 7). (1)
The amount of time that the mice traveled in the inner zone (n = 7). The movement
time in the outer and inner zones between the three groups did not exhibit a
significant difference. (J) Assessment of vertical episode count (n = 7). (K)
Assessment of vertical activity time (n = 7). There was no significant difference
in the number of vertical activity as well as vertical activity time among three
groups. (L) Assessment of stereotypy episode count (n = 7). (M) Assessment of
stereotypy time (n = 7). The stereotypy episode count in mice did not show
significant difference between the three groups, while the stereotypy time was
significantly reduced in the cisplatin group (Cis + Veh) compared to the vehicle
group. Data are presented as median with IQR and analyzed by one-way ANOVA
followed by Dunn’s multiple comparison test or Kruskal-Wallis non-parametric

test. The significances are marked as *p < 0.05, compared with the Cis + Veh

group.
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4, JZL195 inhibited FAAH/MAGL and regulated the cannabinoid receptors
differently in the DRG and spinal cord

To analyze the changes in expression of FAAH, MAGL, CB1R, and CB2R in the DRG
and spinal cord, western blot analyses were performed 2 h after administering JZL195 on
day 14. First, the western blot results of the DRG revealed that FAAH expression levels
were significantly upregulated in the cisplatin group (Cis + Veh), while FAAH levels in
the JZL195 group (Cis + JZL) were decreased (Figure 5A, F2, 15 = 7.299, p = 0.0061, one-
way ANOVA followed by Tukey’s multiple comparison test). The changes in MAGL
expression were consistent with those of FAAH (Figure 5B, F», 15 =5.933, p = 0.0126, one-
way ANOVA followed by Tukey’s multiple comparison test). However, CB1R expression
in the cisplatin group (Cis + Veh) showed a significant increase, whereas in the JZL195
group (Cis + JZL), the expression of CB1R, which was significantly upregulated by
cisplatin, decreased (Figure 5C, F, 15 = 7.005, p = 0.0071, one-way ANOVA followed by
Tukey’s multiple comparison test). The alterations in CB2R expression within the DRG
were similar to those in CB1R expression. CB2R expression notably increased in the
cisplatin group (Cis + Veh) compared to the vehicle group (Veh + Veh) but decreased in
the JZL195 group (Cis + JZL) (Figure 5D, F», 15 = 5.086, p = 0.0206, one-way ANOVA
followed by Tukey’s multiple comparison test).

Spinal cord samples, analyzed using western blot, showed similar results to those
observed in the DRG. FAAH levels were significantly upregulated in the cisplatin group
(Cis + Veh), while they declined in the JZL195 group (Cis + JZL) (Figure 5E, F,15 = 5.229,
p = 0.0162, one-way ANOVA followed by Tukey’s multiple comparison test). Another
catabolic enzyme, MAGL, exhibited comparable alterations to FAAH. MAGL expression
in the cisplatin group (Cis + Veh) significantly increased, while it notable decreased in the
JZL195 group (Cis + JZL) (Figure 5F, F, 15 = 6.126, p = 0.0093, one-way ANOVA

followed by Tukey’s multiple comparison test). These results indicate that cisplatin
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significantly increases the expression of FAAH and MAGL, but this upregulated
expression is inhibited by JZL195. The expression levels of the two primary cannabinoid
receptors differed from those of FAAH and MAGL. In addition, the alterations in CB1R
expression within the spinal cord differed from those observed in the DRG. In the spinal
cord, CB1R expression in the cisplatin group (Cis + Veh) tended to increase, but this effect
was not significant, while CB1R expression in the JZL195 group (Cis + JZL) significantly
increased compared to the vehicle group (Veh + Veh) (Figure 5G, F2, 15 = 3.993, p = 0.0407,
one-way ANOVA followed by Tukey’s multiple comparison test). CB2R expression
changes were similar to those of CB1R (Figure 5H, F» 15 = 3.997, p = 0.0406, one-way
ANOVA followed by Tukey’s multiple comparison test). These findings indicate that
JZL.195 differentially regulates catabolic enzymes and cannabinoid receptors in the spinal
cord. In summary, findings suggest that JZL195 regulates the ECS differently depending

on its location within the pain processing region.
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Figure 5. The representative western blot images and quantification of
FAAH, MAGL, CB1R, and CB2R expression level in the L4-L6 DRG and
spinal cord. (A) The expression of FAAH in Cis + Veh group significantly
upregulated compared to Veh + Veh group. However, administration of the
JZL.195 notably inhibited the expression of FAAH in Cis + JZL group (n = 6). (B)
The expression of MAGL in Cis + Veh group was significantly increased
compared to Veh + Veh group, whereas administration of the JZL195 notably
inhibited the expression of MAGL in Cis + JZL group (n = 6). (C) The expression
of CB1R was significantly increased in Cis + Veh groups. Increased expression
of CB1R was notably decreased by JZL195 administration (n = 6). (D) Like CB1R,
CB2R also showed significant upregulation in the expression compared to Veh +
Veh group (n = 6). (E) The expression of FAAH in the Cis + Veh group was
significantly increased compared to the Veh + Veh group, whereas administration
of the JZL195 notably inhibited the expression of FAAH in Cis + JZL group (n =
7). (F) The Cis + Veh group showed a significant increase in expression of MAGL
compared to Veh + Veh group. However, administration of the JZL195 notably
inhibited the expression of MAGL in Cis + JZL group (n =7). (G) The expression
of CB1R was significantly increased in Cis + JZL group compared to Veh + Veh
group (n = 7). (H) There was similar change in expression of CB2R to CB1R in
the spinal cord (n = 7). Data are presented as mean + SEM and analyzed by one-
way ANOVA followed by Tukey’s multiple comparison test. The significances
are marked as *p < 0.05, compared with the Veh + Veh group. The significances
are marked as *p < 0.05 and #p < 0.01, compared with the Cis + Veh group.
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5. FAAH/MAGL inhibition decreased the TLR4 and pro-inflammatory factors in the
DRG and spinal cord

A western blot analysis was performed to measure changes in the expression of TLR4 and
pro-inflammatory factors in the DRG and spinal cord. First, TLR4 and pro-inflammatory
factors were examined in the DRG. The expression of TLR4 was significantly increased in
the cisplatin group (Cis + Veh) compared to the vehicle group (Veh + Veh), and then
significantly decreased in the JZL195 group (Cis + JZL) (Figure 6A, F2 15 = 8.961, p =
0.0028, one-way ANOVA followed by Tukey’s multiple comparison test). The level of
tumor necrosis factor alpha (TNF-a), a known pro-inflammatory factor, was substantially
upregulated by cisplatin (Cis + Veh) in the DRG compared to the control group (Veh +
Veh). In contrast, the group that received JZL195 (Cis + JZL) showed a significant
reduction in TNF-o expression in the DRG (Figure 6B, F2 15 = 9.317, p = 0.0023, one-way
ANOVA followed by Tukey’s multiple comparison test). The expression of Interleukin 1
beta (IL-1pB), another well-known inflammatory factor like TNF-a, noticeably increased in
the DRG of the cisplatin group (Cis + Veh) compared to the vehicle group (Veh + Veh).
However, following the administration of JZL195 (Cis + JZL), the expression of IL-1f was
significantly reduced compared to the cisplatin group (Cis + VVeh) (Figure 6C, F», 15 =4.761,
p =0.0251, one-way ANOVA followed by Tukey’s multiple comparison test).

