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Abstract: Patients undergoing chemotherapy with cisplatin (CIS) develop neuropathy in addition to
other symptoms such as, anxiety, depression, muscle wasting and body weight loss. This symptoma-
tology greatly weakens patients and may even lead to adjournment of chemotherapy. The protecting
actions of molecular hydrogen in many neurological illnesses have been described, but its effect
on the functional and emotional deficiencies caused by CIS has not been assessed. In C57BL/6J
male and female mice injected with CIS, we examined the impact of the prophylactic treatment with
hydrogen-rich water (HRW) on: (i) the tactile and cold allodynia, (ii) the deficits of grip strength
and weight loss, (iii) the anxiodepressive-like behaviors and (iv) the inflammatory and oxidative
reactions incited by CIS in the dorsal root ganglia (DRG) and prefrontal cortex (PFC). The results
demonstrate that the mechanical allodynia and the anxiodepressive-like comportment provoked by
CIS were similarly manifested in both sexes, whereas the cold allodynia, grip strength deficits and
body weight loss produced by this chemotherapeutic agent were greater in female mice. Nonetheless,
the prophylactic treatment with HRW prevented the allodynia and the functional and emotional
impairments resulting from CIS in both sexes. This treatment also inhibited the inflammatory and
oxidative responses activated by CIS in the DRG and PFC in both sexes, which might explain the
therapeutic actions of HRW in male and female mice. In conclusion, this study revealed the plausible
use of HRW as a new therapy for the allodynia and physical and mental impairments linked with
CIS and its possible mechanism of action.

Keywords: anxiety; chemotherapy-induced peripheral neuropathy; cisplatin; depression;
hydrogen-rich water; inflammation; molecular hydrogen; oxidative stress

1. Introduction

Chemotherapy-associated neuropathic pain is a major unpleasant effect resulting
from this treatment in cancer patients. Patients undergoing chemotherapy also develop
other signs, such as anxiety, depression, muscle wasting and cognitive deficits that have
a significant negative impact on the well-being and quality of life of patients and may
even lead to the need for adjournment of the chemotherapy [1,2]. Furthermore, therapies
to prevent or treat this type of pain such as anticonvulsant, antidepressant, and non-
steroidal anti-inflammatory drugs are not significantly effective and produce noteworthy
side effects [3,4]. Therefore, our objective is to find an effective and safe treatment for
alleviating the neuropathic pain related to chemotherapy, as well as the functional deficits
and mood disorders that are associated with it.

Cisplatin (CIS), a platinum analogue discovered by Rosenberg et al. (1969) [5], remains
one of the most used chemotherapeutic agents to treat solid tumors located in different
organs, including the ovaries, testes, head, neck, breast and lung [6,7]. However, despite
the demonstrable clinical advantages of CIS as an antineoplastic drug, this treatment entails
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neuropathic pain and affective deficits, as well as muscle wasting and body weight loss,
which can persist for months and greatly weaken patients [8–10]. All the side effects caused
by CIS chemotherapy are relevant since they are the main reasons for a clinical decline
in cancer patients [10]. Thus, effective treatments dismissing CIS-caused adverse effects
are necessary.

It is accepted that gender differences exist in the pathology of neuropathic pain.
Several clinical studies have demonstrated that women are more sensitive to pain than
men [11,12]. Additionally, animal investigations have also reported that female rodents
show a lower threshold for pain in different models [13]. Regarding the impact of sex
in the chemotherapy-induced neuropathic pain provoked by CIS, contradictory results
exist. Some studies revealed that the mechanical and/or cold allodynia caused by CIS
are similarly displayed in male and female animals [4,14], whereas another showed sex
discrepancies in the maintenance of mechanical allodynia [15]. Nevertheless, possible
differences among sexes in the development of CIS-induced emotional disorders, muscle
wasting and/or weight lose have been poorly investigated.

Treatment with CIS activates the transcription factor NF-κB and the successive pro-
inflammatory cytokines (TNF-α, IL-6 and IL-8), leading to neuronal inflammation [16,17].
These inflammatory mediators play an important role in muscle wasting [18] as well as in
the development of the anxiodepressive-like behaviors [19]. It is also well documented
that the dysregulation of the NLRP3 inflammasome leads to excessive production of pro-
inflammatory cytokines, leading to severe inflammation and/or various diseases such
chronic pain [20]. The release of reactive oxygen species (ROS) from the dysfunctional
mitochondria is a key upstream action for inducing the activation of the NLRP3 inflam-
masome [21]. Recent studies have demonstrated that NLRP3 activation drives paclitaxel-,
vincristine- and oxaliplatin-induced peripheral neuropathy [22–24]. These works further
revealed that the inhibition or deletion of NLRP3 prevents the development of neuro-
pathic pain caused by vincristine and oxaliplatin without affecting the chemotherapy
efficacy [22,23]. Nonetheless, the role played by this inflammasome in CIS-induced neu-
ropathy is not completely known.

Abundant evidence also indicates that the beginning and progression of chemotherapy-
induced neuropathic pain are linked with oxidative stress [25]. Oxidative stress also
participates in the CIS-mediated neuropathy through a dysregulation of the products of
lipid peroxidation (thiobarbituric acid reactive substance (TBARS) or 4-hydroxy-2-nonenal
(4-HNE)) and Nrf2 transcription factor levels, which protect against the free radical injury
by regulating antioxidant enzymes, for example heme oxygenase-1 (HO-1), superoxide
dismutase-1 (SOD-1) and catalase [26]. Therefore, a decreased catalase and SOD-1 activity
in the dorsal root ganglia (DRG) [27] and prefrontal cortex (PFC) of CIS-injected mice [28]
was demonstrated. In line with this, increased levels of TBARS were also observed in the
PFC of CIS-injected mice [28]. Therefore, the maintenance of a balance between the inflam-
matory and antioxidant pathways might be key for alleviating CIS-induced neuropathy
and associated emotional disorders.

It is acknowledged that CIS-based chemotherapy is also related to other side effects,
including muscle wasting and body weight loss [29,30]. In line with this, decreased muscle
strength and body weight are manifested in CIS-injected mice [31–33]. However, the impact
of sex and the possible treatment of these physical dysfunctions produced by CIS requires
further investigation.

Molecular hydrogen (H2) produces strong anti-inflammatory and antioxidant actions
that are predominantly attributed to its capacity to inhibit the synthesis of NF-κB and
the subsequent release of pro-inflammatory factors [34,35], as well as by reducing ROS
levels and increasing the expression of antioxidant enzymes such as SOD-1 and HO-1 [36].
Recent experiments further revealed that the therapeutic administration of hydrogen-rich
water (HRW) has beneficial effects in animals with paclitaxel-induced neuropathic pain [37].
This treatment also reduced the nociceptive and emotive disturbances occasioned by nerve
injury and persistent paw inflammation in male mice [38,39]. There is also evidence that
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H2 exhibits antidepressant and/or anxiolytic properties in animals with traumatic brain
injury [40] or chronic stress-induced depressive- and anxiety-like comportments [41] and
further improves psychiatric illnesses in humans [42]. Nevertheless, it is not known whether
the prophylactic treatment with HRW can avoid the CIS-caused mechanical and thermal
allodynia and some physical disabilities. Moreover, given that the emotional deficits can
have long-lasting effects and negatively modulate pain sensation [43,44], it is also crucial to
assess whether HRW administration can effectively inhibit the anxiety- and depressive-like
behaviors associated with CIS-induced neuropathy.

Therefore, our study aims to investigate the potential beneficial effects of prophylactic
treatment with HRW as a novel approach for controlling CIS-induced neuropathy, weight
loss and limb grip strength, as well as the development of anxiodepressive-like behaviors.
The impact of sex on these actions and the main pathways involved will also be studied.

2. Materials and Methods
2.1. Animals

Male and female C57BL/6J mice at 10 weeks of age at the beginning of the experiments
were used in this study. Mice acquired from Envigo Laboratories (Barcelona, Spain) were
housed with a 12 h dark/light cycle, 22 ◦C temperature and 66% humidity with food and
water ad libitum. After 7 days of acclimatization to the housing conditions, the experimental
procedure was conducted between 9:00 to 17:00 h in agreement with the guidelines of
the European Commission’s directive (2010/63/EC) and the Spanish Law (RD 53/2013)
regulating animal research; the experiments were approved by the local Committee of
Animal Use and Care of the Autonomous University of Barcelona (CEEA-UAB-protocol
# 4581). A total of 128 mice (64 male and 64 female) were used in this study. Mice were
randomly assigned to experimental groups. Animals were housed in polypropylene cages
with four male or female mice per cage in an enriched environment that included a carton
hut and cellulose fragments. The experiments were performed by a researcher blinded to
the experimental conditions. All efforts were made to minimize animal suffering and to
reduce the number of animals used.

