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Summary

Chemotherapy-induced peripheral neuropathy (CIPN) has long represented one of the
most relevant neurological side effects of oncological therapies. Nevertheless, despite
the progress in drug regimens, the occurrence of troublesome adverse events still affects
the efficacy of antineoplastic therapy, leading to the reduction or discontinuation of the
treatment. Paclitaxel is an anti-tubulin drug which has emerged as an efficacious
antitumor agent in the treatment of different cancers. However, its clinical use is often
limited by the onset of paclitaxel-induced peripheral neuropathy (PIPN). Numerous
alterations related to aging have been hypothesized to underlie age-related
susceptibility to nerve damage. Nevertheless, the results of these studies are
inconclusive and other targets, which might be used as potential biomarkers of nerve
impairment, deserve to be considered.

On these bases, the aim of our study was to investigate the age-related effects of
paclitaxel treatment on the peripheral nervous system, and the metabolic changes that
might be induced by paclitaxel administration at different ages. Our project included
neurotoxicity —experiments based on neurophysiological, behavioral and
histopathological evaluations to assess age-related chemotherapy-induced phenotypic
alterations in a neuropathic model of PIPN. We additionally investigated through a
targeted Ultra-Performance Liquid Chromatography-Mass Spectrometry (UPLC-MS)
based metabolomics approach differences in the plasma and liver metabolite profiles in
order to identify potential biomarkers of PIPN development and progression, according
to age. Our results suggest that age might be a potential risk factor for more severe
CIPN, and should be considered in future studies in order to tailor the chemotherapy
regimen and dosage on individual susceptibility of older cancer patients. Our study also
identifies for the first time multiple related metabolic axes involved in PIPN,
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establishing a mechanistic insight into the biomolecular signaling pathways underlying
this neurological complication, and also spurs development of effective therapies by

providing sensitive metabolic measures of neurotoxicity development and progression.

page 6



1. Introduction

1.1 Epidemiology and predisposing factors of PIPN

Taxanes are a class of antimitotic agents used for the treatment of a wide array of
malignancies, including breast, ovarian and lung cancers, as well as Kaposi’s sarcoma
(Velasco and Bruna, 2015). Paclitaxel and docetaxel are the most commonly used
taxanes and are currently considered among the most effective oncological treatments
in both early-stage and metastatic breast cancer, improving the overall and disease-free
survival (Willson et al., 2019).

Taxane-based therapies are associated with a predominantly sensory neuropathy, with
an overall incidence of chemotherapy-induced peripheral neuropathy (CIPN) ranging
from 57% to 83% in paclitaxel-treated patients, and from 11% to 64% in docetaxel-
treated cases (Velasco and Bruna, 2015). Severe sensory symptoms have been observed
in 64% of cases at one year and in 41% of patients at three years after initiating
paclitaxel (Tanabe et al., 2013). In addition, clinically meaningful symptomatology of
CIPN can persist for up to two years in 30% of breast cancer patients treated with
adjuvant taxane-based therapy (Hershman et al., 2018).

The cumulative dose represents the most important risk factor for paclitaxel-induced
peripheral neuropathy (PIPN) development, with a neurotoxic threshold of 1000 mg/m?
for paclitaxel, and 400 mg/m? for docetaxel (Grisold et al., 2012). The treatment
regimen is also critical for the development of neurotoxicity. Patients receiving higher
doses of paclitaxel (>250 mg/m?) can develop PIPN even after the first cycle (Freilich
et al., 1996). In particular, PIPN occurs in a higher percentage of cases (20% to 35%)
in which patients are treated with 250 mg/m? every three weeks, in contrast to the

percentage (5% to 12%) of those treated with less than 200 mg/m? every three weeks
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(Lee and Swain, 2006). Concerning frequency of administration, studies have yielded
mixed results. Two clinical trials reported more frequent neurotoxicity with weekly (80
mg/m?) therapy compared to every three-week (175 mg/m?) schedule (Seidman et al.,
2008, Sparano et al., 2008). Conversely, others documented a lower incidence of
peripheral neuropathy with a weekly paclitaxel or docetaxel schedule (Mauri et al.
2010). Short infusion duration apparently is related to a higher incidence of paclitaxel-
associated acute pain syndrome (Moulder et al., 2010); whereas the impact of infusion
duration on the incidence of severe neurotoxicity is unclear (Lee and Swain, 2000).

A novel nanoparticle albumin-bound formulation of paclitaxel (nab-paclitaxel,
Abraxane®) showed a better toxicity profile and shorter recovery duration than
conventional paclitaxel, despite a higher incidence of transient sensory neurotoxicity
(Gradishar et al., 2005; He et al., 2022).

The role of cancer itself in the pathogenesis of peripheral neuropathy has recently been
suggested in other CIPN models (Housley et al., 2020). In particular, it has been
observed that pathobiological interactions between cancer and chemotherapy may
contribute to CIPN development (Housley et al., 2020). The importance of the duration
of chemotherapy has also been emphasized (Mielke et al., 2005; Molassiotis et al.,
2019).

Specific characteristics related to the patient profile also contribute to the development
of peripheral neuropathy. Important comorbidities, such as diabetes, kidney and thyroid
diseases, vitamin deficiencies, and systemic infections (i.e., hepatitis B, C, HIV, polio)
may predispose to neurotoxicity (Kaley and Deangelis, 2009, Hershman et al., 2016).
Environmental and behavioral factors, such as cigarette smoking, may also be
conducive to peripheral neuropathy (Zajgczkowska et al., 2019). Certainly, previous

administration of chemotherapeutic drugs further increases the risk of neurotoxicity, as
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does the development of paraneoplastic antibodies (Zajgczkowska et al., 2019). 1t has
also been observed that the co-administration of platinum agents is associated with
greater nerve damage in cancer patients undergoing taxane-therapy (Hershman et al.,
2016).

Concerning the association between aging and PIPN, current literature reports mixed
results. Some studies have suggested that aging can be a risk factor for CIPN in taxane-
treated patients, with increased odds of neuropathy of 4% per year of age (Hershman
et al., 2016), and up to 13% per decade of life (Schneider et al., 2015). Other studies
indicated that older patients are more likely to present neuropathy progression and
persistence (Chase et al., 2015, Hershman et al., 2018). However, when the hypothesis
that advanced age would increase incidence and severity of CIPN was tested,
neurophysiological and clinical data did not significantly differ between elderly and
younger cancer patients (Argyriou et al., 2006). A recent study described a discrepancy
between the objective assessment of worse light touch, cold and vibration sensations in
older cancer survivors, despite subjectively reported lower pain severity scores and less
interference with common activities (Wong et al., 2019). Another recent study indicated
a similar escalation in CIPN symptomatology in older and younger patients during the
active treatment phase, but a higher risk for chronic neuropathy in older cancer patients
after treatment completion (Bulls et al., 2019).

As a multifactorial disease, the combination of individual predisposing factors with
genetic susceptibility may increase the risk of developing PIPN. Numerous single
nucleotide polymorphisms (SNPs) have been identified through genome-wide
association studies (GWAS), revealing that polymorphisms in genes related to neuronal
function, drug transport and microtubule function (EPHAS, ABCBI1, SLCOI1BI,

TUBB2A) are significantly associated with taxane-induced CIPN (Leandro-Garcia et
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al.,, 2013; Abraham et al., 2014, Boora et al., 2016). Some authors reported a significant
association between SNPs in genes involved in inherited neuropathies (FGD4, FZD3)
and onset or severity of taxane-related CIPN (Baldwin et al., 2012). Other studies
provided evidence for the significant association between SNPs in genes involved in
drug metabolism (NR113, UGT2B7, CYP2C8°4, CYP1B1"3) and increased risk of

CIPN in taxane-treated cancer patients (Abraham et al., 2014, Arbitrio et al., 2019).

1.2 Pathophysiology of PIPN

It has been demonstrated that taxane administration determines the alteration of
numerous subcellular and systemic pathways which contribute to the development of
CIPN. Paclitaxel and its semi-synthetic derivative docetaxel exert their mechanism of
action through targeted inhibition of microtubule dynamics, determining a cell cycle
arrest in G2 and M phase, and cell death (Carozzi et al., 2015a). Another scenario of
cell fate assumes an exit from mitosis without appropriate chromosome segregation
determining the generation of a tetraploid G1 cell, which may die, persist growth
arrested, or progress to more divisions (Mikufa-Pietrasik et al., 2019). It has been
observed that taxanes may also cause DNA single-strand breaks, leading to the
activation of different forms of DNA repair mechanisms (Branham et al., 2004).
Depending on the efficiency of the DNA repair process, the cancer cells can arrest and
repair the damage, enter into apoptosis, or proceed with the program of cell proliferation
without repairing the damage. Paclitaxel also produces alterations in signaling related
to apoptosis, so that cell death can occur independently of microtubule stabilization and

mitotic inhibition (Falah et al., 2019).
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Disruption of microtubule function results in length-dependent nerve degeneration
starting from the most distal segments, known as “Wallerian degeneration”, due to
altered anterograde and retrograde axonal flow. Besides axonal damage, taxanes may
also affect the myelin sheath through indirect mechanisms related to mitochondrial
dysfunction (Flatters and Bennett, 2006). In fact, paclitaxel induces a vacuolization of
mitochondria in myelinated and unmyelinated sensory nerve fibers (Flatters and
Bennett, 2006), and a release of calcium from mitochondria, leading to rapid
mitochondrial membrane depolarization (Zajgczkowska et al., 2019). Mitochondrial
impairment certainly plays a key role in the induction and maintenance of a state of
oxidative stress, with local and generalized consequences (Doyle et al., 2012, Areti et
al., 2014, Duggett et al., 2016). Indeed, the increased production of reactive oxygen
species (ROS) causes damage to lipid and protein components (Doyle et al., 2012, Areti
et al., 2014, Duggett et al., 2016), as well as the activation of cell death processes
(Cashman and Héke, 2015). It has also been observed that taxanes would be able to
affect the expression of potassium ion channels (K2P and Kv7), resulting in increased
dorsal root ganglion (DRG) nociceptor activation (Li et al., 2019). Paclitaxel also
regulates the expression of other ion channels, including increased expression of the
calcium channels Cav2.2, Cav2.3, Cav3.2, and the upregulation of sodium channel
Navl.7 (Okubo et al., 2011; Li et al., 2017, 2018; Shan et al., 2019). Other receptors
involved in altered sensitivity to thermal and mechanical stimulation can be affected,
like the Transient receptor potential (TRP) channels present in DRGs, specifically TRP
ankyrin-1 (TRPA1), TRP vanilloid-1 (TRPV1) and TRPV4 (Materazzi et al., 2012;
Hara et al., 2013). In vivo models also demonstrated a role of glutamatergic receptors
in paclitaxel-induced neuropathic pain. Specifically, paclitaxel stimulates presynaptic

N-methyl-D-aspartate (NMDA) receptors, and increases the expression of the a20-
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Ivoltage-gated calcium channel subunit as well as GluN1, GIluN2A, and GluN2B
NMDA receptor subunits (Chen et al., 2019). Impaired functions of nuclear factor
erythroid 2-related factor 2 (Nrf2)-antioxidant response element (Nrf2-ARE) and Nrf2-
responsive gene (HO-1, y-GCLC, and NQO1) expression have been also associated
with neuropathic pain (Zhao et al., 2019).

