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Abstract: Chemotherapy-induced neuropathy is a common, dose-dependent adverse effect of several
antineoplastics, such as oxaliplatin (L-OHP). The aim of the present work was to evaluate the
potential beneficial effects of 2-pentadecyl-2-oxazoline (PEA-OXA) in a murine model of oxaliplatin-
induced peripheral neuropathy (OIPN). OIPN was induced by an intraperitoneally injection of
L-OHP in rats on five consecutive days (D0—4) for a final cumulative dose of 10 mg/kg. PEA-OXA
and ultramicronized palmitoylethanolamide (PEAum), both 10 mg/kg, were given orally 15-20 min
prior (L-OHP) and sacrifice was made on day 25. Our results demonstrated that PEA-OXA, more than
PEAum, reduced the development of hypersensitivity in rats; this was associated with the reduction
in hyperactivation of glia cells and the increased production of proinflammatory cytokines in the
dorsal horn of the spinal cord, accompanied by an upregulation of neurotrophic factors in the dorsal
root ganglia (DRG). Moreover, we showed that PEA-OXA reduced L-OHP damage via a reduction in
NF-«B pathway activation and a modulation of Nrf-2 pathways. Our findings identify PEA-OXA as a
therapeutic target in chemotherapy-induced painful neuropathy, through the biomolecular signaling
NF-«B/Nrf-2 axis, thanks to its abilities to counteract L-OHP damage. Therefore, we can consider
PEA-OXA as a promising adjunct to chemotherapy to reduce chronic pain in patients.

Keywords: palmitoylethanolamide ultramicronized (PEAum); 2-pentadecyl-2-oxazoline (PEA-OXA);
oxaliplatin (L-OHP); pain; dorsal root ganglia (DRG)

1. Introduction

Chemotherapy-induced peripheral neuropathy (CIPN) is a frequent complication of
common anticancer therapies [1]. CIPN represents a debilitating side-effect arising from the
administration of chemotherapeutic agents and its incidence is growing exponentially [2].
The chemotherapy drugs that can origin CIPN include vinca alkaloids, taxanes, and, above
all, platinum analogues. In particular, CIPN develops during platinum drug treatment and
the symptoms may persist for 2-6 months after cessation of chemotherapy [3]. Oxaliplatin-
induced peripheral neuropathy (OIPN) initiates through the accumulation of platinum
adducts in dorsal root ganglion (DRG) and trigeminal ganglion (TG) neurons, leading to
a modification of axon function, as well as myelin sheath, neuronal cell body, and glial
structures [3]. The pathological mechanisms underlying CIPN are still unclear; however,
a considerable involvement of oxidative stress and inflammation has been recently rec-
ognized, leading to an increase in nociceptive trigeminal ganglion excitability. Recent
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reports demonstrated the protective ability of the endogenous fatty acid amide palmi-
toylethanolamide (PEA) in the rat model of paclitaxel-induced allodynia [4]. PEA belongs
to the family of endogenous lipid mediators of N-acylethanolamines (NAEs), and it has
been shown to play very important roles in the control of inflammation and in analgesic
phenomena [5]; this increases its potential as a new therapeutic approach, while also con-
sidering its good safety profile and lack of toxicity and genotoxic potential in both rodent
and human studies [6,7].

However, the administration of PEA undergoes problems related to its metabolism;
therefore, it was considered more useful to administer it in association with oxazoline,
forming the 2-pentadecyl-2-oxazoline of palmitoylethanolamide (PEA-OXA) [8]. In fact,
among the enzymes that degrade NAEs, N-acylethanolamine acid amidase (NAAA) is spe-
cific for PEA [9]; therefore, the pharmacological inhibition, by oxazoline, of this enzyme can
increase PEA bioavailability, improving its activity [8]. This hypothesis was confirmed in
many papers, showing an improved PEA-OXA effectiveness compared to ultramicronized
PEA (PEAum) alone in reducing inflammation and hyperalgesia [10,11]. On this basis, the
aim of this study was to evaluate the neuroprotective and analgesic effects of PEA-OXA on
neuropathic pain induced by oxaliplatin (L-OHP) treatment.

2. Results
2.1. PEA-OXA Prevented Mechano-Allodynia and Thermal Hyperalgesia and Suppressed OIPN
Symptoms in an Operant-Based Mechanical Conflict System (MCS)

The five day (D) consecutive treatment with L-OHP (D0—4) produced a time-dependent
development of mechano-allodynia and thermal-hyperalgesia, as evidenced by a significant
reduction in the pain thresholds, evidenced by paw withdrawal threshold (PWT) of the rats
subject to mechanical and thermal stimulation. The stimulus was evident starting from D11
(beginning) and reaching a peak at D17 which continued until the end of our observation
period (D25; times related to the first injection) (Figure 1A,B). The pretreatment with PEA-
OXA, much more than PEAum, mitigated mechano-allodynia and thermal hyperalgesia as
of D11, by preventing the onset of pain (Figure 1A,B). On day 25, an operant-based MCS
was assessed (Figure 1C,D). Latency to escape the light chamber increased as probe height
increased in both sham and L-OHP rats suggesting that elevated probes are relatively more
nociceptive. A comparison between groups across all probe heights showed that L-OHP
rats exhibited a significantly higher mean escape latency compared to the sham group
(Figure 1C). The effect of systemic administration of PEAum and PEA-OXA on escape
latency was assessed in rats following MCS training. Tests conducted in each compound
group, prior to drug administration, confirmed that MCS escape latencies were consistent
with those observed in L-OHP-treated rats in the stimulus response assessment for the
0 and 3 mm probe conditions. Mean escape latency at 3 mm was significantly reduced
with PEA-OXA at doses of 10 mg/kg, much more than PEAum when compared to vehicle
(L-OHP group) (Figure 1D).

2.2. PEA-OXA Preserved Neuronal Morphological Change and Sciatic Nerve Damage Following
L-OHP Injection

To investigate the “state of health” of neurons following L-OHP treatment, the lumbar
section of the spinal cord was stained with 3-1II tubulin as a neuronal marker [12,13]. In
our data, the treatment with L-OHP did not reduce the number of neurons, but visibly
changed neuronal morphology, making the neurons much smaller (Figure 2B,E) compared
to the sham group (Figure 2A,E). PEAum treatment partially reversed this modification
(Figure 2C,E) that was definitively protected by PEA-OXA pretreatment (Figure 2D,E).
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Figure 1. Effect of 2-pentadecyl-2-oxazoline (PEA-OXA) on allodynia and hyperalgesia. When compared to day 0,
administration of oxaliplatin (L-OHP) but not saline resulted in a time-dependent development of mechano-allodynia (A)
and mechano-hyperalgesia (B). The development of mechano-hypersensitivity was blocked by daily oral injections (Days
0—4) of PEA-OXA (10 mg/kg/day), more significative then ultramicronized palmitoylethanolamide (PEAum) (10 mg/kg).
The Y-axis corresponding to paw withdrawal threshold (PWT) is cropped for clarity. (C) Time course of escape latencies of
chemotherapy-induced peripheral neuropathy (CIPN) and control rats measured with 3 mm probe height after weekly
injections of L-OHP or saline. (D) Oral administration of PEA-OXA at 10 mg/kg, more than PEAum, significantly reduced
escape latencies when injected with L-OHP. Data are representative of at least three independent experiments. Values
are means =+ standard error of the mean (SEM) of 20 animals for each group. * p < 0.05 vs. sham; # p < 0.05 vs. L-OHP;
## p < 0.01 vs. L-OHP; ### p < 0.001 vs. L-OHP; **" p < 0.001 vs. PEAum; *** p < 0.001.

Histological analysis by staining with hematoxylin and eosin (H&E) showed different
areas of edema with abundant presence of infiltrated and degraded myelin layers at 25 days
in the sciatic nerve of mice treated with L-OHP (Figure 2G,]) compare to the sham group
(Figure 2E]). The treatment with PEA-OXA significantly preserved tissue architecture
(Figure 2L]) more effectively than the PEAum (Figure 2H,J).