2.2. Experimental Design

In different groups of male and female mice:
(1) The development of tactile and cold allodynia, deficits of grip strength and body

weight loss provoked by the intraperitoneal administration of CIS or VEH were evaluated
on days 2, 4, 6, 9, 11, 13, 16, 18, 20, 23, 25, 27 and 30 after their first injection (n = 8 animals).

(2) The anxiety- and/or depressive-like behaviors caused by CIS or VEH were evalu-
ated at day 30 after their first injection (n = 8 animals).

(3) The inhibitory actions of co-treatment with HRW (from day 0 to 30) on the tactile
and cold allodynia, grip strength deficits and body weight loss caused by CIS or VEH were
evaluated on days 2, 4, 6, 9, 11, 13, 16, 18, 20, 23, 25, 27 and 30 after the first injection of CIS
or VEH (n = 8 animals).

(4) The possible anxiolytic and antidepressant effects produced by the co-treatment with
HRW were evaluated at day 30 after the first administration of CIS or VEH (n = 8 animals).

(5) The effects of HRW on the protein levels of NLRP3, 4-HNE, HO-1 and SOD-1 in
the DRG and PFC were evaluated at day 30 after the first administration of CIS or VEH
using Western blot (n = 3 samples for group).

The experimental design is represented in Figure 1.
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Figure 1. Schematic representation of the experimental timeline. VF, von Frey; CP, cold plate; GS, 
grip strength; EPM, elevated plus maze; TST, tail suspension test; FST, forced swimming test; I.P., 
intraperitoneal; CIS, cisplatin; VEH, vehicle; HRW, hydrogen-rich water. 

2.3. Drug Administration 
CIS (Sigma Aldrich, St. Louis, MO, USA) was diluted in sterile saline (0.9% NaCl) and 

given intraperitoneally daily at a dosage of 2.8 mg/kg for 5 days, followed by 5 days of 
rest, and as second round of 5 doses, according to a modified version reported in [45,46]. 
The doses and administration regimen of CIS were chosen as they were similar to those 
used in patients undergoing this type of chemotherapy [47]. HRW was prepared using a 
hydrogen water generator from hydrogen (Osmo-star Soriano S.L., Alicante, Spain) ac-
cording to Cheng et al. (2020) [48]. All drugs were newly prepared before their admin-
istration. For each group treated with a drug, the respective control group received the 
same volume of analogous vehicle (VEH). 

For evaluating whether HRW could prevent the weight loss, mechanical allodynia, 
cold allodynia and GS deficits induced by CIS, male and female mice were pretreated with 
HRW, intraperitoneally administered at a concentration of 0.3 mM, 1 h before testing in a 
final volume of 10 mL/kg [38], followed by CIS or vehicle intraperitoneally administered 
2 h later. A similar protocol was used for assessing whether HRW could prevent CIS-in-
duced anxiety- and depressive-like behaviors. 

2.4. Allodynia 
Mechanical allodynia was measured as the hind paw withdrawal response to von 

Frey hair stimulation using the up-and-down method as described previously [49]. Mice 
were placed in methacrylate cylinders (20 cm high/9 cm diameter) in a grid boĴom by 
which a series of von Frey hairs (0.4 to 3 g; North Coast Medical, Inc., San Jose, CA, USA) 
were perpendicularly applied to the plantar surface of each hind paw. A positive response 
was defined as a clear paw withdrawal or shaking. Whenever a positive response hap-
pened, the next lower hair was applied, and when a negative response occurred, the next 
higher hair was applied. 

For cold allodynia, we used a cold plate analgesiometer (Ugo Basile, Varese, Italy) at 
4 ± 0.5 °C and the number of elevations of each hind paw was noted for 5 min. 

2.5. Forelimb Grip Strength Test 
The grip strength was measured using a grip strength meter (Ugo Basile, Varese, It-

aly) according to [50]. The mice were allowed to grab the metal bar with both hind legs 
before the mouse’s tail was gently pulled back; the maximal force (g) was recorded auto-
matically by the machine. The tests were performed three times for each animal at one-
min intervals before CIS or VEH injection. This value was considered as 100% grip 

Figure 1. Schematic representation of the experimental timeline. VF, von Frey; CP, cold plate; GS,
grip strength; EPM, elevated plus maze; TST, tail suspension test; FST, forced swimming test; I.P.,
intraperitoneal; CIS, cisplatin; VEH, vehicle; HRW, hydrogen-rich water.

2.3. Drug Administration

CIS (Sigma Aldrich, St. Louis, MO, USA) was diluted in sterile saline (0.9% NaCl) and
given intraperitoneally daily at a dosage of 2.8 mg/kg for 5 days, followed by 5 days of
rest, and as second round of 5 doses, according to a modified version reported in [45,46].
The doses and administration regimen of CIS were chosen as they were similar to those
used in patients undergoing this type of chemotherapy [47]. HRW was prepared using a
hydrogen water generator from hydrogen (Osmo-star Soriano S.L., Alicante, Spain) accord-
ing to Cheng et al. (2020) [48]. All drugs were newly prepared before their administration.
For each group treated with a drug, the respective control group received the same volume
of analogous vehicle (VEH).

For evaluating whether HRW could prevent the weight loss, mechanical allodynia,
cold allodynia and GS deficits induced by CIS, male and female mice were pretreated with
HRW, intraperitoneally administered at a concentration of 0.3 mM, 1 h before testing in a
final volume of 10 mL/kg [38], followed by CIS or vehicle intraperitoneally administered
2 h later. A similar protocol was used for assessing whether HRW could prevent CIS-
induced anxiety- and depressive-like behaviors.

2.4. Allodynia

Mechanical allodynia was measured as the hind paw withdrawal response to von Frey
hair stimulation using the up-and-down method as described previously [49]. Mice were
placed in methacrylate cylinders (20 cm high/9 cm diameter) in a grid bottom by which
a series of von Frey hairs (0.4 to 3 g; North Coast Medical, Inc., San Jose, CA, USA) were
perpendicularly applied to the plantar surface of each hind paw. A positive response was
defined as a clear paw withdrawal or shaking. Whenever a positive response happened,
the next lower hair was applied, and when a negative response occurred, the next higher
hair was applied.

For cold allodynia, we used a cold plate analgesiometer (Ugo Basile, Varese, Italy) at
4 ± 0.5 ◦C and the number of elevations of each hind paw was noted for 5 min.

2.5. Forelimb Grip Strength Test

The grip strength was measured using a grip strength meter (Ugo Basile, Varese, Italy)
according to [50]. The mice were allowed to grab the metal bar with both hind legs before
the mouse’s tail was gently pulled back; the maximal force (g) was recorded automatically
by the machine. The tests were performed three times for each animal at one-min intervals
before CIS or VEH injection. This value was considered as 100% grip strength and was
used as a reference for subsequent determinations. The force value was used to reflect
muscle weakness.
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2.6. Anxiety and Depressive Conducts

The elevated plus maze (EPM) with 4 arms, 2 closed by 15 cm high walls and 2 open,
elevated at 45 cm from the floor was used to assess the anxiety-like behaviors [51]. Each arm
was 5 cm wide and 35 cm long. Mice were placed in the center of the maze and permitted
to explore it for 5 min. During this time, the animals were recorded with a digital camera
and the number of entrances and proportion of time spent in the open arms were counted.

The tail suspension test (TST) and the forced swimming test (FST) were used to assess
the depressive-like behaviors. In the TST, mice were suspended at 35 cm from the floor
by using adhesive tape to the tip of the tail and fixing it to a surface. The animals were
filmed, and the immobility time was evaluated for 6 min [52]. In the FST, mice were put
into transparent cylinders (height, 25 cm; radius, 10 cm) containing water (24 ± 2 ◦C) up to
a 10 cm depth for 6 min. The time that the animals spent immobile during the last 4 min
was recorded [53].

Animals were familiarized with the testing room for 1 h before beginning the tests.

