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Abstract: Chemotherapy-induced peripheral neuropathy and the accompanying affective
disorders are serious side effects, and their resolution is not guaranteed. Oxidative stress
and elevated levels of Nod-like receptor protein 3 (NLRP3) have been detected in the pe-
ripheral and central nervous systems of animals with neuropathic pain provoked by several
antineoplastic drugs, such as paclitaxel (PTX). Several studies have further indicated that
NLRP3 inflammasome inhibition could be an approach for treating chronic pain, but its
impact on the anxiodepressive-like behaviors and memory deficits related to PTX-provoked
neuropathy has not yet been investigated. MCC950 is a potent and specific inhibitor of
the NLRP3 pathway that acts through inhibiting NLRP3 activation and inflammasome
formation. We hypothesized that the administration of MCC950 could alleviate the af-
fective and cognitive disorders accompanying PTX-provoked neuropathy. Using male
C57BL/6 mice, we assessed the effects of MCC950 on the mechanical and thermal allodynia,
anxiodepressive-like behavior, and memory deficits incited by this taxane. The results
indicated that the intraperitoneal administration of 10 mg/kg of MCC950 twice daily for
three consecutive days fully reversed the PTX-induced mechanical and thermal allodynia.
This treatment also completely attenuated the anxiolytic (p < 0.004) and depressive-like
behaviors (p < 0.022) and memory deficits (novel object recognition test; p < 0.0018) incited
by PTX. These actions were mainly achieved through blocking NLRP3 inflammasome
activation in the sciatic nerve, amygdala, and hippocampus, and oxidative stress in the
amygdala and hippocampus. MCC950 also normalized the p-ERK 1/2 overexpression in
the sciatic nerve and apoptotic responses in the sciatic nerve and the amygdala. This study
suggests that MCC950 might be a promising treatment for PTX-induced mental illnesses
and neuropathy.

Keywords: anxiety; depression; MCC950; memory; neuropathic pain; NLRP3 inflammasome;
oxidative stress; paclitaxel

1. Introduction

Paclitaxel (PTX) is an antineoplastic drug that is currently used for the management of
lung cancer, breast cancer, ovarian carcinoma, pancreatic malignancies, and melanoma [1].
However, despite its multiple clinical benefits, treatment with this chemotherapy agent
is associated with the development of peripheral neuropathy, an undesirable effect for
cancer patients that can persist for a long period of time after the completion of the
treatment [2,3]. It is also well known that chemotherapy-induced neuropathy is linked to
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significant psychological problems, such as anxiety, depression, and memory lapses, which
can reinforce pain sensitivity, lengthen the duration of chemotherapy, and interfere with
proper cure [4]. Unfortunately, the current therapies to reduce the neuropathy and mental
illness that come with chemotherapy are limited, posing significant clinical challenges [5].

The Nod-like receptor protein 3 (NLRP3) inflammasome is involved in several dis-
eases, including diabetes, atherosclerosis, Alzheimer’s disease, inflammatory bowel disease,
and multiple sclerosis [6,7]. In recent years, the NLRP3 inflammasome has gained consider-
able importance and is considered a key player in the development of chronic pain [8,9].
Accordingly, several studies have demonstrated its activation in some pain conditions,
such as burn pain [10], fibromyalgia [11], osteoarthritis [12], and neuropathic pain caused
by nerve injury [13] or linked to diabetes [14]. In addition, patients with gout or rheuma-
toid arthritis were found to have an activated and up-regulated NLRP3 system, and its
inhibition provided pain relief [8].

Moreover, the intrathecal injection of siRNA against the Nlrp3 gene prevented
bortezomib-induced mechanical allodynia in mice, and the overexpression of the Nlrp3
gene in the dorsal root ganglia of these animals contributed to the development of mechan-
ical allodynia [15]. However, the possible contribution of the NLRP3 inflammasome to
PTX-induced mechanical and thermal allodynia has not yet been evaluated.

It is interesting to note that the NLRP3 inflammasome is also implicated in numerous
mental illnesses, including anxiety- and depressive-like behaviors linked to spinal cord
injuries [16] or persistent inflammation [17], and in the cognitive deficiencies related to
Alzheimer’s [18]. However, its potential role in the psychological and memory deficiencies
associated with PTX-induced neuropathic pain remains unexplored.

PTX injections have been shown to induce NLRP3 inflammasome activation in the
dorsal root ganglia and the sciatic nerve, and this stimulation is linked to the onset of
neuropathic pain [19]. Oxidative stress also plays a crucial role in the development of
PTX-induced neuropathy [20]. Previous works have demonstrated the up-regulation of
various oxidative stress markers and the down-regulation of the antioxidant enzymes heme
oxygenase 1 (HO-1), NAD(P)H quinone dehydrogenase 1 (NQO1), and superoxide dismu-
tase 1 (SOD-1) in animals with chemotherapy-induced neuropathic pain [21]. Oxidative
stress also promotes NLRP3 inflammasome activation, and the allodynia triggered by PTX
can be reduced by inhibiting reactive oxygen species production [19]. The activation of
the endogenous antioxidant pathway can also reverse PTX-induced neuropathy and the
accompanying anxiodepressive-like behaviors [22].

The extracellular signal-regulated kinase (ERK 1/2) signaling pathway is also involved
in the neuropathy induced by PTX. Previous studies found increased p-ERK 1/2 expres-
sion in the peripheral and central nervous systems of animals injected with PTX [22-24].
Furthermore, the administration of a selective inhibitor of ERK 1/2 activation (magnolin)
reduced the cold allodynia caused by PTX [24]. Other researchers have also found that
PTX-induced cognitive impairments may be caused by the changes in synaptic plasticity
provoked by this antineoplastic agent [25]. In addition, the multiple alterations provoked
by PTX (for example, the inflammatory responses, disturbances to the antioxidant system,
and ERK 1/2 phosphorylation) activate apoptosis in the central and peripheral nervous
systems [26,27]. Furthermore, increased levels of BAX in the dorsal root ganglia [22] and
necroptosis in the hippocampus have been found in animals given PTX [25].

MCC950, a selective inhibitor of the NLRP3 inflammasome, has shown promising
therapeutic effects in several preclinical models through its ability to reduce the inflamma-
tory responses induced by proinflammatory cytokines such as IL-1f3 and IL-18 [9,28,29].
Repeated treatment with MCC950 attenuated cancer-induced bone-pain-related mechanical
allodynia by reversing NLRP3 inflammasome up-regulation in the spinal cord [30]. The
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administration of MCC950 also attenuated the mechanical allodynia in a mouse model
of experimental autoimmune prostatitis [31] and in animals with vincristine-evoked neu-
ropathic pain [32]. However, the effects of MCC950 on the allodynia and emotional and
memory deficits incited by PTX have not been evaluated.

Recent studies have revealed analgesic effects of molecular hydrogen in different pain
models, especially in neuropathic pain induced by nerve injury or chemotherapy [23,33].
The administration of hydrogen-rich water (HRW), in addition to producing potent antioxi-
dant effects, also induced notable anti-inflammatory effects by inhibiting the expression of
the NLRP3 inflammasome and several proinflammatory mediators, such as TNF-«, IL-1f3,
and IL-6, in animals with inflammatory and neuropathic pain due to PTX administra-
tion [34,35]. Due to the positive effects demonstrated by HRW, the possible potentiation
of the analgesic actions of MCC950 through its co-administration with HRW was also
investigated in this study.

In summary, several studies have evaluated the analgesic actions of MCC950 in
different animal pain models [30-32], but the effect of this NLRP3 inflammasome inhibitor
on the affective and cognitive disorders accompanying PTX-provoked neuropathic pain and
its main mechanisms of action have not been investigated. In addition, it is well known that
molecular hydrogen interacts with other molecules, such as the antioxidant enzyme HO-1,
potentiating its painkiller properties [33]; however, the interaction between MCC950 and
HRW has not been evaluated. We hypothesized that treatment with MCC950 might inhibit
the neuropathic and mental deficits incited by PTX through regulating the endogenous
inflammatory and antioxidant systems, and, moreover, that the co-administration of HRW
would potentiate the analgesic actions of MCC950 under these experimental conditions.

Using male C57BL/6 mice injected with PTX, we assessed the effects of MCC950 on
(1) the allodynia (mechanical and thermal), anxiety- and depressive-like behaviors, and
memory deficits incited by this antineoplastic agent and (2) the inflammatory and oxidative
responses, as well as the plasticity changes and apoptosis caused by this taxane in the
sciatic nerve, amygdala, and hippocampus. (3) We also evaluated the antiallodynic effects
induced by the combination of MCC950 and HRW.

2. Materials and Methods
2.1. Animals

Male C57BL/6 mice (5-6 weeks old) from Envigo Laboratories (Barcelona, Spain) were
used in this study. They were housed at 22 £+ 1 °C with a relative humidity of 66% and
a 12 h light/dark cycle and were provided with food and water ad libitum. The animals
(136 in total) were housed in polypropylene cages containing an enriched environment,
including a carton hut and cellulose fragments.