2.3. Effect of PEA-OXA on Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells
(NF-xB) Pathway and Proinflammatory Cytokines Induced by L-OHP Injection

The obtained results showed that L-OHP induced a significant increase in the nuclear
translocation of the NF-«kB p65 protein in the lumbar spinal tissue compared to the control
animals (Figure 3B, see densitometric analysis 3B1). The treatment with PEA-OXA in
L-OHP-injected animals significantly impeded the translocation of NF-«kB p65 (Figure 3B,
see densitometric analysis 3B1) and nuclear factor of kappa light polypeptide gene en-
hancer in B-cells inhibitor (IkB)-« phosphorylation (Figure 3C, see densitometric analysis
3C1). On the contrary, the degradation of IkB-oc was significantly increased in the lumbar
portion of the spinal cord of animals with L-OHP, whereas it was partially restored with
PEA-OXA treatment (Figure 3A, see densitometric analysis 3A1). The production of cy-
tokine interleukin (IL)-1 significantly increased following L-OHP injection (Figure 3D,
see densitometric analysis 3D1); the treatment with PEA-OXA significantly reduced IL-13
expression, much more than PEAum (Figure 3D, see densitometric analysis 3D1). Moreover,
we evaluated the levels of the cytokine tumor necrosis factor (TNF)-« using an ELISA kit.
L-OHP injection induced a large increase in TNF-o expression compared to the control
group; treatment with PEA-OXA, even more than treatment with PEAum, reduced the
expression of this proinflammatory cytokine (Figure 3E).
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Figure 2. Effect of PEA-OXA on neuronal and peripheral nerve morphology. The immunofluo-
rescence staining for B-III tubulin (green) and 4’,6'-diamidino-2-phenylindole (DAPI) (blue) was
made on lumbar spinal cord. L-OHP injection changed neuronal morphology (B,E), compared to
sham group (A,E), while PEA-OXA significantly preserved neuronal shape (D,E) much more then
PEAum (C,E). Scale bar = 20 um (particle). Hematoxylin and eosin (H&E) was made on sciatic
nerve 25 days following L-OHP injection. PEA-OXA significantly preserved sciatic nerve tissue
architecture degeneration (I,J), more than PEAum (H,J), compared to L-OHP group (G,J). Data are
representative of at least three independent experiments. Values are means 4+ SEM of 20 animals for
each group. One-way ANOVA test; *** p < 0.001 vs. sham; # p < 0.05 vs. L-OHP; ### p < 0.001 vs.
L-OHP; ** p < 0.01 vs. PEAum.
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Figure 3. Effect of PEA-OXA on NF-«B pathway and proinflammatory cytokines. The expression of IkB-&, NF-«B, p-IkB-«,
and IL-1p was observed by Western blot analysis, in lumbar spinal cord, 25 days after L-OHP injections. We observed that
L-OHP injections induced a decrease in IkB-« expression compared to sham group (A,A1), which was markedly reduced
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following PEA-OXA treatment (A,A1). Moreover, a significant NF-«kB nuclear translocation was seen following L-OHP
injection, which was almost completely inhibited by PEA-OXA 10 mg/kg treatment, much more then PEAum (B,B1),
as well as IkB-« phosphorylation (C,C1). Furthermore, PEA-OXA treatment, compared to PEAum, markedly reduced
both IL-1B expression (D) and TNF-« levels (E). Data are means &= SEM of 10 mice for each group. One-way ANOVA
test. A representative blot of lysates obtained from each group is shown and densitometry analysis of all animals is
reported (n = 10 mice from each group). *** p < 0.001 vs. sham; ** p < 0.01 vs. sham; # p< 0.05 vs. L-OHP; ## p< 0.01 vs.
L-OHP; ### p < 0.001 vs. L-OHP; " p < 0.05 vs. PEAum; " p < 0.01 vs. PEAum.

2.4. PEA-OXA Treatment Stimulated Antioxidant Response in the Lumbar Spinal Cord

We evaluated the effect of PEA-OXA on the nuclear factor erythroid 2-related factor
(Nrf)-2 pathway, a regulator of cellular resistance to oxidants, by Western blot analysis.
Nrf-2 expression was not stimulated following administration of L-OHP as compared with
control rats (Figure 4A, see densitometric analysis 4A1). PEA-OXA treatment significantly
upregulated Nrf-2 levels much more than PEAum (Figure 4A, see densitometric analysis
4A1). Moreover, in L-OHP-injected rats, there was no significative modification of levels of
Heme Oxygenase (HO)-1 or Mn-superoxide dismutase (MnSOD) (Figure 4B,C respectively,
see densitometric analysis 4(B1,C1) respectively) compared to sham group.
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Figure 4. Effect of PEA-OXA on Nrf-2, Mn-superoxide dismutase (MnSOD), and HO-1 expression and reduced
glutathione (GSH) levels. The expression of Nrf-2, Mn-SOD, and HO-1 was observed by Western blot analysis in
lumbar spinal cord. Nuclear Nrf-2 expression increased following L-OHP injection, compared to sham group (A),
while PEA-OXA administration, 10 mg/kg, upregulated Nrf-2 activity (A). The same result was obtained for MnSOD
(B) and HO-1 expression, which was notably increased following L-OHP compared to sham groups (C), while PEA-
OXA treatment significantly upregulated Mn-SOD and HO-1 expression, much more then PEAum (B,C). L-OHP decreased
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GSH levels compared to control group, while PEA-OXA treatment restored GSH levels, much more than PEAum (D). Data

are means + SEM of 10 mice for each group. A representative blot of lysates obtained from each group is shown and

densitometry analysis of all animals is reported (1 = 10 mice from each group). One-way ANOVA test; *** p < 0.001 vs.
sham; # p < 0.05 vs. L-OHP; ## p < 0.01 vs. L-OHP; ### p < 0.001 vs. L-OHP; " p < 0.05 vs. PEAum; " p < 0.01 vs. PEAum.

L-OHP+PEAum

Our data showed a very slight increase in Mn-SOD in L-OHP group, compared to
the sham group, highlighting a physiological antioxidant response that contrasts L-OHP
intoxication. This increase would be attributable to the direct effect that cytokines (such as
IL-13 and TNF-«) exert on dismutase expression following L-OHP injection.

Interestingly, treatment with 10 mg/kg PEA-OXA strongly increased HO-1 and Mn-
SOD expression (Figure 4B,C respectively, see densitometric analysis Figure 4(B1,C1)
respectively), whereas, in L-OHP rats treated with 10 mg/kg of PEAum, the antioxidant
enzymes activities increased partially (Figure 4B,C respectively, see densitometric anal-
ysis Figure 4(B1,C1) respectively). Furthermore, administration of PEA-OXA 10 mg/kg,
more than PEAum, had the ability to restore reduced glutathione (GSH) levels close to
basal levels.

2.5. PEA-OXA Reduced Astrogliosis and IL-17 Production in the Lumbar Spinal Cord

We analyzed with immunofluorescence staining the expression of IL-17 in astrocytes,
evaluated through Glial fibrillary acidic protein (GFAP). In this study, we demonstrated
that L-OHP induced a prominent astrogliosis with the consequent production of IL-17
(Figure 5B,E), compared to sham animals (Figure 5A E). Instead, treatment with PEAum
reduced the number of reactive astrocytes (Figure 5C,E), which was almost completely
reversed by PEA-OXA (Figure 5D,E).

SHAM L-OHP

IL17* astrocytes (% in GFAP)

Figure 5. Effect of PEA-OXA on GFAP and IL-17 expression. The immunofluorescence staining for GFAP (green) and

IL-17 (red) was made in the lumbar spinal cord sections. Considerable astrogliosis with production of IL17 was present

in L-OHP panels (B,E), compared to the sham group (A,E). The treatment with PEA-OXA did not show any significant

immunoreactivity of IL-17 in astrocytes (D,E), much more then PEAum (C,E). Scale bar = 20 um (particle). Data are

means £ SEM from n = 10 mice/group. Counting of colocalized cells confirmed our data (E). The colocalization image was
analyzed with image J software. *** p < 0.001 vs. sham; ## p < 0.01 and ### p < 0.001 vs. L-OHP; " p < 0.05 vs. PEAum.
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2.6. PEA-OXA Stimulates Growth Factor Expression in the DRG

To investigate whether PEA-OXA modulates the pain process through regulation
of neurotrophic factor levels, DRG samples were studied through Western blot analysis.
Unpredictably, the treatment with PEA-OXA stimulated the release of both brain-derived
neurotrophic factor (BDNF) and nerve growth factor (NGF), suggesting a role in the
promotion of growth and differentiation of novel neurons and synapses (Figure 6A,B, see
densitometric analysis Figure 6(A1,B1)).

A B
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Figure 6. Effect of PEA-OXA on BDNF and NGF expression. Western blot analysis for BDNF and
NGF was made in the dorsal root ganglia (DRG). A significant reduction in neurotrophic factor, BDNEF,
and NGF was seen following L-OHP injection compared to the sham group (A,B respectively), while
PEA-OXA considerably upregulated BDNF and NGF expression (A,B); see densitometric analysis
(A1,B1). The DRG samples were pulled for each group. Data are means £ SEM of 10 mice for each
group. A representative blot of lysates obtained from each group is shown and densitometry analysis
of all animals is reported (n = 10 mice from each group). One-way ANOVA test; * p < 0.05 vs. sham;
##p <0.01 vs. L-OHP.