2.7. Western Blot

For Western blot analysis, animals were euthanized by cervical dislocation at day 30
after the first injection of CIS or VEH. DRG from the ipsilateral lumbar section (L3 to L5)
and PFC were extracted and preserved at −80 ◦C.

Tissues were sonicated with cold RIPA buffer (Sigma-Aldrich, MO, USA). After solubi-
lization for 1 h at 4 ◦C, the homogenizes were sonicated again for 10 s and centrifuged for
20 min at 700 g and 4 ◦C. Samples (60 µg total protein) were separated on a sodium dodecyl
sulfate polyacrylamide gel (12%), transferred to polyvinylidene fluoride membranes for
120 min and blocked with phosphate-buffered saline plus Tween 20 or Tris-buffered saline
plus Tween 20 + 5% of nonfat dry milk or bovine serum albumin for 75 min. Membranes
were incubated overnight at 4 ◦C with specific primary antibodies (Table 1), followed by
horseradish peroxidase-conjugated secondary antibody (GE Healthcare, Little Chalfont,
UK). Proteins were detected with chemiluminescence reagents (ECL kit; GE Healthcare,
Little Chalfont, UK), and densitometric analysis was performed using the Image-J program
(version 1.8.0; National Institutes of Health, Bethesda, MD, USA).

Table 1. Primary antibodies used in this study.

Antibody Dilution Purchased

NLRP3 1:200 Adipogen Life Sciences, Epalinges, Switzerland

4-HNE 1:200 Abcam, Cambridge, UK

HO-1 1:100 Enzo Life Science, New York, NY, USA

SOD-1 1:150 Novus Biologic, Littleton, CO, USA

GAPDH 1:5000 Merck, Billerica, MA, USA

2.8. Statistical Analyses

The results are expressed as the mean values ± standard error of the mean (SEM).
A three-way repeated measures ANOVA with time, sex and treatment as the variation
factors was used to assess the actions of the co-treatment with HRW on CIS-provoked
allodynia, grip strength deficits and body weight loss. A two-way ANOVA was used to
assess the influence of the co-treatment with HRW on the emotional behaviors caused by
CIS. A one-way ANOVA plus Tukey test was used to analyze the impact of HRW treatment
on the expression of several proteins. We used SPSS (version 28, IBM, Madrid, Spain) and
GraphPad Prism 9.0 software (La Jolla, CA, USA). A p < 0.05 was declared as significant.
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3. Results
3.1. The Prophylactic Treatment with HRW Inhibited the Mechanical and Cold Allodynia
Generated by CIS in Male and Female Mice

On the evaluation of the effects of HRW on the mechanical allodynia provoked by CIS
in both hind paws of male and female mice, the three-way ANOVA repeated measures test
revealed a significant time effect (p < 0.001), a significant treatment effect (p < 0.001) and a
significant time by treatment interaction (p < 0.001) in the von Frey test.

The results indicated that the tactile allodynia caused by CIS was similarly manifested
in both hind paws of male and female mice from day 4 to 30 after injection (p < 0.001 vs.
their respective VEH-VEH treated mice; Figure 2A,B) and that the prophylactic treatment
with HRW for 30 days avoided its development.

Antioxidants 2023, 12, 2063 6 of 18 
 

3. Results 
3.1. The Prophylactic Treatment with HRW Inhibited the Mechanical and Cold Allodynia 
Generated by CIS in Male and Female Mice 

On the evaluation of the effects of HRW on the mechanical allodynia provoked by 
CIS in both hind paws of male and female mice, the three-way ANOVA repeated measures 
test revealed a significant time effect (p < 0.001), a significant treatment effect (p < 0.001) 
and a significant time by treatment interaction (p < 0.001) in the von Frey test.  

The results indicated that the tactile allodynia caused by CIS was similarly mani-
fested in both hind paws of male and female mice from day 4 to 30 after injection (p < 0.001 
vs. their respective VEH-VEH treated mice; Figure 2A,B) and that the prophylactic treat-
ment with HRW for 30 days avoided its development. 

 
Figure 2. Treatment with HRW inhibited the mechanical allodynia caused by CIS in male and female 
mice. The actions produced by the prophylactic treatment with HRW on the mechanical allodynia 
observed in the left (A) and right (B) hind paws of CIS-injected male and female mice are repre-
sented. In both panels, for each day evaluated, $ represents significant differences vs. their respec-
tive VEH-VEH-, VEH-HRW- and CIS-HRW-treated animals and + vs. their respective VEH-HRW-
treated mice (p < 0.05, one-way ANOVA plus Tukey test). Results are shown as mean values ± SEM; 
n = 8 animals. 

A significant time effect (p < 0.001), sex effect (p < 0.030), treatment effect (p < 0.001) 
and a time by treatment interaction (p < 0.001) was revealed in the cold plate test. There-
fore, cold allodynia was manifested from day 4 to 30 after CIS injection but the number of 
the left paw lifts at days 9, 11, 13, 16 and 27 after CIS injection (p < 0.001; Figure 3A) and 
on days 9, 11, 13, 16, 18, 20 and 27 post CIS injection in the right paws of female mice were 
higher than in male animals (p < 0.001; Figure 3B). In both sexes and paws, cold allodynia 
was completely inhibited from day 4 to 30 of treatment with HRW. 

In both tests and paws, treatment with HRW did not produce any effect in VEH-
injected animals (Figures 2 and 3). 

Figure 2. Treatment with HRW inhibited the mechanical allodynia caused by CIS in male and
female mice. The actions produced by the prophylactic treatment with HRW on the mechanical
allodynia observed in the left (A) and right (B) hind paws of CIS-injected male and female mice
are represented. In both panels, for each day evaluated, $ represents significant differences vs.
their respective VEH-VEH-, VEH-HRW- and CIS-HRW-treated animals and + vs. their respective
VEH-HRW-treated mice (p < 0.05, one-way ANOVA plus Tukey test). Results are shown as mean
values ± SEM; n = 8 animals.

A significant time effect (p < 0.001), sex effect (p < 0.030), treatment effect (p < 0.001)
and a time by treatment interaction (p < 0.001) was revealed in the cold plate test. Therefore,
cold allodynia was manifested from day 4 to 30 after CIS injection but the number of the
left paw lifts at days 9, 11, 13, 16 and 27 after CIS injection (p < 0.001; Figure 3A) and on
days 9, 11, 13, 16, 18, 20 and 27 post CIS injection in the right paws of female mice were
higher than in male animals (p < 0.001; Figure 3B). In both sexes and paws, cold allodynia
was completely inhibited from day 4 to 30 of treatment with HRW.

In both tests and paws, treatment with HRW did not produce any effect in VEH-injected
animals (Figures 2 and 3).
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Figure 3. Treatment with HRW inhibited the cold allodynia caused by CIS in male and female mice.
The actions produced by the prophylactic treatment with HRW on the cold allodynia observed in
the left (A) and right (B) hind paws of CIS-injected male and female mice are represented. In both
panels, for each day evaluated, * represents significant differences vs. their respective VEH-VEH-
and VEH-HRW-treated animals, $ represents significant differences vs. their respective VEH-VEH-,
VEH-HRW- and CIS-HRW-treated animals and & vs. CIS-VEH-treated male mice (p < 0.05, one-way
ANOVA plus Tukey test). Results are shown as mean values ± SEM; n = 8 animals.

3.2. The Effects of the Prophylactic Treatment with HRW on the Grip Strength Deficits and Body
Weight Loss Produced by CIS in Male and Female Mice

In this study, we also investigated the impact of sex on the grip strength deficits
and body weight loss produced by CIS and its possible inhibition with the prophylactic
treatment with HRW (Figure 4).

On the grip strengths of hind paws from male and female mice, the three-way repeated
measures ANOVA showed significant effects for time and treatment (p < 0.001) and the
interactions between time and sex, time and treatment and sex and treatment (p < 0.009) and
among time, treatment and sex (p < 0.006). Our results demonstrated grip strength deficits
caused by CIS in female mice from day 9 to 30 after its injection and in male animals from
day 13 to 30 after its injection (p < 0.001; one-way ANOVA compared with their respective
VEH-VEH-injected mice) (Figure 4A). In addition, the reduction in the grip strength caused
by CIS from day 9 to 30 after injection was higher in female than in male mice (p < 0.001;
one way ANOVA). Interestingly, the co-administration of HRW avoided the grip strength
deficits caused by CIS in both sexes.