When comparing TLR4 expression in the cisplatin group (Cis + Veh) to that in the vehicle
group (Veh + Veh), it was found that the expression of TLR4 in the spinal cord was
significantly increased by cisplatin. The levels of TLR4 expression, which were
upregulated by cisplatin, showed a significant reduction following JZL195 treatment (Cis
+ JZL) (Figure 6D, F, 15 = 5.085, p = 0.0178, one-way ANOVA followed by Tukey’s
multiple comparison test). The level of TNF-a was also significantly upregulated upon
cisplatin treatment (Cis + Veh) in the spinal cord compared to the control group (Veh +
Veh). However, the group that received JZL195 (Cis + JZL) showed a significant reduction
in TNF-a expression in the spinal cord (Figure 6E, F2 15 = 5.972, p = 0.0124, one-way
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ANOVA followed by Tukey’s multiple comparison test). Furthermore, the expression of
IL-1p noticeably increased in the spinal cord of the cisplatin group (Cis + Veh) compared
to the vehicle group (Veh + Veh). However, following the administration of JZL195 (Cis
+JZL), the expression of IL-1p was significantly reduced compared to the cisplatin group
(Cis + Veh) (Figure 6F, F2, 15 = 6.602, p = 0.0088, one-way ANOVA followed by Tukey’s
multiple comparison test). These results suggest that JZL195 has the potential to alleviate
neuroinflammation in CIPN animal models by inhibiting FAAH and MAGL, as it
effectively reduced the levels of TLR4 and inflammatory factors that were upregulated by
cisplatin.
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Figure 6. The representative western blot images and quantification of TLR4,
TNF-a, and IL-1p expression level in the L4-L.6 DRG and spinal cord. (A)
The expression of TLR4 in Cis + Veh group was significantly upregulated
compared to Veh + Veh group, while the expression of TLR4 in Cis + JZL group

was significantly decreased compared to Cis + Veh group (n = 6). (B) The
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expression of TNF-a in Cis + Veh group was significantly increased compared to
Veh + Veh group, meanwhile the expression of TNF-a in Cis + JZL group was
notably decreased following JZL195 administration (n = 6). (C) In the Cis + Veh
group, the expression of IL-1p was significantly increased compared to Veh +
Veh group, whereas the expression of IL-1p in Cis + JZL195 group was notably
decreased after JZL.195 administration (n = 6). (D) The expression of TLR4 in Cis
+ Veh group was significantly increased compared to Veh + Veh group, while the
expression of TLR4 in Cis + JZL group was significantly decreased compared to
Cis + Veh group (n=7). (E) In the Cis + Veh group, the expression of TNF-a was
significantly increased compared to Veh + Veh group, whereas the expression of
TNF-a in Cis + JZL group was notably decreased after JZL195 administration (n
= 6). (F) In the Cis + Veh group, the expression of IL-1pB, a pro-inflammatory
factor, was significantly increased compared to Veh + Veh group, meanwhile the
Cis + JZL group showed decreased expression of IL-1B after JZL195
administration (n = 6). Data are presented as mean £ SEM and analyzed by one-
way ANOVA followed by Tukey’s multiple comparison test. The significances
are marked as *p < 0.05, compared with the Veh + Veh group. The significances
are marked as *p < 0.05 and #p < 0.01, compared with the Cis + Veh group.

6. The regulation of glial cell activation in the DRG and spinal cord after
FAAH/MAGL inhibition

To assess changes in the expression of satellite glial cells in the DRG, as well as astrocytes
and microglia in the spinal cord, western blot analyses were conducted following the
inhibition of FAAH/MAGL. First, the expression levels of GFAP in satellite glial cells, a
type of PNS glial cell, were examined. In the group treated with cisplatin (Cis + Veh), there
was a noticeable increase in GFAP expression. However, after JZL195 treatment (Cis +

JZL), GFAP expression notably decreased compared to the cisplatin group (Cis + Veh)
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(Figure 7A, Fa, 15 = 6.274 p = 0.0105, one-way ANOVA followed by Tukey’s multiple
comparison test). Additionally, changes in microglia in the DRG were analyzed using the
Ibal marker. The expression of Ibal tended to increase in the group treated with cisplatin
(Cis + Veh) and subsequently decrease in the group treated with JZL195 (Cis + JZL).
However, the alterations of Ibal in the DRG were not statistically significant (Figure 7B,
F2,15=1.242, p=0.3170, one-way ANOVA).

The astrocytes, one of the glial cells in the CNS, were also examined by measuring GFAP
levels. There was a significant increase in GFAP expression in the group treated with
cisplatin (Cis + Veh) compared to the vehicle group (Veh + Veh). In contrast, the group
receiving JZL195 (Cis + JZL) exhibited a significant decrease in GFAP expression
compared to the cisplatin group (Cis + Veh) (Figure 7C, F», 15 = 6.949, p = 0.0073, one-
way ANOVA followed by Tukey’s multiple comparison test). The expression changes of
another CNS glial cell, microglia, were assessed using lbal. The results showed a
significant upregulation in Ibal expression in the spinal cord after cisplatin treatment (Cis
+Veh) compared to the group treated with the vehicle (Veh + Veh). However, the increased
expression of Ibal induced by cisplatin decreased after the administration of JZL195 (Cis
+ JZL) (Figure 7D, F, 15 = 5.048, p = 0.0211, one-way ANOVA followed by Tukey’s
multiple comparison test). These findings suggest that the activation of glial cells increased
by chemotherapy in the CIPN animal model is alleviated by JZL195, indicating that the

inhibition of FAAH/MAGL contributes to relieving pain and neuroinflammation.
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Figure 7. The representative western blot images and quantification of GFAP
and Ibal level in the L4-L6 DRG and spinal cord. (A) The expression of GFAP
in Cis + Veh group was significantly increased compared to Veh + Veh group,
meanwhile, expression of GFAP in Cis + Veh group was significantly reduced (n
= 6). (B) The expression of Ibal was increased by cisplatin and decreased after
JZ1.195. However, alterations of Ibal in DRG were statistically not significant (n
=6). (C) The expression of GFAP in Cis + Veh group was significantly increased
compared to Veh + Veh group, meanwhile the expression of Ibal in Cis + JZL195
group was notably decreased (n = 6). (D) The expression of Ibal in Cis + Veh
group was significantly increased compared to Veh + Veh group, meanwhile the
expression of Ibal in Cis + JZL195 group was notably decreased (n = 6). Data are
presented as mean + SEM and analyzed by one-way ANOVA followed by
Tukey’s multiple comparison test. The significances are marked as *p < 0.05 and
**p < 0.01, compared with the Veh + Veh group. The significances are marked as

#p < 0.05, compared with the Cis + Veh group.
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7. Satellite cells in the DRG are regulated by JZL.195, along with CB1R, CB2R, and
TLR4 expression

Immunohistochemistry staining was conducted to detect satellite glial cells within the
DRG. Changes in the expression of GFAP, a marker specific to satellite glial cells, were
observed. Additionally, the presence of CBIR, CB2R, and TLR4 was validated.
Immunohistochemistry staining of CB1R and GFAP was conducted in the DRG (Figure
8A). The results revealed a slight increase in mean fluorescence intensity (MFI) of CB1R
in the cisplatin group (Cis + Veh) compared to the vehicle group (Veh + Veh). However,
upon administration of JZL195 (Cis + JZL), mean fluorescence intensity of CBIR was
reduced compared to the cisplatin group (Cis + Veh) (Figure 8B, F2, 9 =10.9120, p = 0.4359,
one-way ANOVA). Likewise, GFAP expression appeared to increase after cisplatin
administration (Cis + Veh), but JZL195 exhibited a tendency to counteract this upregulation
(Cis +JZL) (Figure 8C, F» 9 = 1.354, p = 0.3062, one-way ANOVA).