3. Discussion

Neuropathic pain is among the most severe side-effects during tumor chemother-
apy. OIPN is characterized by a lowered mechanical and thermal nociceptive thresh-
old [14], where mitochondrial dysfunction, oxidative stress, and inflammation cover a key
role [15-17]. Numerous studies have been directed to identify molecules with the capacity
to relieve the symptoms of OIPN; on this basis, different endogenous lipid mediators have
been identified as capable of reducing the inflammatory processes caused by OIPN [18].
PEA plays an important role among the lipid mediators in neuropathic pain [10,19,20], as
well as in controlling of inflammatory phenomena and oxidative stress [7,21]. Recently, it
was found that the pharmacological inhibition of the enzyme NAAA produces a marked
analgesic and anti-inflammatory effect [9,22]; therefore, treatment with PEA-OXA asso-
ciates the known effects of PEA with those of NAAA inhibition, which has, among other
effects, an increase in endogenous endocannabinoid levels. To support these data, dif-
ferent studies confirmed the neuroprotective and anti-inflammatory effects of PEA-OXA
in animal models of central nervous system (CNS) trauma and neurodegenerative dis-
eases [8,11,23,24]. PEA-OXA exerts a neuroprotective effect through a reduction in astrocyte
activation and an increase in the release of neurotrophic factors [8]. The anti-inflammatory
effects of PEA-OXA have been shown to be related to inhibition of the NF-«B pathway and
upregulation of the Nrf-2 pathway [8].

As with cancer patients, this murine model shows a delay in the onset of mechano-
hypersensitivity that mimics the clinical phenomenon observed with patients [25].

More specifically, CIPN represented principally a sensory neuropathy [26]; sensory
symptoms usually develop in a typical distribution called “glove and stocking” neuropathy,
denoting the first involvement of the distal part of hand and feet. Symptoms include altered
touch sensation or paresthesia, as well as painful sensations and mechanical or thermal
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allodynia or hyperalgesia [27]. Actually, the position of PEA in the modulation of pain
has been well studied as a clinical strategy, as an alternative to the traditional drugs
such as opioids and analgesics for neuropathic pain [7]. Moreover, it has been shown
that the pharmacological inhibition of NAAA enhanced the analgesic effect of PEA [28].
Our results confirmed that L-OHP injury significantly promoted in a time-dependent
manner the development of neuropathic pain, developing mechano-allodynia and thermal
hyperalgesia. However, the treatment with PEA-OXA significantly prevented the evolution
of pain, highlighting its analgesic effect.

The onset of CIPN, occurring independently of chemotherapy agent mechanisms, is
associated with neuronal morphological changes ascribable to microtubule organization of
cytoskeleton [29]. On this basis, we looked to the -III tubulin isotype known to confer
dynamic assets to microtubules, which represents an important biomarker for resistance
to microtubule-targeting chemotherapeutics in breast and other types of solid cancer [30].
Lenn et al. highlighted a correlation between the altered function of peripheral neurons
after L-OHP and their structural changes in DRG cell bodies and axons of the sciatic nerve,
observing a high incidence of multinucleolated cell bodies with eccentric nucleoli [31].
L-OHP injury provoked changes to the neuronal shape and size, as demonstrated by Wafai
et al., on myenteric neurons, underlying a significant reduction in neuronal area in mice
subjected to repeated L-OHP injections [32]. The mechanism proposed via which CNS
neurons would lose their morphology following L-OHP administration is related to an
alteration of the tight junction (T]) proteins zonula occludens-1 (ZO-1) and F-actin, thus
highlighting blood-brain barrier (BBB) alteration. Moreover, the chemotherapy-dependent
BBB alterations were supported by an evidenced ROS formation and activation of the
ER stress/ATP release signaling pathway. Cleary, in our results, neurons subjected to
L-OHP treatment changed their shape, becoming much smaller than the control neurons.
The pretreatment with PEA-OXA surprisingly preserved neuronal morphology, as well as
tissue damage caused by L-OHP in the sciatic nerve.

Functional impairment in neurons, due to chemotherapeutic agents, occurs due to
inflammation, oxidative stress, apoptosis, and electrophysiological disturbances that are
triggered following the treatment [33].

Neuroinflammation (increased glial activation and proinflammatory cytokine produc-
tion) in the spinal cord contributes significantly to the development of central sensitization
associated with pain from different etiologies, including pain induced by L-OHP [34]. In
fact, it has been well studied how neuroinflammation represents an event that often occurs
during CIPN in the spinal cord. Moreover, it has been reported that the development of
neuropathic pain induced by platinum compounds is linked with an increased formation
of cytokines in the spinal cord, demonstrating the involvement of the proinflammatory
signaling pathway driven by NF-«B [25,34]. Specifically, as highlighted by several stud-
ies [35,36], TNF-«is a cytokine associated with neuropathy, and its inhibition could be a
promising target for neuropathic patients [37].

Our results clearly evidenced the activation of the NF-«B signaling pathway following
treatment. The pretreatment with PEA-OXA significantly attenuated the nuclear transloca-
tion of the subunit p65 and the consequent production of proinflammatory cytokines such
as IL-18 and TNF-«.

The increase in neuroinflammation is in concomitance with oxidative stress, already iden-
tified to be responsible for neuronal damage in different models of neuropathies [11,38-40].
Therefore, it is established that oxidative stress contributes to the pathophysiology of
CIPN [33]. In particular, chemotherapy induced mitochondrial dysfunction and corre-
sponding oxidative stress generation, mediating the peripheral nerve damage [41-43].
However, physiologically, the redox imbalance produced in neuronal cells could be modu-
lated through adjustment of Nrf-2 [44]; therefore, we looked at the influence of PEA-OXA
on erythroid factor activation. Moreover, there exists cross-talk between activation of the
Nrf-2 system and anti-inflammatory effects via interactions with NF-kB, through identifica-
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tion of NF-«B binding sites in the promoter region of the Nrf-2 gene [45,46]; this cross-talk
showed good efficacy in many models of peripheral neuropathy [47,48].

Our data visibly revealed an upregulation of Nrf-2 and, consequently, the transcription
of antioxidant enzymes such as MnSOD and HO-1 following PEA-OXA treatment.

In the context of oxidative stress referred to OIPN, it emerged that GSH also plays a
key role in counteracting nerve damage [33]. Preclinical and clinical data [49,50] confirmed
its promising role in preventing OIPN, without reducing the pharmacological activity of
oxaliplatin [49]. Our results indicate that PEA-OXA treatment considerably restored GSH
levels reduced by OHP injection, thus suggesting that PEA-OXA is a good enhancer of
antioxidant activity and a good adjuvant in maintaining cellular redox homeostasis.

Evidence suggests that CIPN is associated with activation of spinal astrocytes [34].
Many papers showed that L-OHP treatment induced mechanical hypersensitivity, which
coincided with hyperactivation of astrocytes and the consequent upregulation of proin-
flammatory cytokines [39]. Recently, IL-17 was found to modulate inflammatory responses
associated with neuropathic pain [51]. Moreover, IL-17 can also be produced by spinal cord
astrocytes and astrocytic IL-17 may play a role in inflammatory pain [52]; in fact, in animal
models, it has been shown that the overexpression of IL-17 in spinal astrocytes is adequate
to induce mechanical allodynia following chemotherapy as reported by Luo et al. [53].
On this basis, we looked at IL-17 production by astrocytes, which was considerably in-
creased following OXA treatment. However, PEA-OXA was able to preserve GFAP/IL-17
hyperexpression in the spinal cord.

The involvement of neurotrophic factors in the developmental mechanism of CIPN
has not yet been well identified and still remains controversial; despite this, reduced levels
of the BDNF family member NGF were found to be associated with CIPN development in
patients with cervical carcinoma [54]. The involvement of NGF in the pathogenesis of the
OIPN has been reported in several experimental studies, demonstrating NGF neuroprotec-
tive properties in in vitro, in vivo, and clinical studies [55,56].

In addition, a prospective study on patients treated with cisplatin and paclitaxel
evidenced a significant correlation between the severity of the peripheral neurotoxicity and
the circulating levels of NGF [54]; in particular, a decrease in NGF circulating levels was
observed during cisplatin and L-OHP administration in rats closely correlated with the
onset of peripheral neuropathy [57]. Many scientific articles [58,59] underlined BDNF as a
prognostic biomarker in predicting CIPN in cancer patients.