Regarding body weight, significant effects for time, sex and treatment (p < 0.004) and
interactions between time and sex, time and treatment and among time, treatment and sex
(p < 0.001) were revealed by a three-way repeated measures ANOVA. The administration of
CIS provoked a body weight loss from day 6 to 30 after its injection in female mice and from
day 16 to 30 in male animals (p < 0.001; one-way ANOVA compared with their respective
VEH-VEH-injected mice; Figure 4B). In concordance with the grip strength, the weight loss
provoked by CIS started earlier in female than in male mice. Moreover, the weight loss
provoked by CIS was higher in female than in male mice from day 6 to 13 and from day 23 to
25 after CIS injection (p < 0.001; one-way ANOVA) and was completely reversed in female
mice but only partially in male mice from day 16 to 30 of treatment (p < 0.001; one-way
ANOVA compared with their respective VEH-VEH- and VEH-HRW-treated mice).
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Tukey test). Results are shown as mean values ± SEM; n = 8 animals.

In all cases, treatment with HRW did not produce any effect on VEH-injected animals
(Figure 4).

3.3. Treatment with HRW Inhibited the Emotional Disorders Causes by CIS

Our data confirmed the anxiety-like behaviors (Figure 5) produced by CIS and revealed
that non-sex differences were detected in this affective disorder. Indeed, the significant
effects of CIS and treatment (p < 0.003) and their interaction (p < 0.004) on the number
of entrances (Figure 5A) and time spent in the open arms for both male and female mice
(Figure 5B) were revealed by the two-way ANOVA. For both sexes, the decreased number
of entries to the open arms and the low amount of time spend in them suggested an anxiety-
like status that was completely reversed by the administration of HRW for 30 consecutive
days (p < 0.001; one-way ANOVA).

Our data also demonstrated an enhancement of the immobility time of CIS-injected
male and female animals in the TST (Figure 6A) and FST (Figure 6B) (p < 0.001; one-
way ANOVA compared with their respective VEH-VEH-treated animals) suggesting a
depressive-like status that was completely reversed by the administration of HRW. Thus,
significant effects of CIS and treatment (p < 0.010) and their interaction (p < 0.010) were
revealed by the two-way ANOVA in the TST and FST. Non-significant differences between
the sexes were identified.
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Figure 5. The effects of treatment with HRW on the anxiety-like comportments related to CIS injection.
The impact of the prophylactic administration of HRW for 30 consecutive days on the anxiety-like
behaviors provoked by CIS in male and female mice are represented. The number of entrances into the
open arms (A) and the percentage of time spent in them (B) are shown. In both graphs, the symbols
denote significant changes vs. their respective * VEH-VEH-, + VEH-HRW- or # CIS-HRW-treated
animals (p < 0.05, one-way ANOVA plus Tukey test). Results are presented as mean values ± SEM;
n = 8 animals.
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Figure 6. The antidepressant properties of HRW in male and female CIS-injected mice. Effects of
the prophylactic treatment with HRW for 30 consecutive days on the depressive-like comportments
related to CIS injection. The time that animals remained immobile (s) in the TST (A) and FST (B) are
displayed. In both graphs, the symbols denote significant changes vs. their respective * VEH-VEH-,
+ VEH-HRW- and # CIS-HRW-treated mice (p < 0.05, one-way ANOVA plus Tukey test). Results are
presented as mean values ± SEM; n = 8 animals.

3.4. Effects of HRW on the Inflammatory and Oxidative Reactions Provoked by CIS in the DRG
and PFC

Taking in to account the important contribution of inflammation and oxidative stress
in the progress of CIS-induced neuropathy and/or in the physical and mental incapacities
associated with it, the influence of the HRW treatment on the protein levels of the NLRP3
inflammasome and the oxidative stress marker 4-HNE in the DRG and PFC of CIS-injected
male and female mice were evaluated (Figure 7).
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Figure 7. The impact of HRW treatment on the protein levels of NLRP3 and 4-HNE in the DRG and
PFC of male and female CIS-injected mice. The protein levels of NLRP3 in the DRG (A,C) and PFC
(G,I) and those of 4-HNE in the DRG (B,D) and PFC (H,J) from male and female CIS-injected mice
are shown. Control animals treated with VEH plus VEH are also represented. Representative blots
of NLRP3, 4-HNE and GAPDH (E,F,K,L) from the DRG and PFC of male and female mice are also
shown. In all graphs, the symbols denote significant changes vs. their respective * VEH-VEH- or
# CIS-HRW-treated animals (p < 0.05, one-way ANOVA plus Tukey test). Data are expressed as mean
values ± SEM; n = 3 samples per group.

Peripheral and central inflammatory reactions triggered by CIS were demonstrated
by the enhanced levels of NLRP3 observed in the DRG (p < 0.010, one-way ANOVA;
Figure 7A,C) and PFC (p < 0.002, one-way ANOVA; Figure 7G,I) from male and female
mice compared with their respective VEH-VEH-treated mice. Interestingly, treatment with
HRW normalized this inflammatory reaction in tissues from both male and female mice.
Our results also showed an overexpression of 4-HNE in the DRG (p < 0.010, one-way
ANOVA; Figure 7B,D) and PFC (p < 0.020, one-way ANOVA; Figure 7H,J) from male and
female CIS-injected animals, revealing the oxidative stress caused by this chemotherapeutic
agent in the central and peripheral nervous system, which was completely inhibited by
HRW treatment. These findings showed the anti-inflammatory and antioxidant actions
produced by the prophylactic treatment with HRW in CIS-injected male and female mice.

We also analyzed the effectiveness of HRW treatment in activating the endogenous
antioxidant system as a mechanism of defense to the inflammatory and oxidative reactions
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initiated by CIS in the central and peripheral nervous systems of male and female mice.
Our data showed decreased expression of HO-1 in the DRG (p < 0.022, one-way ANOVA;
Figure 8A,C) and PFC (p < 0.007, one-way ANOVA; Figure 8G,I) of male and female mice
injected with CIS compared with their respective VEH-VEH-treated animals. Remarkably,
in both sexes and tissues evaluated, the downregulation of HO-1 was normalized by HRW
treatment. CIS also decreased the protein levels of SOD-1 in the DRG of male (p < 0.005,
one-way ANOVA; Figure 8B) and female mice (p < 0.002, one-way ANOVA; Figure 8D)
vs. their respective VEH-VEH-treated animals but not in the PFC of male (p < 0.990,
one-way ANOVA; Figure 8H) or female animals (p < 0.964, one-way ANOVA; Figure 8J).
In both sexes, the downregulation of SOD-1 in the DRG was inhibited by the administration
of HRW.
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Figure 8. The impact of HRW treatment on the protein levels of HO-1 and SOD-1 in the DRG and
PFC of male and female CIS-injected mice. The protein levels of HO-1 in the DRG (A,C) and PFC
(G,I) and those of SOD-1 in the DRG (B,D) and PFC (H,J) of male and female CIS-injected mice are
represented. Control animals treated with VEH plus VEH are also represented. Representative blots
of HO-1, SOD-1 and GAPDH (E,F,K,L) from the DRG and PFC of male and female mice are also
presented. In all graphs, the symbols denote significant changes vs their respective * VEH-VEH- or
# CIS-HRW-treated animals (p < 0.05, one-way ANOVA plus Tukey test). Data are expressed as mean
values ± SEM; n = 3 samples per group.
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4. Discussion

Our results demonstrated that CIS-based chemotherapy caused mechanical and cold
allodynia, grip strength deficits, body weight loss and anxiodepressive-like behaviors in
male and female mice. Sex differences in the progression of cold allodynia, grip strength
deficits and body weight loss provoked by CIS were observed. Prophylactic treatment with
HRW prevented the onset of allodynia, functional dysfunctions and mood impairments
resulting from CIS in both sexes. These effects could be mediated by modulating the
inflammatory and oxidative reactions provoked by CIS in the DRG and PFC.

