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Abstract

Paclitaxel-induced peripheral neuropathy (PIPN) is a very common and complex painful condition related to paclitaxel (PTX)
exposure, severely impacting patients’ quality of life, and contributing to the emergence of clinical signs of anxiety and cog-
nitive loss. At present, no sufficient treatment options are available for PIPN and its exact pathophysiology remains unclear.
Based on the therapeutic potential of the 7-chloro-4-(phenylselanyl) quinoline (4-PSQ), we assessed its ability to reverse
PIPN and its comorbities induced by PTX. The effect of 4-PSQ was evaluated on pathophysiological processes involved in
PIPN, such as oxidative stress (oxidative damage and antioxidant enzymes), neuroinflammation (mRNA expression levels
of nuclear factor-kappa B, interleukin-1beta, tumor necrosis factor-alpha, and inducible nitric oxide synthase), and calcium
homeostasis (Ca** ATPase activity) in the spinal cord, cerebral cortex, and hippocampus of mice. Male Swiss mice received
PTX (2 mg/kg) or vehicle by intraperitoneal route (days 1, 2, and 3). Oral administration of 4-PSQ (1 mg/kg) or vehicle was
performed on days 3 to 14. It was observed that 4-PSQ reduced the mechanical and thermal hypersensitivities induced by
PTX. Likewise, 4-PSQ reduced both anxious behavior and cognitive impairment in mice with PIPN. We believe that effects
of 4-PSQ may be associated, at least in part, with the modulation of oxidative stress, reduction of neuroinflammation, and
normalizing Ca>* ATPase activity in the spinal cord, cerebral cortex, and hippocampus of mice with PIPN. Taken together, the
4-PSQ might be a good prototype for the development of a more effective drug for the treatment of PIPN and its comorbities.
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Introduction

Paclitaxel (PTX) is a chemotherapeutic agent belonging
to the taxane family, commonly used in the treatment of
various solid tumors, including breast, ovarian, and lung
[1]. This chemotherapy drug exerts its action against dif-
ferent types of cancers by interrupting the G2 phase of
the cell cycle by binding to polymerized tubulins (o and
) stabilizing the microtubules [2]. The loss of this insta-
bility leads to the interruption of cell mitosis and, conse-
quently, to cell death by apoptosis [1]. Although PTX is
highly effective against the proliferation of cancer cells, it
also can affect cells that are not in division, such as neu-
rons. Thus, exposure to PTX can result in damage to both
the central (CNS) and peripheral (PNS) nervous systems
[3, 4]. Peripheral neuropathy is a common dose-limiting
adverse effect associated with PTX treatment and is the
major cause of ongoing pain in cancer survivors [5]. In
clinical use, symptoms of neurotoxicity often occur when
the PTX dose per administration is 250 mg/m? infused
over 24 h [6, 7]. Unfortunately, PTX-induced periph-
eral neuropathy (PIPN) is very common and is reported
in approximately 90% of patients, but generally remains
relatively mild until the cumulative PTX dose exceeds
1400 mg/m2 [8—10]. In some cases, dose reduction or
early discontinuation of treatment is advised [11]. In this
line, PIPN can severely impact the quality of life of cancer
patients and also contribute to the development of comor-
bidities [5, 12].

The neurotoxicity caused by PTX can lead to damage to
peripheral sensory neurons, especially in cells located in
the dorsal root ganglia, and consequently, influence pain
signaling [4, 13]. Alongside, PTX affects the PNS and
causes a predominantly sensory peripheral axonal neu-
ropathy with paresthesia and pain [14]. PIPN symptoms
usually develop first in the feet and hands and may pro-
gress to other regions of the body [11]. At present, the
mechanisms underlying PIPN remain unclear. However,
some events have been proposed as responsible for the
damage caused by PIPN [14]. Pathophysiological pro-
cesses induced by PTX include increased intracellular
Ca?* concentration and oxidative stress; together, these
events can cause cellular apoptosis and, consequently,
degeneration of peripheral sensory fibers [15, 16]. In addi-
tion, the release of pro-inflammatory mediators, such as
cytokines, produced by glial cells in the spinal cord is
thought to contribute to the development of PIPN [12].
Peripheral nociceptors are known to respond directly to
cytokines, chemokines, and other inflammatory mediators
[17, 18]. Thus, PTX-induced release of tumor necrosis
factor-alpha (TNF-a), interleukin-1beta (IL-1f), and IL-6
promotes action potential discharge by increasing Na* and
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Ca** currents at peripheral nociceptor terminals, resulting
in increased membrane excitability, lowered pain thresh-
old, and peripheral sensitization [19]. All these effects may
damage sensory neurons such as Ad and C fibers, resulting
in neuropathic pain characterized by hyperalgesia and allo-
dynia [19-21]. Therefore, sensitization of sensory neurons
through the release of pro-inflammatory cytokines may
play a crucial role in the development of PIPN.

Considering the complexity of PIPN and its comorbidi-
ties, as well as the risk factors contributing to the process,
multifunctional molecules with two or more complementary
biological activities may represent an important advance for
the treatment of this pathology. In this context, 7-chloro-4-
(phenylselanyl) quinoline (4-PSQ), a quinoline functional-
ized with an organoselenium group, has been extensively
studied by our research group [22—, 23-36]. Among these
studies, it was shown that 4-PSQ reduced chronic pain by
modulating oxidative stress parameters in an oxaliplatin-
induced chronic peripheral neuropathy model [36]. Like-
wise, 4-PSQ attenuated the neurotoxicity caused by this
chemotherapeutic, evidenced through the reduction of anx-
ious behavior and cognitive impairment mainly for its abil-
ity to reestablish activity of the Na*, K*ATPase enzyme
[35]. Importantly, we recently demonstrated that 4-PSQ
reversed acute hypersensitivity oxaliplatin-induced and
aging-aggravated by reducing oxidative damage, through
modulation of antioxidant enzymes [28]. Our studies have
also shown that 4-PSQ is a potent anti-inflammatory agent
that reduces formalin-induced nociception and paw edema
[22] and modulates mRNA expression of proteins involved
in inflammatory processes, such as transcription factor
NF-kB and pro-inflammatory cytokines [24, 27]. Therefore,
the hypothesis of neuroprotective effects of 4-PSQ against
neuropathic pain may be related to a reduction in peripheral
sensitization through its ability to attenuate inflammatory
and oxidative parameters. Thus, the pharmacological effects
of 4-PSQ seem to be related to its antioxidant, [22, 30, 34]
and anti-inflammatory effect [22, 23], as well as to its ability
to modulate the serotonergic, nitrergic, glutamatergic, and
cholinergic systems, demonstrating the multitarget prop-
erty of this molecule [22-24, 29-31, 33]. Furthermore, it is
important to highlight that 4-PSQ exerts its pharmacological
action in the absence of hepatic and renal toxicities in mice
[22, 29]. Indeed, a growing body of evidence demonstrates
that 4-PSQ is a promising compound in the field of drug
development.

Faced with the need for an effective therapy to treat PIPN
and its comorbidities, in this study, we investigated the effect
of 4-PSQ on the PIPN model in mice. In order to elucidate
if PIPN promotes the development of comorbidities, emo-
tional and cognitive impairments were evaluated. Finally,
oxidative and neuroinflammatory stress parameters, as well
as the activity of the Ca’*ATPase enzyme, were analyzed
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in order to investigate the effect of 4-PSQ on mechanisms
involved in PIPN.

Materials and Methods
Animals and Ethical Approval

Experiments were performed with 8- to 12-week-old male
Swiss mice, weighing 25-35 g. Animals were housed in
collective cages at 22 +2 °C, with a humidity of 50-80%,
under a 12-h light/dark cycle, with free access to food and
water. Each cage contained 4—6 animals, and those animals
were distributed using a randomized block design, to obtain
groups with similar baseline withdrawal thresholds.

All experiments were performed in accordance with the
National Institutes of Health Animal Care Guidelines (NIH
Publications No. 8023, revised 1978), and were approved
by the Committee on Care and Use of Experimental Ani-
mal Resources of the Federal University of Pelotas, Brazil
(CEEA 4506-2017). The number of animals and the inten-
sity of noxious stimuli used were the minimum necessary
to demonstrate consistent effects. All efforts were made to
minimize the number of animals used and their suffering.