Consistent with the above, in the dorsal root ganglia, we found a significant reduction
in NGF and BDNF expression 25 days after L-OHP injection, while the treatment with
PEA-OXA significantly upregulated the expression of NGF when compared to the vehicle
group. This represents a key step in the neuroprotective effect of PEA-OXA, which may
have a role in the promotion of growth and differentiation of novel neurons and synapses.
However, given the conflicting views on the role of neurotrophins in CIPN, further pre-
clinical and clinical investigations are needed to provide more insight into the function of
these important factors.

4. Material and Methods
4.1. Materials

L-OHP and the other compounds were acquired from Sigma-Aldrich Company Ltd.
(Milan, Italy). All other chemicals were of the highest viable grade available. All stock
solutions were arranged in nonpyrogenic saline (0.9% NaCl; Baxter, Milan, Italy). PEA and
PEA-OXA were provided by the Epitech Group (Saccolongo, Padua, Italy).

4.2. Animals

Adult male Wistar rats (Envigo, Milan, Italy), weight 200-250 g, were employed.
Animals were divided into groups of three with free access to water and food under
standardized humidity and temperature. This study was approved by the University of
Messina Review Board for the care of animals (Protocol number 8/U-aprl6). Animal care
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was in conformity with current legislation for the protection of animals used for scientific
purposes (Directive 2010/63/EU, 9 April 2016) and the ARRIVE guidelines.

4.3. OIPN Model

L-OHP or its vehicle (5% dextrose) was injected intraperitoneally (i.p.) in rats on five
consecutive days (D0—4) at an injection volume of 0.2 mL for a final cumulative dose of
10 mg/kg at the end of the 5 days. This low-dose paradigm does not trigger kidney injury,
as reported by Bennett et al. [40].

Experimental Groups

(1) Sham + vehicle (veh): rats received saline orally (n = 20);

(2) Sham + PEAum: rats received PEAum (10 mg/kg) orally (n = 20);

(3) Sham + PEA-OXA: rats received PEA-OXA (10 mg/kg) orally (n = 20);

(4) L-OHP: rats received L-OHP (10 mg/kg) intraperitoneally (n = 20);

(5) L-OHP + PEAum: rats received PEAum orally at the dose of 10 mg/kg 20 min before
OXA injection (n = 20);

(6) L-OHP + PEA-OXA: rats received PEA-OXA orally at the dose of 10 mg/kg 20 min
before OXA injection (1 = 20).

The dose and the animal model were based on previous in vivo studies [10,38,39,60].
Experimental data regarding groups 2 and 3 are not shown because PEAum and PEA-
OXA administration resulted in neither toxicity nor an improvement in comparison to
sham control.

4.4. Synthesis of PEA and PEA-OXA
PEA and PEA-OXA were synthesized as previously described by Impellizzeri et al. [8].

4.5. Behavioral Tests

Behavioral measurements to assess mechano-hypersensitivity were always taken prior
to the administration of test substances (D0) and on day 7 (D7), day11 (D11), and day 25
(D25). Data were coded and then given to two blinded observers independently for scoring.
Two mice were filmed in two separate fields at once. They were assigned randomly to
collecting data so that all combinations of groups were present.

Mechano-allodynia was measured as previously described [25,39]. Briefly, rats were
allowed to acclimate to behavioral chambers for 15 min prior to measuring the mechan-
ical paw withdrawal thresholds (PWT, (g)) using an electronic Von Frey test (dynamic
plantar aesthesiometer, model 37450; Ugo Basile, Italy) with the cutoff set at 50 g. Mechano-
allodynia was defined by a significant (p < 0.05) reduction in mechanical mean absolute
PWT (g) at forces that failed to elicit withdrawal responses before chemotherapy treat-
ment (D0). Thermal hyperalgesia was assessed in rat hind paws using a digital hot-plate
apparatus (Harvard apparatus, USA). The hot plate was thermostatically maintained at
52.0 £ 0.2 °C and the escape phenomenon was measured in seconds as jumping or hind
paw lifting /licking. A cutoff time limit of 40 s was selected in order to avoid tissue injury.
Each response latency was quantified as the paw withdrawal latency (PWL) [61]. Animals
receiving chemotherapeutic agents in the presence or absence of the experimental test
substances tested did not display any signs of toxicity, i.e., they exhibited normal pos-
ture, grooming, locomotor behavior, normal hair coat, no signs of piloerection or ocular
porphyrin discharge, and normal body weight gain comparable to vehicle-treated rats.

Mechanical Conflict System (MCS) for Drug Assessment

A mechanical conflict system (MCS) (Stoelting, Wood Dale, IL, US) was used to assess
the operant behavior of OIPN and control rats as described by Harte et al. (Harte et al,,
2014). The apparatus is made of bright and dark compartments separated by a 15 inch
(38 cm) long middle compartment arranged with an array of height-adjustable probes
(0.5-4.0 mm). Before baseline measurements, four training sessions were carried out over



Int. J. Mol. Sci. 2021, 22, 3927

11 of 16

4 days. On the day of baseline recordings, rats were tested for escape latencies with
nociceptive probes set at variable heights (0.5, 1.0, 2.0, 3.0, and 4.0 mm). Each compound
was tested with the 3 mm probe condition as the standard noxious test stimulus because
the stimulus response assessment indicated that escape latency at the 3 mm condition
was significantly higher than at the 0 mm (no probe) condition. For each trial, rats were
placed individually into the light compartment with the light turned off and the escape
door closed. Following 10 s of dark acclimatization, the compartment light was turned
on for the rest of the trial. The escape door was released 20 s after the light was turned
on. The animal was considered inside the dark compartment when all four paws were
placed completely inside that compartment. For rats that initiated walking on the nail
bed but failed to reach the dark compartment during the 3 min testing period, a cutoff
latency of 120 s was used. The operant test was assessed on the 25th day. All trials were
video-recorded for offline analysis.

4.6. Histology

At the end of the 25 days, standard hematoxylin and eosin staining (H&E) was
performed for histological examination as previously described [10]. The portions of sciatic
nerve tissue were included in paraffin, and then cut in sections with a thickness of 7 pm.
They were then deparaffinized with xylene and stained with H&E staining. The sciatic
nerve tissue samples were then observed by light microscopy (Leica QWin V3, Cambridge,
UK). To quantify infiltration in the sciatic nerve, scores of 0, 1, 2, 3, and 4 were used,
indicating 0%, 1-25%, 26-50%, 51-75%, and >75% infiltration, respectively [62].

4.7. Immunofluorescence of B-1II Tubulin, GFAP, and IL-17

Spinal cord tissue sections of 7 um were incubated with one of the following primary
antibodies: anti-IL17 rabbit polyclonal (1:100; sc-374218, Santa Cruz Biotechnology, CA,
USA) or mouse anti-GFAP (1:100; sc-33673, Santa Cruz Biotechnology, CA, USA) and
anti- 3-III tubulin (1:100; sc-80005, Santa Cruz Biotechnology, CA, USA), in a humidified
chamber at 37 °C overnight. Sections were washed with phosphate buffered saline (PBS)
and were incubated with secondary antibody TEXAS RED-conjugated anti-rabbit Alexa
Fluor-594 antibody (1:1000 in PBS, v/v, Molecular Probes, Altrincham, UK) and with fluo-
rescein isothiocyanate (FITC)-conjugated anti-mouse Alexa Fluor-488 antibody (1:2000 v/v,
Molecular Probes, Altrincham, UK) for 1 h at 37 °C. Sections were washed and, for nuclear
staining, 4',6’-diamidino-2-phenylindole (DAPL Hoechst, Frankfurt, Germany) (2 pg/mL)
in PBS was added. Sections were observed and photographed at 100x magnification using
a Leica DM2000 microscope. All analyses were carried out by two observers blinded to the
treatment. For immunofluorescence, a 40 x magnification is shown (20 pm scale bar).

For morphological analysis of 3-III tubulin-positive cells, two random images were
acquired from each section. The cell body was the criterion for selection. The cell processes
were completely within the field of view, and the body of an individual cell was distinct
from neighboring cells.

Cell body area was measured using Image ] Version 8.2.1 software (US National Insti-
tutes of Health, Bethesda, MD, USA, https://imagej.nih.gov/ij/, accessed on 9 April 2021).