In accordance with other works carried out in male [15,45,54,55] or female mice [46,56],
our results demonstrated that CIS produced similar persistent tactile allodynia, up to
30 days after its first injection, in both hind paws of male and female mice. These results
revealed that no differences in CIS-induced mechanical allodynia were observed between
male and female mice. These findings are consistent with the non-sex differences reported
by other authors in CIS- [4,14,57] and vincristine-provoked tactile allodynia [22]. However,
in contrast, with the sex variations demonstrated by Woller et al. (2015) [15], which showed
that the tactile allodynia caused by CIS disappeared 20 days after its first injection in female
but not in male mice. These discrepancies might be attributed to the different doses and
pattern of CIS administration used in these studies. Therefore, whereas in our experiments
animals received a daily dose of 2.8 mg/kg for five days followed by five days of rest and a
second round of five doses, in another experiment [15], the animals were given 2.3 mg/kg
of CIS every other day over the course of 2 weeks.

Our data further revealed that CIS induced cold allodynia in both hind paws of male
and female mice from day 4 to 30 after injection. However, unlike tactile allodynia, cold
allodynia progresses differently between the sexes. Indeed, the number of paw lifts on days
9 to 16 and at day 27 after CIS injection were higher in female than in male mice. In contrast,
Naji-Esfahani et al. (2016) [14] revealed that CIS injection evoked cold allodynia in male
and female mice but no significant differences between the sexes were observed from day
7 to 15 after CIS injection. The dose and the administration guidelines by which CIS was
injected might be the main reason for these divergences. In the experiments performed
by Naji-Esfahani et al. (2016) [14], the animals only received one daily dose of 1 mg/kg
of CIS for seven days, which might not be enough for establishing differences between
the sexes. Our findings also demonstrated that the prophylactic treatment with HRW
prevented the tactile and cold allodynia generated by CIS in both hind paws and both
sexes. These results are consistent with the analgesic actions produced by the preventive
treatment with HRW or hydrogen-rich saline (HRS) in animals with neuropathic pain
caused by nerve injury [58–61] and further revealed the antiallodynic properties of HRW in
CIS-injected mice. Additionally, our data coincide with the prevention of the development
of mechanical allodynia caused by CIS in mice prophylactically treated with two peptide
antagonists for kinin B1 and B2 receptors [55].

It is well acknowledged that CIS-based chemotherapy is also associated with other side
effects including muscle wasting and body weight loss [29,30]. Our results corroborated
these effects by demonstrating that CIS injection produced grip strength deficits in the hind
paws of both sexes. These data agreed with the decreased muscle strength observed in
male [31–33,62,63] and female animals [64] treated with CIS. Nonetheless, our findings
further proved that female mice have lower grip strength in comparison with male mice
from day 9 to 30 of CIS injection, thus revealing the impact of sex in this side effect produced
by CIS in mice.

Considering that the body weight loss in cancer patients treated with CIS is mostly
due to muscle wasting [10], the body weight loss caused by CIS was also evaluated
in this study. As expected, a significant body weight loss was demonstrated in male
and female CIS-injected mice starting at 6 or 9 days after CIS injection and lasting until
30 days. Similarly, other studies also demonstrated that the body weight of CIS-injected
male [31–33,63] and female animals [46,64] was significantly lower than their respective
controls. Our data further showed that the weight loss provoked by CIS was higher in fe-
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male than in male mice from day 6 to 13 and at days 23 and 25 after its injection, identifying
sex differences in this aspect. Our experiments also proved that the co-administration of
HRW prevented the CIS-induced muscle strength deficits and body weight loss in both
sexes. Nonetheless, considering that female mice injected with CIS exhibit a higher per-
centage of grip strength deficit and body weight loss compared with male mice injected
with CIS, it appears that the inhibitory effects induced by HRW are more prominent in
female mice. The administration of HRS also reduces body weight loss after morphine
withdrawal in mice [65]. The inhibition of the decreased muscle strength and the loss of
body weight provoked by CIS through the co-administration with HRW is key for avoiding
the reduction of these physical functions provoked by this antineoplastic agent in cancer
patients, which negatively affects their quality of life [66].

Inflammation and disruption of redox homeostasis were considered two significant
contributors of the CIS-evoked neuropathic pain [25]. Thus, anti-inflammatory and antioxi-
dant drugs attenuated the nociceptive responses caused by CIS [27,67]. In line with this,
our results demonstrated increased levels of the inflammasome NLRP3 and the oxidative
marker 4-HNE, accompanied by the decreased expression of HO-1 and SOD-1 in the DRG
of CIS-injected male and female mice. Treatment with HRW normalized these inflammatory
and oxidative reactions caused by CIS in the DRG, revealing the potent anti-inflammatory
and antioxidant actions of this treatment, as previously demonstrated in paclitaxel-injected
mice [37]. H2 inhibited the neuropathic pain caused by nerve lesions by reversing the over-
expression of proinflammatory cytokines and 4-HNE [58]. In line with this, a recent study
demonstrated that the treatment with several HO-1 inducers also inhibited neuropathic
pain by inhibiting the up- and downregulation of NLRP3 and HO-1, respectively, in the
DRG [68]. Other works further revealed that the analgesic effects of H2 were reversed by an
HO-1 inhibitor and enhanced by its co-administration with carbon monoxide donors [60].
These results suggest that the maintenance of an equilibrium between the NLRP3 and
the antioxidant system is key for the alleviation of CIS-induced neuropathy produced by
HRW. Supporting this theory, a negative feedback system between the NLRP3 and Nrf2
pathways has been demonstrated. Therefore, activation of the Nrf2 signaling can inhibit
the NLRP3 activation, thus reducing ROS production [69], and Nrf2 can also attenuate
several inflammatory mediators derived from NF-κB, resulting in downregulation of the
NLRP3 inflammasome activity [70].

The anxiety- and depressive-like behaviors observed in male and female mice receiv-
ing CIS agreed with the anxiodepressive-like behaviors produced by this antineoplastic
agent in humans [10] and with other experimental results mainly performed in male
animals [28,32,62,71]. Our results further showed that these emotional alterations were
similarly displayed in both sexes. Thus, in both male and female mice, this chemothera-
peutic agent similarly diminished the number of entries and the time spent in the open
arms in the EPM and increased the time that mice remained immobile in the TST and FST.
Our data also proved that the administration of HRW avoided these affective disorders,
thus revealing the anxiolytic and antidepressant actions produced by the prophylactic
treatment with HRW in CIS-injected mice. In agreement, this treatment likewise inhib-
ited the emotional deficits linked with inflammatory and neuropathic pain provoked by
nerve injury or paclitaxel [37–39]. HRW also prevents the depressive-like comportments
generated by mild chronic unpredictable stress [72] and attenuates the anxiety caused by
opioid withdrawal in mice [65]. In addition, considering that conventional antidepressants
exhibit significant adverse effects whereas HRW does not exhibit demonstrable secondary
effects [35], the preventive treatment with HRW might be considered as an alternative for
the management of affective disorders associated with CIS chemotherapy.

One of the multiple processes involved in the development of the mood disorders
related to neuropathic pain is oxidative stress. CIS administration causes overproduction
of ROS and an imbalance between the oxidant and antioxidant protein levels, leading to an
insufficient quantity of antioxidants to stabilize ROS production in tissues [73]. Therefore,
the increased expression of 4-HNE and the diminished activity of the antioxidant enzyme
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HO-1 observed in the PFC corroborated the oxidative effects caused by CIS in the central
nervous system. These findings are in harmony with the enhanced TBARS values and
the decreased levels of other antioxidant enzymes such as catalase in the PFC [28] and
hippocampus [74,75] from CIS-injected animals. Our data did not support the diminished
expression of SOD-1 stimulated by CIS in the PFC of rodents [28,74,75]. These differences
might be accredited to the different times for evaluating these responses (10 days vs. 30
after CIS injection).

Our study also revealed that the inflammatory and oxidative alterations caused by
CIS in the PFC were regulated by the administration of HRW through normalizing the
upregulation of NLRP3 and 4-HNE and the downregulation of HO-1 in this brain area.
Considering the significance of inflammation and oxidative stress in the development of
affective behaviors, their inhibition with HRW in the PFC, an area involved in the control
of emotions, suggested that the anti-inflammatory and antioxidant actions of this treatment
might be implicated in the modulation of the emotive behaviors. In agreement with this, the
administration of HRW also diminished the brain activation of the NLRP3 inflammasome
and the expression of its downstream inflammatory molecules in a preclinical model of
Alzheimer’s disease [76] and HRS reduced the levels of NLRP3 in the cortex of rats with
subarachnoid hemorrhage [77]. Likewise, other treatments, for example edaravone, also
modulated the mood deficits caused by CIS via inhibiting oxidative stress and inflammation
in the rat hippocampus [78]. These data support the hypothesis that HRW treatment might
also inhibit the anxiety- and depressive-like behaviors caused by CIS by blocking the
inflammasome NLRP3 and activating the defense endogenous antioxidant system in the
PFC. Finally, considering the few side effects induced by HRW [79], it might be proposed
as a safe and effective therapy against CIS-induced neuropathic pain.