This study was approved by the local Committee for Animal Use and Care of the
Autonomous University of Barcelona (ethical approval code: 4581), and all procedures
were conducted in accordance with the guidelines of the European Commission’s directive
2010/63/EC and the Spanish Law (RD 53/2013) regulating animal research. All efforts
were made to minimize both the quantity and the suffering of the animals.

2.2. Experimental Procedures

The contribution of NLRP3 to PTX-provoked neuropathy and affective and cognitive
disorders was evaluated by assessing the effects of MCC950 on the mechanical and thermal
allodynia, anxiodepressive-like behaviors, and memory loss in animals given PTX.

For this purpose, four experimental groups of animals were injected with vehicle
(VEH) or PTX (Figure 1). In the first experiment, VEH- and PTX-injected mice were
intraperitoneally treated with 10 mg/kg of MCC950 or VEH twice daily for 3 consecutive
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days at 19, 20, and 21 days. Mechanical and thermal allodynia were assessed 18, 19, 20, and
21 days after the first injection of PTX or VEH and 1 h after the administration of MCC950
or VEH [12] (n = 6 animals per group). At the end of the experiments, the animals were
euthanized and the effects of MCC950 on the expression of the NLRP3 inflammasome,
p-ERK-1/2, oxidative and antioxidant proteins, and the apoptosis indicator BAX in the
sciatic nerves, amygdalae, and hippocampi of these animals were examined using Western
blots (n = 6 samples per group).
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Figure 1. Schematic representation of the experimental procedures. VEH: vehicle; PTX: paclitaxel;
VEF: von Frey filament test; CP: cold plate test; EPM: elevated plus maze; TST: tail suspension test;
FST: forced swimming test; NOR: new object recognition test.

In the second experiment, in PTX- and VEH-injected mice that received the same
doses and pattern of administration of MCC950 or VEH as those in experiment 1, we
evaluated the effects of the NLRP3 inflammasome inhibitor on the anxiety- and depressive-
like behaviors caused by PTX using the elevated plus maze (EPM) test and using the tail
suspension test (TST) and the forced swimming test (FST), respectively. The tests were
performed on day 21 (n = 8 animals per group).

In the third experiment, in PTX- and VEH-injected mice that received the same doses
and pattern of administration of MCC950 or VEH that were utilized in experiment 1, the
effect of the NLRP3 inflammasome inhibitor on the memory deficits provoked by PTX was
assessed using the novel object recognition (NOR) test, which was performed on day 21
(n = 8 animals per group).

In the fourth experiment, to study whether HRW treatment could increase the an-
tiallodynic effects of a single dose of MCC950, the effects produced by the acute co-
administration of MCC950 (10 mg/kg) and HRW (0.15 mM) on the mechanical and cold
allodynia provoked by PTX were assessed on day 21. Von Frey filament and cold plate tests
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were conducted 1 h after the MCC950 or HRW injection, given alone or in combination,
following the protocol from a previous study [34] (n = 6 animals per group).

2.3. PTX Injection

The mice were intraperitoneally administered a 2mg/kg dose of PTX (Tocris Bio-
science, Bristol, UK) diluted in a mixture of Cremophor EL (Sigma-Aldrich, St. Louis, MO,
USA), ethanol, and saline (SS, 0.9% NaCl) in a ratio of 1:1:18; the mice were injected four
times every other day (on days 0, 2, 4, and 6), in accordance with the study protocol of
Toma et al. (2017) [36]. The control animals were given the same volume of vehicle solution
using the same protocol.

2.4. Drugs

MCC950 (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.9% NaCl. The
HRW was prepared using a hydrogen water generator from Hydrogen (Osmo-star Soriano
S.L., Alicante, Spain). Both compounds were prepared before use and intraperitoneally

administered in a volume corresponding to 10 mL/kg. The controls received an equal
volume of VEH.

2.5. Allodynia Tests

Mechanical hyperalgesia was quantified by measuring the hind-paw withdrawal
response to von Frey filament (North Coast Medical, Inc., San Jose, CA, USA) stimulation
and applying the up—down paradigm [37]. The mice were placed in separate methacrylate
cylinders (20 cm high x 9 cm wide) on an elevated wire platform through which filaments
were applied to both hind paws. A 0.4 g filament was used first, and the strength of the
subsequent filament was decreased if the animal responded or increased if the animal
did not respond. The threshold of response was estimated using an Excel program which
included curve fitting of the data.

Cold allodynia was assessed utilizing a cold plate analgesiometer (Ugo Basile, Gemo-
nio, Italy) at 4 + 0.5 °C, and the number of both hind-paw elevations was recorded for
5 min.

2.6. Emotional Behavior Tests

The evaluation of anxiety-like behaviors was conducted using an EPM apparatus,
which consisted of four arms measuring 5 x 35 cm that were elevated at a height of 45 cm.
Two arms were open and two were enclosed by 15 cm high walls. Each mouse was placed
in the central neutral area facing one of the open arms and allowed to explore the maze
for 5 min. The sessions were recorded using a digital camera, and the total number of
visits to the open and closed arms and the percentage of time spent in the open arms were
measured [38].

In accordance with previous investigations, the TST and FST were used to assess
depressive-like behaviors [39,40]. In the TST, the animals were suspended at a height of
35 cm from the ground by attaching adhesive to the tips of their tails. We used a digital
camera to record their movements, and the time spent immobile was measured for 6 min.
In the FST, each mouse was placed in a Plexiglas cylinder (25 cm high and 10 cm wide)
containing water at a depth of 10 cm at 24 °C. The activity of the animal was recorded for
6 min, and the time that it spent immobile during the last 4 min was determined.

2.7. Cognitive Behavior Test

The assessment of novel object recognition memory was conducted using a gray box
(44 x 44 cm) consisting of four walls and a non-reflective base [41]. This test was conducted
in four sessions, which lasted 10 min each. The animals were habituated to the empty
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box for two days. On day 3, the mice were placed in the box again and two identical
objects were shown. On day 4, the mice were reintroduced into the box and one of the
familiar objects was replaced by a novel one. The time spent exploring both the new and
familiar objects was quantified. Cognitive behavior was measured using the discrimination
index, which was calculated using the following formula: (time exploring novel object —
time exploring familiar object)/(time exploring novel plus familiar object) x 100. A high
discrimination index indicates good recognition memory.

In these experiments, before starting the tests, the mice were habituated to the testing
room for 1 h, and the equipment was carefully cleaned between subjects. The experiments
were carried out by investigators who were blind to the experimental conditions.

2.8. Western Blot Analysis

Twenty-one days after the PTX or VEH injection, the animals were euthanized by
cervical dislocation, and the sciatic nerve, amygdala, and hippocampus were dissected
and stored at —80 °C until further use. The tissues were homogenized using sonication
in RIPA Buffer (Sigma-Aldrich, St. Louis, MO, USA), solubilized (1 h at 4 °C), sonicated
(10 s), and centrifuged (700 g for 20 min at 4 °C). Equal amounts of protein (60 ug) were
loaded into 4% stacking/12% separating sodium dodecyl sulfate—polyacrylamide gels and
electrophoretically transferred onto polyvinylidene fluoride membranes. The membranes
were blocked for 75 min in blocking buffer (phosphate-buffered saline (PBS) + 5% non-fat
dry milk, PBS + Tween 20 + 5% bovine serum albumin (BSA), or Tris-buffered saline +
Tween 20 + 5% non-fat dry milk or BSA) and incubated overnight at 4 °C with specific
primary antibodies (Table 1). After washing, the membranes were incubated for 1 h at
room temperature with the secondary antibody (GE Healthcare, Little Chalfont, UK). Then,
the membranes were developed using ECL kit reagents (GE Healthcare, Little Chalfont,
UK), detected using a Chemidoc MP system (Bio-Rad, Hercules, CA, USA), and analyzed
using Image-J software (version 1.8.0; National Institutes of Health, Bethesda, MD, USA).

Table 1. Primary antibodies.