4.8. Western Blot Analysis for IxB-a, NF-xB, p-IxB a IL-18, HO-1, MnSOD, Nrf-2, BDNF,
and NGF

Western blots were done as previously described [23]. Cytosolic and nuclear fractions
of lumbar spinal cord and DRG tissues were prepared and used for the detection of protein
expressions. The membranes were blocked with 1x PBS and 5% (w/v) non-fat dried
milk (PM) for 40 min at room temperature; membranes from spinal cord homogenates
were probed with one of the following primary antibodies: anti-heme oxygenase (HO)-1
(1:500; 5c-390991 Santa Cruz Biotechnology, CA, USA), anti-MnSOD (1:500; sc-137254, Santa
Cruz Biotechnology, CA, USA), anti-IkB-« (1:500; sc-1643, Santa Cruz Biotechnology, CA,
USA), and anti-IL-1 (1:500, sc-52013, Santa Cruz Biotechnology, CA, USA) in the cytosolic
fraction, and anti-NF-«B (1:500; sc-390991, Santa Cruz Biotechnology, CA, USA), anti-Nrf2
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(1:500; sc-13032, Santa Cruz Biotechnology, CA, USA), and anti-phosphorylated-I«B-o in
the nuclear fraction, in 1x PBS, 0.1% Tween-20, and 5% w/v non-fat dried milk (PMT)
at 4 °C overnight. Membranes from DRGs were incubated with BDNF (1:500; sc-20981,
Santa Cruz Biotechnology, CA, USA) and NGF (1:500; sc-365944, Santa Cruz Biotechnology,
CA, USA). Membranes were incubated with peroxidase-conjugated bovine anti-mouse
immunoglobulin G (IgG) secondary antibody or peroxidase-conjugated goat antirabbit
IgG (1:2000, Jackson ImmunoResearch, West Grove, PA, USA) for 1 h at room temperature.
Blots were also incubated with a primary antibody against (3-actin protein (1:10,000; Sigma-
Aldrich Corp., St. Louis, MO, USA) or lamin A/C (1:10,000; Sigma-Aldrich Corp, St.
Louis, MO, USA), which were used as internal standards. The relative expressions of the
protein bands of MnSOD (21.6 kDa), HO-1 (33 kDa), I«B-o (37 kDa), NF-«B p65 (65 kDa),
IL-1p (35 kDa), Nrf2 (61 kDa), and p-IkB- (31 kDa), were detected in the lumbar spinal
cord. BDNF (28 kDa) and NGF (27 kDa) were detected in the DRG. In the experiments,
including the Western blot analysis, a representative blot is displayed and a densitometric
analysis is provided in each figure. All analyses were carried out by two observers blinded
to the treatment.

4.9. DRG Dissection

The spinal vertebrae were exposed by rapid midline dissection and lateral reflection
of overlying skin and muscle. The lumbar spinal cord tissue was obtained after dorsal
laminectomy. Tissue was dissected on ice-cooled glass into dorsal and ventral aspects,
using the central spinal canal.

As reference, dorsal root ganglia were obtained from lumbar segments after removal
of the spinal cord. All tissues were immediately frozen on dry ice.

4.10. ELISA Kit for TNF-a

ELISA assay was performed as previously described by Casili et al. [63].

Lumbar spinal cord tissues were homogenized with lysis buffer (Pierce #87787,
Thermo Fisher Scientific, Waltham, MA, USA) and then supplemented with a protease
inhibitor cocktail (Sigma-Aldrich, Rehovot, Israel). Successively, samples were homoge-
nized and centrifuged at 14,000 g for 10 min at 4 °C; supernatants were stored at —20 °C.
TNF-o levels was measured by ELISA assay, according to the manufacturer’s instructions.

4.11. Measurement of GSH

GSH levels was assessed as previously described by Fusco et al. [64].
In lumbar spinal cord tissues, GSH levels were quantified through activity assay kits
(Nanjing Jiancheng Bioengineering Institute).

4.12. Statistical Analysis

All values, in the figures, were evaluated as means = SEM. The results were examined
by one-way ANOVA followed by a Bonferroni post hoc test for multiple comparisons and
Student’s t-test to compare two groups (unpaired test); p-values < 0.05 were considered
statistically significant.

5. Conclusions

Overall, our results showed that the treatment with PEA-OXA at a dose of 10 mg/kg
daily, given before L-OHP injection, was able to reduce the development of inflammatory
and oxidative processes by modulation of the NF-kB/Nrf-2 axis, preserving neuronal
morphology and active reparative processes via neurotrophin upregulation. Much more
significant, the treatment with PEA-OXA had a marked analgesic effect, inhibiting the
mechanical allodynia and thermal hyperalgesia. However further studies are necessary
to evidence other mechanisms induced by L-OHP; moreover, there are limitations and
challenges with animal models of neuropathy because clinical models are essential for a
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better understanding of the behavioral consequences, as well as the numerous complex
histopathological cascades and inflammatory signaling pathways.

With these results, we can suggest that our compound offers a potential benefit by
mitigating CINP, allowing the enhancement of chemotherapy treatment when given in
adjunct with PEA-OXA.

6. Patents

Salvatore Cuzzocrea is the coinventor of patent WO2013 /121449 A8 (Epitech Group
SpA). Methods for the modulation of amidases capable of hydrolyzing N-acylethanolamines
useable in the therapy of inflammatory diseases. Moreover, Dr Cuzzocrea is also a coinven-
tor with the Epitech group of the following patents: 1. EP 2814489; 2. EP 2821083; 3. EP
2985037; 4. 102015000067344.

Author Contributions: M.C. drafted the manuscript and carried out behavioral analysis; M.L., L.P.
and A.F. carried out the in vivo experiments and performed immunohistochemical analysis; A.A.,
G.C. and S.A.S. performed Western blot analysis; C.P., M.M. and L.M. carried out the statistical
analysis; S5.C. analyzed the data; E.E. analyzed the data and designed the research. All authors read
and approved the final submitted version of the manuscript.

Funding: This research was financially supported by a Research and Mobility project.

Institutional Review Board Statement: This study was approved by the University of Messina Re-
view Board for the care of animals (Protocol number 8/U-apr16). Animal care was in conformity with
current legislation for the protection of animals used for scientific purposes (Directive 2010/63/EU,
9 April 2016) and the ARRIVE guidelines.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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

References

1.  Gutierrez-Gutierrez, G.; Sereno, M.; Miralles, A.; Casado-Saenz, E.; Gutierrez-Rivas, E. Chemotherapy-induced peripheral
neuropathy: Clinical features, diagnosis, prevention and treatment strategies. Clin. Transl. Oncol. 2010, 12, 81-91. [CrossRef]

2. Ferrier, J.; Pereira, V.; Busserolles, J.; Authier, N.; Balayssac, D. Emerging trends in understanding chemotherapy-induced
peripheral neuropathy. Curr. Pain Headache Rep. 2013, 17, 364. [CrossRef]

3.  Zajaczkowska, R.; Kocot-Kepska, M.; Leppert, W.; Wrzosek, A.; Mika, J.; Wordliczek, . Mechanisms of Chemotherapy-Induced
Peripheral Neuropathy. Int. . Mol. Sci. 2019, 20, 1451. [CrossRef] [PubMed]

4. Donvito, G.; Wilkerson, ].L.; Damaj, M.L; Lichtman, A.H. Palmitoylethanolamide Reverses Paclitaxel-Induced Allodynia in Mice.
J. Pharmacol. Exp. Ther. 2016, 359, 310-318. [CrossRef]

5. Skaper, S.D.; Facci, L.; Giusti, P. Glia and mast cells as targets for palmitoylethanolamide, an anti-inflammatory and neuroprotec-
tive lipid mediator. Mol. Neurobiol. 2013, 48, 340-352. [CrossRef]

6.  Nestmann, E.R. Safety of micronized palmitoylethanolamide (microPEA): Lack of toxicity and genotoxic potential. Food Sci. Nutr.
2017, 5, 292-309. [CrossRef] [PubMed]

7. Hesselink, ]. M.K.; Kopsky, D.J. Palmitoylethanolamide, a neutraceutical, in nerve compression syndromes: Efficacy and safety in
sciatic pain and carpal tunnel syndrome. J. Pain Res. 2015, 8, 729-734. [CrossRef]

8.  Impellizzeri, D.; Cordaro, M.; Bruschetta, G.; Crupi, R.; Pascali, J.; Alfonsi, D.; Marcolongo, G.; Cuzzocrea, S. 2-pentadecyl-2-
oxazoline: Identification in coffee, synthesis and activity in a rat model of carrageenan-induced hindpaw inflammation. Pharmacol.
Res. 2016, 108, 23-30. [CrossRef] [PubMed]

9. Tsuboi, K,; Takezaki, N.; Ueda, N. The N-acylethanolamine-hydrolyzing acid amidase (NAAA). Chem. Biodivers. 2007, 4,
1914-1925. [CrossRef]

10. Gugliandolo, E.; D’Amico, R.; Cordaro, M.; Fusco, R;; Siracusa, R.; Crupi, R.; Impellizzeri, D.; Cuzzocrea, S.; Di Paola, R. Effect of
PEA-OXA on neuropathic pain and functional recovery after sciatic nerve crush. . Neuroinflamm. 2018, 15, 264. [CrossRef]