Taxanes additionally determine the activation of satellite glial cells surrounding DRGs,
leading to increased expression of angiotensin II type 1 receptor (AT1R) and a
subsequent increase of inflammatory cytokines contributing to neuropathic pain (Kim
et al., 2019). Paclitaxel also stimulates microglial cells in the dorsal horn of the spinal
cord with increased expression of cannabinoid type 2 receptor (CB2), and of
chemokines (CCL2) and pro-inflammatory interleukins (Pevida et al., 2013, Ha et al.,
2019; Wu et al., 2019). The activation of spinal astrocytes stimulates the secretion of
the tumor necrosis factor-a (TNF-a), interleukin-1f (IL-1p) and IL-6, contributing to
neuropathic pain development (Burgos et al., 2012; Ba et al., 2018). The increased
stimulation of pro-inflammatory cytokines eventually leads to a state of
neuroinflammation (Zaks-Zilberman et al., 2001; Doyle et al., 2012; Makker et al.,
2017). A recent association between the innate immune system involving the

complement and PIPN has also been described (Xu et al., 2018).

1.3 Clinical manifestations of PIPN

Patients undergoing paclitaxel administration usually present with a length-dependent
“dying-back” sensory axonal polyneuropathy, manifesting with a progressive
development of burning paresthesias in a distal-proximal fashion, and loss of reflexes

(De luliis et al., 2015). Neurophysiological investigations reveal a decrease in sensory
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nerve action potentials (SNAPs) in the nerve conduction studies (NCS), consistent with
axonal damage of the sensory nerve fibers (Pace et al., 1997; Openshaw et al., 2004).
In particular, sural nerve involvement is a reliable index of PIPN occurrence in the
clinical setting (Argyriou et al., 2005). Symptoms can develop in a median time of 21
days [range 11-101] with a tri-weekly schedule, and 35 days [range 14—77] with weekly
administration (7Tanabe et al, 2013). The sensory symptomatology can be less
frequently accompanied by motor and autonomic manifestations (De luliis et al., 2015).
In fact, paclitaxel can cause motor neuropathy, mainly involving proximal muscles in
up to 14% of cases (Freilich et al., 1996, Lee and Swain, 2006), resulting in altered
compound muscle action potential (CMAP) in motor nerve conduction tests. Taxanes
may also be responsible for an acute pain syndrome, occurring after one or two days of
treatment with severe arthralgias and myalgias associated with numbness and tingling,
lasting a median of four-five days (Fernandes et al., 2016a). The incidence (0.9% to
86%) is higher in patients treated every three weeks, and in the metastatic setting
(Fernandes et al., 2016b). Further progression of neuropathy can be observed after 1—
2 months from chemotherapy completion, due to the so-called “coasting effect”
(Velasco and Bruna, 2015).

In the clinical setting, the combination of clinician-based and patient-reported outcomes
could provide the specialist with substantial information for suspecting PIPN (Bonomo
and Cavaletti, 2021). As part of neuropathic pain investigation, quantitative sensory
testing (QST) is suggested for the early diagnosis of PIPN (Cruccu et al, 2010;
Haanpdd et al., 2011). In particular, QST investigates alterations in touch detection to
monofilaments, and bumps test (A-beta fibers), sharpness (A-delta fibers), and pin-
prick (C-fibers) stimulation (Flatters et al., 2017). Changes in QST correlate with

altered intraepidermal nerve fiber (IENF) density (Boyette-Davis et al., 2013).
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Treatment-related toxicity is conventionally measured with toxicity criteria grading
scales, including The National Cancer Institute-Common Toxicity Criteria (NCI-CTC)
and the Total Neuropathy Score (TNS) clinical version (Cornblath et al., 1999, Trotti
et al., 2003). The European Organization for Research and Treatment of Cancer Quality
of Life Questionnaire-Core 30 (EORTC QLQ-C30) is another, not specific, but reliable
tool for neuropathy assessment in cancer patients (Aaronson et al., 1993). Sensory,
autonomic and motor symptoms can also be examined with CIPN twenty-item scale
(CIPN20) quality-of-life measures (Wolf'et al., 2012). In the last years, time-consuming
procedures requiring specialized equipment have been revised and reduced to be more
practical and easily accessible to non-specialists, such as the TNS scoring system (Park
etal., 2019).

A recent systematic literature review on the recommended prevention and treatment
approaches in the management of adult cancer survivors revealed that duloxetine, a
serotonin—noradrenaline reuptake inhibitor antidepressant, represents the only agent
with sufficient data to encourage its use for painful CIPN patients (Loprinzi et al.,

2020). However, the beneficial effect of duloxetine administration is still limited.

1.4 Rodent models of PIPN

A number of rodent studies have investigated the mechanisms underlying PIPN using
in vivo models (Carozzi et al., 2015b, Alberti, 2017). The advantage of the in vivo
approach lies in the development of pathophysiological methods similar to the clinical
scenario, using reliable neurophysiological, behavioral, and neuropathological

instruments for the investigation of nerve damage, without the potential confounders of
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the clinical setting, i.e., diabetes, vitamin deficiencies, HCV-related neuropathies
(Radaelli et al., 2018).

A few studies have demonstrated the impact of age in rodent models of peripheral
neuropathy due to specific changes in functional and pathophysiological mechanisms
in older animals (Verdu et al., 1996, Ceballos et al., 1999, Canta et al., 2016). For
instance, diabetes animal models showed more severe and early manifestation of
neuropathy in relation to age (Garcia-Perez et al., 2018; Wang-Fischer and Garyantes,
2018), including a marked reduction of axonal size (Thomas et al., 1990). Aging
determines a delay in recovery and compensatory responses to axonal damage due to
decreased expression and axonal transport of cytoskeletal proteins in the peripheral
nerve, altered endoneurial blood flow, and reduction in trophic and tropic factors
secreted by reactive Schwann cells (Verdu et al., 2000). In this regard, the inclusion of
older animals in CIPN models has been suggested to provide further results on age-
related responses to chemotherapy administration (Bruna et al., 2020), giving insights
into the aging effect on peripheral neuropathy, as a model for the therapeutic and
clinical management of older cancer patients.

Concerning the impact of sex, it has been observed that paclitaxel-treated female
rodents might be more sensitive to cold stimulation than males, but not to mechanical
stimulation (Ward et al., 2011; Hwang et al., 2012, Naji-Esfahani et al., 2016; Brewer
et al., 2020). Nevertheless, due to the heterogeneity of current studies in terms of
protocols and included animals, it remains difficult to state a clear sex effect on CIPN
models.

Paclitaxel is usually administered to mice and rats via intravenous or intraperitoneal
injection. The intraperitoneal drug delivery is an easy and practical method (Hirota and

Shimizu, 2012), despite not being as accurate in the site of injection as intravenously
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(Lewis et al., 1966). In addition, intraperitoneally, the drug may be metabolized by the
liver before reaching systemic circulation. In the majority of cases, dosing regimens
involve intermittent systemic administration in order to mimic cycles of chemotherapy,
in animals without tumor load (Authier et al., 2009, Hopkins et al., 2016). Nonetheless,
rat models that carry an implanted subcutaneous tumor have been used (Boyle et al.,
1999, 2001). Indeed, rodent models of PIPN with a tumor might be clinically more
reliable, despite the fact that the tumor is often removed before chemotherapy
administration, to avoid the spreading of micro-metastases. Moreover, the ethical
concern of such an approach should be considered. In fact, ill animals are less
responsive to CIPN behavioral investigations. Accordingly, studies involving
chemotherapy administration alone have been adopted as a valid model (Flatters et al.,
2017). Recently, established protocols using intermittent dosing schedules to reproduce
CIPN models have been suggested across different laboratories to improve the
reproducibility of study results. Indeed, dose estimation always requires careful
consideration about the difference in pharmacokinetics and pharmacodynamics among
species, for a safe and effective drug administration (Nair and Jacob, 2016).
Intravenous doses of paclitaxel ranging from 5 to 12.5 mg/kg administered weekly for
four weeks are usually effective in inducing evident neurophysiological changes in a
dose-dependent fashion (Persohn et al., 2005).