Drugs

4-PSQ (Fig. 1) was prepared and characterized in our labo-
ratory. Nuclear magnetic resonance analysis (‘H and '>C)
showed analytical and spectroscopic data in full agreement
with its assigned structure. The chemical purity of 4-PSQ
(99.9%) was determined by gas chromatography coupled
with mass spectrometry (GC-MS) [37]0.4-PSQ and PTX
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Fig.1 Chemical structure of 7-chloro-4-(phenylselanyl) quinoline
(4-PSQ)

were dissolved in canola oil and 5% glucose solution, respec-
tively. PTX was obtained from Eurofarma pharmaceutical
company, and according to the Brazilian Health Regulatory
Agency (ANVISA), its code is M.S. 100,430,899. All other
chemicals used in this study were of analytical grade and
obtained from Sigma-Aldrich (St. Louis, MO, USA). Mice
received treatments by oral (p.o.—intragastric gavage) or
intraperitoneal (i.p.) routes, at a constant volume of 10 mL/
kg of body weight.

Peripheral Neuropathy Induced by PTX

PTX is one of the most employed drugs to treat solid tumors.
Due to its wide use and high incidence of peripheral neu-
ropathy (around 70%) [11, 38], we chose this antineoplas-
tic drug to induce neuropathy. Peripheral neuropathy was
induced by PTX administration according to the method-
ology described previously by Polomano et al. [38] and
adapted for use in mice. PTX (6 mg/mL) was stored at 4 °C
for a maximum of 28 days after opening. The stock solution
was diluted up to 0.2 mg/mL in 5% glucose solution imme-
diately before use. Animals received PTX intraperitoneally
(2 mg/kg) on days 1, 2, and 3 of the experimental protocol,
using an injection volume of 10 mL/kg. The cumulative dose
of PTX was 6 mg/kg. Control animals received vehicle (5%
glucose solution). The development of peripheral neuropa-
thy was assessed 8 days after the first injection of PTX by
testing the mouse sensitivity to mechanical and thermal
stimuli.

Experimental Design

Firstly, mice were randomly divided into four groups (7
animals/group): (i) control, (ii) PTX, (iii) 4-PSQ, and (iv)
PTX +4-PSQ. On days 1, 2, and 3, mice of the control and
4-PSQ groups received a 5% glucose solution (10 mL/kg,
i.p.), whereas mice of the PTX and PTX +4-PSQ groups
received PTX (2 mg/kg, i.p.). From day 3 to day 14 of the
experimental protocol, mice of the control and PTX groups
received canola oil (10 mL/kg, p.o.), whereas mice of the
4-PSQ and PTX +4-PSQ groups received 4-PSQ (1 mg/kg,
p-0.), once a day. The nociceptive response was evaluated on
days 8, 11, and 14 of the experimental protocol. To investi-
gate the effects of PTX and 4-PSQ on comorbidities associ-
ated with peripheral neuropathy, cognitive impairment was
evaluated on days 12 and 13 and on day 15, the anxiety-like
behavior of the mice (Fig. 2).

Twenty-four hours after the last treatment, the animals
were euthanized by inhalation of isoflurane anesthetic. The
spinal cord, cerebral cortex, and hippocampus samples were
rapidly dissected, weighed, and placed on ice then used for
ex vivo assays. The operators in the behavioral tests and data
analysis were blinded. The dose and the protocol of 4-PSQ
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Fig.2 Scheme of the experimental protocol

treatment were based on a previous study [31] since other
studies evaluating the pharmacological actions of the 4-PSQ
have been carried out [22-36, 39].

Behavioral Analyses
Assessment of Plantar Mechanical Sensitivity

Mechanical sensitivity was carried out in mice according to
the method previously described by Alamri et al. [40], with
some modifications. For this test, mice were placed individu-
ally inside acrylic cages with wire grid floors 30 min before
the start of testing performed in a quiet room. Before paw
stimulation, the animals were quieted, without exploratory
movements and not resting on their paws. The test consisted
of evoking a hind paw flexion reflex with a hand-held force
transducer (digital analgesimeter, Insight, Sdo Paulo, Bra-
zil) adapted with a polypropylene tip. The paw withdrawal
threshold was measured by applying the polypropylene tip
perpendicular to the middle of the plantar surface of the hind
paw at constant progressive pressure until paw withdrawal,
and the pressure value was automatically recorded. Mechani-
cal sensitivity was evaluated on the 8th, 11th, and 14th days
of the experimental protocol.

@ Springer

Assessment of Heat Sensitivity

Thermal sensitivity was tested in mice as reported by Woolfe
and MacDonald [41], with some modifications. The hot plate
test is a behavioral model of nociception in which behaviors
such as jumping and hind paw-licking are elicited following
a noxious thermal stimulus. Thermal sensitivity was evalu-
ated on the 8th, 11th, and 14th days of the experimental
protocol. For this, animals were placed in a glass box on a
heated metal plate maintained at 52+ 1 °C. The latency of
nociceptive responses such as licking or shaking one of the
paws or jumping was recorded as the reaction. Significant
decreases of paw withdrawal latency were interpreted as
indicative of heat hyperalgesia. To avoid damage to the paws
of animals, time standing on the plate was limited to 45 s.

Assessment of Locomotor and Exploratory Domains

The open field was made of plywood and surrounded by
30-cm-high walls. The floor of the open field, 45 cm long
and 45 cm wide, was divided by masking tape markers
into 9 squares (3 rows of 3). The locomotor and explora-
tory domains were evaluated on the 12th day of the experi-
mental protocol. In this test, each animal was placed at the
center of the open field and observed for 4 min to record
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the locomotor (number of segments crossed with the four
paws) and exploratory (number of rearing on the hind limbs)
activities [42].

Assessment of Emotional Domain

The elevated plus maze (EPM) test is widely validated to
measure anxiety in rodents [43]. The EPM apparatus con-
sists of two opposed open arms (16 X5 cm) and two opposed
closed arms (16 X5 X 10 cm) mounted at a 90° angle, all
facing a central platform (5 x5 cm) elevated 50 cm from
the floor. This test was performed on the 15th day of the
experimental protocol. Each animal was placed individually
at the center of the apparatus facing one of the open arms.
The frequency of entries into both open or closed arms and
the time spent in the open arm was measured for 5 min. The
data were expressed as a percentage of entries (with the four
paws) into, and time spent in the open arms in relation to
the total number of entries and time, respectively, in both
open and enclosed arms. The total number of entries into the
enclosed arms was also recorded. The anxiolytic effects of a
drug are illustrated by a significant statistical augmentation
of parameters in open arms.

Assessment of Cognitive Domain

The object recognition task was carried out according to the
method previously described by Lueptow [44]. This task
has been widely used to evaluate short-term (STM) and
long-term (LTM) memories. The task was performed in an
open-field apparatus on the 12th and 13th days of the experi-
mental protocol. On the day of the task (the 12th day of
the experimental protocol), each animal underwent a 5-min
habituation session in the absence of objects, where the test
to assess the locomotor and exploratory domains of the ani-
mals was performed.

After habituation on the apparatus, the mice were submit-
ted to the training session, by being placed individually in
the arena with two identical objects (object Al and A2) for
5 min. Exploration was accounted when the animal directed
its nose around 2 cm of the object while sniffing, touching,
or looking at it. In the presence of a familiar object (A1)
and a new object (B), 1.5 h after training, the STM of mice
was evaluated. The time to explore was defined as 5 min,
enough to measure learning and recognition memory. In
turn, LTM was assessed 24 h after training. For this, the
mice were placed to explore a familiar object (Al) and a
new object (C) for 5 min. Likewise, the time spent explor-
ing each object was recorded. The objects used were placed
in a symmetrical position inside the arena. The Al and A2
objects were two identical balls, the B object was a cube,
and the C object was a square. The objects used were made
of plastic material, measuring 10X 10 cm (length X height),

and had the following color patterns: blue, red, and yellow.
The arena and objects were cleaned between trials with 70%
ethanol to remove residues and smells. Data were expressed
as a percentage of the exploratory preference and calculated
as follows: Training=(A2 / (A1 +A2))x 100; STM=(B /
(A1+B))x100; LTM=(C/ (A1+ ())x 100.