11.  Petrosino, S.; Campolo, M.; Impellizzeri, D.; Paterniti, I.; Allara, M.; Gugliandolo, E.; D’Amico, R.; Siracusa, R.; Cordaro, M.;
Esposito, E.; et al. 2-Pentadecyl-2-Oxazoline, the Oxazoline of Pea, Modulates Carrageenan-Induced Acute Inflammation. Front.
Pharmacol. 2017, 8, 308. [CrossRef] [PubMed]

12.  Draberova, E.; Lukas, Z.; Ivanyi, D.; Viklicky, V.; Draber, P. Expression of class III beta-tubulin in normal and neoplastic human

tissues. Histochem. Cell Biol. 1998, 109, 231-239. [CrossRef]


http://doi.org/10.1007/S12094-010-0474-z
http://doi.org/10.1007/s11916-013-0364-5
http://doi.org/10.3390/ijms20061451
http://www.ncbi.nlm.nih.gov/pubmed/30909387
http://doi.org/10.1124/jpet.116.236182
http://doi.org/10.1007/s12035-013-8487-6
http://doi.org/10.1002/fsn3.392
http://www.ncbi.nlm.nih.gov/pubmed/28265364
http://doi.org/10.2147/JPR.S93106
http://doi.org/10.1016/j.phrs.2016.04.007
http://www.ncbi.nlm.nih.gov/pubmed/27083308
http://doi.org/10.1002/cbdv.200790159
http://doi.org/10.1186/s12974-018-1303-5
http://doi.org/10.3389/fphar.2017.00308
http://www.ncbi.nlm.nih.gov/pubmed/28611664
http://doi.org/10.1007/s004180050222

Int. . Mol. Sci. 2021, 22, 3927 14 of 16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Katsetos, C.D.; Legido, A.; Perentes, E.; Mork, S.J. Class III B-tubulin isotype: A key cytoskeletal protein at the crossroads of
developmental neurobiology and tumor neuropathology. J. Child Neurol. 2003, 18, 851-866. [CrossRef] [PubMed]

Argyriou, A.A.; Cavaletti, G.; Briani, C.; Velasco, R.; Bruna, J.; Campagnolo, M.; Alberti, P.; Bergamo, F.; Cortinovis, D.; Cazzaniga,
M.; et al. Clinical pattern and associations of oxaliplatin acute neurotoxicity: A prospective study in 170 patients with colorectal
cancer. Cancer 2013, 119, 438-444. [CrossRef]

Kober, K.M.; Olshen, A.; Conley, Y.P.; Schumacher, M.; Topp, K.; Smoot, B.; Mazor, M.; Chesney, M.; Hammer, M.; Paul, S.M.; et al.
Expression of mitochondrial dysfunction-related genes and pathways in paclitaxel-induced peripheral neuropathy in breast
cancer survivors. Mol. Pain 2018, 14, 1744806918816462. [CrossRef] [PubMed]

Di Cesare Mannelli, L.; Zanardelli, M.; Failli, P.; Ghelardini, C. Oxaliplatin-induced neuropathy: Oxidative stress as pathological
mechanism. Protective effect of silibinin. J. Pain 2012, 13, 276-284. [CrossRef] [PubMed]

Duan, Z.; Su, Z.; Wang, H.; Pang, X. Involvement of pro-inflammation signal pathway in inhibitory effects of rapamycin on
oxaliplatin-induced neuropathic pain. Mol. Pain 2018, 14, 1744806918769426. [CrossRef]

Di Cesare Mannelli, L.; Pacini, A.; Corti, E; Boccella, S.; Luongo, L.; Esposito, E.; Cuzzocrea, S.; Maione, S.; Calignano, A.;
Ghelardini, C. Antineuropathic profile of N-palmitoylethanolamine in a rat model of oxaliplatin-induced neurotoxicity. PLoS
ONE 2015, 10, e0128080. [CrossRef]

Boccella, S.; Guida, F; Iannotta, M.; Iannotti, F.A.; Infantino, R.; Ricciardi, F.; Cristiano, C.; Vitale, RM.; Amodeo, P;
Marabese, ; et al. 2-Pentadecyl-2-oxazoline ameliorates memory impairment and depression-like behaviour in neuropathic
mice: Possible role of adrenergic alpha2- and H3 histamine autoreceptors. Mol. Brain 2021, 14, 28. [CrossRef]

Iannotta, M.; Belardo, C.; Trotta, M.C.; Iannotti, FA.; Vitale, RM.; Maisto, R.; Boccella, S.; Infantino, R.; Ricciardi, F.;
Mirto, B.F; et al. N-palmitoyl-D-glucosamine, a Natural Monosaccharide-Based Glycolipid, Inhibits TLR4 and Prevents
LPS-Induced Inflammation and Neuropathic Pain in Mice. Int. . Mol. Sci. 2021, 22, 1491. [CrossRef]

Seol, TK.; Lee, W,; Park, S.; Kim, K.N.; Kim, T.Y.; Oh, Y.N.; Jun, ].H. Effect of palmitoylethanolamide on inflammatory and
neuropathic pain in rats. Korean J. Anesthesiol. 2017, 70, 561-566. [CrossRef]

Zhou, P; Xiang, L.; Yang, Y.; Wu, Y;; Hu, T,; Liu, X,; Lin, F; Xiu, Y.,; Wu, K,; Lu, C,; et al. N-Acylethanolamine acid amidase
(NAAA) inhibitor F215 as a novel therapeutic agent for osteoarthritis. Pharmacol. Res. 2019, 145, 104264. [CrossRef] [PubMed]
Fusco, R.; Scuto, M.; Cordaro, M.; D’Amico, R.; Gugliandolo, E.; Siracusa, R.; Peritore, A.F; Crupi, R.; Impellizzeri, D.;
Cuzzocrea, S.; et al. N-Palmitoylethanolamide-Oxazoline Protects against Middle Cerebral Artery Occlusion Injury in Diabetic
Rats by Regulating the SIRT1 Pathway. Int. ]. Mol. Sci. 2019, 20, 4845. [CrossRef]

Boccella, S.; Iannotta, M.; Cristiano, C.; Iannotti, FA.; Bello, ED.; Guida, F; Belardo, C.; Infantino, R.; Ricciardi, F.;
Giannella, M.; et al. Treatment With 2-Pentadecyl-2-Oxazoline Restores Mild Traumatic Brain Injury-Induced Sensorial and
Neuropsychiatric Dysfunctions. Front. Pharmacol. 2020, 11, 91. [CrossRef]

Janes, K; Little, ]JW,; Li, C; Bryant, L.; Chen, C.; Chen, Z.; Kamocki, K.; Doyle, T; Snider, A.; Esposito, E.; et al. The development
and maintenance of paclitaxel-induced neuropathic pain require activation of the sphingosine 1-phosphate receptor subtype 1.
J. Biol. Chem. 2014, 289, 21082-21097. [CrossRef]

Seretny, M.; Currie, G.L,; Sena, E.S.; Ramnarine, S.; Grant, R.; MacLeod, M.R.; Colvin, L.A.; Fallon, M. Incidence, prevalence, and
predictors of chemotherapy-induced peripheral neuropathy: A systematic review and meta-analysis. Pain 2014, 155, 2461-2470.
[CrossRef] [PubMed]

Bernhardson, B.M.; Tishelman, C.; Rutqvist, L.E. Chemosensory changes experienced by patients undergoing cancer chemother-
apy: A qualitative interview study. |. Pain Symptom Manag. 2007, 34, 403-412. [CrossRef] [PubMed]

Hesselink, ].M.; Hekker, T.A. Therapeutic utility of palmitoylethanolamide in the treatment of neuropathic pain associated with
various pathological conditions: A case series. ]. Pain Res. 2012, 5, 437-442. [CrossRef] [PubMed]

Malacrida, A.; Meregalli, C.; Rodriguez-Menendez, V.; Nicolini, G. Chemotherapy-Induced Peripheral Neuropathy and Changes
in Cytoskeleton. Int. ]. Mol. Sci. 2019, 20, 2287. [CrossRef] [PubMed]

Lebok, P.,; Ozturk, M.; Heilenkotter, U.; Jaenicke, F.; Muller, V.; Paluchowski, P.; Geist, S.; Wilke, C.; Burandt, E.; Lebeau, A.; et al.
High levels of class III beta-tubulin expression are associated with aggressive tumor features in breast cancer. Oncol. Lett. 2016,
11,1987-1994. [CrossRef]