The assessment of nerve damage in animals with paclitaxel-induced neuropathy can be
tested through the NCS of sensory and motor nerve fibers. The neurophysiological
evaluation can be accurately performed in anesthetized animals with needle electrodes
placed in the digital or caudal nerves to follow the progression of the neuropathy over
time (Bruna et al., 2020). Two NCS parameters, amplitude and velocity of the

potentials, reflect axonal or myelin involvement, respectively. In PIPN, axonal damage
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is usually observed, which in severe cases can be associated with the impairment of the
myelin sheath and a decrease in the nerve conduction velocity. These findings usually
correlate with morphological examination of peripheral nerves. Histological
evaluations of nerve fibers, both axonal and myelin sheath components, contribute to
further understanding of the pathological processes underlying PIPN (Marmiroli et al.,
2012). Large and long axons are affected early, and fibers of the caudal nerve are
especially vulnerable to the “dying back” axon degeneration (Schaumburg and
Spencer, 1979; Boehmerle et al., 2014). Of note, SNAP amplitudes mainly reflect the
involvement of large myelinated fibers, and thus are not suitable for investigating small
myelinated and unmyelinated fibers (Boehmerle et al., 2014). In this regard, skin biopsy
in CIPN models has emerged as a minimally invasive technique for the examination of
epidermal small-diameter nerve fibers (Lauria et al., 2005, 2010). In particular, IENF
density can be measured by immunohistochemistry and image analysis tools to assess
small fiber neuropathy in CIPN animal models (Meregalli et al., 2018). Small
myelinated A-delta and unmyelinated C fibers contribute to nociception by conveying
punctate pressure and laser heat, and blunt pressure stimuli, respectively (Beissner et
al., 2010). The involvement of small fibers can be additionally investigated through the
von Frey test (Chaplan et al., 1994; Casals-Diaz et al., 2009). A brief vertical
stimulation of the skin with a thin von Frey filament usually causes a short deformation
of the skin surface with an “on-off” activation of A-beta mechanoreceptors
(Landerholm and Hansson, 2011). In case of peripheral neuropathic pain development,
a sustained stimulation of about 10 seconds of the skin with a von Frey filament would
result in activation of epidermal C- and A-delta nociceptors (Garell et al., 1996, Treede
et al., 2002). The thermal algesimeter assessment instead uses a radiant heat source for

stimulating animal plantar surface (Hargreaves et al., 1988). The nociceptive threshold
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is expressed as the heat intensity that triggers hind paw withdrawal in response to the
stimulus (Bruna et al., 2020). A reduced withdrawal threshold in mice or rats
undergoing chemotherapy is indicative of hyperalgesia development (Hama and
Takamatsu, 2016). Conversely, a progressive decreased response to the same stimulus
can be ascribed to sensitization of nociceptors to repeated mechanical or thermal
stimulation (Bruna et al., 2020). Moreover, in longer drug exposure experiments, skin
denervation can cause increased withdrawal thresholds suggestive of hypoalgesia

development (Bruna et al., 2020).

1.5 Current biomarkers of PIPN

Numerous studies have investigated the alterations in molecular biomarkers of PIPN
for identifying and risk-stratifying cancer patients with peripheral neuropathy, focusing
on neurotrophic factors and neuro-inflammatory mediators.

Preclinical studies on rodent models suggested the involvement of the nerve growth
factor (NGF) in the rescue from neurotoxic damage caused by paclitaxel administration
(Nakahashi et al., 2014). Some authors observed a highly significant correlation
between the decrease in circulating levels of NGF and the severity of CIPN in taxane-
treated patients according to the chemotherapy cycle and severity of CIPN, despite not
being informative of the final neurological outcome of each patient (De Santis et al.,
2000; Cavaletti et al., 2004). Others described an increase in NGF in cancer patients
treated with taxane or platinum with painful CIPN, proposing the association between
NGF levels and presence of neuropathic pain (Velasco et al., 2017). Azoulay and
colleagues instead reported the possible role of dysfunctional neuronal brain-derived
neurotrophic factor (BDNF)-induced repair mechanism due to polymorphisms as a

predisposing factor for paclitaxel-induced neurotoxicity (Azoulay et al., 2015).
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Further studies analyzed cytokines involved in inflammatory signaling in taxane-
treated breast cancer patients, concluding that increased levels of interferon-y (IFN-y),
IL-1B, and IL-8 and decreased IL-6 and IL-10 levels can be related to CIPN symptoms
(Kleckner et al., 2021). Other studies reported the association between lower baseline
levels of osteopontin, a protein involved in cell recruitment to inflammatory sites, and
moderate to severe CIPN (Pizzamiglio et al., 2020). Moreover, baseline osteopontin
levels were inversely correlated to the extent of alterations found in nerve conduction
studies over time (Pizzamiglio et al., 2020).

Animal models have also identified some associations between microRNA-124, which
increases in extracellular fluid when cellular membrane integrity is compromised, and
PIPN development (Peng et al., 2019). Another recent clinical study investigated the
association between serum microRNA and the risk of peripheral neuropathy in
paclitaxel-treated breast cancer patients (Noda-Narita et al., 2020). The authors
reported that the microRNA-451a, which is involved in the metabolism of paclitaxel
through the regulation of the drug-transporter protein P-glycoprotein, was an accurate
discriminatory marker of patients with peripheral neuropathy (Penson et al., 2004,
Kovalchuk et al., 2008).

Meregalli and colleagues have recently examined the feasibility of using serum
neurofilament light chain (NfL) as a reliable biomarker of CIPN in rats chronically
treated with cisplatin and paclitaxel (Meregalli et al., 2020). The neurofilament proteins
represent the major constituent of the neuronal cytoskeleton, and their increase in
concentration can reflect axonal injury (Kuhle et al., 2015). In particular, the authors
found that increased NfL. values were significantly associated with the severity of
axonal damage, especially in paclitaxel-treated rats (Meregalli et al., 2020). Moreover,

significantly higher NfL levels were observed in the very early treatment stage in
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animals undergoing paclitaxel administration, with a progressive increase in line with
the severity of the axonal impairment.

Recent advances in “omics" technologies have supported the discovery of a number of
biomarkers that may predict response to chemotherapy (Bonomo et al., 2020; Meregalli
et al., 2021). Metabolomics provides the opportunity of recognizing, classifying and
measuring alterations in endogenous metabolites echoing the functioning of specific
metabolic pathways, and biological variations in the microenvironment (Nicholson and
Lindon, 2008). Preclinical models investigated the metabolic changes induced in female
Sprague-Dawley rats undergoing paclitaxel administration (8 mg/kg, cumulative dose
of 24 mg/kg on 3 alternate days) by an ultra-performance liquid chromatography-
electrospray ionization-mass spectrometry (UPLC-ESI-MS) method (Wu et al., 2018).
The authors found 19 significant altered metabolites associated with the neurotoxic
effect of paclitaxel, most of which were lipids, organic acids, and ketones. In addition,
results of pathway analysis indicated that paclitaxel-induced peripheral neuropathy
mainly interferes with linoleic acid and glycerophospholipid metabolic pathways,
determining alterations of the stability, permeability and fluidity in neural membranes
and their lipid compounds. Other studies investigated the metabolic alterations which
might reveal the onset and progression of CIPN in the clinical setting. One study
examined the involvement of 1-deoxysphingolipid plasma levels in peripheral
neuropathy symptomatology, as measured by the EORTC and CIPN20 clinical scales,
in 27 paclitaxel-treated patients with breast cancer (Kramer et al., 2015). The authors
found a dose-dependent association between the incidence and severity of CIPN and
the concentrations of very-long-chain 1-deoxyceramides, especially with motor
neuropathy, denoting a role for these compounds as molecular intermediates of

paclitaxel-induced peripheral neuropathy. Sun and colleagues instead conducted a
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whole blood metabolomics analysis to test the association between a pre-treatment
metabolic profile, early treatment-induced metabolic alterations, and the occurrence of
PIPN in 60 breast cancer patients receiving 80 mg/m? weekly treatment (Sun et al.,
2018). The analysis revealed an inverse association between pre-treatment histidine,
phenylalanine, and threonine concentrations with the maximum change in clinical scale
scores. In addition, paclitaxel caused a significant change in 2-hydroxybutyrate, 3-
hydroxybutyrate, pyruvate, o-acetylcarnitine, and several amino acids concentrations
from baseline to the end of the first paclitaxel infusion, and 24 hours after the first
infusion, despite these associations not correlating with the clinical scales. Accordingly,
the authors concluded that pre-treatment histidine, phenylalanine, and threonine levels
may be predictive of the severity of future PIPN symptomatology. In a very recent
study, Chen and colleagues investigated whether sensory and motor CIPN presented
different predictive biomarkers in 60 patients with breast cancer receiving up to 12
weekly infusions of 80 mg/m? paclitaxel (Chen et al., 2022). Their analysis revealed
that lower levels of histidine, phenylalanine, threonine, and vitamin D were associated
with more severe sensory CIPN, and lower histidine was specifically related to more

severe motor neuropathy.

1.6 Role of liver in paclitaxel-induced metabolic stress

Paclitaxel administration affects numerous systemic pathways, inducing a series of
metabolic responses, with the liver playing a key role. In particular, the liver reacts to
systemic altered metabolism, leading the body to deal with the stress states by
carbohydrate and lipid mobilization. The liver directs glucose and lipid metabolism by

orchestrating hepatic glucose production and glycogen storage. During stress or the
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fasting state, the liver stimulates hepatic glucose production and glycogen breakdown
via transcriptional and non-transcriptional mechanisms (Rui, 2014), thus providing
peripheral tissues (i.e., brain, adipose tissue, skeletal muscle) with glucose. The liver
also has an important function in lipid metabolism in response to nutrient availability,
as well as in response to insulin. Specifically, insulin facilitates hepatic fatty acid
uptake, the synthesis and storage of triglycerides via the utilization of dietary fatty
acids, and promotes de novo lipogenesis in the liver, favoring long-term lipid storage
(Rui, 2014).

Of note, the liver is responsible for the selective uptake, metabolism, and excretion in
the bile of taxanes (Cresteil et al., 1994, Hirth et al., 2000). In particular, paclitaxel is
primarily oxidized by the cytochrome P450 system, mostly CYP2CS8 and to a lesser
extent CYP3A4 (Cresteil et al., 1994). Some reports have documented the association
of paclitaxel administration with relatively mild and anicteric hepatic impairment, and
temporary increased levels of alkaline phosphatase, aspartate aminotransferase, and
bilirubin have been described in about 5% to 20% of patients (Huizing et al., 1995).
Genetic predisposition may contribute to paclitaxel-induced hepatotoxicity. Recently,
the nucleotide excision repair gene ERCC1 c.118C>T polymorphism has been
associated with an increased risk for moderate to severe hepatotoxicity (da Costa Junior
et al., 2020). In this regard, the study of the liver in animals developing PIPN would
provide a more comprehensive understanding of the altered metabolic responses

induced by paclitaxel administration.
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2. Objectives

The aims of our project were:

a) to investigate the neurophysiological, behavioral and histopathological effects
of paclitaxel treatment according to age;

b) to assess through a metabolomics approach which metabolic changes might be

induced by paclitaxel administration at the different ages compared to controls.

3. Materials and methods

3.1 Study design and experimental protocol

Our experiments were designed to optimize the number of animals according to pre-
study power analysis. In particular, sample size was calculated on the basis of nerve
conduction velocity reference values of our laboratory (Monza et al., 2021), assuming
that the relevant difference between controls and paclitaxel-treated groups is 5 m/s
(standard deviation = 7); thus, if setting power = 80% and a = 5%, the sample size is 7
animals/group. In our study the sample size was increased above the defined number
(12 animals/group) in order to have enough animals to be tested at each time point, and
to prevent underpowered statistical analysis in case of animal loss due to chemotherapy
(Ballarini et al., 2022).