Ex Vivo Assays
Tissue Processing

Motivated by behavioral test results, ex vivo assays were
performed to extend the knowledge about the factors that
determine the development of PTX-induced peripheral
neuropathy and that contribute to the therapeutic effect of
4-PSQ. Twenty-four hours after the last treatment, animals
were killed by inhalation of isoflurane anesthetic. The spi-
nal cord, cerebral cortex, and hippocampus were collected
to determine oxidative stress markers, such as glutathione
peroxidase (GPx) and superoxide dismutase (SOD) activi-
ties, as well as reactive oxygen species (ROS), thiobarbitu-
ric acid reactive species (TBARS), and nitrate and nitrite
(NOx) levels as indicator of nitric oxide (NO) production.
Furthermore, the involvement of the Ca’*ATPase enzyme
in the spinal cord, cerebral cortex, and hippocampus was
evaluated. For these analyses, samples were homogenized
in 50 mM TrisHCI pH 7.4 and centrifuged at 900 x g for
10 min to yield a supernatant (S1). Specifically for NOx lev-
els, samples were homogenized in 200 mM ZnSO, and ace-
tonitrile (96%), centrifuged at 13,000 x g at 4 °C for 30 min,
and the S1 was collected. Moreover, samples of spinal cord,
cerebral cortex, and hippocampus were collected to deter-
mine nuclear factor-kappa B (NF-xB), TNF-a, IL-1f, and
inducible nitric oxide synthase (iINOS) expressions using
the qRT-PCR technique. Important, for this quantification,
all collected tissues were snap-frozen in liquid nitrogen and
stored at—80° C until the mRNA expression levels were
evaluated.

Involvement of Oxidative Stress

Oxidative Damage

ROS Levels The ROS levels were determined using a spec-
trofluorimetric method, using 2',7'-dichlorofluorescein
diacetate (DCHF-DA) assay according to Loetchutinat et al.
[45]. S1 (50 pL) was incubated with 20 pL of DCHF-DA
(1 mmol/L) and 2430 pL of Tris HCI (10 mmol/L) in pH 7.4.
The oxidation of DCHF-DA to fluorescent dichlorofluores-
cein (DCF) was measured for the detection of intracellular
ROS. The DCF fluorescence intensity emission was recorded
at 525 nm (with 488-nm excitation) 30 min after the addition
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of DCHF-DA to the medium (Shimadzu RF-5301PC fluo-
rometer). ROS levels were expressed as arbitrary units of
fluorescence.

TBARS Levels Levels of TBARS were used as an indica-
tor of lipid peroxidation [46]. An aliquot of S1 was added
to the reaction mixture containing 0.8% thiobarbituric acid
(TBA), 8.1% sodium dodecyl sulfate (SDS), and acetic acid
buffer (pH 3.4) and after incubated at 95 °C for 2 h. Malon-
dialdehyde (MDA) reacts with TBA to generate a colored
product that can be optically measured at 532 nm. Results
were reported as nmol MDA/mg protein.

NOx Levels NOx levels were assayed spectrophotometrically
according to a previously published study by Miranda et al.
[47]. Spinal cord, cerebral cortex, and hippocampus sam-
ples were weighed and homogenized; the S1 was used to
determine the nitrate and nitrite content, an indicator of NO
production. NOx content was estimated in a medium con-
taining 2% VCl; (in 5% HCl), 0.1% N-(1-naphthyl) ethylene-
diamine dihydrochloride, and 2% sulfanilamide (in 5% HCI).
After incubating at 37 °C for 60 min, nitrite levels were
determined spectrophotometrically at 540 nm, based on the
reduction of nitrate to nitrite by VCl;. Tissue nitrate/nitrite
levels were expressed as nmol of NOx/g of tissue.

Antioxidant Enzymes

GPx Activity GPx activity was assayed spectrophoto-
metrically by the method of Wendel [48], which involves
monitoring the dismutation of hydrogen peroxide (H,0,)
in the presence of S1 at 340 nm. S1 (50 pL) was added in a
system composed by reduced glutathione (GSH)/NADPH/
glutathione reductase (GR), and the enzymatic reaction was
initiated by the addition of H,O, (100 pL). In this assay, the
enzymatic activity is indirectly measured by NADPH decay.
H,0, is reduced and generates oxidized glutathione (GSSG)
from GSH. GSSG is regenerated back to GSH by the GR
present in the analysis medium at the expense of NADPH.
The enzymatic activity was expressed as nanomoles per min-
ute per milligram of protein.

SOD Activity This method is based on the capacity of SOD
to inhibit the autoxidation of epinephrine. SOD activity was
measured spectrophotometrically according to Misra and
Fridovich’s method [49]. S1 (6, 12, or 18 pL) was added
to a 0.05 mol/L Na,COj; buffer, and the enzymatic reaction
was started by adding epinephrine (30 pL). The color reac-
tion was measured at 480 nm. One unit of the enzyme was
defined as the amount of enzyme required to inhibit the rate
of epinephrine autoxidation by 50% at 26 °C. The enzymatic
activity was expressed as units per milligram of protein.
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Involvement of Ca2*ATPase Activity

The activity of Ca’*ATPase was measured as previously
described [50] with minor modifications [51]. Briefly, the
assay medium consisted of 30 mM Tris—HCI buffer (pH
7.4), 50 mM NaCl, 5 mM KCI, 0.1 mM EDTA, 3 mM
MgCl,, and 100 pg of protein in the presence or absence
of 0.4 mM CaCl,. The reaction was started by the addition
of adenosine triphosphate (ATP) to a final concentration of
12 mM. After 50 min at 37 °C, the reaction was stopped by
the addition of 50% (w/v) trichloroacetic acid. The sam-
ples were then centrifuged; an aliquot was removed, and
color reagent was added (2% ammonium molybdate). The
amount of inorganic phosphate (Pi) released was quanti-
fied by colorimetric analysis, as previously described [52].
The Ca®*ATPase activity was determined by subtracting
the activity measured in the presence of Ca>* from that
determined in the absence of Ca** (no added Ca*" plus
0.1 mM EDTA) and expressed in nmol of Pi/min/mg of
protein.

RNA Extraction, cDNA Synthesis, and Quantitative
Real-Time Polymerase Chain Reaction (PCR)

Total mRNA was extracted from thawed samples of the
spinal cord, cerebral cortex, and hippocampus weighing
between 50 and 100 mg using TRIzol reagent (Invitrogen™,
Carlsbad, USA), followed by DNase treatment with DNase
I Amplification Grade (Invitrogen™, Carlsbad, USA) to
ensure minimum DNA contamination of the samples. The
total RNA isolated was quantified, and its purity (260/280
and 260/230 ratios) was examined using a NanoVue spec-
trophotometer (GE, Fairfield, CT, USA).

The cDNA synthesis was performed using High Capac-
ity cDNA Reverse Transcription kit (AppliedBiosystems™,
UK) according to the manufacturer’s protocol. For reverse
transcription, 1 pg of total RNA was used in a reaction vol-
ume of 20 pL. The amplification was made with GoTaq®
gPCR Master Mix (Promega, Madison, WI) using the Light-
Cycler® 96 Real-Time PCR System (Roche Molecular Sys-
tems Inc., CA, USA), and the sequence of primers used are
indicated in Table 1. The qPCR conditions were as follows:
10 min at 95 °C to activate the hot-start Taq polymerase,
followed by 35 cycles of denaturation for 15 s at 95 °C,
primer annealing for 60 s at 60 °C, and extension for 30 s at
72 °C (fluorescence signals were detected at the end of every
cycle). Baseline and threshold values were automatically set
by the LightCycler® 96 Software.

The number of PCR cycles required to reach the fluores-
cence threshold in each sample was defined as the Ct value.
The 2724€T method was used to normalize the fold change in
gene expressions [58], using GAPDH as housekeeping gene.
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Table1 Primers used for quantitative real-time polymerase chain
reaction. Listed are the forward and reverse primer sequences used to
amplify each target gene as well as the GAPDH endogenous control

Primer name Sequence Reference
iNOS forward 5" GGAGCGAGTTGTGGATTG 3’ [53]
iNOS reverse 5" CCAGGAAGTAGGTGAGGG 3'

IL-1p forward
IL-1p reverse

5" AGTTGACGGACCCCAAAAG 3" [54]
5" AGCTG GATGCTCTCATCAGG 3’

TNF-« forward 5" CCCTCACACTCAGATCAT [55]
CTTCT 3’

TNF-a reverse 5" CTACGACGTGGGCTACAG 3’

NF-kB forward 5" AGAGAAGCACAGATACCA [56]
CTAAG 3’

NF-kB reverse 5" CAGCCTCATAGAAGCCATCC 3'
GAPDH forward 5' TGCGACTTCAACAGCAACTC 3" [57]
GAPDH reverse 5" ATGTAGGCAATGAGGTCCAC 3’

Protein Determination

The protein concentration was measured spectrophoto-
metrically at 595 nm by the method of Bradford [59],
using bovine serum albumin as the standard. The reaction
mixture contained S1 (50 pL) and Coomassie brilliant blue
(2.5 mL). The reaction mixture was incubated for 10 min.
The protein level was expressed as milligrams of protein
per milliliter.