Renn, C.L.; Carozzi, V.A.; Rhee, P; Gallop, D.; Dorsey, 5.G.; Cavaletti, G. Multimodal assessment of painful peripheral neuropathy
induced by chronic oxaliplatin-based chemotherapy in mice. Mol. Pain 2011, 7, 29. [CrossRef] [PubMed]

Wafai, L.; Taher, M.; Jovanovska, V.; Bornstein, J.C.; Dass, C.R.; Nurgali, K. Effects of oxaliplatin on mouse myenteric neurons and
colonic motility. Front. Neurosci. 2013, 7, 30. [CrossRef] [PubMed]

Areti, A,; Yerra, V.G.; Naidu, V,; Kumar, A. Oxidative stress and nerve damage: Role in chemotherapy induced peripheral
neuropathy. Redox Biol. 2014, 2, 289-295. [CrossRef] [PubMed]

Boyette-Davis, J.A.; Walters, E.T.; Dougherty, PM. Mechanisms involved in the development of chemotherapy-induced neuropa-
thy. Pain Manag. 2015, 5, 285-296. [CrossRef] [PubMed]

Yehia, R; Saleh, S.; El Abhar, H.; Saad, A.S.; Schaalan, M. L-Carnosine protects against Oxaliplatin-induced peripheral neuropathy
in colorectal cancer patients: A perspective on targeting Nrf-2 and NF-kappaB pathways. Toxicol. Appl. Pharmacol. 2019, 365,
41-50. [CrossRef]

Kroigard, T.; Metaxas, A.; Wirenfeldt, M.; Finsen, B. Protective effect of ibuprofen in a rat model of chronic oxaliplatin-induced
peripheral neuropathy. Exp. Brain Res. 2019, 237, 2645-2651. [CrossRef]


http://doi.org/10.1177/088307380301801205
http://www.ncbi.nlm.nih.gov/pubmed/14736079
http://doi.org/10.1002/cncr.27732
http://doi.org/10.1177/1744806918816462
http://www.ncbi.nlm.nih.gov/pubmed/30426838
http://doi.org/10.1016/j.jpain.2011.11.009
http://www.ncbi.nlm.nih.gov/pubmed/22325298
http://doi.org/10.1177/1744806918769426
http://doi.org/10.1371/journal.pone.0128080
http://doi.org/10.1186/s13041-020-00724-z
http://doi.org/10.3390/ijms22031491
http://doi.org/10.4097/kjae.2017.70.5.561
http://doi.org/10.1016/j.phrs.2019.104264
http://www.ncbi.nlm.nih.gov/pubmed/31063807
http://doi.org/10.3390/ijms20194845
http://doi.org/10.3389/fphar.2020.00091
http://doi.org/10.1074/jbc.M114.569574
http://doi.org/10.1016/j.pain.2014.09.020
http://www.ncbi.nlm.nih.gov/pubmed/25261162
http://doi.org/10.1016/j.jpainsymman.2006.12.010
http://www.ncbi.nlm.nih.gov/pubmed/17616338
http://doi.org/10.2147/JPR.S32143
http://www.ncbi.nlm.nih.gov/pubmed/23166447
http://doi.org/10.3390/ijms20092287
http://www.ncbi.nlm.nih.gov/pubmed/31075828
http://doi.org/10.3892/ol.2016.4206
http://doi.org/10.1186/1744-8069-7-29
http://www.ncbi.nlm.nih.gov/pubmed/21521528
http://doi.org/10.3389/fnins.2013.00030
http://www.ncbi.nlm.nih.gov/pubmed/23486839
http://doi.org/10.1016/j.redox.2014.01.006
http://www.ncbi.nlm.nih.gov/pubmed/24494204
http://doi.org/10.2217/pmt.15.19
http://www.ncbi.nlm.nih.gov/pubmed/26087973
http://doi.org/10.1016/j.taap.2018.12.015
http://doi.org/10.1007/s00221-019-05615-x

Int. . Mol. Sci. 2021, 22, 3927 15 of 16

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Stubgen, ].P. Tumor necrosis factor-alpha antagonists and neuropathy. Muscle Nerve 2008, 37, 281-292. [CrossRef]

Impellizzeri, D.; Cordaro, M.; Bruschetta, G.; Siracusa, R.; Crupi, R.; Esposito, E.; Cuzzocrea, S. N-Palmitoylethanolamine-
Oxazoline as a New Therapeutic Strategy to Control Neuroinflammation: Neuroprotective Effects in Experimental Models of
Spinal Cord and Brain Injury. J. Neurotrauma 2017, 34, 2609-2623. [CrossRef]

Janes, K.; Wahlman, C.; Little, ].W.; Doyle, T.; Tosh, D.K,; Jacobson, K.A.; Salvemini, D. Spinal neuroimmune activation is
independent of T-cell infiltration and attenuated by A3 adenosine receptor agonists in a model of oxaliplatin-induced peripheral
neuropathy. Brain Behav. Immun. 2015, 44, 91-99. [CrossRef]

Xiao, W.H.; Zheng, H.; Bennett, G.J. Characterization of oxaliplatin-induced chronic painful peripheral neuropathy in the rat and
comparison with the neuropathy induced by paclitaxel. Neuroscience 2012, 203, 194-206. [CrossRef]

McDonald, E.S.; Windebank, A.J. Cisplatin-induced apoptosis of DRG neurons involves bax redistribution and cytochrome ¢
release but not fas receptor signaling. Neurobiol. Dis. 2002, 9, 220-233. [CrossRef] [PubMed]

Salvemini, D.; Little, ].W.; Doyle, T.; Neumann, W.L. Roles of reactive oxygen and nitrogen species in pain. Free. Radic. Biol. Med.
2011, 51, 951-966. [CrossRef] [PubMed]

Ta, L.E.; Schmelzer, ].D.; Bieber, A.J.; Loprinzi, C.L.; Sieck, G.C.; Brederson, ].D.; Low, P.A.; Windebank, A.J. A novel and selective
poly (ADP-ribose) polymerase inhibitor ameliorates chemotherapy-induced painful neuropathy. PLoS ONE 2013, 8, e54161.
[CrossRef]

Sandberg, M.; Patil, ].; D’Angelo, B.; Weber, S.G.; Mallard, C. NRF2-regulation in brain health and disease: Implication of cerebral
inflammation. Neuropharmacology 2014, 79, 298-306. [CrossRef]

Nair, S.; Doh, S.T; Chan, ].Y.; Kong, A.N.; Cai, L. Regulatory potential for concerted modulation of Nrf2- and Nfkb1-mediated
gene expression in inflammation and carcinogenesis. Br. ]. Cancer 2008, 99, 2070-2082. [CrossRef] [PubMed]

Yu, M,; Li, H,; Liu, Q.; Liu, F; Tang, L.; Li, C,; Yuan, Y.; Zhan, Y.; Xu, W.; Li, W.; et al. Nuclear factor p65 interacts with Keap1 to
repress the Nrf2-ARE pathway. Cell. Signal. 2011, 23, 883-892. [CrossRef]

Yerra, V.G.; Negi, G.; Sharma, S.S.; Kumar, A. Potential therapeutic effects of the simultaneous targeting of the Nrf2 and
NF-kappaB pathways in diabetic neuropathy. Redox Biol. 2013, 1, 394-397. [CrossRef] [PubMed]

Negi, G.; Kumar, A.; Sharma, S.S. Nrf2 and NF-kappaB modulation by sulforaphane counteracts multiple manifestations of
diabetic neuropathy in rats and high glucose-induced changes. Curr. Neurovascular Res. 2011, 8, 294-304. [CrossRef]

Cascinu, S.; Catalano, V.; Cordella, L.; Labianca, R.; Giordani, P.; Baldelli, A.M.; Beretta, G.D.; Ubiali, E.; Catalano, G. Neuroprotec-
tive effect of reduced glutathione on oxaliplatin-based chemotherapy in advanced colorectal cancer: A randomized, double-blind,
placebo-controlled trial. J. Clin. Oncol. 2002, 20, 3478-3483. [CrossRef]

Hamers, F.P; Brakkee, ]. H.; Cavalletti, E.; Tedeschi, M.; Marmonti, L.; Pezzoni, G.; Neijt, ].P.; Gispen, W.H. Reduced glutathione
protects against cisplatin-induced neurotoxicity in rats. Cancer Res. 1993, 53, 544-549.