The mean fluorescence intensity of CB2R was also examined through
immunohistochemistry staining along with GFAP (Figure 8D). The mean fluorescence
intensity of CB2R showed a slight increase in response to cisplatin treatment (Cis + Veh)
but a decrease after JZL195 administration (Cis + JZL) (Figure 8E, F;, o = 0.4268, p =
0.6651, one-way ANOVA). The mean fluorescence intensity of GFAP showed a similar
result to CB2R (Figure 8F, F», 90 =3.212, p = 0.0886, one-way ANOVA). However, no co-
localization was observed between CB2R and GFAP, similar to the earlier findings with
CBI1R and GFAP. These findings suggest that cannabinoid receptors may play a role in
other cell types than glial cells in the DRG. Moreover, the absence of co-localization of
cannabinoid receptors with satellite glial cells in the DRG indicates that cannabinoid
receptors have a more prominent role in mitigating CIPN in glial cells within the CNS.

The mean fluorescence intensity of TLR4 was also detected along with GFAP (Figure 8G).

The mean fluorescence intensity of TLR4 slightly increased after cisplatin injection (Cis +
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Veh) and subsequently decreased upon JZL.195 treatment (Cis + JZL) (Figure 8H, F» o =
0.0192, p=0.9810, one-way ANOVA). Similarly, the mean fluorescence intensity of GFAP
increased after cisplatin administration (Cis + Veh), but it tended to decrease after JZL195
treatment (Cis + JZL) (Figure 81, F2, o = 5.845, p = 0.0236, one-way ANOVA followed by
Tukey’s multiple comparison test). When examining the expression of TLR4 and GFAP
simultaneously, no co-localization was observed, indicating that TLR4 may be expressed

in different cell types.
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Figure 8. Expression of satellite glial cells with CB1R, CB2R, and TLR4. (A)
Representative images of immunohistochemistry staining. CB1R and GFAP in
DRG were identified after JZL195 administration. Merged images represented co-
localization between CBIR (green) and GFAP (red). (B) The mean fluorescence
intensity of CB1R was quantified (n = 4). (C) The mean fluorescence intensity of
GFAP was quantified (n = 4). (D) Representative images of
immunohistochemistry staining. CB2R and GFAP in DRG were identified after
JZLL195 administration. Merged images represented co-localization between
CB2R (green) and GFAP (red). (E) The mean fluorescence intensity of CB2R was
quantified (n = 4). (F) The mean fluorescence intensity of GFAP was quantified
(n =4). (G) Representative images of immunohistochemistry staining. TLR4 and

GFAP in DRG were identified after JZL195 administration. Merged images
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represented co-localization between TLR4 (green) and GFAP (red). (H) The mean
fluorescence intensity of TLR4 was quantified (n = 4). (I) The mean fluorescence
intensity of GFAP was quantified (n = 4). The cellular nuclei were stained with
DAPI (blue). Scale bar = 50 um. Data are presented as mean = SEM and analyzed
by one-way ANOVA followed by Tukey’s multiple comparison test. The
significances for mean fluorescence intensity of GFAP are marked as *p < 0.05,

compared with the Veh + Veh group.

8. CBIR, CB2R, and TLR4 co-localized with astrocytes in the spinal cord

The western blot results in this study confirmed that the expression levels of CB1R, CB2R,
and TLR4 in the spinal cord were decreased due to JZL195 treatment. Furthermore, the
study aimed to determine whether cannabinoid receptors and TLR4 co-localize with glial
cells. Therefore, immunohistochemistry staining of GFAP with cannabinoid receptors or
TLR4 was performed to examine the correlation between astrocytes and cannabinoid
receptors, as well as TLR4 in the spinal cord (Figure 9A).

The expression of CB1R was increased due to cisplatin treatment (Cis + Veh) and further
upregulated after JZL195 treatment (Cis + JZL). However, these alterations were not
statistically significant (Figure 9B, F, ¢ = 0.6364, p = 0.5514, one-way ANOVA).
Examination of astrocytes through representative z-stack images revealed a significant
increase caused by cisplatin (Cis + Veh) and a subsequent decrease after JZL195
administration (Cis + JZL). Additionally, merged images confirmed the co-localization of
CB1R with GFAP, which was increased by cisplatin (Cis + Veh) and then decreased after
JZL195 administration (Cis + JZL) (Figure 9C, GFAP, F,, ¢ = 4.447, p = 0.0454; co-
localization, F2, 9 = 5.055, p = 0.0.0338, one-way ANOVA followed by Tukey’s multiple
comparison test). The representative ortho-images demonstrated the expression of CB1R
in astrocytes, suggesting that astrocytes could undergo morphological and functional

changes by modulating CB1R.
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The expression of CB2R was observed through immunohistochemistry staining (Figure
9D). Similar to CB1R, CB2R expression was increased by cisplatin (Cis + Veh) and further
upregulated upon JZL195 administration (Cis + JZL). However, the changes in CB2R
expression did not reach statistical significance (Figure 9E, F, ¢ = 1.153, p = 0.3583, one-
way ANOVA). GFAP expression was significantly increased by cisplatin (Cis + Veh) and
notably decreased after JZL195 administration (Cis + JZL). The co-localization of CB2R
with GFAP was confirmed through merged images, demonstrating that CB2R was co-
localized with GFAP (Figure 9F, GFAP, F, ¢ = 7.532, p = 0.012; co-localization, F2, ¢ =
2.980, p = 0.1016, one-way ANOVA followed by Tukey’s multiple comparison test).

Finally, to determine the relationship between TLR4 and cannabinoid receptors in
astrocytes, immunohistochemistry staining of TLR4 and GFAP were performed (Figure
9G). Representative z-stack images showed that TLR4 expression was increased by
cisplatin (Cis + Veh), and the upregulated TLR4 expression was again reduced by JZL 195
(Cis + JZL). However, these differences were not statistically significant (Figure 9H, for
TLR4: F;, 9= 0.4557, p = 0.6478, one-way ANOVA). Furthermore, GFAP expression was
significantly increased by cisplatin (Cis + Veh) and reduced after JZL195 administration
(Cis + JZL) (Figure 91, GFAP, F; ¢ = 4.601, p = 0.042; co-localization, F 9 = 2.335, p =
0.1525, one-way ANOVA followed by Tukey’s multiple comparison test). The merged
images showed that TLR4 co-localized with GFAP.