Data and Statistical Analysis

Initially, we used a dedicated software for statistical power
analyses (G*Power freeware from Heinrich-Heine-Univer-
sity Diisseldorf, v3.1.9.4) to determine the number of sam-
ples [60]. According to the statistical parameters provided,
such as effect size=0.7, power 80%, actual power 82.8%,
and a=0.05, G*Power suggests the use of 7 animals in
each group (4 groups), totaling a sample size of the N =28
in this study.

The normality of the data was evaluated using the
D’Agostino and Pearson omnibus normality test. Statis-
tical analysis was performed using GraphPad Prism 8.0
software (San Diego, CA, USA). Data were analyzed by
one-way analysis of variance (ANOVA) followed by the
Tukey test when appropriated for parametric data. Data
were expressed as mean + standard error of the mean
(SEM). Post hoc tests were performed only when the F
value achieved the necessary level of statistical signifi-
cance (P <0.05) and when there was no significant vari-
ance in homogeneity. Additionally, the data and statistical
analysis of this study comply with the recommendations
on experimental design and analysis in pharmacology [61].

Results

4-PSQ Reverses the PTX-Induced Thermal
and Mechanical Sensitivities in Mice

PTX treatment caused a marked decrease in the paw
withdrawal threshold after mechanical stimuli starting
8 days after the first PTX injection and persisting for at
least 14 days. Reductions of 47% (day 8) (F(324)=403 .4,
P<0.0001), 44% (day 11) (F 3 4y=333.1, P<0.0001), and
44% (day 14) (F(34)=575.8, P<0.0001) in the paw with-
drawal threshold in the mice exposed to PTX were veri-
fied, characterizing a mechanical hypersensitivity (Fig. 3).
Likewise, thermal sensitivity was influencedl animals that
received PTX showed a decrease in latency on the hot plate
test on days 8 (around 63%) (F 3 ,4,=40.75, P<0.0001), 11
(around 62%) (F 3 4)=50.25, P<0.0001), and 14 (around
56%) (F(34)=36.92, P<0.0001), characterizing thermal
hypersensitivity in mice and corroborating with the results
of mechanical sensitivity (Fig. 4).

To date, there are no effective and safe treatment options
for chemotherapy-induced peripheral neuropathy (CIPN).
For this reason, the effect of 4-PSQ was evaluated on PIPN.
As shown in Fig. 3, daily treatment with 4-PSQ significantly
attenuated the development of mechanical hypersensitivity
induced by PTX (Fig. 3). The mechanical sensitivity of ani-
mals in the PTX +4-PSQ group was similar to the control
group. No significant difference was observed in the 4-PSQ
group when compared to the control group (Fig. 3).

The 4-PSQ treatment effect on the hot plate test is dem-
onstrated in Fig. 4. These results revealed that the treatment
with 4-PSQ protected against PTX-induced thermal hyper-
sensitivity (Fig. 4).

Locomotor and Exploratory Domains Were Not
Altered by 4-PSQ and PTX

The number of crossings and rearing in the open field is
presented in Fig. 5. The data analysis revealed that the treat-
ment of mice with 4-PSQ and/or PTX did not cause any
significant change in the number of crossings (F(3 4, =1.453,
P=0.2522) or rearings (F 3 ,4y=0.3525, P=0.7841).

4-PSQ Attenuated the Emotional Impairment
Caused by PIPN

On day 15 of the experimental protocol, the anxious-like
behavior of the mice was assessed in the EPM test. The PTX-
treated animals that showed painful stimuli in the previous
tests also showed an anxious-like behavior. This behavior
can be evidenced by the lower interaction of animals with
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«Fig. 3 Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (1 mg/
kg, p.o.) and paclitaxel (PTX) (2 mg/kg, i.p.) on the paw with-
drawal threshold to mechanical stimulus in the von Frey test on the
B 8th, C 11th, and D 14th day of the experimental protocol. Each
point represents the mean of 7 mice in each group. ****P <0.0001
denotes significance levels when compared with the control group;
####P < 0.0001 denotes significance levels when compared with the
PTX group (one-way ANOVA followed by Tukey’s test)

open arms when compared to animals with the control group
(Fig. 6). The data revealed that exposure to PTX decreased
the percentage of time spent in the open arms (around 80%)
(F304=13.91, P<0.0001) (Fig. 6A) and the percentage
of entries in the open arms (around 68%) (F 3 54, =21.84,
P <0.0001) (Fig. 6B) in the EPM test when compared with
the control group.

In turn, treatment with 4-PSQ was effective in reversing
the changes caused by PTX (Fig. 6). The results presented in
Fig. 6A demonstrate that treatment with 4-PSQ increased the
time spent in open arms (F 3 ,4,=13.91, P<0.0001), revers-
ing the change caused by PTX. Furthermore, the results pre-
sented in Fig. 6B demonstrate that treatment with 4-PSQ
reversed the decrease of open arms entries (F3 54, =21.84,
P <0.0001) induced by PTX. This result confirms the poten-
tial anxiolytic-like effect of 4-PSQ [24, 29].

4-PSQ Attenuated the Cognitive Impairment Caused
by PIPN

In the object recognition task, during the training phase,
there was no significant difference among groups in the
percentage of exploratory preference (F 3,4, =0.4095,
P=0.7476) (Fig. 7A). Cognitive impairment of the animals
was evaluated using the object recognition task on days 12
and 13. The data evidence that animals in the PTX group
demonstrated a significant reduction in exploratory prefer-
ence for the new object during the object recognition task
(Fig. 7). This behavior demonstrates that the animals had
a cognitive impairment, both in short-term (around 42%)
(F3.24y=33.38, P<0.0001) (Fig. 7B) and long-term (around
57%) (F(324y=59.95, P<0.0001) (Fig. 7C) memory when
compared with the control group.

In contrast, the administration of the 4-PSQ (1 mg/kg,
p.o.) compound was able to reverse the cognitive impair-
ment caused by PTX in mice since this group of animals
preferred to explore more the new object during the task
(Fig. 7). Thus, the results demonstrate that the treatment
with 4-PSQ reversed the impairment of PTX-induced short-
term memory (F 3 ,4,=33.38, P<0.0001) (Fig. 7B). Simi-
larly, in long-term memory, treatment with 4-PSQ reversed
the damage caused by PTX, increasing the exploratory
preference for the new object (F 3 54)=59.95, P<0.0001)
(Fig. 7C).

Involvement of Oxidative Stress on PIPN
and the Antioxidant Effect of 4-PSQ in Mice

Several studies have explored the contributory role of oxida-
tive stress to PTX-induced peripheral neuropathy [62, 63].
Thus, the contribution of oxidative stress on PTX-induced
peripheral neuropathy was evaluated by means of oxida-
tive damage markers (ROS, TBARS, and NOx levels), as
well as by the activity of antioxidant enzymes (GPx and
SOD) in the spinal cord, cerebral cortex, and hippocam-
pus of mice. Increased levels of ROS were detected in
the spinal cord (around 14%) (Fig. 8A), cerebral cortex
(around 48%) (Fig. 8B), and hippocampus (around 12%)
(Fig. 8C) of mice exposed to PTX when compared with
the control group. Importantly, the treatment with 4-PSQ
reversed the increase in the ROS levels induced by PTX
exposure in the spinal cord (F3 ,4,=7.494, P=0.0010), cer-
ebral cortex (F3,4=11.41, P<0.0001), and hippocampus
(F3.24y=7.351, P=0.0012) of mice (Fig. 8).

PTX administration also increased TBARS levels in the
spinal cord (around 19%), cerebral cortex (around 22%),
and hippocampus (around 44 %) of mice compared with the
control group (Fig. 9). On the other hand, the results showed
that treatment with 4-PSQ reversed the increase in the
TBARS levels induced by PTX in the spinal (F3 54,=16.89,
P <0.0001), cerebral cortex (F G24)= 9.377, P=0.0003), and
hippocampus (F 3 54,=38.110, P=0.0007) of mice when
compared with the PTX group (Fig. 9).