Noma, N.; Khan, J.; Chen, LF.; Markman, S.; Benoliel, R.; Hadlaq, E.; Imamura, Y.; Eliav, E. Interleukin-17 levels in rat models of
nerve damage and neuropathic pain. Neurosci. Lett. 2011, 493, 86-91. [CrossRef]

Meng, X.; Zhang, Y.; Lao, L.; Saito, R,; Li, A.; Backman, C.M.; Berman, B.M.; Ren, K.; Wei, PK.; Zhang, R.X. Spinal interleukin-17
promotes thermal hyperalgesia and NMDA NR1 phosphorylation in an inflammatory pain rat model. Pain 2013, 154, 294-305.
[CrossRef]

Luo, H.; Liu, H.Z.; Zhang, W.W.; Matsuda, M.; Lv, N.; Chen, G.; Xu, Z.Z.; Zhang, Y.Q. Interleukin-17 Regulates Neuron-Glial
Communications, Synaptic Transmission, and Neuropathic Pain after Chemotherapy. Cell Rep. 2019, 29, 2384-2397. [CrossRef]
Cavaletti, G.; Bogliun, G.; Marzorati, L.; Zincone, A.; Piatti, M.; Colombo, N.; Franchi, D.; La Presa, M.T.; Lissoni, A.; Buda, A.;
et al. Early predictors of peripheral neurotoxicity in cisplatin and paclitaxel combination chemotherapy. Ann. Oncol. 2004, 15,
1439-1442. [CrossRef]

Yan, M.; Li, Y,; Zeng, H.; Zhao, X.; Wu, H.; Qian, W.; Guo, X. The effect of rat nerve growth factor combined with vitamin B on
peripheral neuropathy in multiple myeloma patients. Hematology 2020, 25, 264-269. [CrossRef] [PubMed]

Nakahashi, Y.; Kamiya, Y.; Funakoshi, K.; Miyazaki, T.; Uchimoto, K.; Tojo, K.; Ogawa, K.; Fukuoka, T.; Goto, T. Role of nerve
growth factor-tyrosine kinase receptor A signaling in paclitaxel-induced peripheral neuropathy in rats. Biochem. Biophys. Res.
Commun. 2014, 444, 415-419. [CrossRef] [PubMed]

Cavaletti, G.; Petruccioli, M.G.; Marmiroli, P; Rigolio, R.; Galbiati, S.; Zoia, C.; Ferrarese, C.; Tagliabue, E.; Dolci, C.;
Bayssas, M.; et al. Circulating nerve growth factor level changes during oxaliplatin treatment-induced neurotoxicity in the
rat. Anticancer Res. 2002, 22, 4199-4204.

Szudy-Szczyrek, A.; Mlak, R.; Bury-Kaminska, M.; Mielnik, M.; Podgajna, M.; Kusmierczuk, K.; Mazurek, M.; Homa-Mlak, I.;
Szczyrek, M.; Krawczyk, J.; et al. Serum brain-derived neurotrophic factor (BDNF) concentration predicts polyneuropathy and
overall survival in multiple myeloma patients. Br. . Haematol. 2020, 191, 77-89. [CrossRef]

Azoulay, D.; Horowitz, N.A. Brain-derived neurotrophic factor as a potential biomarker of chemotherapy-induced peripheral
neuropathy and prognosis in haematological malignancies; what we have learned, the challenges and a need for global
standardization. Br. J. Haematol. 2020, 191, 17-18. [CrossRef] [PubMed]

Petrosino, S.; Cordaro, M.; Verde, R.; Moriello, A.S.; Marcolongo, G.; Schievano, C.; Siracusa, R.; Piscitelli, F.; Peritore, A.E,;
Crupi, R.; et al. Oral Ultramicronized Palmitoylethanolamide: Plasma and Tissue Levels and Spinal Anti-hyperalgesic Effect.
Front. Pharmacol. 2018, 9, 249. [CrossRef]


http://doi.org/10.1002/mus.20924
http://doi.org/10.1089/neu.2016.4808
http://doi.org/10.1016/j.bbi.2014.08.010
http://doi.org/10.1016/j.neuroscience.2011.12.023
http://doi.org/10.1006/nbdi.2001.0468
http://www.ncbi.nlm.nih.gov/pubmed/11895373
http://doi.org/10.1016/j.freeradbiomed.2011.01.026
http://www.ncbi.nlm.nih.gov/pubmed/21277369
http://doi.org/10.1371/journal.pone.0054161
http://doi.org/10.1016/j.neuropharm.2013.11.004
http://doi.org/10.1038/sj.bjc.6604703
http://www.ncbi.nlm.nih.gov/pubmed/19050705
http://doi.org/10.1016/j.cellsig.2011.01.014
http://doi.org/10.1016/j.redox.2013.07.005
http://www.ncbi.nlm.nih.gov/pubmed/24024177
http://doi.org/10.2174/156720211798120972
http://doi.org/10.1200/JCO.2002.07.061
http://doi.org/10.1016/j.neulet.2011.01.079
http://doi.org/10.1016/j.pain.2012.10.022
http://doi.org/10.1016/j.celrep.2019.10.085
http://doi.org/10.1093/annonc/mdh348
http://doi.org/10.1080/16078454.2020.1784615
http://www.ncbi.nlm.nih.gov/pubmed/32567522
http://doi.org/10.1016/j.bbrc.2014.01.082
http://www.ncbi.nlm.nih.gov/pubmed/24480438
http://doi.org/10.1111/bjh.16862
http://doi.org/10.1111/bjh.16893
http://www.ncbi.nlm.nih.gov/pubmed/32557540
http://doi.org/10.3389/fphar.2018.00249

Int. . Mol. Sci. 2021, 22, 3927 16 of 16

61.

62.

63.

64.

Ahmad, N.; Subhan, F; Islam, N.U.; Shahid, M.; Rahman, F.U.; Sewell, R.D.E. Gabapentin and its salicylaldehyde derivative
alleviate allodynia and hypoalgesia in a cisplatin-induced neuropathic pain model. Eur. ]. Pharmacol. 2017, 814, 302-312.
[CrossRef] [PubMed]

Smith, C.J.; Allard, D.E.; Wang, Y.; Howard, J.E, Jr., Montgomery, S.A.; Su, M.A. IL-10 Paradoxically Promotes Autoimmune
Neuropathy through S1PR1-Dependent CD4(+) T Cell Migration. J. Immunol. 2018, 200, 1580-1592. [CrossRef] [PubMed]
Casili, G.; Ardizzone, A.; Lanza, M.; Gugliandolo, E.; Portelli, M.; Militi, A.; Cuzzocrea, S.; Esposito, E.; Paterniti, I. Treatment
with Luteolin Improves Lipopolysaccharide-Induced Periodontal Diseases in Rats. Biomedicines 2020, 8, 442. [CrossRef] [PubMed]
Fusco, R.; Cordaro, M.; Genovese, T.; Impellizzeri, D.; Siracusa, R.; Gugliandolo, E.; Peritore, A.F.; D’Amico, R.; Crupi, R.;
Cuzzocrea, S.; et al. Adelmidrol: A New Promising Antioxidant and Anti-Inflammatory Therapeutic Tool in Pulmonary Fibrosis.
Antioxidants 2020, 9, 601. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ejphar.2017.08.040
http://www.ncbi.nlm.nih.gov/pubmed/28865678
http://doi.org/10.4049/jimmunol.1701280
http://www.ncbi.nlm.nih.gov/pubmed/29367208
http://doi.org/10.3390/biomedicines8100442
http://www.ncbi.nlm.nih.gov/pubmed/33096800
http://doi.org/10.3390/antiox9070601
http://www.ncbi.nlm.nih.gov/pubmed/32660140

	Introduction 
	Results 
	PEA-OXA Prevented Mechano-Allodynia and Thermal Hyperalgesia and Suppressed OIPN Symptoms in an Operant-Based Mechanical Conflict System (MCS) 
	PEA-OXA Preserved Neuronal Morphological Change and Sciatic Nerve Damage Following L-OHP Injection 
	Effect of PEA-OXA on Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells (NF-B) Pathway and Proinflammatory Cytokines Induced by L-OHP Injection 
	PEA-OXA Treatment Stimulated Antioxidant Response in the Lumbar Spinal Cord 
	PEA-OXA Reduced Astrogliosis and IL-17 Production in the Lumbar Spinal Cord 
	PEA-OXA Stimulates Growth Factor Expression in the DRG 

	Discussion 
	Material and Methods 
	Materials 
	Animals 
	OIPN Model 
	Synthesis of PEA and PEA-OXA 
	Behavioral Tests 
	Histology 
	Immunofluorescence of -III Tubulin, GFAP, and IL-17 
	Western Blot Analysis for IB-, NF-B, p-IB  IL-1, HO-1, MnSOD, Nrf-2, BDNF, and NGF 
	DRG Dissection 
	ELISA Kit for TNF- 
	Measurement of GSH 
	Statistical Analysis 

	Conclusions 
	Patents 
	References