Antibody Dilution Commercial Source
NLRP3 1:200 Adipogen Life Sciences, Epalinges, Switzerland
4-HNE 1:150 Abcam, Cambridge, United Kingdom
p-ERK 1/2 1:250 Cell Signaling Technology, Danvers, MA, USA
ERK 1/2 1:250 Cell Signaling Technology, Danvers, MA, USA
HO-1 1:150 Enzo Life Sciences, New York, NY, USA
NQO1 1:250 Merck, Billerica, MA, USA
SOD-1 1:150 Novus Biologic, Littleton, CO, USA
BAX 1:150 Cell Signaling Technology, Danvers, MA, USA
GAPDH 1:5000 Merck, Billerica, MA, USA

2.9. Statistical Analyses

The SPSS (version 28, IBM, Madrid, Spain) and Prism 8.0 (Graphpad, La Jolla, CA,
USA) programs were used for the statistical analyses. The data are displayed as the means
=+ standard errors of the means (SEMs). The results were analyzed using Bartlett’s test to
assess the variance homogeneity and the Shapiro-Wilk test to determine the distribution of
the data. The effect of MCC950 on the mechanical and thermal allodynia caused by PTX
was evaluated using the three-way repeated-measures ANOVA, with injection, treatment,
and time as the variation factors. Since the data were not normally distributed or the
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variances differed across the groups, the Kruskal-Wallis test followed by Dunn’s post hoc
multiple-comparisons test were used to assess the effect of MCC950 on the mechanical and
thermal allodynia and the emotional and memory deficits induced by PTX. The differences
in the protein levels between the groups were also analyzed using the Kruskal-Wallis
test, followed by Dunn’s multiple-comparisons test. The analysis of the antiallodynic
effects produced by co-administration of HRW plus MCC950 were performed using a
two-way ANOVA, with injection and treatment as the variation factors, followed by the
Kruskal-Wallis test and Dunn’s multiple-comparisons test. p values < 0.05 were considered
statistically significant.

3. Results
3.1. The Effects of MCC950 on the Mechanical and Thermal Allodynia Caused by PTX

We evaluated if the activation of the NLRP3 inflammasome contributes to PTX-induced
neuropathic pain by assessing the effects of intraperitoneal administration of an NLRP3
inhibitor, MCC950, on PTX-induced mechanical and thermal allodynia using von Frey
filament and cold plate tests, respectively.

In both tests, the three-way repeated-measures ANOVA revealed significant effects of
injection, treatment, time, and the interactions between them (p < 0.0001). Our results indi-
cated that the administration of MCC950 reversed the low threshold for paw withdrawal
in response to von Frey filaments (Figure 2A,B; vs. PTX-injected animals receiving VEH:
p < 0.0001) and the increased number of paw lifts in the cold plate test (Figure 3A,B; vs.
PTX-injected animals receiving VEH: p < 0.0001) in the left and right hind paws compared
to mice injected with PTX alone. In both paws, the complete reversal of the mechanical and
thermal allodynia was observed after 3 days of treatment. The administration of MCC950
did have any effect on the paws of VEH-injected animals (Figures 2A,B and 3A,B).

3.2. The Effects of MCC950 on the Anxiodepressive-like Behaviors and Memory Loss Linked
to PTX

Our results confirmed that at three weeks after the PTX injection, the mice displayed
anxious- and depressive-like behaviors and memory deficits. Therefore, we evaluated
if inhibition of NLRP3 inflammasome activation could reduce these affective and cogni-
tive disorders.

The EPM test was used to assess the anxiety-like behaviors of the animals; the results
showed a reduced number of entries into the open arms by the mice injected with PTX
(Figure 4A; vs. mice given VEH-VEH: p < 0.004); this was reversed when the mice were
co-treated with MCC950. These results reveal an anxiolytic action of this compound and
the important role played by the NLRP3 inflammasome in the development of anxiety-like
behaviors associated with PTX chemotherapy. There were no differences between the
groups regarding the number of entries to the closed arms (Figure 4B) or the percentage of
time spent in the open arms (Figure 4C).

We also investigated whether the MCC950 treatment could reverse the depressive-
like behavior provoked by PTX on day 21 after the PTX injection. Our data showed that
there was an increase in the immobile time of PTX-injected animals in the TST (Figure 4D;
vs. VEH-VEH-treated mice: p < 0.0009) and FST (Figure 4E; vs. VEH-VEH-treated mice:
p < 0.0022), which was completely normalized by giving MCC950 on three consecutive
days. These outcomes revealed the anxiolytic and antidepressant effects of MCC950 in
PTX-injected animals.
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Figure 2. Reversion of the mechanical allodynia triggered by PTX after administration of 10 mg/kg
of MCC950 (given intraperitoneally, twice a day on three consecutive days). The data are shown
as the von Frey filaments strength (g) exerted on the left (A) and right (B) paws. In all graphs, the
symbols indicate significant differences compared to VEH-VEH or VEH-MCC950 (*) and PTX-VEH
(+) mice (p < 0.05, Kruskal-Wallis test followed by Dunn’s multiple-comparisons test). The values are
the means + SEMs from 6 animals per group.

PTX-induced neuropathy is commonly accompanied by memory dysfunction. Our
findings confirmed that memory deficits were induced by the PTX treatment by demonstrat-
ing a reduction in the discrimination index in PTX-injected subjects in the object recognition
test (Figure 4F; vs. VEH-VEH-treated mice: p < 0.0018). Remarkably, this decrease in the
discrimination index was reversed with the administration of MCC950, thus showing the
rescue of the memory deficits by this drug in mice given PTX.
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Figure 3. Reversion of the thermal allodynia triggered by PTX after administration of 10 mg/kg of
MCC950 (given intraperitoneally twice a day on three consecutive days). The data are shown as the
numbers of paw lifts for the left (A) and right (B) paws. In all graphs, the symbols indicate significant
differences compared to VEH-VEH or VEH-MCC950 (*) and PTX-VEH (+) mice (p < 0.05, Kruskal-
Wallis test followed by Dunn’s multiple-comparisons test). The values are the means + SEMs of
6 animals per group.

3.3. The Effects of MCC950 on the Inflammatory, Oxidative, Plasticity, and Apoptotic Changes
Provoked by PTX in the Sciatic Nerve, Amygdala, and Hippocampus

Considering the crucial role of inflammation and oxidative stress in the development
of neuropathy after PTX chemotherapy, we evaluated the impact of the pharmacological
inactivation of the NLRP3 inflammasome on the expression of markers of oxidative stress,
synaptic plasticity, and apoptosis.
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Figure 4. Inhibition of the anxiodepressive-like behaviors and memory loss associated with PTX after
the intraperitoneal administration of 10 mg/kg of MCC950 on 3 consecutive days. The number of
entries into the open (A) and closed arms (B) and the proportion of time spent in the open arms (C)
in the EPM. The time that the animals remained immobile (s) in the TST (D) and FST (E) and the
discrimination index in the object recognition test (F). In all graphs, the symbols indicate significant
differences compared to VEH-VEH (*), PTX-MCC950 (#), and the other groups (@) (p < 0.05, Kruskal—-
Wallis test followed by Dunn’s multiple-comparisons test). The data are expressed as the mean values
=+ SEMs of 8 animals for each group.

As expected, higher levels of the NLRP3 inflammasome were detected in the sci-
atic nerves (Figure 5A; p < 0.0001), amygdalae (Figure 6A; p < 0.0002), and hippocampi
(Figure 7A; p < 0.0002) of PTX-injected mice compared to VEH-VEH-treated mice. These
levels were normalized by the administration of MCC950. The oxidative stress induced by
PTX, demonstrated by the increased levels of 4-HNE (an oxidative stress marker) in the
sciatic nerve (Figure 5B; vs. VEH-VEH-treated mice: p < 0.0005) and amygdala (Figure 6B;
vs. VEH-VEH-treated mice: p < 0.0005), was attenuated by the MCC950 treatment in
the amygdala but not in the sciatic nerve. In contrast, down-regulation of 4-HNE was
detected in the hippocampi of PTX-injected animals (Figure 7B; vs. VEH-VEH-treated mice:
p < 0.0003), which was normalized by the administration of MCC950.
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Figure 5. Effects of MCC950 treatment on the protein levels of NLRP3 (A), 4-HNE (B), p-ERK 1/2 (C),
HO-1 (D), NQO1 (E), SOD-1 (F), and BAX (G) in the sciatic nerves of PTX-injected mice. VEH-injected
mice given VEH were used as controls. (H,I) Representative blots of these proteins. The symbols
indicate significant differences vs. VEH-VEH (*) and PTX-MCC950 (#) (p < 0.05; Kruskal-Wallis test
followed by Dunn’s multiple-comparisons test). The results are shown as the means + SEMs of
6 samples/group.

Several studies have demonstrated increased ERK 1/2 phosphorylation in animals
that received chemotherapy with PTX. Our results also detected increased p-ERK 1/2
levels in the sciatic nerves (Figure 5C; p < 0.001) and hippocampi (Figure 7C; p < 0.0006) of
PTX-injected mice compared with those treated with VEH-VEH, but not in the amygdalae
(Figure 6C). The high levels of p-ERK 1/2 were only reversed by the MCC950 treatment in
the sciatic nerve.