To determine whether especially reactive species of nitro-
gen play a key role in PTX-induced peripheral neuropathy,
NOx levels were evaluated. Mice treated with PTX dem-
onstrated a significant increase in NOx levels in the spinal
cord (around 157%), cerebral cortex (around 55%), and hip-
pocampus (around 71%) when compared with the control
group (Fig. 10). In turn, the animals treated with 4-PSQ
showed a significant reduction in NOx levels in the spinal
cord (F(354y=11.48, P<0.0001) (Fig. 10A), cerebral cortex
(F304)=11.93, P<0.0001) (Fig. 10B), and hippocampus
(F3.24y=9.612, P=0.0002) (Fig. 10C) of mice when com-
pared with the PTX group.

These findings indicate that 4-PSQ was able to reverse the
increased ROS, TBARS, and NOx levels induced by PTX in
all tissues evaluated, indicating that the antioxidant effect of
4-PSQ can be involved in its analgesic action. Based on this,
on the next step, we examined whether antioxidant enzymes
GPx and SOD contribute to PTX and 4-PSQ effects. Fig-
ure 11 summarizes the results obtained regarding the activity
of the enzyme GPx analyzed after the administration of PTX
and/or treatment with 4-PSQ. Exposure to PTX increased the
GPx activity in the spinal cord (around 46%), cerebral cortex
(around 34%), and hippocampus (around 52%) (Fig. 11) of
mice. Notably, daily treatment with 4-PSQ normalized the
activity of the GPx enzyme in the spinal cord (F 3 54)=35.059,
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«Fig.4 Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (1 mg/
kg, p.o.) and paclitaxel (PTX) (2 mg/kg, i.p.) on the latency to ther-
mal stimulus in the hot plate test on the B 8th, C 11th, and D 14th
day of the experimental protocol. Each point represents the mean of 7
mice in each group. ****P <(0.0001 denotes significance levels when
compared with the control group; ####P <0.0001 denotes signifi-
cance levels when compared with the PTX group (one-way ANOVA
followed by Tukey’s test)

P=0.0075) (Fig. 11A), cerebral cortex (F;,4,=13.92,
P <0.0001) (Fig. 11B), and hippocampus (F;3 54, =8.218,
P=0.0006) (Fig. 11C) of mice exposed to PTX. Likewise,
the administration of PTX at the cumulative dose of 6 mg/
kg, i.p., promoted a significant increase in SOD activity in
all evaluated structures compared with the control group
(Fig. 12). Thus, in the spinal cord (Fig. 12A), this increase
was 20%, in the cerebral cortex 24% (Fig. 12B), and in the
hippocampus, it was 35% (Fig. 12C). In turn, data analysis
revealed that 4-PSQ treatment was able to attenuate SOD
activity in the spinal cord (F3,4)=7.573, P=0.0010), cer-
ebral cortex (F 3 54)=12.10, P <0.0001), and hippocampus
(F(3.24y=6.273, P=0.0027) of PTX-treated mice (Fig. 12).

Inflammatory Response Contributes to PIPN
and 4-PSQ Exerts an Anti-inflammatory Effect
in Mice

Inflammatory response has been regarded as an important
trigger on PIPN. For this reason, to investigate the neuro-
inflammatory changes during the chronic phase of PIPN,
analyses of the mRINA expression levels of NF-xB, IL-1p,
TNF-a, and iNOS were performed on the 15th day after the
start of treatment with PTX.

NF-kB is an important transcription factor involved in
controlling the expression of several genes linked to the
inflammatory response. The results presented display that
the mRNA expression levels of NF-kB were significantly
upregulated in the spinal cord (around 22%) (Fig. 13A),
cortex cerebral (around 13%) (Fig. 14A), and hippocam-
pus (around 14%) (Fig. 15A) of PTX-treated mice when
compared with the control group. In contrast, the mice
which received 4-PSQ plus PTX demonstrated mRNA
expression levels of NF-kB normalized in the spinal cord
(F(320)=12.05, P=0.0001) (Fig. 13A), cortex cerebral
(F320)=8.116, P=0.0010) (Fig. 14A), and hippocampus
(F(320=5.801, P=0.0051) (Fig. 15A) when compared with
the PTX group.

Pro-inflammatory cytokines IL-1f and TNF-a play
important role in initiating the inflammatory response.
The IL-1p mRNA expression levels were found markedly
upregulated in the spinal cord (around 98%) (Fig. 13B),
cerebral cortex (around 68%) (Fig. 14B), and hippocam-
pus (around 92%) (Fig. 15B) of PTX-treated mice when

compared with the control group. On the other hand,
the analysis of the results revealed that the increase in
the IL-1p mRNA expression levels induced by PTX in
mice was normalized in the spinal cord (F'3 59, = 6.499,
P=0.0030) (Fig. 13B) and cerebral cortex (F3 59, =14.83,
P <0.0001) (Fig. 14B) and reversed partially in the hip-
pocampus (F;59,=15.99, P <0.0001) (Fig. 15B) after
4-PSQ treatment. Similarly, the TNF-a mRNA expression
levels were upregulated in the spinal cord (around 67%)
(F(3.20)=15.96, P<0.0001) (Fig. 13C) and hippocampus
(around 43%) (F 3 59,=38.31, P<0.0001) (Fig. 15C) of
PTX-treated mice when compared with the control group.
Here, the treatment with 4-PSQ also was able to reverse
this increase in the spinal cord (F(3 55,=15.96, P <0.0001)
(Fig. 13C) and hippocampus (F 3 5o, =38.31, P <0.0001)
(Fig. 15C) of PTX-exposed mice. In turn, TNF-a mRNA
expression levels in the cerebral cortex (F3 59, =1.783,
P =0.1828) of mice were not changed by treatments
(Fig. 140).

The pro-inflammatory enzyme iNOS also was upregu-
lated in the spinal cord (around 73%) (Fig. 13D), cerebral
cortex (around 55%) (Fig. 14D), and hippocampus (around
75%) (Fig. 15D) of the mice exposed to PTX when com-
pared with the control group. On the other hand, the analy-
sis of the results revealed that the increase in expression
mRNA levels of the iNOS induced by PTX was decreased
in the spinal cord (F 3 5p,=18.32, P<0.0001) (Fig. 13D),
cerebral cortex (F 3 59,=9.126, P=0.0005) (Fig. 14D), and
hippocampus (F 3 p)=12.17, P <0.0001) (Fig. 15D) after
4-PSQ treatment in mice.

4-PSQ Normalizes Ca?*ATPase Activity in Mice
with PIPN

Intracellular Ca®* dysregulation has been associated with
PIPN [16]. For this reason, the effect of PTX and/or 4-PSQ
on the activity of the Ca>*ATPase — an enzyme respon-
sible for transporting calcium ions across membranes —
was investigated in the spinal cord, cerebral cortex, and
hippocampus of mice. The results shown in Fig. 16 reveal
that the administration of PTX increased the activity of
the Ca**ATPase enzyme in the spinal cord (around 188%)
(F3.24)=43.81, P<0.0001), cerebral cortex (around
126%) (F(3,4)=18.77, P <0.0001), and hippocampus
(around 152%) (F(324)=13.28, P<0.0001) of mice when
compared with the control group. In turn, the increased
activity of this enzyme caused by exposure to PTX was
normalized by treatment with 4-PSQ in the spinal cord
(F(324y=43.81, P<0.0001) (Fig. 16A), cerebral cortex
(F324y=18.77, P<0.0001) (Fig. 16B), and hippocampus
(F(324y=13.28, P<0.0001) (Fig. 16C) of mice.
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Fig.5 Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (1 mg/
kg, p.o.) and paclitaxel (PTX) (2 mg/kg, i.p.) on the A number of
crossings and B number of rearings in the open-field test. Each col-

Discussion

The results presented here provide compelling evidence that
4-PSQ treatment was able to ameliorate the behavioral and
biochemical changes observed in mice with painful periph-
eral neuropathy induced by PTX. Here, we reveal that 4-PSQ
was effective in attenuating mechanical and thermal sensitiv-
ity in mice with PIPN. Moreover, it is noted that pain, can-
cer diagnosis, and treatment become distressing situations
that can promote emotional and cognitive impairments that
severely affect the quality of life of cancer survivors [64]. In
this sense, our study demonstrates that treatment with PTX
promoted emotional and cognitive impairments in mice. In
turn, treatment with 4-PSQ attenuated anxiety-like behavior
and cognitive impairment in mice with PIPN. PTX promoted
important biochemical changes such as increased oxidative
stress and neuroinflammation. Meanwhile, 4-PSQ treatment
modulate markers of oxidative damage (ROS, NOx, and
TBARS levels) and antioxidant enzymes (SOD and GPx).
Likewise, 4-PSQ modulates the expression of inflamma-
tion-associated genes (NF-xB, IL-1f, TNF-a, and iNOS).
Of note, that PTX promoted changes in Ca’* homeostasis,
increasing Ca**ATPase activity. On the other hand, 4-PSQ
showed an important role, normalizing the activity of this

@ Springer

umn represents the mean+SEM of 7 mice in each group (one-way
ANOVA followed by Tukey’s test)

enzyme in mice with PIPN. Currently, drug combinations
and multitarget therapies have been proposed as a promis-
ing therapeutic strategy for improving the adverse effects of
chemotherapy such as PIPN. In this sense, these results high-
light the potential pharmacological action of 4-PSQ for the
treatment of comorbidities: peripheral neuropathy, anxiety,
and memory impairment associated with exposure to PTX.