A limitation of this study is that we have only evaluated the effects produced by
the intraperitoneal administration of HRW; it might be interesting to study the actions
produced by the oral administration of HRW on the allodynia, body weight loss, grip
strength deficits and the emotional disorders caused by CIS.

5. Conclusions

This study reveals that the prophylactic treatment with HRW prevents the allodynia,
muscle strength deficits, body weight loss and affective disorders caused by CIS. This treat-
ment stabilized the inflammatory and oxidative responses stimulated by CIS in the DRG
and PFC. Our findings suggest that HRW might be a safe treatment for the management of
CIS-induced neuropathy and the associated dysfunctional and affective deficits that would
greatly increase the quality of life of patients receiving this kind of chemotherapy.

Author Contributions: Investigation, I.M.-M.; formal analysis, I.M.-M.; funding acquisition, O.P.;
writing—review and editing, O.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by Ministerio de Ciencia, Innovación y Universidades, Instituto
de Salud Carlos III and Fondo Europeo de Desarrollo Regional (FEDER), Unión Europea (Grant:
PI21/00592) and CERCA Programe/Generalitat de Catalunya.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of Autonomous University of Barcelona (protocol
code 4581 and date of approval 31 March 23).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

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



Antioxidants 2023, 12, 2063 15 of 18

References
1. Hung, H.W.; Liu, C.Y.; Chen, H.F.; 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. J. Environ. Res. Public Health 2021,
18, 5677. [CrossRef] [PubMed]

2. 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. 2023, 10, 1111. [CrossRef] [PubMed]

3. Miltenburg, N.C.; Booger, W. Chemotherapy-induced neuropathy: A comprehensive survey. Cancer Treat. Rev. 2014, 40, 872–882.
[CrossRef]

4. Zhang, J.; Junigan, J.M.; Trinh, R.; Kavelaars, A.; Heijnen, C.J.; Grace, P.M. HDAC6 Inhibition Reverses Cisplatin-Induced
Mechanical Hypersensitivity via Tonic Delta Opioid Receptor Signaling. J. Neurosci. 2022, 42, 7862–7874. [CrossRef] [PubMed]

5. Rosenberg, B.; VanCamp, L.; Trosko, J.E.; Mansour, V.H. Platinum compounds: A new class of potent antitumour agents. Nature
1969, 222, 385–386. [CrossRef] [PubMed]

6. Shah, N.; Dizon, D.S. New-generation platinum agents for solid tumors. Future Oncol. 2009, 5, 33–42. [CrossRef] [PubMed]
7. Florea, A.M.; Büsselberg, D. Cisplatin as an anti-tumor drug: Cellular mechanisms of activity, drug resistance and induced side

effects. Cancers 2011, 3, 1351–1371. [CrossRef] [PubMed]
8. Bonhof, C.S.; van de 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]

9. Albany, C.; Dockter, T.; Wolfe, E.; Le-Rademacher, J.; Wagner-Johnston, N.; Einhorn, L.; Lafky, J.M.; Smith, E.; Pachman, D.; Staff,
N.; et al. Cisplatin-associated neuropathy characteristics compared with those associated with other neurotoxic chemotherapy
agents (Alliance A151724). Support. Care Cancer 2021, 29, 833–840. [CrossRef]

10. Conte, E.; Bresciani, E.; Rizzi, L.; Cappellari, O.; De Luca, A.; Torsello, A.; Liantonio, A. Cisplatin-Induced Skeletal Muscle
Dysfunction: Mechanisms and Counteracting Therapeutic Strategies. Int. J. Mol. Sci. 2020, 21, 1242. [CrossRef]

11. Mogil, J.S.; Bailey, A.L. Sex and gender differences in pain and analgesia. Prog. Brain Res. 2010, 186, 141–157. [PubMed]
12. Rosen, S.; Ham, B.; Mogil, J.S. Sex differences in neuroimmunity and pain. J. Neurosci. Res. 2017, 95, 500–508. [CrossRef] [PubMed]
13. Lacroix-Fralish, M.L.; Tawfik, V.L.; Nutile-McMenemy, N.; DeLeo, J.A. Progesterone mediates gonadal hormone differences in

tactile and thermal hypersensitivity following L5 nerve root ligation in female rats. Neuroscience 2006, 138, 601–608. [CrossRef]
[PubMed]

14. Naji-Esfahani, H.; Vaseghi, G.; Safaeian, L.; Pilehvarian, A.A.; Abed, A.; Rafieian-Kopaei, M. Gender differences in a mouse model
of chemotherapy-induced neuropathic pain. Lab Anim. 2016, 50, 15–20. [CrossRef] [PubMed]

15. Woller, S.A.; Corr, M.; Yaksh, T.L. Differences in cisplatin-induced mechanical allodynia in male and female mice. Eur. J. Pain
2015, 19, 1476–1485. [CrossRef]

16. Basu, S.; Sodhi, A. Increased release of interleukin-1 and tumour necrosis factor by interleukin-2-induced lymphokine-activated
killer cells in the presence of cisplatin and FK-565. Immunol. Cell Biol. 1992, 70, 15–24. [CrossRef]

17. Wang, X.M.; Lehky, T.J.; Brell, J.M.; Dorsey, S.G. Discovering cytokines as targets for chemotherapy-induced painful peripheral
neuropathy. Cytokine 2012, 59, 3–9. [CrossRef]

18. Thoma, A.; Lightfoot, A.P. NF-kB and Inflammatory Cytokine Signalling: Role in Skeletal Muscle Atrophy. Adv. Exp. Med. Biol.
2018, 1088, 267–279.

19. Furtado, M.; Katzman, M.A. Examining the role of neuroinflammation in major depression. Psychiatry Res. 2015, 229, 27–36.
[CrossRef]

20. Chen, C.; Smith, M.T. The NLRP3 inflammasome: Role in the pathobiology of chronic pain. Inflammopharmacology 2023,
31, 1589–1603. [CrossRef]

21. Jin, C.; Flavell, R.A. Molecular mechanism of NLRP3 inflammasome activation. J. Clin. Immunol. 2010, 30, 628–631. [CrossRef]
[PubMed]

22. Starobova, H.; Monteleone, M.; Adolphe, C.; Batoon, L.; Sandrock, C.J.; Tay, B.; Deuis, J.R.; Smith, A.V.; Mueller, A.; Nadar, E.I.;
et al. Vincristine-induced peripheral neuropathy is driven by canonical NLRP3 activation and IL-1β release. J. Exp. Med. 2021,
218, e20201452. [CrossRef]

23. 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]
[PubMed]

24. Jia, M.; Wu, C.; Gao, F.; 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] [PubMed]

25. Spera, M.C.; Cesta, M.C.; Zippoli, M.; Varrassi, G.; Allegretti, M. Emerging Approaches for the Management of Chemotherapy-
Induced Peripheral Neuropathy (CIPN): Therapeutic Potential of the C5a/C5aR Axis. Pain Ther. 2022, 11, 1113–1136. [CrossRef]
[PubMed]

26. Gupta, P.; Makkar, T.K.; Goel, L.; Pahuja, M. Role of inflammation and oxidative stress in chemotherapy-induced neurotoxicity.
Immunol. Res. 2022, 70, 725–741. [CrossRef] [PubMed]