We investigated 24 young (2 months of age) and 24 adult (9 months of age) Wistar
male rats (Envigo, Bresso, Italy), which were randomized according to their baseline
values of behavioral and neurophysiological parameters into 4 experimental subgroups
(n=12) undergoing either paclitaxel treatment (10 mg/kg i.v. once a week for 4 weeks)

or vehicle administration (controls). The care and husbandry of animals conformed to
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the Institutional guidelines in compliance with national (D.L. n. 26/2014, Gazzetta
Ufficiale della Repubblica Italiana, Serie Generale n.61 del 14-3-2014) and
international laws (European Union Directive 2010/63/EU: Guide for the Care and Use
of Laboratory Animals, US National Research Council, 1996). Animals were housed 2
per cage (2 months of age rats) and 1 per cage (9 months of age rats) in a certified and
limited access animal facility under constant temperature (20 + 2 °C) and humidity (55
+ 10%). Artificial lighting provided a 24-hour cycle of 12 hours of light/12 hours of
dark (7.00 h — 19.00 h). Light intensity during the light-phase was 400 lux (measured
in direction of gaze, lux meter held in vertical plane). Animals had access to food
(pellets 12 mm, Global Diet 2018 certificate, Mucedola srl, Settimo Milanese, Italy)
and ad libitum access to water. Animal health status was examined daily, and body
weight recorded twice a week in order to supervise general conditions and to adjust

treatment dose accordingly.

Dosage of paclitaxel (10 mg/kg LC laboratories, Woburn, MA, USA; intravenous
injections via the tail vein once a week for 4 weeks) and route of administration were
based on previous experience and literature data (Persohn et al., 2005; Meregalli et al.,

2020). All drug administrations were performed from 09.00 h to 11.00 h.

Neurophysiological and behavioral tests were performed in order to investigate nerve
damage at baseline, after 4 weeks of treatment and 2 weeks of follow-up. Blood samples
for metabolomics analysis were collected at baseline, after 4 weeks of treatment and 2
weeks of follow-up. At the end of treatment period and after 2 weeks of follow-up, 4
animals per experimental group were sacrificed under terminal CO; anesthesia for
tissue samples’ collection. All procedures were conducted in accordance with protocols
approved by the Ethics Committee of the University of Milano-Bicocca and approved

by the Italian Ministry of Health. The experimental protocol is presented in Figure 1.
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Figure 1. Experimental protocol.
The image shows the experimental protocol of our study. The rows indicate the administration of either paclitaxel (red rows) or
the vehicle (black rows). BC: blood collection; BT: behavioral tests; FU: follow-up period; NCS: nerve conduction studies; PTX:

paclitaxel; S: sacrifice; W: week.

3.2 Neurophysiological assessments

Caudal and digital nerve conduction velocity and amplitude were investigated in order
to assess paclitaxel-induced nerve damage (Meregalli et al, 2020).
Electrophysiological recordings were performed in the morning (9.00 h — 13.00 h),
under deep isoflurane anesthesia and constant body temperature at 37 = 0.5 °C with an
electromyography apparatus (Matrix Light, Micromed, Mogliano Veneto, Italy)
involving the application of subdermal needles (Ambu Neuroline, Ambu, Ballerup,
Denmark). Specifically, caudal nerve studies were performed orthodromically by
placing recording cathode and anode at 6 and 5 cm from the tip of the tail, and the
ground electrode at 2.5 cm from it, and stimulating anode and cathode at 2 and 1 cm,
respectively (Meregalli et al., 2018). Equally, the digital nerve was investigated
orthodromically by placing recording cathode at the base and anode at the tip of the
fourth toe of the hind limb, while the ground electrode was located subcutaneously in
the sole. Stimulating anode and cathode were placed at the ankle and subcutaneously

near the patellar bone, respectively (Meregalli et al., 2018). Intensity, duration and
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frequency of stimulation were established in order to achieve supramaximal results.

Filters were set between 20 Hz and 3 KHz (Meregalli et al., 2018).

3.3 Behavioral tests

Behavioral assessments were performed in the morning from 9.00 h to 13.00 h. To
evaluate chemotherapy-induced alterations in response to mechanical stimuli, we used
the dynamic test (model 37450; Ugo Basile Biological Instruments, Comerio, Italy).
Mechanical allodynia was defined as a significant decrease in the mechanical threshold
response to a metal filament determining the hind paw withdrawal (Meregalli et al.,
2018). Specifically, rats were individually located on an elevated wire mesh floor in a
plexiglas chamber, then animals were allowed to acclimatize to the testing environment
for at least 15 minutes. The mechanical hind paw withdrawal threshold (expressed in
grams) was calculated by the mean value of six repeated applications of a 0.5 mm
diameter metal filament to the plantar surface, determining a gradually increasing
tactile pressure to the central region of the plantar surface, up to 50 g within 20 seconds.
A cut-off time of 30 seconds was set to prevent tissue damage in the absence of
response.

The response to noxious thermal stimuli was determined using the plantar test (model
37370; Ugo Basile Biological Instruments, Comerio, Italy). The reaction time for hind
paw withdrawal was recorded to evaluate the nociceptive threshold response to a heat
source applied to the plantar surface of the hind paw. In particular, rats were placed in
a plexiglas chamber for a 15-minute acclimatization period. The plantar surface of the
hind paw was then stimulated by a movable infrared radiant heat source (IR 40 W)

determining hind paw withdrawal. The nociceptive threshold response to thermal
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stimulus (withdrawal latency expressed in seconds) was calculated by the mean value
of four repeated measures (Meregalli et al., 2018). A cut-off time of 30 seconds was

set to avoid any tissue damage.

3.4 Blood sample collection

Animals were fasted overnight prior to blood collection according to previous protocols
(Skene et al., 2017). Blood samples for metabolomics analysis were collected from the
tail vein during the morning (9.00 h — 15.00 h) into lithium heparin tubes, inverted 8-
10 times and transported to the laboratory in a refrigerated cool box. Within 10 minutes
of the sample being obtained the tubes were centrifuged (1620 g at 4°C for 10 minutes),
then stored (15 pl aliquots x 3) at -80°C. Food was provided with ad /ibitum access on
completion of the blood sampling. Samples were subsequently shipped on dry ice to
the United Kingdom (University of Surrey) for targeted metabolomics analysis by

UPLC-MS/MS.

3.5 Neuropathological analysis

After the fourth and sixth weeks from the beginning of the study, 4 animals/group were
sacrificed and tissue samples collected (9.00 h — 13.00 h). In particular, sciatic and
caudal nerves, L4-L5 DRGs, and skin were dissected and fixed for histological
examination. Livers were stored at -80°C, then shipped on dry ice to the United
Kingdom (University of Surrey) for targeted metabolomics analysis by UPLC-MS/MS.
After sacrifice, the skin of the hind paw footpad was collected to define small-fiber
peripheral nerve damage by quantifying the IENF density (Meregalli et al., 2018). Five-

mm round samples of epidermis and dermis were collected by biopsy from the plantar
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glabrous skin, then fixed in 2% paraformaldehyde-lysine-sodium periodate for 24 hours
at 4°C. Samples were cut in 20-pum sections with a cryostat, then immunostained with
rabbit polyclonal anti-protein gene product 9.5 antibodies (PGP 9.5; Proteintech Group,
Rosemont, Illinois, USA) using a free-floating section protocol. Two raters blind to the
condition quantified the total number of PGP 9.5—positive IENFs in each section under
a light microscope at 40x magnification (Nexcope NE 920 light microscope, TIEsseLab
S.r.L., Milan, Italy). Individual fibers were identified in the dermal-epidermal junction
or in the epidermal layer, excluding secondary branching within the epidermis. The
IENF density was defined according to the number of PGP 9.5-positive fibers per
epidermal length.

Sciatic and caudal nerves, L4-L5 DRGs were collected from sacrificed rats without
stretching, then analyzed according to previously validated protocols (Ballarini et al.,
2022). Specimens were fixed by immersion in 3% glutaraldehyde (nerves) or 2%
glutaraldehyde/4% paraformaldehyde (DRGs) in 0.12 M phosphate buffer solution (pH
7.4), post-fixed in osmium tetroxide, epoxy resin embedded, and used for light
microscopy and morphometric analysis. For morphological and morphometric
evaluation, semi-thin 1.5-pum sections of sciatic and caudal nerves and DRGs were
prepared, stained with toluidine blue, and examined with a Nikon Eclipse E200 light
microscope (Leica Microsystems GmbH, Wetzlar, Germany). Nerve morphometric
analysis was performed using a Nexcope NE 920 light microscope (TIEsseLab S.r.l.,
Milan, Italy). The images were acquired in stitching mode (60x) using Capture V2.0
Software (Revolutionary Computational Imaging Software, TIEsseLab S.r.l., Milan,
Italy) and processed by Image-Pro Plus Software (Immagini e Computer SNC, Milan,

Italy). The fiber diameter and the frequency distribution of myelinated fibers were
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determined and analyzed with GraphPad Prism Software (GraphPad Software, San

Diego, CA).

3.6 Targeted metabolomics analysis

Plasma and liver samples were analyzed using the MxP® Quant 500 targeted
metabolomics kit (Biocrates Life Sciences AG, Innsbruck, Austria), and a Waters Xevo
TQ-S mass spectrometer combined with an Acquity UPLC system (Waters
Corporation, Milford, MA, USA). Liver samples were prepared according to previously
validated protocols (Rémisch-Margl et al., 2012). Specifically, liver tissue samples
were placed into pre-cooled (dry ice) 2 ml homogenization tubes containing ceramic
beads (Fisherbrand™ Pre-Filled Bead Mill Tubes, Thermo Fisher Scientific, Waltham,
MA, USA). Thereafter, 6 ul/mg of pre-cooled extraction solvent (methanol) was added
to each tube. Tissue samples were subsequently homogenized (TissueLyser, QIAGEN,
Hilden, Germany) three times for 20 seconds at 30 Hz, with 30 second intervals, to
ensure freezing temperatures in sample vials between the homogenization steps. The
tubes were subsequently centrifuged for 5 minutes at 10,000 x gav at room temperature.
Plasma samples (10 pl) were processed according to the Biocrates MxP Quant 500 kit
user manual. In particular, 10 pL of sample (plasma, liver) were randomized, then each
added with blank and zero samples, kit calibrators (n=7), and 3 levels of quality controls
(QCs) directly onto the 96-well plate provided with the kit according to the pipetting
plan predefined in Biocrates MetIDQ software. After drying for 30 minutes using
nitrogen, a derivatization step for one hour using a 5% phenylisothiocyanate (PITC)
solution was performed. After another drying step of one hour, 300 pL of 5 mM

methanolic ammonium acetate were added as extraction solvent and, after shaking of
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the kit plate for 30 min, the contents were filtered into a lower sandwich plate by
centrifugation at 500 g for 2 minutes. The sample extracts were diluted for successive
flow injection analysis-MS/MS (FIA-MS/MS) and UPLC-MS/MS as indicated in the

kit user manual.