Given that there are interactions between inflammation and oxidative stress during
chronic pain, the effects of the NLRP3 inflammasome inhibitor MCC905 on the antioxidant
system were also assessed. Our data showed that, compared to VEH-VEH-treated mice,
treatment with MCC905 maintained the high levels of HO-1 (Figure 5D; p < 0.0001), NQO1
(Figure 5E; p < 0.0004), and SOD-1 (Figure 5F; p < 0.0002) induced by PTX in the sciatic
nerve; it did not alter the expression of these enzymes in the amygdala (Figure 6D-F), but
it did normalize the down-regulation of HO-1 (Figure 7D; p < 0.0005), NQO1 (Figure 7E;
p <0.0004), and SOD-1 (Figure 7F; p < 0.0002) induced by PTX in the hippocampus.
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Figure 6. Effects of MCC950 treatment on the protein levels of NLRP3 (A), 4-HNE (B), p-ERK 1/2 (C),
HO-1 (D), NQOI1 (E), SOD-1 (F), and BAX (G) in the amygdalae of PTX-injected mice. VEH-injected
mice given VEH were used as controls. (H,I) Representative blots of these proteins. The symbols
represent significant differences vs. VEH-VEH (*) and PTX-MCC950 (#) (p < 0.05; Kruskal-Wallis
test followed by Dunn’s multiple-comparisons test). The results are shown as the means + SEMs of
6 samples/group.

Finally, we assessed the effects of MCC950 on the apoptotic responses generated by
PTX through analyzing the protein levels of BAX. While the expression of BAX increased
in the sciatic nerves (Figure 5G; p < 0.0001) and amygdalae (Figure 6G; p < 0.0002) of
PTX-injected mice compared to VEH-VEH-treated mice, its expression decreased in the
hippocampi of these animals (Figure 7G; p < 0.0002). Treatment with MCC950 normalized
the up-regulation of BAX in the sciatic nerve and amygdala and the down-regulation of
BAX in the hippocampus.
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Figure 7. Effects of MCC950 treatment on the protein levels of NLRP3 (A), 4-HNE (B), p-ERK %2
(©), HO-1 (D), NQOI1 (E), SOD-1 (F), and BAX (G) in the hippocampi of PTX-injected mice. VEH-
VEH-injected mice were used as controls. (H,I) Representative blots of these proteins. The symbols
indicate significant differences vs. VEH-VEH (*) and PTX-MCC950 (#) mice (p < 0.05; Kruskal-Wallis
test followed by Dunn’s multiple-comparisons test). The results are shown as the means + SEMs of
6 samples/group.

3.4. The Effects of HRW on the Antiallodynic Actions of MCC950 in PTX-Injected Mice

At 21 days after PTX injection, we further evaluated if the acute administration of
HRW (0.15 mM) could enhance the antiallodynic actions induced by a single administration
of 10 mg/kg of MCC950 (Figure 8).

For each test and paw analyzed, the two-way ANOVA revealed significant effects of
injection (p < 0.0010), treatment p < 0.0010), and the interactions between them (p < 0.0010).
Our results revealed that the co-treatment of HRW with MCC950 enhanced the inhibition
of the mechanical allodynia induced by each treatment alone, both in the left (Figure 8A;
p <0.0001) and right hind paws (Figure 8B; p < 0.0001). Moreover, the thermal antiallodynic
effects produced by the acute administration of MCC950 were also stronger in the left
(Figure 8C; p < 0.0001) and right hind paws (Figure 8D; p < 0.0001) of animals co-treated
with HRW. In both tests and paws, MCC950 and HRW, given together or individually,
failed to produce any effect in the VEH-injected animals.
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Figure 8. Effects of the acute intraperitoneal administration of MCC950 (10 mg/kg) combined with
HRW (0.15 mM) on the mechanical and thermal allodynia on day 21 after PTX injection. The data are
presented as the von Frey filament strength (g) on the left (A) and right (B) paws and the number of
paw lifts for the left (C) and right (D) paws. In all graphs, the symbols indicate significant differences
compared to the respective VEH- (*) and PTX-VEH-VEH-treated mice (+) (p < 0.05, Kruskal-Wallis
test followed by Dunn’s multiple-comparisons test). The results are shown as the means + SEMs of

6 animals per group.

4. Discussion

Neuropathy resulting from chemotherapy with PTX causes significant distress to
cancer patients, and there is no effective treatment for this type of neuropathy or its
associated mental disorders. This study revealed that the pharmacological inhibition of the
NLRP3 inflammasome not only attenuated the mechanical and thermal allodynia caused
by PTX but also the anxiety- and depressive-like behaviors and memory deficits associated
with PTX-induced neuropathy. These effects were mainly produced by inhibiting the up-
regulation of the NLRP3 inflammasome in the sciatic nerve, amygdala, and hippocampus
and the oxidative stress marker 4-HNE in the amygdala. This treatment also maintained
high levels of the antioxidant proteins HO-1, NQO1, and SOD-1 in the sciatic nerve and
normalized their down-regulation in the hippocampus. The administration of MCC950
also inhibited ERK 1/2 phosphorylation in the sciatic nerve and the apoptotic responses
caused by PTX in the sciatic nerve and amygdala.

These findings demonstrate the effectiveness of MCC950 in attenuating the allodynia
and affective and memory deficits evoked by PTX and reveal the contribution of the NLRP3
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inflammasome in the development of PTX-induced neuropathy and its associated adverse
effects. Additionally, treatment with HRW increased the antiallodynic actions of MCC950
in PTX-induced neuropathic pain in mice.

The NLRP3 inflammasome is implicated in the pathogenesis of many nociceptive
disorders, such as arthritis and neuropathic and inflammatory pain, as well as cancer-
induced bone pain [9,30,42]. However, only a few studies have evaluated the contribution
of NLRP3 to the neuropathy caused by chemotherapy. Two studies revealed that the
administration of the NLRP3 inhibitor MCC950 can attenuate the allodynia caused by
oxaliplatin [29] and vincristine in rodents [32]. Our results are in agreement with these
findings, with our data demonstrating that MCC950 also attenuated the mechanical and
thermal allodynia that manifested in PTX-treated animals. The low threshold of paw
withdrawal to von Frey filaments and the increased number of paw lifts on day 18 after
the PTX injection were rescued by the repeated administration of MCC950 from day 19
to 21 after the PTX injection. Liu et al. (2018) [15] also demonstrated the prevention
of bortezomib-induced mechanical allodynia through the intrathecal injection of siRNA
against the Nlrp3 gene and the mechanical allodynia caused by Nlrp3 overexpression in
the dorsal root ganglia of these animals [15]. Moreover, the mechanical allodynia provoked
by oxaliplatin was also less severe in NLRP3-deficient mice [29].

Our results also showed elevated levels of NLRP3 in the sciatic nerves of PTX-injected
animals; this up-regulation was completely inhibited by the repeated administration of
MCC950. Interestingly, increased expression of the oxidative marker 4-HNE was also found
in the sciatic nerve, supporting the idea that oxidative stress activates the inflammasome
pathway, as was also demonstrated in the DRG of animals with osteoarthritis pain [12].
Nonetheless, although MCC950 failed to reverse the increased expression of 4-HNE, this
treatment maintained the up-regulation of the antioxidant enzymes HO-1, NQO1, and
SOD-1 in the sciatic nerve. Since one of mechanisms underlying chemotherapy-induced
neuropathy involves oxidative stress and the induction of antioxidant enzymes, such as
HO-1, which can attenuate the mechanical and thermal allodynia caused by PTX [22], the
activation of the endogenous antioxidant system by MCC950 suggests that this system
could contribute to the antiallodynic effects of this NLRP3 inhibitor.

We also evaluated the effects of MCC950 on the expression of p-ERK 1/2, which is
strongly implicated in the development of neuropathic pain [24]. High levels of p-ERK
1/2 were detected in the dorsal root ganglia and spinal cords of animals given oxaliplatin
or paclitaxel, and the inhibition of ERK reversed the neuropathic pain induced by both
chemotherapeutic agents [43,44]. Accordingly, our results further demonstrated an up-
regulation of p-ERK 1/2 in the sciatic nerves of PTX-injected animals and revealed that
the administration of MCC950 inhibited ERK 1/2 phosphorylation. Consistent with the
findings of previous studies [22], apoptotic responses induced by PTX were observed in the
sciatic nerves of animals given this antineoplastic drug, as revealed by the up-regulation
of BAX, which was inhibited by the administration of MCC950. These results showed the
positive actions of MCC950 in attenuating the plasticity changes and apoptotic responses
caused by PTX in the peripheral nervous system. These outcomes also suggest that the
NLRP3 inflammasome might be involved in the plasticity changes and apoptotic responses
induced by PTX in mice. Moreover, considering the inhibition of neuropathic pain induced
by ERK 1/2 inhibitors [43], we postulated that the normalization of p-ERK 1/2 levels by
MCC950 might contribute to the effectiveness of this drug in modulating PTX-induced
neuropathy in mice.

It is well known that, in addition to peripheral sensitivity, conventional chemotherapy
is also associated with notable adverse effects, including anxiety, depression, and memory
impairment [4]. However, despite the high prevalence of these symptoms in patients,
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most preclinical studies have only evaluated the effects of chemotherapy on the allodynia
and not on the anxiodepressive-like behaviors and memory deficits, which are critical
psychological aspects. In this study, considering that NLRP3 inflammasome activation
mediates chronic, unpredictable, mild stress-induced depression [45] and depressive-like
behaviors in diabetes patients [46], we evaluated the impact of repeated administration of
MCC950 on PTX-associated anxiety- and depressive-like behaviors. Our results demon-
strated the ability of MCC950 to normalize the number of entries into the open arms of the
EPM, in addition to reducing the time that PTX-injected animals remained immobile in
the TST and FST. These data indicate that the treatment with MCC950 also inhibited the
anxiodepressive-like behaviors associated with PTX-induced neuropathy, revealing the
anxiolytic and antidepressant properties of this treatment.