Taxane-induced toxicity affects the somatosensory nerves
leading to the development of neuropathic pain [3]. Herein,
it was demonstrated that the administration of 3 consecu-
tive doses of PTX (2 mg/kg, i.p.) promoted mechanical and
thermal hypersensitivities in mice, an outstanding feature of
CIPN. Although the exact mechanism of PIPN is not fully
understood, the consequence of this PTX-induced patho-
physiological condition has been shown to be related to pro-
cesses of neuroinflammation, oxidative stress, and altera-
tions of mitochondrial function and excitability of peripheral
neurons [3, 5].

PTX interacts with the mitochondrial permeability transi-
tion pore, and these changes are accompanied by increased
production of ROS in the nervous system [63]. In fact, in
our study, the administration of PTX (at a cumulative dose
of 6 mg/kg, i.p.) promoted an increase in the levels of oxi-
dative damage markers, such as ROS, TBARS, and NOx,
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Fig. 6 Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (1 mg/
kg, p.o.) and paclitaxel (PTX) (2 mg/kg, i.p.) on behavioral param-
eters in the elevated plus-maze test in mice. A Percentage of time
spent in the open arms and B percentage of entries in the open arms.
Each column represents the mean+SEM of 7 mice in each group.

**P<0.01 and ****P<0.0001 denote significance levels when
compared with the control group; ###P <0.001 and ###HP <0.0001
denote significance levels when compared with the PTX group (one-
way ANOVA followed by Tukey’s test)
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Fig.7 Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (1 mg/
kg, p.o.) and paclitaxel (PTX) (2 mg/kg, i.p.) on the A training phase,
B short-term, and C long-term memories in the object recognition
task. Each column represents the mean+SEM of 7 mice in each

group. ***¥*P<0.0001 denotes significance levels when compared
with the control group; ####P <0.0001 denotes significance levels
when compared with the PTX group (one-way ANOVA followed by
Tukey’s test)

@ Springer



6580

Molecular Neurobiology (2022) 59:6567-6589

A B C
Spinal cord Cerebral cortex Hippocampus
110+ * 100 160 w3k
u | |
- | |
@ 100 @« 804 kv @
5 g0+ # i 5 - £ 1
& ™ vy > [ ] 2 i ##
H ° = A s 004 # s u ) y
= 80 - T = A i = 3 ° ™ AL .
£ ° = o £ o a N oy B 1204 = =5
Z ' < 40 oo == < ° 4
70 na A v ] 3
° A
60 T T T T 20 T T T 100 1 I T .
> &4 Q Q &> S Q Q > | Q Q
S & =) ) & &7 5 o o ST = o
s A o > s A % o ogé‘ < W o
d t :
< ¢ S

Fig. 8 Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (1 mg/
kg, p.o.) and paclitaxel (PTX) (2 mg/kg, i.p.) on the ROS levels in the
spinal cord (A), cerebral cortex (B), and hippocampus (C) of mice.
Each column represents the mean+SEM of 7 mice in each group.

*P<0.05, **P<0.01, and ***P<0.001 denote significance levels
when compared with the control group; ##P <0.01 and ###P <0.001
denote significance levels when compared with the PTX group (one-
way ANOVA followed by Tukey’s test)
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Fig.9 Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (1 mg/
kg, p.o.) and paclitaxel (PTX) (2 mg/kg, i.p.) on the TBARS levels
in the spinal cord (A), cerebral cortex (B), and hippocampus (C) of
mice. Each column represents the mean+SEM of 7 mice in each
group. *P<0.05, **P<0.01, and ***P<0.001 denote significance

on the CNS structures of mice. The balance between reac-
tive species production and antioxidant defenses determines
the degree of oxidative stress. Indeed, the burden of reac-
tive species production is largely neutralized by a complex
antioxidant system. SOD speeds the conversion of super-
oxide to H,0,, whereas GPx converts hydroperoxides such
as H,0O, to water [65]. Considering the obtained results,
it was observed that PTX exposure induced an increase
in GPx and SOD activities in all tissues evaluated. These

@ Springer

levels when compared with the control group; #P <0.05, ##P <0.01,
###P <0.001, and ##H#P <0.0001 denote significance levels when
compared with the PTX group (one-way ANOVA followed by Tuk-
ey’s test)

results are similar to those reported by Dugget et al. [63]
which demonstrated that together with elevated ROS levels,
GPx and SOD antioxidant enzyme activities are increased
mainly at the peak pain (23-31 days) induced by PTX. In
this study, Dugget et al. [63] attributed this increase to an
inadequate and delayed response of the endogenous anti-
oxidant system, and thus, excessive ROS would increase
pain signaling, leading to the development of persistent
pain. Herein, ex vivo analyses were performed 15 days
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Fig. 10 Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) each group. **P<0.01 and ***P<0.001 denote significance levels

(1 mg/kg, p.o.) and paclitaxel (PTX) (2 mg/kg, i.p.) on the NOx
levels in the spinal cord (A), cerebral cortex (B), and hippocampus
(C) of mice. Each column represents the mean+ SEM of 7 mice in

when compared with the control group; ##P <0.01 and ###P <0.001
denote significance levels when compared with the PTX group (one-
way ANOVA followed by Tukey’s test)
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Fig. 11 Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) nificance levels when compared with the control group; #P <0.05,

(1 mg/kg, p.o.) and paclitaxel (PTX) (2 mg/kg, i.p.) on glutathione
peroxidase activity in the spinal cord (A), cerebral cortex (B), and
hippocampus (C) of mice. Each column represents the mean+SEM
of 7 mice in each group. *P<0.05 and ***P<0.001 denote sig-

after the first administration of PTX, so this phenomenon
also seems to be occurring during this period. On the other
hand, another hypothesis that we cannot rule out is that the
increased activity of GPx (spinal cord, cerebral cortex, and
hippocampus) and SOD (spinal cord, cerebral cortex, and
hippocampus) in animals exposed to PTX may be associ-
ated with a compensatory mechanism, that is, the system
antioxidants would be acting in synergy to control potential
damage caused by the accumulation of ROS. This com-
pensatory mechanism has been observed together with the

##P <0.01, ###P<0.001, and ####HP<0.0001 denote significance
levels when compared with the PTX group (one-way ANOVA fol-
lowed by Tukey’s test)

increase in SOD expression, whose expression level adapts
to changes caused by oxidative stress [66, 67]. Indeed, when
the oxidative damage is severe, survival is dependent on the
ability of the cell to adapt and resist the damage, as well as
to repair or replace the damaged molecules [67]. Hence, sev-
eral oxidative stress response mechanisms have evolved to
help the cells and organism adapt to oxidative damage [68].
The isoform manganese superoxide dismutase (MnSOD)
has demonstrated a crucial role in protecting cells against
oxidative stress, especially in relation to the maintenance of
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Fig.12 Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) denote significance levels when compared with the control group;
(1 mg/kg, p.o.) and paclitaxel (PTX) (2 mg/kg, i.p.) on superoxide #P <0.05, ##P<0.01, and ##P <0.001 denote significance levels
dismutase activity in the spinal cord (A), cerebral cortex (B), and when compared with the PTX group (one-way ANOVA followed by
hippocampus (C) of mice. Each column represents the mean+SEM Tukey’s test)
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Fig. 13 Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) each group. **P<0.01 and ***P<0.001 denote significance levels
(1 mg/kg, p.o.) and paclitaxel (PTX) (2 mg/kg, i.p.) on the lev- when compared with the control group; #P <0.05, ##P <0.01, and
els of mRNA expression of nuclear factor-kappa B (NF-kB) (A), ####P < 0.0001 denote significance levels when compared with the
interleukin-1beta (IL-1B) (B), tumor necrosis factor-alpha (TNF- PTX group;+P<0.05 and+ +P<0.01 denote significance levels
a) (C), and inducible nitric oxide synthase (iNOS) (D) in the spinal when compared with the 4-PSQ group (one-way ANOVA followed
cord of mice. Each column represents the mean + SEM of 6 mice in by Tukey’s test)

cell physiology in response to genotoxic conditions, such as  revealed that activation of the NF-kB pathway evoked PTX-
oxidative stress [66, 69]. Although we have not evaluated  induced hyperalgesia [70]. Moreover, evidence suggests that
the activity and expression of this isoform, here we report ~ PTX treatment can lead to pain sensitivity with the release
an increase in SOD activity in the CNS, and we believe that  of pro-inflammatory cytokines including TNF-a and IL-1§
this phenomenon may be associated with the adaptive role ~ which directly or indirectly induce neuropathic pain [14].
of the MnSOD isoform. Our study showed that PTX increased NF-xB expression