3.7 Statistical analysis

Statistical analyses of body weight, nerve conduction studies, behavioral tests, and
neuropathological data were performed using GraphPad Prism software version 4.0
(GraphPad Software, San Diego, CA, USA). Normally distributed data were analyzed
with parametric tests (t-test, ANOV A methods) and described as mean + Standard Error
of the Mean (SEM); while non-normally distributed data were analyzed with non-
parametric tests (Mann-Whitney U test, Kruskal-Wallis test followed by Dunn’s
multiple comparison test) and described by the median and interquartile range (IQR) in
square brackets (Ballarini et al., 2022). A p value < 0.05 was considered statistically
significant.

For metabolomics analysis, the levels of metabolites present in each QC were compared
to the expected values and the percent coefficient of variation (CV%) calculated. Data
were scaled between plate batches using the results of quality control level 2 (QC2)
repeated across each plate (n=5/plate) and between plates (n=2) using Biocrates
MetIDQ software (QC2 correction).

For inter-study consistency, metabolites were excluded where >25% concentrations
were below the limit of detection (<LOD) or below lower limit of quantification

(KLLOQ) or above limit of quantification (*LOQ) or blank out of range, or the QC2

coefficient of variance was >30% (Skene et al., 2017).
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Significant differences in individual metabolite levels between experimental groups
and time periods and their interaction were analyzed in R version 4.2.1 using the linear
models and ANOVA methods in the statistical package. P-values were corrected for
multiple comparisons according to the Benjamini-Hochberg False Discovery Rate
(FDR) method. Comparisons were considered as significant at the FDR cut-off <0.05.
Correlation analysis was performed to investigate the associations between
neurophysiological, behavioral and neuropathological data, and the relationships
between these parameters and metabolite concentrations. Pearson’s and Spearman’s
correlation tests were used to assess linear and monotonic relationships, respectively.
Statistically significant correlations were identified (p values <0.05). For data
visualization, we used a heat map combined with hierarchical clustering (Euclidean
distance and Ward linkage). Potential outlier measures were identified by Random
Forest algorithm.

Multivariate analysis was performed on log-transformed and pareto-scaled
metabolomics data by unsupervised, Principal Component Analysis (PCA), and
supervised methods, Partial Least Squares-Discriminant Analysis (PLS-DA) and
Orthogonal Partial Least Squares-Discriminant Analysis (OPLS-DA), using
MetaboAnalyst 5.0 (Pang et al., 2022). We considered a model robust if the R? and Q?
values >0.5, with Q? value close to the R? value (Blasco et al., 2014). Models were
rejected if there was complete overlap of Q? distributions, Q*(cum)<0, or low
classification rates, Q*(cum)<0.05 (Blasco et al., 2014). The contribution of variables
to the separation of classes was evaluated by the loading variable influence on
prediction (VIP) plot. Variables with VIP values >1 were considered relevant
(Dauvilliers et al., 2022). Enrichment analysis and Over Representation Analysis

(ORA) were implemented by the hypergeometric test to evaluate whether a particular

page 31



VIP metabolite set was represented more than expected by chance within the identified
compound list using MetaboAnalyst 5.0 (Pang et al., 2022).

Quantitative Pathway analysis was performed using MetaboAnalyst 5.0 (Pang et al.,
2022). Specifically, a metabolite concentration (uM) table was inputted, with
metabolite names standardized by a built-in tool so that these could be compared with
the metabolite set library. Pathway analysis investigates the complex relationships
among molecules within a cell or a living organism, estimating which pathways are
significantly changed under conditions of study. The most significant pathways
affected by paclitaxel administration, in relation to age, were defined according to the

FDR (cut-off <0.05), impact > 0.05 and number of hits > 2.
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4. Results

4.1 Safety and tolerability of paclitaxel

Paclitaxel administration was well tolerated by treated animals during the experiment,
inducing a moderate difference in body weight in young-treated animals compared to
control rats, without reaching the statistical significance (p >0.05). By contrast, adult-
treated animals presented a lower body weight all over the study compared to controls,
with a statistically significant loss of weight after the last two paclitaxel administrations
(486.5 £ 7.1 vs 515.9 + 9.0 g, p<0.05, in the third week of treatment; 475.2 £ 8.3 vs
518.9 £ 11.4 g, p<0.01, in the fourth week of treatment). No lethal complications were

recorded. Body weight measures over the study are presented in Figure 2.
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Figure 2. Body weight measures over the study.

Data are described as mean + Standard Error of the Mean (SEM). The graphs show the body weight measures over the study in

young (A) and adult (B) animals. CTRL: control group; PTX: paclitaxel-treated group. *p<0.05 vs CTRL, **p<0.01 vs CTRL (t-
test).
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4.2 Nerve conduction studies

Neurophysiological data and statistical analysis are reported in Table 1 and 2.

At the end of treatment, the neurophysiological studies revealed a significant reduction
in SNAP amplitude (p<0.05) of the caudal nerve of young-treated animals, and in both
the caudal nerve (p<0.05) and the digital nerve (p<0.05) of adult-treated animals
compared to age-matched controls. Conversely, the nerve conduction velocity of caudal
and digital nerves did not significantly differ (p >0.05) between treated animals and
controls in both young and adult rats after the last paclitaxel-administration.

After the follow-up period, young-treated animals presented a significantly decreased
SNAP amplitude (p<0.01) and velocity (p<0.05) in the caudal nerve compared to
controls. Conversely, NCS of the digital nerve did not show any significant difference
between young-treated animals and controls. Concerning adult animals, treated rats
developed a significantly reduced SNAP amplitude (p<0.01) and velocity (p<0.01) in
the caudal nerve compared to controls, with no alterations in NCS of the digital nerve.

Neurophysiological results are presented in Figure 3 and 4.
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A. End of treatment

CTRL PTX

N=12 N=12 p value
Caudal nerve amplitude (uV) 98.2[93.1-101.7] 68.6 [32.1-86.0] <0.05*
Caudal nerve velocity (m/s) 44.7 [41.0-44.7] 41.0 [39.3-44.7] >0.05
Digital nerve amplitude (LV) 62.9 [57.2-70.8] 60.7 [55.5-67.4] >0.05
Digital nerve velocity (m/s) 45.1 [44.9-46.2] 45.2 [42.3-45.9] >0.05
Mechanical threshold (g) 39.7 [37.8- 40.5] 32.4[29.6- 34.4] <0.001 *
Thermal threshold (s) 10.3 [9.1-12.1] 12.0 [10.7-14.7] >0.05
B. End of the follow-up period ‘

CTRL PTX

N=28 N=38 p value
Caudal nerve amplitude (uV) 129.7 [114.5- 137.8] 69.0 [35.7-90.6] <0.01 *
Caudal nerve velocity (m/s) 44.7[43.7- 45.8] 37.8[35.8-41.9] <0.05*
Digital nerve amplitude (nV) 103.7[96.7-110.1] 91.4 [82.3-95.0] >0.05
Digital nerve velocity (m/s) 46.2 [44.8-47.3] 45.8 [43.5-46.9] >0.05
Mechanical threshold (g) 39.3[38.4-39.9] 35.5[33.4-37.2] <0.05 *
Thermal threshold (s) 7.9 [7.4-8.7] 9.9 [8.2-11.4] >0.05

Table 1. Summary of neurophysiological and behavioral results of the young group.

Data are median and interquartile range (IQR) in square brackets; Mann—Whitney U test p value. * significant p value (<0.05).

CTRL: control group; PTX: paclitaxel-treated group.

A. End of treatment

B. End of the follow-up period

CTRL PTX

N=12 N=12 p value
Caudal nerve amplitude (1V) 170.7 [152.7-208.2] 122.2[102.8-172.1] <0.05*
Caudal nerve velocity (m/s) 56.2 [53.2-57.8] 53.2 [45.8-56.2] >0.05
Digital nerve amplitude (LV) 61.34 [49.2-77.8] 45.71 [42.0-51.8] <0.05*
Digital nerve velocity (m/s) 47.6 [44.1- 49.2] 47.7 [45.4- 49.6] >0.05
Mechanical threshold (g) 37.2 [35.7-39.4] 35.9 [34.3-36.4] >0.05
Thermal threshold (s) 9.5[7.1-11.1] 8.3[7.8-9.9] >0.05

CTRL PTX

N=8§ N=8 p value
Caudal nerve amplitude (uV) 213.0 [195.1-240.9] 122.1 [91.8-164.2] <0.01 *
Caudal nerve velocity (m/s) 45.8 [44.7-46.8] 41.0 [41.0-43.72] <0.01 *
Digital nerve amplitude (LV) 86.5[73.5-95.4] 64.0 [60.6-80.3] >0.05
Digital nerve velocity (m/s) 46.9 [45.3-48.0] 46.9 [44.8-48.4] >0.05
Mechanical threshold (g) 38.0[37.4-39.2] 36.2 [34.9-38.5] >0.05
Thermal threshold (s) 11.0 [9.5-12.2] 11.9[10.8-12.7] >0.05

Table 2. Summary of neurophysiological and behavioral results of the adult group.

Data are median and interquartile range (IQR) in square brackets; Mann—Whitney U test p value. * significant p value (<0.05).

CTRL: control group; PTX: paclitaxel-treated group.
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Figure 3. Nerve conduction studies of the caudal nerve.

The graphs show the nerve conduction amplitude (A) and velocity (B) of the caudal nerve in young animals, and the nerve
conduction amplitude (C) and velocity (D) of the caudal nerve in adult animals. Variables are described by the median and quartile
values, as well as maximum and minimum values. BAS: baseline; CTRL: control group; EOT: end of treatment; FU: end of the

follow-up period; PTX: paclitaxel-treated group. *p<0.05 vs CTRL, **p<0.01 vs CTRL (Mann-Whitney U test).
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Figure 4. Nerve conduction studies of the digital nerve.