These findings, demonstrating the presence of both CB1R and TLR4 within astrocytes,
suggest a potential correlation and regulatory interaction between CB1R and TLR4 in

astrocytes.

39



B
Veh+Veh Cis+JZL

8000 CB1R
__ 6000+
E B Veh+Veh
=
= 4000+ [l Cis+Veh
[ -
S B Cis+JzL
20004
0_
C
8000 GFAP
= O Veh+Veh
g [E Cis+Veh
8 B Cis+JZL
< [0 Co-localization

40



D E

Veh+Veh

8000 CB2R
6000
E O Veh+Veh
%4000‘ B Cis+Veh
g B CistJzL
2000
F
8000 GFAP
oy O Veh+Veh
g [ Cis+Veh
8 B Cis+JzL
< [0 Co-localization

41



G H
Veh+Veh Cis+JZL

8000~ TLR4
6000
€ O Veh+Veh
=5
= 4000+ B Cis+Veh
z H Cis+JZL

2000

=T

8000~ GFAP
= [0 Veh+Veh
g B Cis+Veh
8 B Cis+JzL
< [0 Co-localization

42



Figure 9. Co-localization of CB1R, CB2R, and TLR4 expression with
astrocytes. (A) Representative images of immunohistochemistry staining. CBIR
and GFAP in dorsal horn of the spinal cord were identified after JZL195
administration. Merged and ortho images represented co-localization between
CBI1R (green) and GFAP (red) by yellow. (B) The quantification of CBIR
expression area (n = 4). (C) The quantification of GFAP expression area and co-
localization area (n = 4). (D) Representative images of immunohistochemistry
staining. CB2R and GFAP in dorsal horn of the spinal cord were identified after
JZL195 administration. Merged and ortho images represented co-localization
between CB2R (green) and GFAP (red) by yellow. (E) The quantification of CB2R
expression area (n = 4). (F) The quantification of GFAP expression area and co-
localization area (n = 4). (G) Representative images of immunohistochemistry
staining. TLR4 and GFAP in dorsal horn of the spinal cord were identified after
JZLL195 administration. Merged and ortho images represented co-localization
between TLR4 (green) and GFAP (red) by yellow. (H) The quantification of TLR4
expression area (n = 4). (I) The quantification of GFAP expression area and co-
localization area (n = 4). The cellular nuclei were stained with DAPI (blue). Scale
bar = 50 um. Data are presented as mean = SEM and analyzed by one-way
ANOVA followed by Tukey’s multiple comparison test. The significances for
GFAP area are marked as *p < 0.05, compared with the Veh + Veh group and #p <
0.05, #p < 0.01, compared with the Cis + Veh group. The significance for co-

localized area is marked as "p < 0.05, compared with the Veh + Veh group.
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9. CBI1R, CB2R, and TLR4 co-localized with microglia in the spinal cord

The immunohistochemistry staining was performed to investigate the changes in
expression of CB1R, CB2R, TLR4, and microglia following FAAH/MAGL inhibition and
to identify co-localization between microglia and receptors (Figure 10A).

The expression of CBL1R in the spinal cord was increased by cisplatin (Cis + Veh) and
further elevated after administering JZL195 (Cis + JZL). However, the alteration of CB1R
expression was not statistically significant (Figure 10B, F, ¢ = 0.9845, p = 0.4105, one-way
ANOVA). In contrast, Ibal was significantly activated by cisplatin (Cis + Veh), but notably
attenuated after JZL.195 administration (Cis + JZL) (Figure 10C, GFAP, F; ¢ =33.77,p <
0.0001; co-localization, F2 9 = 1.941, p = 0.1992, one-way ANOVA followed by Tukey’s
multiple comparison test). Furthermore, ortho images showed that CB1R co-localized with
Ibal. This indicates the presence of CB1R in microglia, suggesting that microglia may be
morphologically and functionally regulated by CB1R.

The expression of CB2R was observed through immunohistochemistry staining (Figure
10D). CB2R expression changed similarly to CB1R after the administration of cisplatin
and JZL195 (Figure 10E, F2, ¢ = 0.5472, p = 0.5967, one-way ANOVA). In addition, the
expression of Ibal was elevated by cisplatin (Cis + Veh) and attenuated after JZL195
treatment (Cis + JZL). However, these changes were not statistically significant (Figure
10F, GFAP, F2,9=1.452, p = 0.2841; co-localization, F, ¢ = 0.4573, p = 0.6469, one-way
ANOVA). Additionally, the merged images revealed that CB2R co-localized with Ibal,
indicating the potential modulation of microglia by CB2R.

To investigate the potential association between cannabinoid receptors and TLR4
expressed in microglia, immunohistochemistry staining was conducted (Figure 10G). The
representative images revealed an increase in TLR4 expression due to cisplatin treatment
(Veh + Cis) and a subsequent decrease after JZL195 administration (Cis + JZL) (Figure
10H, F2, 9 =0.7293, p = 0.5087, one-way ANOVA). The expression of Ibal was increased
by cisplatin (Cis + Veh) and reduced by JZL195 (Cis + JZL). However, these differences
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were not significant (Figure 101, GFAP, F,, ¢ = 0.8830, p = 0.4465; co-localization, F», ¢ =
1.193, p = 0.3471, one-way ANOVA). In addition, representative ortho images confirmed
that TLR4 was co-localized with Ibal. These findings indicate that CB1R, CB2R, and
TLR4 are present in microglia, suggesting that cannabinoid receptors could be associated
with TLR4.

Veh+Veh Cis+Veh Cis+JZL

CB1R

[ Veh+Veh

[l Cis+Veh

B Cis+JZL
Iba1

[ Veh+Veh

[ Cis+Veh

[l Cis+JZL
*kk [ Co-localization




E
Veh+Veh Cis+JZL

8000+ CB2R
6000
E @ Veh+Veh
%4000' B Cis+Veh
o .
< B Cis+JZL
2000+
0_
F
8000+ Iba1
P O Veh+Veh
54000 @ Cis+Veh
b W Cis+JZL
< P
2000 [0 Co-localization
HH 0-

46



H
Veh+Veh Cis+JZL

8000 TLR4
6000
[ Veh+Veh
B Cis+Veh
B Cis+JZL
Iba1
[0 Veh+Veh
[ Cis+Veh
[l Cis+JZL

[ Co-localization

Figure 10. Co-localization of CB1R, CB2R, and TLR4 expression with

microglia. (A) Representative images of immunohistochemistry staining. CB1R
and Ibal in dorsal horn of the spinal cord were identified after JZL195
administration. Merged and ortho images represented co-localization between
CBI1R (green) and Ibal (red) by yellow. (B) The quantification of CBIR
expression area (n = 4). (C) The quantification of Ibal expression area and co-
localization area (n = 4). (D) Representative images of immunohistochemistry

staining. CB2R and Ibal in dorsal horn of the spinal cord were identified after
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JZLL195 administration. Merged and ortho images represented co-localization
between CB2R (green) and Ibal (red) by yellow. (E) The quantification of CB2R
expression area (n = 4). (F) The quantification of Ibal expression area and co-
localization area (n = 4). (G) Representative images of immunohistochemistry
staining. TLR4 and Ibal in dorsal horn of the spinal cord were identified after
JZL195 administration. Merged and ortho images represented co-localization
between TLR4 (green) and Ibal (red) by yellow. (H) The quantification of TLR4
expression area (n = 4). (I) The quantification of Ibal expression area and co-
localization area (n = 4). The cellular nuclei were stained with DAPI (blue). Data
are presented as mean = SEM and analyzed by one-way ANOVA followed by
Tukey’s multiple comparison test. Scale bar = 50 pm. The significances for Ibal
area are marked as *p < 0.05, compared with the Veh + Veh group and *#p <0.001,
compared with the Cis + Veh group.