Our outcomes further proved that the MCC950 treatment normalized the up-
regulation of NLRP3 in the amygdalae of mice given PTX. The amygdala is implicated
in the control of emotive responses [47], suggesting that the anti-inflammatory effects of
MCC950 in this brain area could be responsible for its anxiolytic and antidepressant actions.
Other works have also shown that treatments such as sodium butyrate and ultramicronized
palmitoylethanolamide can reduce PTX-induced depressive- and anxiety-like behaviors
through inhibiting the expression of several NLRP3-derived proinflammatory cytokines
in the brain [48,49]. The administration of activators of the antioxidant signaling pathway,
such as dimethyl fumarate, 1m, 1b, and 1a, also inhibited the emotional impairments
related to neuropathic pain caused by nerve damage through reducing the up-regulation
of NLRP3 in the amygdala [50].

Interestingly, the treatment with MCC950 also normalized the increased expression
of 4-HNE induced by PTX in the amygdala, showing that the inhibition of NLRP3 in-
flammasome activation blocked not only the inflammatory responses but also the ox-
idative stress induced by this chemotherapeutic agent. Thus, MCC950, in addition to
its anti-inflammatory actions, also produces antioxidative effects in this brain area. The
involvement of oxidative stress in the affective and cognitive disorders associated with
PTX-induced chemotherapy has been previously demonstrated [23,51]; PTX-induced anxi-
ety was found to be inhibited by compounds such as 7-chloro-4-(phenylselanyl) quinoline
(4-PSQ) through the modulation of oxidative stress in specific brain areas [52]. Therefore,
our results suggest that the antioxidant properties of MCC950 could also influence the
control of the abnormal emotional behaviors induced by this drug.

As in the peripheral nervous system, the MCC950 treatment also inhibited the apop-
totic responses provoked by PTX in the amygdala. These data contrast with the lack
of changes in BAX expression in the prefrontal cortex of PTX-injected mice but are in
agreement with the apoptotic effects provoked by this antineoplastic drug in other brain
areas [53]. Our outcomes support the antiapoptotic effects induced by MCC950 in the
sciatic nerve. Moreover, the fact that PTX increased NLRP3 expression in the amygdala
and that the pharmacological inhibition of NLRP3 attenuated BAX overexpression and
reversed the anxiety- and depressive-like behaviors associated with PTX suggests that cell
death might also be involved in the development of the emotional alterations provoked by
this chemotherapeutic agent.

In this work, we also evaluated the influence of the NLRP3 inflammasome on the
cognitive impairments provoked by PTX by assessing the effects of the MCC950 treatment
on novel object recognition test performance. In accordance with the results of Liang
et al. (2020) [54], our data revealed a decreased discrimination index in PTX-injected
mice, demonstrating the memory loss induced by this antineoplastic drug. Moreover, this
memory deficit was rescued with the MCC950 treatment, which indicates that the NLRP3
inflammasome is involved in the development of the cognitive deficits related to PTX
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chemotherapy. This is in accordance with other works that proved that central inflammation
is one of the primary causes of the cognitive deficits related to chemotherapy [55,56].
Increased levels of the NLRP3 inflammasome were found in the hippocampus of PTX-
injected animals, and the administration of MCC950 normalized the up-regulation of this
inflammasome. Since the hippocampus is strongly implicated in memory processes [57],
inhibition of NLRP3 up-regulation by MCC950 suggests that the attenuation of the memory
deficits induced by this treatment was due to a reduction in inflammatory pathways
activated by this inflammasome. This idea is supported by recent preclinical studies that
showed that MCC950 rescued the memory deficits caused by orthopedic surgery through
normalizing the increased interleukin levels in the hippocampus [58] and that molecular
hydrogen attenuated the cognitive impairments caused by vascular dementia by inhibiting
NLRP3 inflammasome activation in the hippocampus [59].

Several studies have demonstrated that chemotherapy causes oxidative stress in the
hippocampus [60,61]. Our results support these data, since they demonstrated decreased
expression of HO-1, NQO1, and SOD-1 in this brain area in mice given PTX. Unexpectedly,
decreased levels of 4-HNE and BAX were also found in the hippocampi of these animals,
both of which were normalized by the MCC950 treatment. We do not have a clear explana-
tion for these results, but we hypothesize that they may be due to a possible compensatory
mechanism that maintains hippocampal homeostasis when there is a decline in the activity
of the endogenous antioxidant system. Nevertheless, a complete normalization of the HO-1,
NQOL1, and SOD-1 levels was observed in the animals treated with MCC950, demonstrating
the antioxidant actions of this drug in the hippocampus, which may be responsible for the
rescue of the memory deficits. This hypothesis is supported by the observed alleviation of
memory loss by some antioxidants, such as vitamin E, in rats exposed to chemotherapy
through a reduction in hippocampal oxidative stress [62].

Similar to results in the prefrontal cortex [22,23], elevated levels of p-ERK 1/2 were
observed in the hippocampus of PTX-injected mice that were not reversed by the treatment
with MCC950. Therefore, the mechanism through which MCC950 improves memory loss
does not seem to be related to the p-ERK 1/2 signaling pathway, which was also observed
with other treatments [22].

Finally, our data showed that the acute administration of HRW enhanced the mechani-
cal and thermal antiallodynic effects of a single dose of MCC950, demonstrating an additive
effect of the NLRP3 inflammasome and molecular hydrogen administration in modulating
the allodynia caused by PTX. This interaction is further reinforced by the normalization of
the up-regulation of NLRP3 induced by HRW in the dorsal root ganglia of animals with
PTX-induced neuropathy [35]. In agreement with these findings, a positive interaction
between molecular hydrogen and the antioxidant enzyme HO-1 was also found to alleviate
the allodynia caused by nerve injury [33]. Therefore, considering the limited side effects
produced by the HRW [63], our results suggest that the combination of MCC950 and HRW
could be a promising and safer approach for addressing the neuropathy induced by PTX.

One limitation of this study is that the experiments were only performed on male mice.
However, considering the positive effects of MCC950 on the male mice, we plan to perform
these experiments on female mice in the near future.

5. Conclusions

In summary, this investigation revealed that the administration of MCC950 atten-
uated the allodynia produced by PTX, and the strength of this effect was increased by
co-administration with HRW. The data further demonstrated the anxiolytic and antidepres-
sant effects of MCC950 and its ability to rescue memory deficits in PTX-injected mice. These
actions were associated with lower NLRP3 inflammasome activation in the sciatic nerve,
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amygdala, and hippocampus and less oxidative stress in the amygdala and hippocampus.
MCC950 also inhibited p-ERK 1/2 overexpression in the sciatic nerve and reduced the
apoptotic responses provoked by PTX in the sciatic nerve and amygdala. In conclusion,
this study reveals that MCC950 represents a promising therapeutic option for ameliorating
neuropathic pain and its associated mood and cognitive disorders.

Author Contributions: Investigation, LM.-M. and S.E.N.-F,; formal analysis, . M.-M.; funding acqui-
sition, O.P,; writing—review and editing, O.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the Ministerio de Ciencia, Innovacién y Universidades; the
Instituto de Salud Carlos III; the Fondo Europeo de Desarrollo Regional (FEDER), Unién Europea
[Grant: PI21/00592]; and the CERCA Programme/Generalitat de Catalunya.

Institutional Review Board Statement: All experiments were executed in accordance with the
guidelines of the European Commission’s directive (2010/63/EC) and the Spanish Law (RD 53/2013)
regulating animal research, and they were approved by the local Committee of Animal Use and Care
of the Autonomous University of Barcelona (ethical code: 4581; date of approval: 31 March 2023).

Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available in the article.