Noteworthy, it has been reported that oxidative stress is  in the spinal cord, cerebral cortex, and hippocampus. We
also involved in the activation of signaling pathways that  also detected an increased expression of TNF-a and IL-1§
lead to increased gene expression and NF-kB release, initiat-  in mice exposed to PTX after 15 days. Here, we reported an
ing inflammatory and cytokine cascades, and this inflamma-  increase in RS production in animals exposed to PTX; this
tory response results in neuropathic pain [20]. Kamei et al.  increase may be linked to the high amount of H,O, formed,
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Fig. 14 Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ)
(1 mg/kg, p.o.) and paclitaxel (PTX) (2 mg/kg, i.p.) on the levels of
mRNA expression of nuclear factor-kappa B (NF-kB) (A), interleu-
kin-1beta (IL-1f) (B), tumor necrosis factor-alpha (TNF-a) (C), and
inducible nitric oxide synthase (iNOS) (D) in the cerebral cortex of

mice. Each column represents the mean+SEM of 6 mice in each
group. ¥*P <0.05, **P <0.01, and ****P <0.0001 denote significance
levels when compared with the control group; #P <0.05, ##P <0.01,
and ###P <0.001 denote significance levels when compared with the
PTX group (one-way ANOVA followed by Tukey’s test)
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Fig. 15 Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) group. *P<0.05, ***P<0.001, and ****P<0.0001 denote sig-

(1 mg/kg, p.o.) and paclitaxel (PTX) (2 mg/kg, i.p.) on the levels
of mRNA expression of nuclear factor-kappa B (NF-xB) (A), inter-
leukin-1beta (IL-1B) (B), tumor necrosis factor-alpha (TNF-a) (C),
and inducible nitric oxide synthase (iNOS) (D) in the hippocampus
of mice. Each column represents the mean+ SEM of 6 mice in each

which can rapidly diffuse into extracellular spaces, affect-
ing neighboring cells and contributing to oxidative stress
and consequently activation of NF-kB. Alongside, it has
been demonstrated that peroxynitrite, a product of the reac-
tion of the superoxide anion radical and NO, is a potent
pro-inflammatory and pronociceptive species implicated
in pain of different etiologies [71, 72]. Corroborating with
this, Doyle et al. [72] demonstrated that the overproduction

nificance levels when compared with the control group; #P <0.05,
##P <0.01, ###P<0.001, and ####P<0.0001 denote significance
levels when compared with the PTX group;+ + +P <0.001 denote
significance levels when compared with the 4-PSQ group (one-way
ANOVA followed by Tukey’s test)

of peroxidonitrite contributes to an increase in pro-inflam-
matory cytokines such as TNF-a and IL-1f. Therefore, we
believe that the increase in the expression of these inflam-
matory mediators is associated, at least in part, with the
increase in oxidative damage caused by PTX.

iNOS, which produces NO, is the enzyme primarily
responsible for activating immune and inflammatory pro-
cesses [73]. Here, we also documented that the animals
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Fig.16 Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) each group. ***P<0.001 and ****P<0.0001 denote significance

(1 mg/kg, p.o.) and paclitaxel (PTX) (2 mg/kg, i.p.) on Ca.>*ATPase
activity in the spinal cord (A), cerebral cortex (B), and hippocampus
(C) of mice. Each column represents the mean+ SEM of 7 mice in

exposed to PTX showed high levels of NOx in all tissues
evaluated. Similarly, mice that demonstrated mechanical
and thermal hypersensitivity induced by PTX demonstrated
significant upregulation of iNOS mRNA levels in the spi-
nal cord, cerebral cortex, and hippocampus. An important
role in the initiation and maintenance of the nociceptive
response has been attributed to NO [71]. In fact, nitroxida-
tive species can directly increase the excitability of nocicep-
tive neurons by phosphorylation of N-methyl-D-aspartate
(NMDA) receptors [71]. Likewise, iNOS may play a role in
the development and sensation of inflammatory and neuro-
pathic pain [71]. Thus, the increase in NOx levels and iNOS
expression observed in our study may also be contributing to
the activation of the NF-«xB transcription factor and, conse-
quently, the expression of pro-inflammatory cytokines such
as TNF-a and IL-1p. Taken together, these changes caused
by PTX seem to influence the perception of pain and contrib-
ute to the increase in mechanical and thermal sensitivities
observed in our study.

To explore other mechanisms involved in the PIPN,
possible changes in Ca’*ATPase activities on CNS were
evaluated. Calcium is a key regulatory ion in many cellu-
lar and physiological processes. In this line, the deregula-
tion of Ca** homeostasis and Ca’* signaling can influence
membrane excitability, neurotransmitter release, and gene
expression of neuronal and glial cells, and consequently
contribute to the development of PIPN [5, 74]. Our results
revealed, for the first time, that animals exposed to PTX sig-
nificantly increased Ca>*ATPase activity in the CNS. It has
been reported that PTX causes a rapid decline in mitochon-
drial membrane potential and a loss of mitochondrial Ca®*
[75]. Alongside, Boehmerle et al. [74] present the hypoth-
esis that the Ca** oscillation is induced by the binding of
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levels when compared with the control group; ###P <0.001 and
####P < 0.0001 denote significance levels when compared with the
PTX group (one-way ANOVA followed by Tukey’s test)

PTX to neuronal Ca?* sensor 1 (NCS-1) and subsequent
positive modulation of inositol 1,4,5-trisphosphate receptor
(InsP3R). These effects, in turn, lead to the activation of
Ca’*-activated proteases resulting in increased damage to
peripheral neurons, leading to cell death [74]. Pro-nocicep-
tive mediators can stimulate the activity of the Ca®*ATPase
enzyme, keeping intracellular Ca>* concentration low and
increasing the excitability of sensory neurons that conduct
the nociceptive responses to the CNS [76]. Considering the
importance of cellular homeostasis in the regulation of the
nociceptive response, inhibition of the Ca** ATPase enzyme
could be an interesting target to reverse the painful stimuli
induced by PTX.

To increase our understanding of PTX-induced toxic-
ity, the relationship between nociceptive and affective/
cognitive symptoms needs to be considered. Thus, pos-
sible comorbidities such as anxiety and cognitive deficit
were investigated, and interestingly, we observed that the
animals that showed painful stimuli induced by PTX also
showed emotional and cognitive impairments. Studies
have suggested that PTX can cross the blood—brain barrier,
since it has been shown that this chemotherapeutic drug
accumulates in low concentrations in the brain of mice
following tail vein injection [77, 78]. Given the hypothesis
that low concentrations of PTX can cross the blood—brain
barrier, the impairments demonstrated here may be associ-
ated with mechanisms of neuroinflammation and/or induc-
tion of central neurotoxicity. This hypothesis may be raised
because PTX promoted alterations in both neuroinflamma-
tory processes and oxidative stress in the CNS of mice. We
demonstrated the cognitive loss caused by PTX by means
of the object recognition task. This test assesses episodic
and non-spatial memory in rodents, and the hippocampus
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is an important brain structure for this type of memory.
In turn, it has been shown that hippocampus-dependent
episodic memory is vulnerable to PTX [79]. Moreover,
Huehnchen et al. [80] have revealed the hypothesis that
hippocampal neurogenesis is impaired by PTX. Therefore,
it is possible that the mice that received PTX presented
some impairment in hippocampal neurogenesis, which
culminated in the significant cognitive loss. Additionally,
the increased inflammatory responses and oxidative stress
induced by PTX may have contributed to the development
of peripheral neuropathy and consequently to the affective
and cognitive impairments observed in the mice.