10. Two types of cannabinoid receptors act similarly on pain-relief effects

To evaluate the pharmacological effects of JZL195 on the CNS, AM251 and AM630,
antagonists of CB1R and CB2R, respectively, were injected intrathecally at a concentration
of 0.01 mg/kg and 0.03 mg/kg. As in the present study, cisplatin was used to develop a
CIPN model, and the mechanical allodynia was evaluated by determining the 50%
withdrawal thresholds (Figure 11A, for days: Fa, 112 = 154.0, p < 0.0001; for groups: Fa 23
=0.3118, p=10.8677; for days x groups interaction: Fi¢ 112 = 0.5253, p = 0.9289, two-way
ANOVA). On day 14, 0.01 mg/kg AM251 displayed a slight tendency to decrease the 50%
withdrawal thresholds, which were increased by JZL195, but this effect did not reach
statistical significance. Conversely, 0.01 mg/kg AM630 significantly decreased the 50%
withdrawal thresholds, counteracting the effects of JZL195. When the dose of AM251 was
increased to 0.03 mg/kg, it significantly decreased the 50% withdrawal thresholds, in

contrast to the insignificant effect observed at 0.01 mg/kg. Similarly, AM630 at 0.03 mg/kg

48



also significantly reduced the 50% withdrawal thresholds, demonstrating greater inhibition
of JZL.195 compared to the 0.01 mg/kg dose (Figure 11B, for time: Fs 112 = 25.53, p <
0.0001; for groups: Fs 28 = 1.088, p=0.3813; for time x groups interaction: Fie 112 =1.264,
p = 0.2327, two-way ANOVA followed by Bonferroni’s multiple comparison test). The
responses to acetone were also measured using the acetone test to confirm the cold
allodynia induced by cisplatin (Figure 11C, for days: F4 112 =46.38, p <0.0001; for groups:
F4,28=0.2816, p=0.8874; for days x groups interaction: Fie 110 =0.9235, p =0.5447, two-
way ANOVA). Subsequently, the same concentrations of AM251 and AM630 used in the
up-down test were administered to evaluate their effect on counteracting JZL195. The
results showed that AM251 and AM630 at 0.01 mg/kg slightly increased the responses to
acetone, which were reduced by JZL195, but the difference was not statistically significant.
In contrast, when AM251 and AM630 were administered at 0.03 mg/kg, they significantly
enhanced the responses to acetone, indicating that they effectively counteracted the pain-
relieving effects of JZL195 (Figure 11D, for time: F4 112 = 19.20, p < 0.0001; for groups:
F4, 25 = 0.4854, p = 0.7463; for time x groups interaction: Fig, 112 = 1.124, p = 0.3421, two-
way ANOVA followed by Bonferroni’s multiple comparison test). These findings indicated
that when low concentrations of the antagonists were administered, CB2R appeared to have
a more significant influence on regulating mechanical allodynia. Conversely, when high
concentrations of the antagonist were used, CB1R seemed to have a more pronounced role
in mechanical allodynia. Additionally, the results suggest that both CB1R and CB2R play

equally significant roles in pain relief during cold allodynia.
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Figure 11. Assessment of the mechanical allodynia and cold allodynia after
administrating antagonists for cannabinoid receptors. (A) Development of the
mechanical allodynia after cisplatin injection. Cisplatin groups (Cis + JZL195 +
Veh, Cis +JZL195 +0.01 mg/kg AM251, and Cis + JZL195 + 0.01 mg/kg AM630;
n=7,Cis+JZL195+0.03 mg/kg AM251 and Cis +JZL195 + 0.03 mg/kg AM630;
n = 6) showed decrease in the 50% withdrawal thresholds from day 1 to day 14.
(B) The pain-relieving effect of JZL195 on the mechanical allodynia was inhibited
by AM251 and AMG630. Intrathecal injection of 0.01 mg/kg of AM630, 0.03
mg/kg of AM251, and 0.03 mg/kg of AM630 significantly decreased 50%
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withdrawal thresholds which were alleviated by JZL.195. (C) Development of cold
allodynia after cisplatin injection. Cisplatin-treated groups (Cis + JZL195 + Veh,
Cis + JZL195 + 0.01 mg/kg AM251, and Cis + JZL195 + 0.01 mg/kg AM630; n
=7, Cis +JZL195 + 0.03 mg/kg AM251 and Cis + JZL195 + 0.03 mg/kg AM630;
n = 6) showed increase in the responses to acetone from day 1 to day 14. (D) The
pain-relieving effect of JZL195 on cold allodynia was inhibited by AM251 and
AMG630. Intrathecal injection of 0.03 mg/kg of AM251 and 0.03 mg/kg of AM630
significantly increased the responses to acetone, which were mitigated by JZL195.
Data are presented as mean + SEM and analyzed by two-way ANOVA followed
by Bonferroni’s post hoc multiple comparison test. The significances are marked

as "p < 0.05, #p < 0.01, and **p < 0.001, compared with the Cis + JZL195 + Veh
group.

11. JZL.195 did not affect locomotor activity as well as pain-related behavior in normal

mice

To determine whether JZL195 affects locomotor-related behavior in normal mice, we
measured total distance and movement time using the OFT. Total distance represents the
cumulative distance traveled by the mice, while movement time indicates the duration of
their activity. The results revealed no difference in total distance between the normal group
and the vehicle group, which was treated with DMSO in ethanol, cremophor, and sterile
normal saline (1:1:18). However, the JZL195 group, which received a dosage of 20 mg/kg
of JZL195, exhibited a slight decrease in total distance 2 h after JZL195 injection, although
this decrease was not statistically significant. At 24 h after JZL195, JZL 195 group showed
aslight increase in total distance, with no statistically significant difference among the three
groups (Figure 12A and B, 0 h, p = 0.2475; 2 h, p = 0.5381; 24 h, p = 0.7596, one-way
ANOVA). Similarly, movement time of the JZL195 group showed a tendency to decrease

2 h after injection, but this effect was not statistically significant. After 24 h, there was no
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significant difference in movement time among the three groups (Figure 12C, 0 h, p =
0.7761; 2 h, p = 0.5622; 24 h, p = 0.9549, one-way ANOVA). These findings suggest that
JZL195 has the potential to affect locomotor activity in normal mice 2 h after
administration, but these effects diminish after 24 h.