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/10.1016/j.ctrv.2014.04.004
https://doi.org/10.1523/JNEUROSCI.1182-22.2022
https://www.ncbi.nlm.nih.gov/pubmed/36096670
https://doi.org/10.1038/222385a0
https://www.ncbi.nlm.nih.gov/pubmed/5782119
https://doi.org/10.2217/14796694.5.1.33
https://www.ncbi.nlm.nih.gov/pubmed/19243296
https://doi.org/10.3390/cancers3011351
https://www.ncbi.nlm.nih.gov/pubmed/24212665
https://doi.org/10.1002/pon.5176
https://doi.org/10.1007/s00520-020-05543-5
https://doi.org/10.3390/ijms21041242
https://www.ncbi.nlm.nih.gov/pubmed/21094890
https://doi.org/10.1002/jnr.23831
https://www.ncbi.nlm.nih.gov/pubmed/27870397
https://doi.org/10.1016/j.neuroscience.2005.11.048
https://www.ncbi.nlm.nih.gov/pubmed/16413124
https://doi.org/10.1177/0023677215575863
https://www.ncbi.nlm.nih.gov/pubmed/25732574
https://doi.org/10.1002/ejp.679
https://doi.org/10.1038/icb.1992.3
https://doi.org/10.1016/j.cyto.2012.03.027
https://doi.org/10.1016/j.psychres.2015.06.009
https://doi.org/10.1007/s10787-023-01235-8
https://doi.org/10.1007/s10875-010-9440-3
https://www.ncbi.nlm.nih.gov/pubmed/20589420
https://doi.org/10.1084/jem.20201452
https://doi.org/10.1158/2326-6066.CIR-22-0197
https://www.ncbi.nlm.nih.gov/pubmed/36255412
https://doi.org/10.1177/1744806917719804
https://www.ncbi.nlm.nih.gov/pubmed/28714351
https://doi.org/10.1007/s40122-022-00431-8
https://www.ncbi.nlm.nih.gov/pubmed/36098939
https://doi.org/10.1007/s12026-022-09307-7
https://www.ncbi.nlm.nih.gov/pubmed/35859244


Antioxidants 2023, 12, 2063 16 of 18

27. Khasabova, I.A.; Khasabov, S.G.; Olson, J.K.; Uhelski, M.L.; Kim, A.H.; Albi-no-Ramírez, A.M.; Wagner, C.L.; Seybold, V.S.;
Simone, D.A. Pioglitazone, a PPARγ agonist, reduces cisplatin-evoked neuropathic pain by protecting against oxidative stress.
Pain 2019, 160, 688. [CrossRef]

28. Vukovic, R.; Selakovic, D.; Stankovic, J.S.K.; Kumburovic, I.; Jovicic, N.; Rosic, G. Alteration of Oxidative stress and apoptotic
markers alterations in the rat prefrontal cortex influence behavioral response induced by cisplatin and N-acetylcysteine in the tail
suspension test. J. Integr. Neurosci. 2021, 20, 711–718.

29. Moreira-Pais, A.; Ferreira, R.; Gil da Costa, R. Platinum-induced muscle wasting in cancer chemotherapy: Mechanisms and
potential targets for therapeutic intervention. Life Sci. 2018, 208, 1–9. [CrossRef]

30. Shim, H.S.; Bae, C.; Wang, J.; Lee, K.H.; Hankerd, K.M.; Kim, H.K.; Chung, J.M.; La, J.H. Peripheral and central oxidative stress in
chemotherapy-induced neuropathic pain. Mol. Pain 2019, 15, 1744806919840098. [CrossRef]

31. Chen, J.A.; Splenser, A.; Guillory, B.; Luo, J.; Mendiratta, M.; Belinova, B.; Halder, T.; Zhang, G.; Li, Y.P.; Garcia, J.M. Ghrelin
prevents tumour- and cisplatin-induced muscle wasting: Characterization of multiple mechanisms involved. J. Cachexia Sarcopenia
Muscle 2015, 6, 132–143. [CrossRef]

32. Saadati, H.; Noroozzadeh, S.; Esmaeili, H.; Amirshahrokhi, K.; Shadman, J.; Niapour, A. The Neuroprotective Effect of Mesna
on Cisplatin-Induced Neurotoxicity: Behavioral, Electrophysiological, and Molecular Studies. Neurotox Res. 2021, 39, 826–840.
[CrossRef]

33. Hong, M.; Han, I.H.; Choi, I.; Cha, N.; Kim, W.; Kim, S.K.; Bae, H. Magnoliae Cortex Alleviates Muscle Wasting by Modulating
M2 Macrophages in a Cisplatin-Induced Sarcopenia Mouse Model. Int. J. Mol. Sci. 2021, 22, 3188. [CrossRef]

34. Lian, N.; Shen, M.; Zhang, K.; Pan, J.; Jiang, Y.; Yu, Y.; Yu, Y. Drinking Hydrogen-Rich Water Alleviates Chemotherapy-Induced
Neuropathic Pain Through the Regulation of Gut Microbiota. J. Pain Res. 2021, 14, 681–691. [CrossRef]

35. Chen, W.; Zhang, H.T.; Qin, S.C. Neuroprotective Effects of Molecular Hydrogen: A Critical Review. Neurosci. Bull. 2021,
37, 389–404. [CrossRef]

36. Ohsawa, I.; Ishikawa, M.; Takahashi, K.; Watanabe, M.; Nishimaki, K.; Yamagata, K.; Katsura, K.; Katayama, Y.; Asoh, S.; Ohta,
S. Hydrogen acts as a therapeutic antioxidant by selectively reducing cytotoxic oxygen radicals. Nat. Med. 2007, 13, 688–694.
[CrossRef]

37. Martínez-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]

38. Martínez-Serrat, M.; Martínez-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]

39. Coral-Pérez, S.; Martínez-Martel, I.; Martínez-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]

40. Satoh, Y.; Araki, Y.; Kashitani, M.; Nishii, K.; Kobayashi, Y.; Fujita, M.; Suzuki, S.; Morimoto, Y.; Tokuno, S.; Tsumatori, G.;
et al. Molecular Hydrogen Prevents Social Deficits and Depression-Like Behaviors Induced by Low-Intensity Blast in Mice.
J. Neuropathol. Exp. Neurol. 2018, 77, 827–836. [CrossRef]

41. Gao, Q.; Song, H.; Wang, X.T.; Liang, Y.; Xi, Y.J.; Gao, Y.; Guo, Q.J.; LeBaron, T.; Luo, Y.X.; Li, S.C.; et al. Molecular hydrogen
increases resilience to stress in mice. Sci. Rep. 2017, 7, 9625. [CrossRef] [PubMed]

42. Mizuno, K.; Sasaki, A.T.; Ebisu, K.; Tajima, K.; Kajimoto, O.; Nojima, J.; Kuratsune, H.; Hori, H.; Watanabe, Y. Hydrogen-rich
water for improvements of mood, anxiety, and autonomic nerve function in daily life. Med. Gas Res. 2018, 7, 247–255. [PubMed]

43. Bushnell, M.C.; Ceko, M.; Low, L.A. Cognitive and emotional control of pain and its disruption in chronic pain. Nat. Rev. Neurosci.
2013, 14, 502–511. [CrossRef] [PubMed]

44. Liu, X.G. Normalization of Neuroinflammation: A New Strategy for Treatment of Persistent Pain and Memory/Emotional Deficits
in Chronic Pain. J. Inflamm. Res. 2022, 15, 5201–5233. [CrossRef]

45. Krukowski, K.; Ma, J.; Golonzhka, O.; Laumet, G.O.; Gutti, T.; van Duzer, J.H.; Mazitschek, R.; Jarpe, M.B.; Heijnen, C.J.; Kavelaars,
A. HDAC6 inhibition effectively reverses chemotherapy-induced peripheral neuropathy. Pain 2017, 158, 1126–1137. [CrossRef]
[PubMed]

46. Oliveros, A.; Yoo, K.H.; Rashid, M.A.; Corujo-Ramirez, A.; Hur, B.; Sung, J.; Liu, Y.; Hawse, J.R.; Choi, D.S.; Boison, D.;
et al. Adenosine A2A receptor blockade prevents cisplatin-induced impairments in neurogenesis and cognitive function.
Proc. Natl. Acad. Sci. USA 2022, 119, e2206415119. [CrossRef] [PubMed]

47. Boehmerle, W.; Huehnchen, P.; Peruzzaro, S.; Balkaya, M.; Endres, M. Electrophysiological, behavioral and histological char-
acterization of paclitaxel, cisplatin, vincristine and bortezomib-induced neuropathy in C57Bl/6 mice. Sci. Rep. 2014, 4, 6370.
[CrossRef]

48. Cheng, S.; Peng, L.; Xu, B.; Chen, W.; Chen, Y.; Gu, Y. Protective Effects of Hydrogen-Rich Water Against Cartilage Damage in a
Rat Model of Osteoarthritis by Inhibiting Oxidative Stress, Matrix Catabolism, and Apoptosis. Med. Sci. Monit. 2020, 26, e92021.
[CrossRef]