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

References

1.  Gallego-Jara, J.; Lozano-Terol, G.; Sola-Martinez, R.A.; Cdnovas-Diaz, M.; de Diego Puente, T. A Compressive Review about
Taxol®: History and Future Challenges. Molecules 2020, 25, 5986. [CrossRef] [PubMed]

2. Hung, HW, Liu, C.Y,; Chen, HE; Chang, C.C.; Chen, S.C. Impact of Chemotherapy-Induced Peripheral Neuropathy on Quality
of Life in Patients with Advanced Lung Cancer Receiving Platinum-Based Chemotherapy. Int. |. Environ. Res. Public Health 2021,
18, 5677. [CrossRef] [PubMed]

3. Zhou, X,; Zhang, X.; Zhong, T.; Zhou, M.; Gao, L.; Chen, L. Prevalence and associated factors of chemotherapy-related cognitive
impairment in older breast cancer survivors. J. Adv. Nurs.. 2024, 80, 484-499. [CrossRef] [PubMed]

4. Bonhof, C.S,; Poll-Franse, L.V.; Vissers, P.A.J.; Wasowicz, D.K.; Wegdam, ]J.A.; Révész, D.; Vreugdenhil, G.; Mols, F. Anxiety
and depression mediate the association between chemotherapy-induced peripheral neuropathy and fatigue: Results from the
population-based PROFILES registry. Psychooncology 2019, 28, 1926-1933. [CrossRef]

5.  Gewandter, ].S.; Kleckner, A.S.; Marshall, ].H.; Brown, J.S.; Curtis, L.H.; Bautista, J.; Dworkin, R.H.; Kleckner, I.R.; Kolb, N.;
Mohile, S.G.; et al. Chemotherapy-induced peripheral neuropathy (CIPN) and its treatment: An NIH Collaboratory study of
claims data. Support. Care Cancer 2020, 28, 2553-2562. [CrossRef] [PubMed]

6. Shao,B.Z.; Xu, Z.Q.; Han, B.Z.; Su, D.F,; Liu, C. NLRP3 inflammasome and its inhibitors: A review. Front. Pharmacol. 2015, 6, 262.
[CrossRef] [PubMed]

7. Khan, N.; Kuo, A.; Brockman, D.A.; Cooper, M.A.; Smith, M.T. Pharmacological inhibition of the NLRP3 inflammasome as a
potential target for multiple sclerosis induced central neuropathic pain. Inflammopharmacology 2018, 26, 77-86. [CrossRef]

8.  Starobova, H.; Nadar, E.I; Vetter, I. The NLRP3 Inflammasome: Role and Therapeutic Potential in Pain Treatment. Front. Physiol.
2020, 11, 1016. [CrossRef]

9. Chen, R; Yin, C; Fang, J.; Liu, B. The NLRP3 inflammasome: An emerging therapeutic target for chronic pain. J. Neuroinflamm.
2021, 18, 84. [CrossRef]

10. Deuis, J.R; Yin, K.; Cooper, M.A; Schroder, K.; Vetter, I. Role of the NLRP3 inflammasome in a model of acute burn-induced pain.
Burns 2017, 43, 304-309. [CrossRef]

11. Cordero, M.D.; Alcocer-Gémez, E.; Culic, O.; Carrién, A.M.; de Miguel, M.; Diaz-Parrado, E.; Pérez-Villegas, E.M.; Bullén, P.;
Battino, M.; Sanchez-Alcazar, J.A. NLRP3 inflammasome is activated in fibromyalgia: The effect of coenzyme Q10. Antioxidants
Redox Signal. 2014, 20, 1169-1180. [CrossRef]

12.  Silva Santos Ribeiro, P.; Willemen, H.L.D.M.; Versteeg, S.; Martin Gil, C.; Eijkelkamp, N. NLRP3 inflammasome activation in
sensory neurons promotes chronic inflammatory and osteoarthritis pain. Immunother. Adv. 2023, 3, 1tad022. [CrossRef] [PubMed]

13.  Tonkin, R.S.; Bowles, C.; Perera, C.J.; Keating, B.A.; Makker, P.G.S.; Duffy, S.S.; Lees, ]J.G.; Tran, C.; Don, A.S.; Fath, T.; et al.

Attenuation of mechanical pain hypersensitivity by treatment with Peptide5, a connexin-43 mimetic peptide, involves inhibition
of NLRP3 inflammasome in nerve-injured mice. Exp. Neurol. 2018, 300, 1-12. [CrossRef]


https://doi.org/10.3390/molecules25245986
https://www.ncbi.nlm.nih.gov/pubmed/33348838
https://doi.org/10.3390/ijerph18115677
https://www.ncbi.nlm.nih.gov/pubmed/34073174
https://doi.org/10.1111/jan.15842
https://www.ncbi.nlm.nih.gov/pubmed/37675947
https://doi.org/10.1002/pon.5176
https://doi.org/10.1007/s00520-019-05063-x
https://www.ncbi.nlm.nih.gov/pubmed/31494735
https://doi.org/10.3389/fphar.2015.00262
https://www.ncbi.nlm.nih.gov/pubmed/26594174
https://doi.org/10.1007/s10787-017-0401-9
https://doi.org/10.3389/fphys.2020.01016
https://doi.org/10.1186/s12974-021-02131-0
https://doi.org/10.1016/j.burns.2016.09.001
https://doi.org/10.1089/ars.2013.5198
https://doi.org/10.1093/immadv/ltad022
https://www.ncbi.nlm.nih.gov/pubmed/38047118
https://doi.org/10.1016/j.expneurol.2017.10.016

Antioxidants 2025, 14, 143 19 of 21

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Chen, W.,; Wang, X.; Sun, Q.; Zhang, Y.; Liu, J.; Hu, T.; Wu, W.; Wei, C.; Liu, M,; Ding, Y.; et al. The upregulation of NLRP3
inflammasome in dorsal root ganglion by ten-eleven translocation methylcytosine dioxygenase 2 (TET2) contributed to diabetic
neuropathic pain in mice. J. Neuroinflamm. 2022, 19, 302. [CrossRef] [PubMed]

Liu, C.C,; Huang, Z.X;; Li, X;; Shen, K.F; Liu, M.; Ouyang, H.D.; Zhang, S.B.; Ruan, Y.T.; Zhang, X.L.; Wu, S.L.; et al. Upregulation
of NLRP3 via STAT3-dependent histone acetylation contributes to painful neuropathy induced by bortezomib. Exp. Neurol. 2018,
302, 104-111. [CrossRef] [PubMed]

Mokhtari, T.; Uludag, K. Role of NLRP3 Inflammasome in Post-Spinal-Cord-Injury Anxiety and Depression: Molecular Mecha-
nisms and Therapeutic Implications. ACS Chem. Neurosci. 2024, 15, 56-70. [CrossRef] [PubMed]

Arioz, B.L; Tastan, B.; Tarakcioglu, E.; Tufekci, K.U.; Olcum, M.; Ersoy, N.; Bagriyanik, A.; Genc, K.; Genc, S. Melatonin Attenuates
LPS-Induced Acute Depressive-Like Behaviors and Microglial NLRP3 Inflammasome Activation Through the SIRT1/Nrf2
Pathway. Front. Immunol. 2019, 10, 1511. [CrossRef] [PubMed]

Zhang, Y.; Zhao, Y.; Zhang, J.; Yang, G. Mechanisms of NLRP3 Inflammasome Activation: Its Role in the Treatment of Alzheimer’s
Disease. Neurochem. Res. 2020, 45, 2560-2572. [CrossRef]

Jia, M.; Wu, C.; Gao, E; Xiang, H.; Sun, N.; Peng, P; Li, J.; Yuan, X; Li, H.; Meng, X.; et al. Activation of NLRP3 inflammasome in
peripheral nerve contributes to paclitaxel-induced neuropathic pain. Mol. Pain. 2017, 13, 1744806917719804. [CrossRef]

Singh, J.; Thapliyal, S.; Kumar, A.; Paul, P; Kumar, N.; Bisht, M.; Naithani, M.; Rao, S.; Handu, S.S. Dimethyl Fumarate
Ameliorates Paclitaxel-Induced Neuropathic Pain in Rats. Cureus 2022, 14, e28818. [CrossRef]

Saha, S.; Buttari, B.; Panieri, E.; Profumo, E.; Saso, L. An Overview of Nrf2 Signaling Pathway and Its Role in Inflammation.
Molecules 2020, 25, 5474. [CrossRef] [PubMed]

Roch, G; Batallé, G.; Bai, X.; Pouso-Véazquez, E.; Rodriguez, L.; Pol, O. The Beneficial Effects of Heme Oxygenase 1 and Hydrogen
Sulfide Activation in the Management of Neuropathic Pain, Anxiety- and Depressive-like Effects of Paclitaxel in Mice. Antioxidants
2022, 11, 122. [CrossRef]

Martinez-Martel, I.; Bai, X.; Batallé, G.; Pol, O. New Treatment for the Cognitive and Emotional Deficits Linked with Paclitaxel-
Induced Peripheral Neuropathy in Mice. Antioxidants 2022, 11, 2387. [CrossRef] [PubMed]

Kim, N.; Chung, G.; Son, S.R.; Park, ].H.; Lee, YH.; Park, K.T.; Cho, L.H.; Jang, D.S.; Kim, S.K. Magnolin Inhibits Paclitaxel-Induced
Cold Allodynia and ERK1/2 Activation in Mice. Plants 2023, 12, 2283. [CrossRef] [PubMed]

Tang, M.; Zhao, S.; Liu, J.X,; Liu, X.; Guo, Y.X.; Wang, G.Y.; Wang, X.L. Paclitaxel induces cognitive impairment via necroptosis,
decreased synaptic plasticity and M1 polarisation of microglia. Pharm. Biol. 2022, 60, 1556-1565. [CrossRef]