To determine the effect of JZL195 on mechanical allodynia, the up-down test was
performed in time dependent manner. Pain-related behavioral changes were observed at 0,
05, 1, 2, 4, 8, 12, and 24 h after administration of 20 mg/kg JZL195. However, the
behavioral tests conducted on the three groups did not show any statistically significant
changes over time (Figure 12D, for time: Fs 144 = 1.737, p = 0.0947; for groups: F2, 15 =
0.5955, p = 0.5618; for time x groups interaction: Fig, 144 = 0.4869, p = 0.9503, two-way
ANOVA). These findings indicate that JZL195 does not affect pain-related behaviors in
normal mice.

To assess the potential impact of JZL195 on the body weight of normal mice, the body
weights were measured before and after the administration of JZL195. The results revealed
no significant difference in body weight among the three groups after JZL195
administration, indicating that JZL.195 does not have a substantial impact on body weight
(Figure 12E, for time: F», 36 = 17.81, p < 0.0001; for groups: F,1s = 2.804, p = 0.0871; for
time x groups interaction: F4 36 = 0.5065, p = 0.7312, two-way ANOVA).
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Figure 12. Effect of the JZL195 on locomotor activity and withdrawal
thresholds in normal mice. (A) An illustration of experimental timeline for OFT
and a representative pattern of the distance traveled by mice in three groups. The
groups are divided into a group that received no treatment (normal group; n = 6),
a group that received vehicle as a control for JZL195 (vehicle group; n = 6), and
a group that received 20 mg/kg of JZL195 (JZL195 group; n = 6). At 2 h, the
movement patterns of the three groups were generally reduced compared to 0 h,
with the JZL195 group exhibiting less mobility than the normal and vehicle
groups. At 24 h, the movement patterns of mice in all three groups increased
compared to 2 h, and these patterns were similar across the groups. (B)
Measurements of the total distance traveled by the mice in three groups. The total
distance traveled by the mice tended to decrease at 2 h than 0 h. However, there
was no significant difference in the total distance traveled among the three groups
at 2 h. Furthermore, at the 24 h, the total distance traveled remained consistent
with the measurements taken at 2 h, with no significant variations observed among
the three groups. (C) Measurements of the time that mice have traveled.
Movement time of the mice tended to decrease at 2 h compared to 0 h, but there
was no significant difference between the three groups at either 0 or 2 h.
Movement time measured at 24 h tended to be slightly increased than at 2 h, with
no significant difference between the three groups. Data are presented as median
with IQR and analyzed by one-way ANOVA and Kruskal-Wallis non-parametric
tests. (D) Changes in 50% withdrawal thresholds in normal mice. The 50%
withdrawal thresholds exhibited no significant alterations among the three groups.
(E) Changes in body weight in the normal mice. The body weight did not
demonstrate significant variances between the three groups. Data are presented as
mean + SEM and analyzed by two-way ANOVA followed by Bonferroni’s post

hoc multiple comparison test.
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IV. DISCUSSION

CIPN is a multifactorial adverse effect that arises after chemotherapy and is characterized
by sensorimotor dysfunction in the distal extremities, as well as alterations in factors
associated with neuroinflammation. The aim of this study was to investigate how JZL195,
adual FAAH/MAGL inhibitor, affects cannabinoid receptors and TLR4 in glial cells, along
with inflammatory cytokines that are involved in pain processing and neuroinflammatory
responses, in a CIPN animal model. First, mechanical allodynia and cold allodynia were
examined on day 7 and day 14 and locomotor activities were examined on day 8 and day
15 following the development of CIPN by cisplatin. Subsequently, further experiments
were conducted on day 14. On day 14, the animal model of CIPN received three different
concentrations of JZL195. 2 h after administering JZL195, a concentration of 20 mg/kg
was found to be the most effective in alleviating both mechanical and cold allodynia
without significantly affecting locomotor activity. Furthermore, western blot and
immunohistochemistry staining revealed that the activity of ECS and glial cells , as well as
TLR4 expression, increased upon cisplatin treatment, while glial cell activity and TLR4
levels decreased after JZL195 administration. In particular, the expressions of cannabinoid
receptors were differentially regulated in the DRG and spinal cord by JZL195.
Immunohistochemistry staining was conducted to verify the co-localization of cannabinoid
receptors with TLR4 in glial cells within the DRG and spinal cord. The results showed that
satellite glial cells in the DRG did not co-localize with neither cannabinoid receptor nor
TLR4, while cannabinoid receptors co-localized with glial cells in the spinal cord, along
with TLR4. Notably, the present study demonstrates a positive correlation between CB1R

and TLR4 in glial cells of the spinal cord in the CIPN animal model.
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1. The animal model of CIPN exhibits different locomotor activities depending on
the development stage

CIPN is primarily associated with sensory nerve disorders, making it important to assess
motor responses when evaluating CIPN.**® Behavioral alterations often rely on motor
responses, emphasizing the need to confirm the absence of motor deficits.>® Additionally,
assessing motor responses is vital because high doses of certain drugs can cause both
sensory alteration and motor impairment.®* Therefore, this study not only assessed pain
through the up-down test and acetone test, but also measured locomotor activities using the
OFT to establish a CIPN model that exhibits similar behavior to previous studies with
minimal cisplatin administration.

In this study, an animal model of CIPN was established by administering cisplatin twice.
The mechanical and cold allodynia were assessed up to day 7 or day 14 following cisplatin
administration. To gain a better understanding of the different stages of CIPN development
by evaluating motor responses, the locomotor activities of the mice were also monitored
and measured to compare the results between day 8 and day15. The results indicated that
both mechanical and cold allodynia persisted until day 7 or day 14. The total distance and
movement time were significantly longer in the cisplatin group compared to the vehicle
group on day 8, while no significant difference was observed between the vehicle and
cisplatin groups on day 15.

These findings contrast with previous research that measured locomotor activity after
cisplatin administration. In the study of cognitive impairment, the cisplatin group
demonstrated a significant decrease in distance traveled compared to the control group.?
Another study using cisplatin showed a significant decrease in the total distance traveled
by both male and female rats treated with cisplatin, compared to their corresponding control
groups.®® Conversely, the outcomes of the OFT in the prior CIPN investigation exhibited
similarities to our findings. In the CIPN study, it was observed that the group treated with

cisplatin traveled a significantly longer distance than the control group during the early
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time points (days 5 and 6). However, this difference decreased during the later time points
(days 20 and 21).5° Based on this study, this study found that the results at day 15 closely
mirrored those observed at the later time point. Therefore, day 14 was chosen for further

experiments.

2. Inhibition of FAAH/MAGL alleviates chemotherapy-induced peripheral

neuropathy

Research on cannabis-derived drugs can be categorized into two groups. In one group, the
agonist directly interacts with cannabinoid receptors to produce therapeutic effects, while
in the other, the drug indirectly affects cannabinoid receptors. This indirect effect may
involve targeting catabolic enzymes to inhibit them, thereby increasing endocannabinoid
levels and resulting in therapeutic effects.**¢ However, direct action of cannabis-derived
drugs on cannabinoid receptors, particularly CB1Rs, carries the risk of psychoactive side
effects. Despite these drawbacks , it is worth noting that CB1Rs are more abundant in the
body than CB2Rs, indicating a more substantial role in pain regulation.*® Therefore, this
research aimed to alleviate CIPN through the use of JZL195, which could indirectly
influence both CB1R and CB2R by increasing AEA and 2-AG levels through FAAH and
MAGL inhibition. JZL195 has previously been shown to relieve various types of pain
including inflammatory pain, neuropathic pain, and migraine pain.*4%% In this study,
analgesic effect of JZL195 on CIPN-related pain were assessed. The findings of this study
demonstrate that the administration of JZL195, a dual FAAH/MAGL inhibitor, alleviates
peripheral neuropathy in an animal model of CIPN.