The graphs show the nerve conduction amplitude (A) and velocity (B) of the digital nerve in young animals, and the nerve
conduction amplitude (C) and velocity (D) of the digital nerve in adult animals. Variables are described by the median and quartile
values, as well as maximum and minimum values. BAS: baseline; CTRL: control group; EOT: end of treatment; FU: end of the

follow-up period; PTX: paclitaxel-treated group. *p<0.05 vs CTRL (Mann-Whitney U test).

4.3 Behavioral tests

Behavioral data and statistical analysis are reported in Table 1 and 2.

Analyzing behavioral tests, at the end of treatment the dynamic assessment revealed the
development of mechanical allodynia with a significant decrease (p<<0.001) in the
mechanical threshold in young-treated animals compared to controls, which persisted
at the end of the follow-up period (p<0.05); while adult-treated rats did not present a
statistically significant difference for the mechanical threshold compared to controls

(p>0.05). The plantar test for thermal threshold was not statistically significant in both
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young- and adult-treated animals compared to controls (p >0.05). Behavioral tests’

results are presented in Figure 5.
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Figure 5. Behavioral tests’ results.

The graphs show the dynamic (A) and plantar (B) test results in young animals, and the dynamic (C) and plantar (D) test results in
adult animals. Variables are described by the median and quartile values, as well as maximum and minimum values. BAS: baseline;
CTRL: control group; EOT: end of treatment; FU: end of the follow-up period; PTX: paclitaxel-treated group. *p<0.05 vs CTRL,
**%p<0.001 vs CTRL (Mann-Whitney U test).
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4.4 IENF density assessment

Concerning IENF density assessment, young-treated rats presented a significantly
reduced IENF density after paclitaxel administration compared to controls: 16 [IQR
14.5-17.0] vs 24.3 [20.5-25.9] fibers/mm, p<0.0001. Similarly, IENF density was
significantly lower in adult-treated rats after treatment completion compared to
controls: 13.4 [11.8-14.3] vs 20.1 [19.0-23.3] fibers/mm, p<0.0001. Of note, IENF
density was significantly more affected in adult-treated rats compared to young-treated
animals after the end of treatment: 13.4 [11.8-14.3] vs 16 [14.5-17.01] fibers/mm,
p<0.01. Significantly reduced IENF density persisted in treated animals at the end of
the follow-up period: 13.8 [12.3-15.9] vs 20.9 [20.2-22.8] fibers/mm, p<0.0001, in the
young group; 12.6 [11-15.6] vs 21.0 [20.3-21.8] fibers/mm, p<0.0001, in the adult

group. Results of [ENF density assessment are shown in Figure 6.
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Figure 6. IENF density assessment.
The graphs show the IENF density of young (A) and adult (B) animals. Variables are described by the median and quartile values,
as well as maximum and minimum values. CTRL: control group; EOT: end of treatment; FU: end of the follow-up period; IENF:

intraepidermal nerve fiber; PTX: paclitaxel-treated group. **** p<0.0001vs CTRL (Mann-Whitney U test).
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4.5 Morphological and morphometric evaluations

Morphological and morphometric investigations performed on distal and proximal
caudal nerve segments showed the typical distal-to-proximal degeneration pattern of
PIPN (Cavaletti et al., 2007). In particular, both young and adult paclitaxel-treated rats
presented numerous degenerated fibers in the distal caudal nerve at the end of treatment,
which was associated with a statistically significant reduction in large myelinated fiber
density in treated-animals compared to controls (5591 + 4547.8 vs 19735 + 608.6
fibers/mm?, p<0.05, in 2-month group; 4329 + 2166.8 vs 12807 + 465.3 fibers/mm?,
p<0.05, in 9-month group), until the end of the observational period (1111 + 315.2 vs
15135 + 2856.1 fibers/mm?, p<0.05, in 2-month group; 2824 + 1546.9 vs 10091 =+
1543.6 fibers/mm?, p<0.05, in 9-month group).

The morphological aspects described in the distal caudal nerve were also detected in
the proximal caudal nerve, with numerous degenerated fibers and myelin irregularities.
However, treated-animals did not present a statistically significant difference in large
myelinated fiber density of the proximal caudal nerve compared to controls at the end
of treatment (13147 £ 984.8 vs 15546 + 1139.6 fibers/mm?, p >0.05, in 2-month group;
8191 £2920.9 vs 9790 + 423.6 fibers/mm?, p >0.05, in 9-month group), and at the end
of the follow-up period (10788 + 3269.6 vs 14097 £ 868.6 fibers/mm?, p >0.05, in 2-
month group; 7747 + 3089.2 vs 8921 + 4960 fibers/mm?, p >0.05, in 9-month group).
Representative images of caudal nerve sections obtained from animals at different time

points are presented in Figure 7.
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ADULT CTRL
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Fig. 7. Effects of paclitaxel administration on the caudal nerve.

Morphological examination of resin-embedded caudal nerve sections, stained with toluidine blue, revealed the development of
paclitaxel-induced severe axonopathy in treated-animals compared to controls (60x magnification). CTRL: control group; PTX:
paclitaxel-treated group.
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At the end of treatment, the sciatic nerve analysis showed mild axonal changes in all
treated rats, despite the overall extent of these alterations being fairly limited in both
the end of treatment (13234 + 1482.9 vs 14468 + 6665.5 fibers/mm?, p >0.05, in 2-
month group; 7632 + 540.6 vs 9441 + 3124.5 fibers/mm?, p >0.05, in 9-month group),
and the end of the follow-up period (7760 + 5479.4 vs 8257 + 3541.2 fibers/mm?, p >
0.05, in 2-month group; 5294 + 2214 vs 5908 + 2515 fibers/mm?, p >0.05, in 9-month
group).

The frequencies of large myelinated fibers according to their external diameter are
shown in Figure 8 and 9. The analysis of the fiber size distribution at the end of
treatment and of the follow-up period mainly showed unimodal distributions, and a
lower caudal and sciatic nerve large myelinated fiber density in treated-animals
compared to controls. We observed a bimodal distribution only in the proximal caudal
nerve of adult-treated animals at treatment completion (Figure 8C). In addition, adult
animals presented a lower large myelinated fiber density compared to young rats in
both the caudal nerve and the sciatic nerve, with a mild shift to larger fiber diameter

with aging in the caudal nerve.
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Figure 8. Frequencies of myelinated fibers according to their external diameter in the caudal nerve.
Comparison between the morphometric results obtained at different time-points of treated animals versus controls from the distal
caudal nerve at the end of treatment (A) and at the end of the follow-up period (B), and from the proximal caudal nerve at the end
of treatment (C) and at the end of the follow-up period (D). CTRL: control group; EOT: end of treatment; FU: end of the follow-
up period; PTX: paclitaxel-treated group.
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Figure 9. Frequencies of myelinated fibers according to their external diameter in the sciatic nerve.

Comparison between the morphometric results obtained at different time-points of treated animals versus controls from the sciatic
nerve at the end of treatment (A) and at the end of the follow-up period (B). CTRL: control group; EOT: end of treatment; FU: end
of the follow-up period; PTX: paclitaxel-treated group.
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When the nerve morphometric findings were plotted against the neurophysiological

results to assess their correlation, we found that the caudal SNAP amplitude and nerve

conduction velocity (NCV) data represented a linear function of myelinated fibers’

density. Correlation analysis results are shown in Figure 10 and 11.
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Figure 10. Correlation analysis results of the caudal nerve in young animals.
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The graphs show the correlation analysis between nerve fiber density and caudal nerve amplitude (A) and velocity (B) at the end

of treatment, and caudal nerve amplitude (C) and velocity (D) at the end of the follow-up period. EOT: end of treatment; FU: end

of the follow-up period; NCV: nerve conduction velocity. Strong correlation: r* >0.65; p <0.05.
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Figure 11. Correlation analysis results of the caudal nerve in adult animals.

The graphs show the correlation analysis between nerve fiber density and caudal nerve amplitude (A) and velocity (B) at the end
of treatment, and caudal nerve amplitude (C) and velocity (D) at the end of the follow-up period. EOT: end of treatment; FU: end

of the follow-up period; NCV: nerve conduction velocity. Strong correlation: r* >0.65; p <0.05.

Only a few alterations were observed in DRGs of young- and adult-treated animals after
treatment completion, comprising scattered dark and lamellar inclusions in the
cytoplasm of neurons and satellite cells. Some vacuolization was also present in DRG

neurons of adult controls, as an effect of aging.
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4.6 Plasma metabolomics analysis

One hundred and twenty-eight (n=128) plasma samples were analyzed. After
performing FIA-MS/MS and LC-MS/MS, 624 metabolites from 26 compound classes
were quantified. Two metabolites presented more than 50% of missing values (3-
nitrotyrosine and phenylethylamine), thus they were not included in the analysis. The
remaining 622 quantified metabolites were represented by triglycerides (n=242,
38.9%), phosphatidylcholines (n=74, 11.9%), diglycerides (n=41, 6.6%), acylcarnitines
(n=40, 6.4%), amino acid related (n= 29, 4.7%), ceramides (n=28, 4.5%), cholesteryl-
esters (n=22, 3.5%), amino acids (n=20, 3.2%), hexosylceramides (n=19, 3.1%),
sphingomyelins (n=14, 2.3%), bile acids (n=14, 2.3%), lysophosphatidylcholines
(n=14, 2.3%), fatty acids (n=12, 1.9%), dihexosylceramides (n=9, 1.4%),
dihydroceramides (n=8, 1.3%), biogenic amines (n=8, 1.3%), carboxylic acids (n=7,
1.1%), trihexosylceramides (n=6, 1%), hormones and related (n=4, 0.6%), indoles and
derivatives (n=4, 0.6%), nucleobases and related (n=2, 0.3%), monosaccharides (n=1,
0.2%), alkaloids (n=1, 0.2%), amine oxides (n=1, 0.2%), cresols (n=1, 0.2%), vitamins

and cofactors (n=1, 0.2%).

Random forest method qualified 3 samples out of 128 as outliers (2.3%), which were
spread across the different study groups (2xadult-control group; 1xyoung-paclitaxel
group). Metabolomics data (n=622) were normalized by log-transformation and pareto-

scaling.