Starobova, H.; Vetter, I. Pathophysiology of chemotherapy-induced peripheral neuropathy. Front. Mol. Neurosci. 2017, 10, 174.
[CrossRef]

Carozzi, V.A.; Canta, A.; Chiorazzi, A. Chemotherapy-induced peripheral neuropathy: What do we know about mechanisms?
Neurosci. Lett. 2015, 596, 90-107. [CrossRef]

Liu, Q.; Zhang, M.M.; Guo, M.X,; Zhang, Q.P; Li, N.Z.; Cheng, ].; Wang, S.L.; Xu, G.H.; Li, C.E; Zhu, ].X,; et al. Inhibition of
Microglial NLRP3 with MCC950 Attenuates Microglial Morphology and NLRP3/Caspase-1/IL-1f Signaling In Stress-induced
Mice. . Neuroimmune Pharmacol. 2022, 17, 503-514. [CrossRef] [PubMed]

Lin, T.; Hu, L; Hu, F; Li, K;; Wang, C.Y.; Zong, L.J.; Zhao, Y.Q.; Zhang, X.; Li, Y,; Yang, Y.; et al. NET-Triggered NLRP3 Activation
and IL18 Release Drive Oxaliplatin-Induced Peripheral Neuropathy. Cancer Immunol. Res. 2022, 10, 1542-1558. [CrossRef]
Chen, S.P; Zhou, Y.Q.; Wang, X.M.; Sun, J.; Cao, F; HaiSam, S.; Ye, D.W.; Tian, Y.K. Pharmacological inhibition of the NLRP3
inflammasome as a potential target for cancer-induced bone pain. Pharmacol. Res. 2019, 147, 104339. [CrossRef]

Zhang, L.G.; Chen, J.; Meng, ].L.; Zhang, Y.; Liu, Y.; Zhan, C.S.; Chen, X.G.; Zhang, L.; Liang, C.Z. Effect of alcohol on chronic
pelvic pain and prostatic inflammation in a mouse model of experimental autoimmune prostatitis. Prostate 2019, 79, 1439-1449.
[CrossRef] [PubMed]

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

Martinez-Serrat, M.; Martinez-Martel, I.; Coral-Pérez, S.; Bai, X.; Batallé, G.; Pol, O. Hydrogen-Rich Water as a Novel Therapeutic
Strategy for the Affective Disorders Linked with Chronic Neuropathic Pain in Mice. Antioxidants 2022, 11, 1826. [CrossRef]
Coral-Pérez, S.; Martinez-Martel, 1.; Martinez-Serrat, M.; Batallé, G.; Bai, X.; Leite-Panissi, C.R.A.; Pol, O. Treatment with
Hydrogen-Rich Water Improves the Nociceptive and Anxio-Depressive-like Behaviors Associated with Chronic Inflammatory
Pain in Mice. Antioxidants 2022, 11, 2153. [CrossRef]

Martinez-Martel, L; Bai, X.; Kordikowski, R.; Leite-Panissi, C.R.A.; Pol, O. The Combination of Molecular Hydrogen and Heme
Oxygenase 1 Effectively Inhibits Neuropathy Caused by Paclitaxel in Mice. Antioxidants 2024, 13, 856. [CrossRef] [PubMed]
Toma, W.; Kyte, S.L.; Bagdas, D.; Alkhlaif, Y.; Alsharari, S.D.; Lichtman, A.H.; Chen, Z.].; Del Fabbro, E.; Bigbee, ] W.; Gewirtz,
D.A,; et al. Effects of paclitaxel on the development of neuropathy and affective behaviors in the mouse. Neuropharmacology 2017,
117,305-315. [CrossRef] [PubMed]


https://doi.org/10.1186/s12974-022-02669-7
https://www.ncbi.nlm.nih.gov/pubmed/36527131
https://doi.org/10.1016/j.expneurol.2018.01.011
https://www.ncbi.nlm.nih.gov/pubmed/29339053
https://doi.org/10.1021/acschemneuro.3c00596
https://www.ncbi.nlm.nih.gov/pubmed/38109051
https://doi.org/10.3389/fimmu.2019.01511
https://www.ncbi.nlm.nih.gov/pubmed/31327964
https://doi.org/10.1007/s11064-020-03121-z
https://doi.org/10.1177/1744806917719804
https://doi.org/10.7759/cureus.28818
https://doi.org/10.3390/molecules25225474
https://www.ncbi.nlm.nih.gov/pubmed/33238435
https://doi.org/10.3390/antiox11010122
https://doi.org/10.3390/antiox11122387
https://www.ncbi.nlm.nih.gov/pubmed/36552595
https://doi.org/10.3390/plants12122283
https://www.ncbi.nlm.nih.gov/pubmed/37375908
https://doi.org/10.1080/13880209.2022.2108064
https://doi.org/10.3389/fnmol.2017.00174
https://doi.org/10.1016/j.neulet.2014.10.014
https://doi.org/10.1007/s11481-021-10037-0
https://www.ncbi.nlm.nih.gov/pubmed/34978026
https://doi.org/10.1158/2326-6066.CIR-22-0197
https://doi.org/10.1016/j.phrs.2019.104339
https://doi.org/10.1002/pros.23866
https://www.ncbi.nlm.nih.gov/pubmed/31233226
https://doi.org/10.1084/jem.20201452
https://doi.org/10.3390/antiox11091826
https://doi.org/10.3390/antiox11112153
https://doi.org/10.3390/antiox13070856
https://www.ncbi.nlm.nih.gov/pubmed/39061924
https://doi.org/10.1016/j.neuropharm.2017.02.020
https://www.ncbi.nlm.nih.gov/pubmed/28237807

Antioxidants 2025, 14, 143 20 of 21

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

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

Walf, A.A.; Frye, C.A. The use of the elevated plus maze as an assay of anxiety-related behavior in rodents. Nat. Protoc. 2007, 2,
322-328. [CrossRef] [PubMed]

Steru, L.; Chermat, R.; Thierry, B.; Simon, P. The tail suspension test: A new method for screening antidepressants in mice.
Psychopharmacology 1985, 85, 367-370. [CrossRef] [PubMed]

Porsolt, R.D.; Le Pichon, M.; Jalfre, M. Depression: A new animal model sensitive to antidepressant treatments. Nature 1977, 266,
730-732. [CrossRef]

Federman, N.; de la Fuente, V.; Zaleman, G.; Corbi, N.; Onori, A.; Passananti, C.; Romano, A. Nuclear factor kB-dependent
histone acetylation is specifically involved in persistent forms of memory. J. Neurosci. 2013, 33, 7603-7614. [CrossRef] [PubMed]
Chen, C.; Smith, M.T. The NLRP3 inflammasome: Role in the pathobiology of chronic pain. Inflammopharmacology 2023, 31,
1589-1603. [CrossRef] [PubMed]

Tsubaki, M.; Takeda, T.; Matsumoto, M.; Kato, N.; Asano, R.T.; Imano, M.; Satou, T.; Nishida, S. Trametinib suppresses
chemotherapy-induced cold and mechanical allodynia via inhibition of extracellular-regulated protein kinase 1/2 activation. Am.
J. Cancer Res. 2018, 8, 1239-1248. [PubMed]

Maruta, T.; Nemoto, T.; Hidaka, K.; Koshida, T.; Shirasaka, T.; Yanagita, T.; Takeya, R.; Tsuneyoshi, I. Upregulation of ERK
phosphorylation in rat dorsal root ganglion neurons contributes to oxaliplatin-induced chronic neuropathic pain. PLoS ONE 2019,
14, e0225586. [CrossRef] [PubMed]

Li, JM.; Hu, T.; Zhou, X.N. The involvement of NLRP3 inflammasome in CUMS-induced AD-like pathological changes and
related cognitive decline in mice. J. Neuroinflamm. 2023, 20, 112. [CrossRef]

Su, WJ.; Li, ].M.; Zhang, T. Microglial NLRP3 inflammasome activation mediates diabetes-induced depression-like behavior via
triggering neuroinflammation. Prog. Neuropsychopharmacol. Biol. Psychiatry 2023, 126, 110796. [CrossRef] [PubMed]
Neugebauer, V.; Mazzitelli, M.; Cragg, B.; Ji, G.; Navratilova, E.; Porreca, F. Amygdala, neuropeptides, and chronic pain-related
affective behaviors. Neuropharmacology 2020, 170, 108052. [CrossRef]

Cristiano, C.; Cuozzo, M.; Coretti, L.; Liguori, EM.; Cimmino, F.; Turco, L.; Avagliano, C.; Aviello, G.; Mollica, M.P.; Lembo,
F; et al. Oral sodium butyrate supplementation ameliorates paclitaxel-induced behavioral and intestinal dysfunction. Biomed.
Pharmacother. 2022, 153, 113528. [CrossRef]

Cristiano, C.; Avagliano, C.; Cuozzo, M.; Liguori, EM.; Calignano, A.; Russo, R. The Beneficial Effects of Ultramicronized
Palmitoylethanolamide in the Management of Neuropathic Pain and Associated Mood Disorders Induced by Paclitaxel in Mice.
Biomolecules 2022, 12, 1155. [CrossRef]