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

50. Batallé, G.; Bai, X.; Pol, O. The Interaction between Carbon Monoxide and Hydrogen Sulfide during Chronic Joint Pain in Young
Female Mice. Antioxidants 2022, 11, 1271. [CrossRef]

https://doi.org/10.1097/j.pain.0000000000001448
https://doi.org/10.1016/j.lfs.2018.07.010
https://doi.org/10.1177/1744806919840098
https://doi.org/10.1002/jcsm.12023
https://doi.org/10.1007/s12640-020-00315-9
https://doi.org/10.3390/ijms22063188
https://doi.org/10.2147/JPR.S288289
https://doi.org/10.1007/s12264-020-00597-1
https://doi.org/10.1038/nm1577
https://doi.org/10.3390/antiox11122387
https://doi.org/10.3390/antiox11091826
https://doi.org/10.3390/antiox11112153
https://doi.org/10.1093/jnen/nly060
https://doi.org/10.1038/s41598-017-10362-6
https://www.ncbi.nlm.nih.gov/pubmed/28852144
https://www.ncbi.nlm.nih.gov/pubmed/29497485
https://doi.org/10.1038/nrn3516
https://www.ncbi.nlm.nih.gov/pubmed/23719569
https://doi.org/10.2147/JIR.S379093
https://doi.org/10.1097/j.pain.0000000000000893
https://www.ncbi.nlm.nih.gov/pubmed/28267067
https://doi.org/10.1073/pnas.2206415119
https://www.ncbi.nlm.nih.gov/pubmed/35867768
https://doi.org/10.1038/srep06370
https://doi.org/10.12659/MSM.920211
https://doi.org/10.1016/0165-0270(94)90144-9
https://doi.org/10.3390/antiox11071271


Antioxidants 2023, 12, 2063 17 of 18

51. 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]

52. 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]

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

54. Mao-Ying, Q.L.; Kavelaars, A.; Krukowski, K.; Huo, X.J.; Zhou, W.; Price, T.J.; Cleeland, C.; Heijnen, C.J. The anti-diabetic
drug metformin protects against chemotherapy-induced peripheral neuropathy in a mouse model. PLoS ONE 2014, 9, e100701.
[CrossRef]

55. Becker, G.; Fialho, M.F.P.; Brusco, I.; Oliveira, S.M. Kinin B1 and B2 Receptors Contribute to Cisplatin-Induced Painful Peripheral
Neuropathy in Male Mice. Pharmaceutics 2023, 15, 852. [CrossRef]

56. Maj, M.A.; Ma, J.; Krukowski, K.N.; Kavelaars, A.; Heijnen, C.J. Inhibition of Mitochondrial p53 Accumulation by PFT-µ Prevents
Cisplatin-Induced Peripheral Neuropathy. Front. Mol. Neurosci. 2017, 10, 108. [CrossRef]

57. Singh, A.K.; Mahalingam, R.; Squillace, S.; Jacobson, K.A.; Tosh, D.K.; Dharmaraj, S.; Farr, S.A.; Kavelaars, A.; Salvemini,
D.; Heijnen, C.J. Targeting the A3 adenosine receptor to prevent and reverse chemotherapy-induced neurotoxicities in mice.
Acta Neuropathol. Commun. 2022, 10, 11. [CrossRef]

58. Chen, Q.; Chen, P.; Zhou, S.; Yan, X.; Zhang, J.; Sun, X.; Yuan, H.; Yu, W. Hydrogen-rich saline attenuated neuropathic pain by
reducing oxidative stress. Can. J. Neurol. Sci. 2013, 40, 857–863. [CrossRef]

59. Kawaguchi, M.; Satoh, Y.; Otsubo, Y.; Kazama, T. Molecular hydrogen attenuates neuropathic pain in mice. PLoS ONE 2014,
9, e100352. [CrossRef]

60. Chen, Y.; Chen, H.; Xie, K.; Liu, L.; Li, Y.; Yu, Y.; Wang, G. H2 Treatment Attenuated Pain Behavior and Cytokine Release Through
the HO-1/CO Pathway in a Rat Model of Neuropathic Pain. Inflammation 2015, 38, 1835–1846. [CrossRef]

61. Wang, H.; Huo, X.; Chen, H.; Li, B.; Liu, J.; Ma, W.; Wang, X.; Xie, K.; Yu, Y.; Shi, K. Hydrogen-Rich Saline Activated Autophagy
via HIF-1 α Pathways in Neuropathic Pain Model. Biomed. Res. Int. 2018, 2018, 4670834. [CrossRef] [PubMed]

62. Abdollahzadeh, M.; Panahpour, H.; Ghaheri, S.; Saadati, H. Calcitriol supplementation attenuates cisplatin-induced behavioral
and cognitive impairments through up-regulation of BDNF in male rats. Brain Res. Bull. 2022, 181, 21–29. [CrossRef] [PubMed]

63. Huang, K.C.; Chiang, Y.F.; Huang, T.C.; Chen, H.Y.; Lin, P.H.; Ali, M.; Hsia, S.M. Capsaicin alleviates cisplatin-induced muscle
loss and atrophy in vitro and in vivo. J. Cachexia Sarcopenia Muscle 2023, 14, 182–197. [CrossRef] [PubMed]

64. Chen, J.M.; Yang, T.T.; Cheng, T.S.; Hsiao, T.F.; Chang, P.M.; Leu, J.Y.; Wang, F.S.; Hsu, S.L.; Huang, C.F.; Lai, J.M. Modified Sijunzi
decoction can alleviate cisplatin-induced toxicity and prolong the survival time of cachectic mice by recovering muscle atrophy.
J. Ethnopharmacol. 2019, 233, 47–55. [CrossRef]

65. Wen, D.; Zhao, P.; Hui, R.; Wang, J.; Shen, Q.; Gong, M.; Guo, H.; Cong, B.; Ma, C. Hydrogen-rich saline attenuates anxiety-like
behaviors in morphine-withdrawn mice. Neuropharmacology 2017, 118, 199–208. [CrossRef] [PubMed]

66. Davis, M.P.; Panikkar, R. Sarcopenia associated with chemotherapy and targeted agents for cancer therapy. Ann. Palliat. Med.
2019, 8, 86–101. [CrossRef]

67. Akbar, S.; Subhan, F.; Shahid, M.; Wadood, A.; Shahbaz, N.; Farooq, U.; Ayaz, M.; Raziq, N. Methoxyflavanone abates
cisplatin-induced neuropathic pain apropos anti-inflammatory mechanisms: A behavioral and molecular simulation study.
Eur. J. Pharmacol. 2020, 872, 172972. [CrossRef]

68. Suárez-Rojas, I.; Pérez-Fernández, M.; Bai, X.; Martínez-Martel, I.; Intagliata, S.; Pittalà, 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]

69. Liu, X.; Zhang, X.; Ding, Y.; Zhou, W.; Tao, L.; Lu, P.; Wang, Y.; Hu, R. Nuclear Factor E2-Related Factor-2 Negatively Regulates
NLRP3 Inflammasome Activity by Inhibiting Reactive Oxygen Species-Induced NLRP3 Priming. Antioxid. Redox Signal. 2017,
26, 28–43. [CrossRef]

70. Li, W.; Khor, T.O.; Xu, C.; Shen, G.; Jeong, W.S.; Yu, S.; Kong, A.N. Activation of Nrf2-antioxidant signaling attenuates NFkappaB-
inflammatory response and elicits apoptosis. Biochem. Pharmacol. 2008, 76, 1485–1489. [CrossRef]

71. Abdelkader, N.F.; Saad, M.A.; Abdelsalam, R.M. Neuroprotective effect of nebivolol against cisplatin-associated depressive-like
behavior in rats. J. Neurochem. 2017, 141, 449–460. [CrossRef] [PubMed]

72. Zhang, Y.; Su, W.J.; Chen, Y.; Wu, T.Y.; Gong, H.; Shen, X.L.; Wang, Y.X.; Sun, X.J.; Jiang, C.L. Effects of hydrogen-rich water on
depressive-like behavior in mice. Sci. Rep. 2016, 6, 23742. [CrossRef] [PubMed]

73. Aydin, D.; Peker, E.G.; Karakurt, M.D.; Gurel, A.; Ayyildiz, M.; Cevher, Ş.C.; Agar, E.; Dane, S. Effects of Ginkgo biloba extract on
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