The most common neurotoxicity associated with PTX
administration is predominantly sensory peripheral neuropa-
thy, characterized by an increase in mechanical and thermal
sensitivities [12]. Indeed, here PTX produced a significant
increase in the mechanical and thermal sensitivities in mice.
The management of the PIPN generally focuses on treating
symptoms, since the cause of the pain still cannot be treated.
Given the importance of the search for new therapeutic strat-
egies to improve this adverse effect caused by chemotherapy,
4-PSQ was investigated for the first time as a therapeutic
target for the treatment of PIPN.

The promising pharmacological effects of compound
4-PSQ are well established in the literature, including antin-
ociceptive [22], anxiolytic-like [24, 29], antidepressant-like
[27] actions, as well as prevention of cognitive deficit [31].
Recently, 4-PSQ has also been shown to reverse chronic [36]
and acute [28] oxaliplatin-induced peripheral neuropathy,
as well as signs of anxiety and cognitive loss [35]. 4-PSQ
exerts its action primarily through its antioxidant [25, 26,
30], anti-inflammatory [23], and neuroprotective properties
[39]. It is important to highlight that in the present study,
4-PSQ treatment reversed the mechanical and heat thermal
hypersensitivities induced by PTX exposure, without impair-
ing the locomotor and exploratory capacity of the animals.

Reinforcing the antioxidant potential of 4-PSQ, we
observed that the PTX-induced oxidative changes were
reversed in response to 4-PSQ treatment, evidenced by the
normalization of ROS content, lipid peroxidation, and NOx
levels in the spinal cord, cerebral cortex, and hippocampus.
In addition, the PTX-exposed mice exhibited increased GPx
and SOD activities, which also were normalized by treat-
ment with 4-PSQ in all structures evaluated. These results
demonstrate that treatment with 4-PSQ is able to reverse
neuronal oxidative damage and modulate the antioxidant
defense system. PIPN involves multiple mechanisms, includ-
ing oxidative stress [14]. Based on this, we cannot affirm
whether 4-PSQ acts directly on the redox state or whether it
modulates other pathways, reducing the process of oxidative
stress. However, we can assume that 4-PSQ may be acting
on different lines of antioxidant defense, attenuating oxida-
tive damage and restoring the antioxidant defense system,

and consequently reducing the PIPN, possibly preventing
damage to sensory neurons.

The pathophysiology of PIPN is related to perturbed of
inflammatory pathways that include cytokines and their
receptors, besides NF-kB-related signaling pathways [3].
Interestingly, data of our study demonstrated that daily treat-
ment with 4-PSQ downregulated the expression of neuro-
inflammatory parameters of mice exposed to PTX, such as
NF-kB, TNF-a, and IL-1f. Notably, the inflammatory pro-
cess can induce oxidative stress; the oxidative stress can also
induce inflammation through activation of multiple path-
ways [81]. Elevated ROS levels can induce inflammation
through activation of the NF-kB transcription factor [81].
Therefore, based on previous data, we suggested that the
effect of 4-PSQ in modulating neuroinflammation is associ-
ated with the attenuation of oxidative stress in the spinal
cord, cerebral cortex, and hippocampus of mice. Evidence
has pointed to significant connections between inflamma-
tion and oxidative stress, both processes contributing to fuel
the other one, thereby establishing a vicious cycle able to
perpetuate and propagate the inflammatory response [82,
83]. Thus, these results demonstrate the importance of the
therapeutic use of 4-PSQ, since it was able to attenuate neu-
roinflammation and oxidative stress, reducing the painful
symptoms induced by PTX.

Another significant finding was that treatment with 4-PSQ
normalized NOx levels as well as iNOS mRNA expression
levels in the CNS of mice that received PTX. Expression of
iNOS and NOx production is associated with inflammatory
conditions in which TNF-a and IL-1p cytokines are pro-
duced. NOx is an inflammation-associated oxidant that dem-
onstrates an important role in central sensitization, acting on
the phosphorylation of NMDA receptors and consequently
increasing the excitability of nociceptive neurons [71].
Importantly, previous studies revealed that treatment with
4-PSQ was shown to reduce glutamate uptake in the brain of
mice [29]. Moreover the glutamatergic system, in particular
the NMDA receptor, is strongly involved in the pharmaco-
logical effects of 4-PSQ [23]. In view of these results, we
believe that the reduced levels of NOx by 4-PSQ treatment
were also a consequence of its ability to attenuate iNOS
expression. Furthermore, considering the involvement of the
glutamatergic system in the effect of 4-PSQ, we hypothe-
sized that this compound may be attenuating the excitability
of sensory neurons and thus promoting analgesic action by
reducing mechanical and thermal hypersensitivities.

Enzyme Ca’tATPase plays an important role in the
maintenance of levels of intracellular Ca*, essential to
the functioning of neurons [84]. Ca’* is an ion respon-
sible for regulating many cellular and physiological pro-
cesses, but the increase of these levels indicate excitotoxic
events, which can influence membrane excitability [85].
Here, we demonstrated for the first time that the daily
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administration of 4-PSQ normalizes the activity of the
Ca**ATPase; thus, we believe that 4-PSQ may be promot-
ing regulation of Ca** homeostasis. Indeed, administra-
tion of Ca®* channel antagonists has been shown to pro-
mote a reduction in paclitaxel-induced neuropathic pain
[86]. Considering this, we suggest that the antinociceptive
effect of 4-PSQ is also related to the maintenance of cel-
lular ionic concentration, attenuating the excitotoxicity
involved in PIPN.

Neuropathic pain caused by chemotherapy can result
in profound emotional and cognitive changes, drastically
affecting the quality of life of cancer survivors [87, 88].
Therefore, there is a need to improve the quality of life
of patients undergoing PTX treatment by identifying new
targets that prevent or treat these adverse effects. In this
sense, we investigated the effect of 4-PSQ on anxiety
and cognitive-deficit comorbidities caused by PIPN. We
highlight that 4-PSQ attenuated anxiety-like behavior and
cognitive impairment in animals treated with PTX. Based
on this, our results reinforce that 4-PSQ has an anxiolytic-
like action [24, 29, 35] and memory improvement [31, 33,
35], and proves the pharmacological effect of 4-PSQ in
the treatment of comorbidities observed in PIPN. We can
suggest that 4-PSQ appears as a promising strategy for the
management of PIPN and its comorbidities, attenuating
behavioral changes due to its ability to regulate molecules
involved in oxidative stress and the neuroinflammation
process.

The findings of this study are highly relevant, as there
are no effective strategies to prevent and treat PIPN.
Given the complex pathophysiology of this condition
caused by chemotherapy, combined therapies may be
necessary and interesting for the more effective manage-
ment of PIPN [89]. Notably, it is possible to reaffirm that
4-PSQ is a promising molecule as a therapeutic strategy
for PIPN, as it has been shown to act on multiple targets
involved in the development of this pathology. Besides,
this multitargeted molecule also attenuated the anxiety
and cognitive loss associated with PTX-induced pain.
In this sense, the versatility of 4-PSQ deserves special
attention, as complex disorders, such as PIPN, can be
more easily attenuated by the simultaneous modulation
of multiple targets.

Although promising results have been obtained, it is
important to emphasize that this study presents some limi-
tations, including the absence of data comparing the effect
of treatments in female mice, since sex is an important bio-
logical and experimental variable. In addition, the hypoth-
esis that 4-PSQ could interact with PTX, interfering in
the antineoplastic effect, cannot be completely ruled out.
We understand that the evaluation of these conditions is
important and relevant, so this point is the main objective
of our research group for future studies.

@ Springer

Conclusion

In conclusion, this study was the first to report that 4-PSQ-
based therapy reduced PTX-induced mechanical and ther-
mal hypersensitivity. Similarly, 4-PSQ was found to be
effective in attenuating comorbidities associated with
PIPN, such as anxiety and cognitive impairment. Based
on the findings obtained, we hypothesize that the benefi-
cial effects of 4-PSQ on PIPN are related to its ability to
modulate oxidative stress and neuroinflammatory param-
eters, as well as its ability to restore electrolyte homeosta-
sis by normalizing the activity of the enzyme Ca’*ATPase.
Therefore, the results of the present study support the use
of 4-PSQ as a promising multitarget prototype for the
treatment of PTX-induced painful peripheral neuropathy
and its concomitant diseases.
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