At baseline, no metabolites with significant FDR (<0.05) were detected with univariate
analysis (t-test) between treated-groups and controls. When performing PCA analysis,
scree plot showed that the two first Principal Components (PCs) explained 48.1% (2

months) and 42.3 % (9 months) of the variation in the concentration of the selected
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metabolites (Figure 12). Similarly, supervised models, validated by permutation
analysis, had no predictive relevance in both 2-month and 9-month animals (Figure

13). We found an overlap between controls and paclitaxel-treated groups (Figure 14).
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Figure 12. Plasma 3D score plot between the selected Principal Components at baseline.
The explained variances are shown in parentheses for the young (A) and adult (B) groups. CTRL: control group; PC: Principal

Component; PTX: paclitaxel-treated group.
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Figure 13. Overview of plasma PLS-DA model at baseline.
PLS-DA classification using different number of components for the young (A) and adult (B) groups. We considered a model
robust if R? and Q? values > 0.5, with Q? value close to the R? value. Models were rejected if there was complete overlap of Q?

distributions, Q*(cum)< 0, or low classification rates, Q*(cum)<0.05.
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Figure 14. Plasma OPLS-DA score plot of all metabolites at baseline.

The image shows the score plot of all metabolites at baseline in young (A) and adult (B) animals. The explained variances are

reported in parentheses along the axis. CTRL: control group; PTX: paclitaxel-treated group.

After treatment completion, the resulting PCA scree plot showed that the two first PCs
explained 64.2% (2 months) and 52.6 % (9 months) of the variation of the selected
metabolites (Figure 15). The supervised models discriminated controls from treated

animals with substantial (2-month animals) and moderate (9-month animals) predictive
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accuracy (Figure 16). Paclitaxel-treated and control groups created separate clusters in

the OPLS-DA score plot of the quantitative data (Figure 17).
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Figure 15. Plasma 3D score plot between the selected Principal Components at the end of

treatment.
The explained variances are shown in parentheses for the young (A) and adult (B) groups. CTRL: control group; PC: Principal

Component; PTX: paclitaxel-treated group.
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Figure 16. Overview of plasma PLS-DA model at the end of treatment.

PLS-DA classification using different number of components for the young (A) and adult (B) groups. The red star indicates the
best classifier. We considered a model robust if R?and Q? values > 0.5, with Q? value close to the R? value. Models were rejected

if there was complete overlap of Q? distributions, Q*(cum)< 0, or low classification rates, Q*(cum)<0.05.
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Figure 17. Plasma OPLS-DA score plot of all metabolites at the end of treatment.

The image shows the score plot of all metabolites at the end of treatment in young (A) and adult (B) animals. The explained

variances are reported in parentheses along the axis. CTRL: control group; PTX: paclitaxel-treated group.

The contribution score plot identified the relative importance of each compound to
differentiating paclitaxel-treated animals from controls at each time-point, with a total
of 227 significant metabolites in the young group and 205 significant metabolites in the
adult group at the end of treatment (Appendix 1). Out of the total 227 discriminative
compounds, the major metabolites (VIP values >1) driving these significant differences
between young-treated animals and controls were lower levels of triglycerides (n=211,
92.9%), diglycerides (n=8, 3.5%), and C14, C22 and C26 ceramides (Figure 18).
Similarly, in the adult group, out of the total 205 metabolites, we mainly found that
lower levels of triglycerides (n=173, 84.4%), diglycerides (n=8, 3.9%), and C14 and
C22 ceramides were discriminative between treated animals and controls, plus lower
levels of bile acids (taurodeoxycholic, tauro-b-muricholic acid, taurocholic acid),
carnosine, L-kynurenine and serotonin. In addition, higher levels of

phosphatidylcholines (n=3, 1.5%), chenodeoxycholic acid glycine conjugate,

page 52



chenodeoxycholic acid and cholic acid, spermidine and histamine were able to

significantly separate adult-treated animals from controls (Figure 18).
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Figure 18. Discriminative metabolites at the end of treatment in plasma.
The colored boxes on the right indicate the relative concentrations of the corresponding metabolite in each group under study for

young (A) and adult (B) animals. Variable influence on prediction (VIP) values >1 were considered relevant. CDCA:

chenodeoxycholic acid; CTRL: control group; DG: diglyceride; GCDCA: glycochenodeoxycholic acid; PC ae:

phosphatidylcholine acyl-alkyl; PTX: paclitaxel-treated group; TDCA: taurodeoxycholic acid; TG: triglyceride.

The metabolites identified as discriminative were the same as those identified by
univariate analysis as being significantly different or having a trend toward being
different between the two groups. The VIP analysis revealed 171 overlapping
significant metabolites between age groups, but different between controls and treated
groups; among those not overlapping (n=14), specific of adult animals, we mainly
found bile acids (n=3, 21.4%), phosphatidylcholines (n=2, 14.3%), serotonin,
spermidine and histamine. Discriminative metabolites showed a high correlation

(r*>0.65; p<0.05) with neurophysiological, behavioral and neuropathological findings

(Figure 19 and 20).
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Figure 19. Plasma correlation analysis results at the end of treatment in young animals.

The heat map shows the significant associations (1*>0.65; p<0.05) from correlation analysis results between metabolite

concentrations and neurophysiological, behavioral and neuropathological findings. IENF: intraepidermal nerve fiber.
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Figure 20. Plasma correlation analysis results at the end of treatment in adult animals.
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The heat map shows the significant associations (1*>0.65; p<0.05) from correlation analysis results between metabolite

concentrations and neurophysiological, behavioral and neuropathological findings. IENF: intraepidermal nerve fiber.

At the end of the follow-up period, the PCA scree plot showed that the two first PCs
explained 55.3% (2 months) and 53.6 % (9 months) of the variation of the selected
metabolites (Figure 21). The supervised models showed a separation between control
and paclitaxel-treated groups with moderate (2 months) and scarce (9 months)

predictive accuracy (Figure 22 and 23).
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Figure 21. Plasma 3D score plot between the selected Principal Components at the end of the

follow-up period.

The explained variances are shown in parentheses for the young (A) and adult (B) groups. CTRL: control group; PC: Principal

Component; PTX: paclitaxel-treated group.
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Figure 22. Overview of plasma PLS-DA model at the end of the follow-up period.

PLS-DA classification using different number of components for the young (A) and adult (B) groups. The red star indicates the

best classifier. We considered a model robust if R* and Q* values > 0.5, with Q* value close to the R? value. Models were rejected

if there was complete overlap of Q? distributions, Q*(cum)< 0, or low classification rates, Q*(cum)<0.05.
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Figure 23. Plasma OPLS-DA score plot of all metabolites at the end of the follow-up period.

The image shows the score plot of all metabolites at the end of the follow-up period in young (A) and adult (B) animals. The

explained variances are reported in parentheses along the axis. CTRL: control group; PTX: paclitaxel-treated group.

The relevant metabolites driving the discrimination (VIP values >1) between treated
animals and controls were a total of 161 significant metabolites in the young group and
155 significant metabolites in the adult group at the end of the follow-up period
(Appendix 1). In young animals, out of the total 161 significant compounds,
discriminative metabolites were mainly represented by lower levels of triglycerides
(n=48, 29.8%), diglycerides (n=28, 17.4%), acylcarnitines (n=14, 8.7%),
phosphatidylcholines (n=11, 6.8%), cholesteryl esters (n=11, 6.8%), ceramides (n=9,
5.6%), hexosylceramides (n=5, 3.1%), sphingomyelins (n=4, 2.5%), dihydroceramides
(n=4, 2.5%), lysophosphatidylcholines (n=3, 1.9%) and carnosine (Figure 24). In the
adult group, out of the total 155 significant compounds, we mainly observed a
persistence of higher levels of phosphatidylcholines (n=40, 25.8%); while triglycerides
were represented in both increased (n=34, 21.9%) and decreased (n=22, 14.2%)
categories (Figure 24). The metabolites identified in the young group were also the

same as those detected by the t-test as being significantly different between the two
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experimental groups; while in the adult group, only 1-Behenyl-2-docosahexaenoyl-sn-

glycero-3-phosphocholine presented a significant FDR (<0.05) at the t-test.

Discriminative metabolites showed a high correlation (r*>0.65; p<0.05) with

neurophysiological, behavioral and neuropathological findings (Figure 25 and 26).
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Figure 24. Discriminative metabolites at the end of the follow-up period in plasma.

Low

The colored boxes on the right indicate the relative concentrations of the corresponding metabolite in each group under study for

young (A) and adult (B) animals. Variable influence on prediction (VIP) values >1 were considered relevant. CE: cholesteryl-ester;

Cer: ceramide; CTRL: control group; DG: diglyceride; GCDCA: glycochenodeoxycholic acid; HexCer: hexosylceramide;

Hex2Cer: dihexosylceramide; Hex3Cer: trihexosylceramide; PC ae: phosphatidylcholine acyl-alkyl; PTX: paclitaxel-treated

group; TDCA: taurodeoxycholic acid; TG: triglyceride.
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The heat map shows the significant associations (r>>0.65; p<0.05) from correlation analysis results between metabolite

.
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Figure 25. Plasma correlation analysis results at the end of the follow

concentrations and neurophysiological, behavioral and neuropathological findings. IENF: intraepidermal nerve fiber.
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Figure 26. Plasma correlation analysis results at the end of the follow-up period in adult animals.

The heat map shows the significant associations (r>>0.65; p<0.05) from correlation analysis results between metabolite

concentrations and neurophysiological, behavioral and neuropathological findings. IENF: intraepidermal nerve fiber.

4.6.1 Plasma Enrvichment analysis

When analyzing trends over time of the different compound classes in young-treated

animals and controls, the Enrichment analysis and Over Representation Analysis

(ORA) revealed a significant alteration of triacylglycerols and diacylglycerols from

baseline to the end of treatment; while diacylglycerols plus fatty acyl carnitines were

the most represented compound classes from the last paclitaxel administration until the

end of the observational period (Figure 27).
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Figure 27. Summary of plasma Enrichment Analysis of young animals.

B)

The pie charts show the most represented metabolite sets influenced by paclitaxel administration (FDR <0.05, impact >0.05) at the
end of treatment (A) and at the end of the follow-up period (B). Cer: ceramides; Chol.: cholesteryl; DHCer: dihydroceramides;
FDR: False Discovery Rate; HexCer: hexosylceramides; TAG: triacylglycerols.

Similarly, adult animals showed a significantly high representation of triacylglycerols

and diacylglycerols, plus glycosphingolipids, taurine conjugates and C24 bile acids
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from baseline to the end of treatment. However, differently from young animals,
diacylglycerophosphocholines were the most represented compounds at the end of the

follow-up period, followed by triacylglycerols and diacylglycerols (Figure 28).
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Figure 28. Summary of plasma Enrichment Analysis of adult animals.