As this is the first study to use JZL195 in a CIPN animal model, the first step in this study
was to determine the optimal concentration of JZL195 to produce pain relief in the CIPN
animal model. In a study of restraint stress-induced analgesia, subcutaneous administration
of 10 mg/kg of JZL195 was found to induce a significant increase in hot-plate latency and

paw withdrawal latency (PWL), which were also increased by restraint stress.®* In a recent
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study on sporadic dementia, oral administration of 20 mg/kg JZL195 for 15 days led to a
reduction in IL-6 and TNF-a levels, with no significant alterations in locomotor activity or
neurobehavioral impairment.®? Based on these studies, three different concentrations were
established as low (3 mg/kg), medium (10 mg/kg), and high (20 mg/kg).

Behavioral tests were then used to assess the analgesic effect of JZL195 over time and
determine which of the three concentrations had the greatest effect. As a results, 20 mg/kg
of JZL195 successfully ameliorated both mechanical and cold allodynia after 2 h, while
having no impact on locomotor activity. In line with the present study, JZL195 has shown
pain relief effects in other animal models. In an inflammatory pain model study,
subcutaneous injection of JZL195 reduced mechanical allodynia at concentrations above 3
mg/kg and reduced thermal hyperalgesia at concentrations above 20 mg/kg.*® Similarly, in
the neuropathic pain model, subcutaneous administration of JZL195 reduced mechanical
and cold allodynia.®® These results demonstrate that JZL195 can effectively reduce
inflammatory pain, neuropathic pain, as well as mechanical and cold allodynia related to
CIPN. However, JZL 195 is also known to affect locomotor activity.®® In the inflammatory
pain model study, 20 and 30 mg/kg of JZL195 reduced crossing number in the OFT.* The
findings from the mood and anxiety study contradicted those of the inflammatory pain
study. 2 h after the systemic administration of 40 mg/kg JZL195, the JZL.195-treated group
traveled notably farther than the control group.®® These differences suggest that JZL195
likely has varying effects on pain-related behavior and locomotor activity depending on the
concentration used. Hence, this implies the crucial need to select the appropriate

concentration of JZL.195 based on the specific purpose to be achieved.

3. The ECS in the DRG and spinal cord of the CIPN animal model is differentially

regulated

The endocannabinoids have a short bioavailability due to rapid degradation by catabolic

enzymes.®® As a result, the ECS undergoes various regulatory mechanisms depending on
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the specific pathological condition. Multiple studies on CIPN have demonstrated
alterations in the activity of the ECS within the DRG and spinal cord after receiving
chemotherapeutic agents.5”-* However, no studies have identified how the ECS is regulated
in the DRG and spinal cord after simultaneously inhibiting FAAH and MAGL in an animal
model of CIPN. Therefore, this study sought to elucidate alterations of the ECS in the DRG
and spinal cord induced by JZL195 treatment and to understand these changes in
conjunction with behavioral tests.

Western blot analysis revealed an increase in the levels of two catabolic enzymes in both
the DRG and spinal cord after cisplatin treatment. Similar alterations in FAAH or MAGL
expression in the DRG or spinal cord have been confirmed by several studies. Previous
pain research has reported increased FAAH expression in the DRG of rats that underwent
sciatic nerve surgery.” In addition, in a study on neuropathic pain, the group that received
chronic constriction injury to the sciatic nerve exhibited a significant increase in MAGL
immunofluorescent intensity compared to the group that underwent a sham injury.’
However, these previous studies have limitations in comprehensively evaluating alterations
in the endocannabinoid system, as they do not demonstrate changes in both FAAH and
MAGL expression in both the DRG and spinal cord. Therefore, it is important to note that
this study differs from previous ones as it identifies changes in the expression of both
FAAH and MAGL in both the DRG and spinal cord of the CIPN animal model. Moreover,
this investigation revealed alterations in FAAH and MAGL expression after JZL195
administration. Western blot analysis verified that JZL195 treatment leads to a reduction
in FAAH and MAGL expression, aligning with findings from previous research. Earlier
research has demonstrated that the expression of FAAH and MAGL is inhibited in a
concentration-dependent manner following intraperitoneal administration of JZL.195.4

Interestingly, the results of this study revealed differences in the expression of
cannabinoid receptors in the spinal cord compared to the expression of catabolic enzymes.
Following cisplatin administration, the expression of CB1R and CB2R increased, but the

changes were not significant. Conversely, after JZL195 administration, the expression of
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CB1R and CBZ2R increased, while the expression of FAAH and MAGL decreased.
Remarkably, the expression of cannabinoid receptors in the DRG and spinal cord exhibited
a different pattern following the administration of JZL195, as the expression of cannabinoid
receptors in the DRG was significantly reduced. These findings imply distinct regulatory
mechanisms for cannabinoid receptors in specific regions. These results align with what
has been observed in animal models and cases of human disease, indicating that the
signaling in the ECS is regulated differently in a tissue-specific manner.” The expression
of cannabinoid receptors has also been examined in other pain models. In a study on
neuropathic pain, findings revealed a significant upregulation of CB2R expression in the
DRG of the nerve injury group at 21 days after surgery compared to the sham injury
group.” Meanwhile, a spinal cord injury (SCI) model study reported a significant increase
in CB2R expression from 3 days to 2 weeks after SCI surgery, followed by a gradual
decrease after the 2 weeks.” This might imply that, in the cisplatin-induced CIPN model,
catabolic enzymes follow a similar regulation pattern in both the CNS and PNS.

However, cannabinoid receptors exhibit distinct regulatory patterns between the CNS and
PNS. In addition, another important aspect of the ECS is that it represents a fundamental
system that vitally contributes to the regulation of physiological and cognitive homeostasis
in our bodies, influencing various aspects such as pain, emotions, memory, and immune
response.’® Based on this, cannabinoid receptors might be regulated differently depending
on the type of disease and its progression phase. In acute pathological conditions, or when
there is a temporary minor disruption in homeostasis, it is suggested that endocannabinoid
levels may temporarily increase to help restore normal homeostasis. However, in cases of
ongoing or chronic pathological conditions, the activity of cannabinoid receptors might be
increased permanently.” Taken together, this indicates that the ECS undergoes different
forms of regulation depending on the specific site associated with CIPN, type of disease,

and phase of development.
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4. CIPN can be alleviated through TLR4 in spinal astrocytes and microglia by
modulating CB1R and CB2R