Sudrez-Rojas, I.; Pérez-Ferndndez, M.; Bai, X.; Martinez-Martel, I.; Intagliata, S.; Pittala, V.; Salerno, L.; Pol, O. The Inhibition of
Neuropathic Pain Incited by Nerve Injury and Accompanying Mood Disorders by New Heme Oxygenase-1 Inducers: Mechanisms
Implicated. Antioxidants 2023, 12, 1859. [CrossRef] [PubMed]

McElroy, T.; Brown, T.; Kiffer, F.; Wang, J.; Byrum, S.D.; Oberley-Deegan, R.E.; Allen, A.R. Assessing the Effects of Redox Modifier
MnTnBuOE-2-PyP 5+ on Cognition and Hippocampal Physiology Following Doxorubicin, Cyclophosphamide, and Paclitaxel
Treatment. Int. J. Mol. Sci. 2020, 21, 1867. [CrossRef] [PubMed]

Paltian, J.J.; Dos Reis, A.S.; Martins, A.W.S.; Blodorn, E.B.; Dellagostin, E.N.; Soares, L.K.; Schumacher, R.E; Campos, V.F.; Alves,
D.; Luchese, C.; et al. 7-Chloro-4-(Phenylselanyl) Quinoline Is a Novel Multitarget Therapy to Combat Peripheral Neuropathy
and Comorbidities Induced by Paclitaxel in Mice. Mol. Neurobiol. 2022, 59, 6567-6589. [CrossRef] [PubMed]

Li, Z;; Zhao, S.; Zhang, H.L.; Liu, P; Liu, EF; Guo, Y.X.; Wang, X.L. Proinflammatory Factors Mediate Paclitaxel-Induced
Impairment of Learning and Memory. Mediators Inflamm. 2018, 2018, 3941840. [CrossRef] [PubMed]

Liang, L.; Wei, J.; Tian, L.; Padma Nagendra Borra, V.; Gao, F; Zhang, J.; Xu, L.; Wang, H.; Huo, F.Q. Paclitaxel induces sex-biased
behavioral deficits and changes in gene expression in mouse prefrontal cortex. Neuroscience 2020, 426, 168-178. [CrossRef]
[PubMed]

Kesler, S.; Janelsins, M.; Koovakkattu, D.; Palesh, O.; Mustian, K.; Morrow, G.; Dhabhar, F.S. Reduced hippocampal volume and
verbal memory performance associated with interleukin-6 and tumor necrosis factor-alpha levels in chemotherapy-treated breast
cancer survivors. Brain. Behav. Immun. 2013, 30, S109-5116. [CrossRef]

Cheung, Y.T.; Ng, T.; Shwe, M.; Ho, HK.; Foo, K.M.; Cham, M.T.; Lee, ].A.; Fan, G.; Tan, Y.P.; Yong, W.S.; et al. Association of
proinflammatory cytokines and chemotherapy-associated cognitive impairment in breast cancer patients: A multi-centered,
prospective, cohort study. Ann. Oncol. 2015, 26, 1446-1451. [CrossRef]

Jarrard, L.E. On the role of the hippocampus in learning and memory in the rat. Behav. Neural. Biol. 1993, 60, 9-26. [CrossRef]
Bonfante, S.; Netto, M.B.; de Oliveira Junior, A.N.; Mathias, K.; Machado, R.S.; Joaquim, L.; Cidreira, T.; da Silva, M.G.; Daros,
G.C.; Danielski, L.G.; et al. Oxidative stress and mitochondrial dysfunction contributes to postoperative cognitive dysfunction in
elderly rats dependent on NLRP3 activation. Metab. Brain Dis. 2024, 40, 1. [CrossRef] [PubMed]


https://doi.org/10.1016/0165-0270(94)90144-9
https://www.ncbi.nlm.nih.gov/pubmed/7990513
https://doi.org/10.1038/nprot.2007.44
https://www.ncbi.nlm.nih.gov/pubmed/17406592
https://doi.org/10.1007/BF00428203
https://www.ncbi.nlm.nih.gov/pubmed/3923523
https://doi.org/10.1038/266730a0
https://doi.org/10.1523/JNEUROSCI.4181-12.2013
https://www.ncbi.nlm.nih.gov/pubmed/23616565
https://doi.org/10.1007/s10787-023-01235-8
https://www.ncbi.nlm.nih.gov/pubmed/37106238
https://www.ncbi.nlm.nih.gov/pubmed/30094097
https://doi.org/10.1371/journal.pone.0225586
https://www.ncbi.nlm.nih.gov/pubmed/31765435
https://doi.org/10.1186/s12974-023-02791-0
https://doi.org/10.1016/j.pnpbp.2023.110796
https://www.ncbi.nlm.nih.gov/pubmed/37209992
https://doi.org/10.1016/j.neuropharm.2020.108052
https://doi.org/10.1016/j.biopha.2022.113528
https://doi.org/10.3390/biom12081155
https://doi.org/10.3390/antiox12101859
https://www.ncbi.nlm.nih.gov/pubmed/37891937
https://doi.org/10.3390/ijms21051867
https://www.ncbi.nlm.nih.gov/pubmed/32182883
https://doi.org/10.1007/s12035-022-02991-4
https://www.ncbi.nlm.nih.gov/pubmed/35965270
https://doi.org/10.1155/2018/3941840
https://www.ncbi.nlm.nih.gov/pubmed/29681766
https://doi.org/10.1016/j.neuroscience.2019.11.031
https://www.ncbi.nlm.nih.gov/pubmed/31846751
https://doi.org/10.1016/j.bbi.2012.05.017
https://doi.org/10.1093/annonc/mdv206
https://doi.org/10.1016/0163-1047(93)90664-4
https://doi.org/10.1007/s11011-024-01425-5
https://www.ncbi.nlm.nih.gov/pubmed/39535569

Antioxidants 2025, 14, 143 21 of 21

59.

60.

61.

62.

63.

Yang, C.; He, Y.; Ren, S.; Ding, Y.; Liu, X; Li, X,; Sun, H.; Jiao, D.; Zhang, H.; Wang, Y.; et al. Hydrogen Attenuates Cognitive
Impairment in Rat Models of Vascular Dementia by Inhibiting Oxidative Stress and NLRP3 Inflammasome Activation. Adv.
Healthc. Mater. 2024, 13, €2400400. [CrossRef] [PubMed]

Tong, Y.; Wang, K.; Sheng, S.; Cui, J. Polydatin ameliorates chemotherapy-induced cognitive impairment (chemobrain) by
inhibiting oxidative stress, inflammatory response, and apoptosis in rats. Biosci. Biotechnol. Biochem. 2020, 84, 1201-1210.
[CrossRef]

Ali, M.A.; Menze, E.T.; Tadros, M.G.; Tolba, M.E. Caffeic acid phenethyl ester counteracts doxorubicin-induced chemobrain in
Sprague-Dawley rats: Emphasis on the modulation of oxidative stress and neuroinflammation. Neuropharmacology 2020, 181,
108334. [CrossRef]

Altarifi, A.A.; Sawali, K.; Alzoubi, K.H.; Saleh, T.; Abu Al-Rub, M.; Khabour, O. Effect of vitamin E on doxorubicin and
paclitaxel-induced memory impairments in male rats. Cancer Chemother. Pharmacol. 2024, 93, 215-224. [CrossRef] [PubMed]
Chen, W.; Zhang, H.T; Qin, S.C. Neuroprotective Effects of Molecular Hydrogen: A Critical Review. Neurosci. Bull. 2021, 37,
389-404. [CrossRef]

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


https://doi.org/10.1002/adhm.202400400
https://www.ncbi.nlm.nih.gov/pubmed/38769944
https://doi.org/10.1080/09168451.2020.1722057
https://doi.org/10.1016/j.neuropharm.2020.108334
https://doi.org/10.1007/s00280-023-04602-y
https://www.ncbi.nlm.nih.gov/pubmed/37926754
https://doi.org/10.1007/s12264-020-00597-1

	Introduction 
	Materials and Methods 
	Animals 
	Experimental Procedures 
	PTX Injection 
	Drugs 
	Allodynia Tests 
	Emotional Behavior Tests 
	Cognitive Behavior Test 
	Western Blot Analysis 
	Statistical Analyses 

	Results 
	The Effects of MCC950 on the Mechanical and Thermal Allodynia Caused by PTX 
	The Effects of MCC950 on the Anxiodepressive-like Behaviors and Memory Loss Linked to PTX 
	The Effects of MCC950 on the Inflammatory, Oxidative, Plasticity, and Apoptotic Changes Provoked by PTX in the Sciatic Nerve, Amygdala, and Hippocampus 
	The Effects of HRW on the Antiallodynic Actions of MCC950 in PTX-Injected Mice 

	Discussion 
	Conclusions 
	References