Neuroinflammation is recognized as a factor influencing the onset of CIPN. Hence, efforts
have been made to alleviate CIPN by targeting neuroinflammatory processes.”’-8! Several
studies have indicated that TLR4 plays a role in regulating neuroinflammation, as well as
pain associated with CIPN.>828 The CIPN study with paclitaxel reported that activation of
TLR4 by paclitaxel increased the expression of monocyte chemotactic protein 1 (MCP-1)
in DRG neurons and led to macrophage infiltration in the DRG, ultimately leading to loss
of intraepidermal nerve fibers (IENF) and mechanical hypersensitivity.®®* Another CIPN
study with paclitaxel reported that a TLR4 antagonist, LPS-RS, inhibited phosphorylation
of extracellular signal related kinase 1/2 (ERK1/2) and P38, indicating TLR4 signaling via
MAP kinases and NF«B is involved in paclitaxel-induced CIPN.2* However, previous
investigations on TLR4 in CIPN were largely conducted in a paclitaxel-induced CIPN
model. Therefore, it was important to investigate the regulation of TLR4 within the CIPN
model induced by cisplatin. In this study, western blot analysis revealed a significant
upregulation in TLR4 expression within the DRG and spinal cord in the cisplatin group
Additionally, immunohistochemistry staining was conducted to determine whether the
TLR4 is expressed on glial cells. The immunohistochemistry staining results in this study
showed that TLR4 co-localized with both astrocytes and microglia, but not with satellite
glia cells. Several studies showed comparable outcomes through different tests.®>%" After
administrating the cisplatin to breast and ovarian cancer cell lines, there was a notable
increase in TLR4 gene expression.® In addition, research on cisplatin-induced ototoxicity
has reported that cisplatin activates TLR4 in a manner similar to LPS.8 Moreover, some
studies have indicated the potential activation of TLR4 by cisplatin within the CNS 88
Based on the findings of previous studies and the results of this study, it can be inferred
that cisplatin increases TLR4 expression in both the CNS and PNS.

With the outcomes that cisplatin upregulated the expression of TLR4 in both the DRG
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and spinal cord, our subsequent aim was to investigate the regulation of TLR4 in glial cells
by administrating JZL195 and to examine its role in modulating neuroinflammation.
JZL.195 significantly suppressed the expression of TLR4 and reduced the expression of
TNF-o and IL-1p in the DRG and spinal cord. Also, results from immunohistochemistry
staining showed that the expression of TLR4 in the DRG and spinal cord, which was
increased by cisplatin, was reduced after JZL195 treatment. These findings imply that
JZL195 could influence TLR4 activity in astrocytes and microglia in spinal cord,
potentially affecting the modulation of neuroinflammation.

Collectively, the results of the immunohistochemistry staining indicate that JZL195 can
inhibit the activity of TLR4 and possibly affect cannabinoid receptors in astrocytes and
microglia. As GFAP and Ibal co-localized with cannabinoid receptors and TLR4 in this
study, TLR4 might be regulated by cannabinoid receptors in astrocytes and microglia of
CNS. In contrast, cannabinoid receptors and TLR4 did not co-localize with satellite glia
cells, indicating that TLR4 in the DRG is regulated by cannabinoid receptors through other
cell types.

5. Antinociceptive effects of JZL195 were mediated by spinal cannabinoid receptors

In this study, JZL195 effectively alleviated two types of allodynia, which are associated
with chemotherapy, by indirectly modulating cannabinoid receptors. However, the
complete pharmacological mechanism of JZL.195 has not been elucidated. The cannabinoid
receptors are expressed in the DRG and spinal cord, both of which considered as crucial
parts of the pain pathway,® and the present study showed that cannabinoid receptors on
glial cells in the spinal cord are significantly modulated following JZL195 administration.
After identifying the modulation of spinal cannabinoid receptors, the next objective of this
study was to evaluate the function of spinal cannabinoid receptors in the pain modulation
through JZL195 by administering AM251 and AM630 directly into the spinal fluid. As a
result, inhibition of CB1R or CB2R with AM251 or AMG630 led to a decrease in the
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analgesic effects of JZL195 in the mechanical and cold allodynia. This indicates that the
antinociceptive effects of the ECS in the CIPN animal model were mediated by the
activation of spinal cannabinoid receptors.

Furthermore, distinct roles of CB1R and CB2R were observed in two types of allodynia
by using different concentrations of CB1R and CB2R antagonists. The results
demonstrated that the effects of JZL195 were effectively inhibited by 0.03 mg/kg of
AM251 in mechanical allodynia, indicating a higher probability of CB1R contributing to
the painful responses to innocuous stimuli, specifically touch, compared to CB2R. On the
contrary, the results of this study suggest that both CB1R and CB2R play a role in
perceiving pain elicited by non-painful cold temperatures. These results are supported by
several previous studies.®*® In the CIPN model, 3 mg/kg of AM251 or AM630 were
administered before oxaliplatin injection.® Blocking CB1R using AM251 accelerated the
onset of cold allodynia, while the AM630 did not affect the pain-related behavior in
oxaliplatin-induced peripheral neuropathy.® In the study on the paclitaxel-induced CIPN
model, pre-treatment with AM251 inhibited the mechanical allodynia that was relieved by
2-AG.* Furthermore, the antiallodynic effect produced by 2-AG was counteracted by
AMG630.%° These results support the findings of the present study that AM251 and AM630
inhibit pain relief by blocking CB1R and CB2R, respectively. In another study on CIPN,
AM1710, a cannabinoid receptor type 2 agonist, was utilized to inhibit the mechanical and
cold allodynia induced by cisplatin. The study discovered that the antiallodynic effect was
suppressed by 3 mg/kg of AM630. However, the effect of AM1710 was not hindered by 3
mg/kg of AM251.9* Collectively, the findings from this study and prior research indicate
that CB1R and CB2R function differently in producing analgesia for distinct types of pain
and may exert varying effects based on the administration route.

Furthermore, in the assessment of locomotor activity in normal mice, the locomotor
activity of normal mice treated with JZL195 was reduced compared to untreated normal
mice. This finding suggests that the pharmacological effects of JZL195 primarily occur

through CB1R rather than CB2R. These experimental findings align with previous research.
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Several studies have indicated that CB1R is involved in stress, fear, and anxiety circuitry,
potentially contributing to the manifestation of undesired effects.®892% |n addition, a study
on mood and anxiety disorders showed that inhibition of both FAAH and MAGL results in
anxiety-like behavior under basal conditions.®® However, it is premature to assert that the
pharmacological effect of JZL195 in CIPN is dictated by CB1R alone, as CB2R has also
been reported to play a significant role in modulating pain and neuroinflammation.%+
Therefore, further studies are deemed necessary to precisely determine the pharmacological
effects of JZL195.
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V. CONCLUSION

In conclusion, the findings of the present study support the potential use of JZL195 in the
treatment of CIPN. The inhibition of FAAH/MAGL effectively alleviated CIPN.
Regulation of CB1R and CB2R through FAAH/MAGL inhibition significantly suppressed
mechanical and cold allodynia in the late stage of CIPN. Additionally, JZL195 notably
regulated neuroinflammation by reducing TLR4, which is an emerging neuroinflammatory
factor in the development of CIPN. Furthermore, cisplatin significantly increased the
expression levels of cannabinoid receptors, TLR4, GFAP, and Ibal, indicating the potential
involvement of the ECS and TLR4 within astrocytes, microglia, and satellite glial cells in
CIPN. Thus, the findings of this study suggest a significant role of the ECS and glial cells

in alleviating pain and neuroinflammation through the use of JZL195.
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