The pie charts show the most represented metabolite sets influenced by paclitaxel administration (FDR <0.05, impact > 0.05) at
the end of treatment (A) and at the end of the follow-up period (B). Cer: ceramides; FDR: False Discovery Rate; PC:
phosphatidylcholines; TAG: triacylglycerols.
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4.6.2 Plasma Pathway analysis

Concerning the Pathway analysis, the 2-month and 9-month paclitaxel and age-matched
control data (metabolite concentration data, in micromolar) were entered into
MetaboAnalyst 5.0, log-transformed, pareto-scaled, normalized, and processed to

identify the metabolic pathways affected by paclitaxel administration.

At baseline, no significantly altered pathways were detected. Conversely, at the end of
treatment, we identified 10 different pathways significantly affected by paclitaxel
administration in 2-month animals: glycine, serine and threonine metabolism;
glyoxylate and dicarboxylate metabolism; cysteine and methionine metabolism; citrate
cycle, tricarboxylic acid (TCA) cycle; alanine, aspartate and glutamate metabolism;
glycerophospholipid metabolism; arginine and proline metabolism; aminoacyl-tRNA

biosynthesis; taurine and hypotaurine metabolism; glutathione metabolism (Table 3).

The major metabolite (VIP value >1) driving these significant differences was
decreased C14 ceramide (glutathione metabolism, arginine and proline metabolism,

glyoxylate and dicarboxylate metabolism).
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Total Cmpd | Hits | Raw p -log10(p) Holm adjust | FDR Tmpact
Glycine, serine and threonine metabolism | 34 7 2.67TE-06 | 5.57E+00 1.25E-04 1.25E-04 | 0.64%
Clyoxylate and dicarboxylate | 32 5 3.39E-05 | 4.47E+00 | 1.56E-03 7.08E-04 | 0.17 %
metabolism
Cysteine and methionine metabolism 33 6 4.39E-04 | 3.36E+00 | 1.98E-02 4.64E-03 | 0.40*
Propanoate metabolism 23 2 4.73E-04 | 3.32E+00 | 2.08E-02 4.64E-03 | 0.00
Butanoate metabolism 15 3 4.94E-04 | 3.31E+00 | 2.12E-02 4.64E-03 | 0.03
Citrate cycle (TCA cycle) 20 2 9.99E-04 | 3.00E+00 | 4.19E-02 7.82E-03 | 0.08 *
Glycerolipid metabolism 16 1 1.42E-03 | 2.85E+00 5.80E-02 9.50E-03 | 0.01
Alanine, aspartate and glutamate | 28 y 2.45E-03 | 2.61E+00 | 9.78E-02 1.20E-02 | 0.62 *
metabolism
Pyrimidine metabolism 39 2 2.47E-03 | 2.61E+00 | 9.78E-02 1.20E-02 | 0.00
Glyceroph holipid metaboli 36 3 5.75E-03 2.24E+400 2.19E-01 2.60E-02 0.14*
Arginine and proline metabolism 38 9 6.08E-03 | 2.22E+00 | 2.25E-01 2.60E-02 | 0.56 %
Aminoacyl-tRNA biosynthesis 48 20 7.43E-03 2.13E+400 2.68E-01 2.91E-02 017
Steroid hormone biosynthesis 77 2 9.05E-03 | 2.04E+00 | 3.17E-01 3.27E-02 | 0.01
Pyruvate metabolism 22 1 1.16E-02 | 1.93E+00 | 3.95E-01 3.90E-02 | 0.00
Taurine and hypotaurine metabolism 8 3 1.34E-02 | 1.87E+00 | 4.41E-01 4.19E-02 | 043 x
Glutathione metabolism 28 7 1.89E-02 1.72E+4+00 | 6.04E-01 5.55E-02 | 0.13 %
Biotin metabolism 10 1 2.68E-02 1.57E+400 8.31E-01 7.41E-02 0.00
Pantothenate and CoA biosynthesis 19 4 2.97E-02 | 1.53E+00 | 8.90E-01 7.75E-02 | 0.02
Ubiquinone and other terpenoid-quinone | 9 1 3.73E-02 | 1.43E+00 | 1.00E+400 9.23E-02 | 0.00
biosynthesis
Arginine biosynthesis 14 6 4.35E-02 1.36E+00 1.00E+00 1.02E-01 0.48
Selenocompound metabolism 20 1 5.34E-02 | 1.27E+00 | 1.00E+400 1.20E-01 | 0.00
Porphyrin and chlorophyll metabolism 30 2 6.11E-02 | 1.21E+00 | 1.00E+00 1.25E-01 | 0.00
Glycolysis / Gluconeogenesis 26 | 6.14E-02 | 1.21E+00 | 1.00E+400 1.25E-01 | 0.00
Valine, leucine and isoleucine degrada- | 40 3 6.82E-02 | 1.17E+00 | 1.00E+400 1.34E-01 | 0.00
tion
Valine, leucine and isoleucine biosynthe- | 8 4 7.26E-02 | 1.14E+00 | 1.00E+400 1.35E-01 | 0.00
sis
Phenylalanine, tyrosine and tryptophan | 4 2 7.45E-02 | 1.13E+00 | 1.00E+00 1.35E-01 | 1.00
biosynthesis
beta-Alanine metabolism 21 7 1.04E-01 | 9.83E-01 1.00E+00 1.81E-01 | 0.51
Lysine degradation 25 2 1.31E-01 | 8.82E-01 1.00E+00 2.20E-01 | 0.14
Tryptophan metabolism 41 3 1.45E-01 8.38E-01 1.00E+400 2.35E-01 0.34
Purine metabolism 66 3 2.14E-01 6.70E-01 1.00E+00 3.35E-01 0.05
Histidine metabolism 16 7 2.23E-01 6.51E-01 1.00E+400 3.38E-01 0.55
Fatty acid degradation 39 2 3.24E-01 4.90E-01 1.00E+00 4.76E-01 0.00
Thiamine metabolism 7 1 3.45E-01 4.63E-01 1.00E+00 4.78E-01 0.00
Phenylalanine metabolism 12 4 3.46E-01 4.61E-01 1.00E+00 4.78E-01 0.36
Primary bile acid biosynthesis 46 8 3.87E-01 4.12E-01 1.00E+00 5.11E-01 0.14
Steroid biosynthesis 42 1 3.92E-01 4.07E-01 1.00E+4-00 5.11E-01 0.00
Biosynthesis of unsaturated fatty acids 36 7 4.75E-01 | 3.23E-01 1.00E+00 6.03E-01 | 0.00
Sphingolipid metabolism 21 6 5.14E-01 2.89E-01 1.00E+400 6.36E-01 0.49
Tyrosine metabolism 42 3 5.29E-01 2.76E-01 1.00E+400 6.38E-01 0.38
D-Glutamine and D-glutamate | 6 2 6.04E-01 | 2.19E-01 1.00E+400 6.92E-01 | 0.50
metabolism
Nitrogen metabolism 6 2 6.04E-01 2.19E-01 1.00E+00 6.92E-01 0.00
Nicotinate and nicotinamide metabolism 15 1 6.51E-01 1.86E-01 1.00E+00 7.28E-01 | 0.00
Linoleic acid metabolism 5 2 6.91E-01 | 1.61E-01 1.00E+00 7.50E-01 1.00
alpha-Linolenic acid metabolism 13 1 7.02E-01 | 1.54E-01 1.00E+00 7.50E-01 | 0.00
Arachidonic acid metabolism 36 2 7.81E-01 1.07E-01 1.00E+400 8.16E-01 0.33
Fatty acid biosynthesis 47 1 9.02E-01 4.46E-02 1.00E+00 9.02E-01 0.01
Fatty acid elongation 39 1 9.02E-01 4.46E-02 1.00E+4-00 9.02E-01 0.00

Table 3. Summary of plasma Pathway Analysis at the end of treatment in young animals.

The star indicates the significant pathways affected by paclitaxel administration (FDR <0.05, impact >0.05, hits > 2). Cmpd:
compounds, FDR: False Discovery Rate.

Concerning adult animals, paclitaxel significantly altered the primary bile acid
biosynthesis pathway. The metabolites driving this pathway were also the key
metabolites identified in the VIP analysis (VIP values >1), namely increased levels of
chenodeoxycholic acid glycine conjugate, chenodeoxycholic acid, cholic acid, and
decreased levels of taurodeoxycholic acid, tauro-b-muricholic acid, taurocholic acid

(Table 4).
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Total Cmpd | Hits | Raw p “TogI0(p) olm adjust | FDR Tmpact
Valine, leucine and isoleucine biosynthe- | 8 4 1.11E-03 | 2.96E+00 | 5.21E-02 3.99E-02 | 0.00
sis
Biotin metabolism 10 1 2.49E-03 | 2.60E+00 | 1.14E-01 3.99E-02 | 0.00
Primary bile acid biosynthesis 46 7 2.55E-03 | 2.59E+400 | 1.15E-01 3.99E-02 | 0.11 =
Valine, leucine and isoleucine degrada- | 40 3 4.95E-03 | 2.31E+00 | 2.18E-01 5.81E-02 | 0.00
tion
Aminoacyl-tRNA biosynthesis 48 20 1.14E-02 | 1.94E400 | 4.92E-01 1.08E-01 | 0.17
Arginine biosynthesis 14 6 1.68E-02 1.78E400 | 7.04E-01 1.25E-01 | 0.48
Taurine and hypotaurine metabolism 8 2 1.86E-02 | 1.73E400 | 7.63E-01 1.25E-01 | 0.00
Lysine degradation 25 2 2.23E-02 | 1.65E+00 | 8.92E-01 1.31E-01 | 0.14
Histidine metabolism 16 7 4.69E-02 | 1.33E+00 | 1.00E+00 2.45E-01 | 0.55
Porphyrin and chlorophyll metabolism 30 2 6.66E-02 | 1.18E+400 | 1.00E+00 2.70E-01 | 0.00
Glyoxylate and dicarboxylate | 32 5 7.57E-02 | 1.12E400 | 1.00E+00 2.70E-01 | 0.17
metabolism
Tryptophan metabolism 41 7.76E-02 | 1.11E400 | 1.00E+00 2.70E-01 | 0.34

8.16E-02 | 1.09E+00 | 1.00E+00 2.70E-01 | 0.00
8.20E-02 | 1.09E+00 | 1.00E+00 2.70E-01 | 0.64
8.81E-02 | 1.0SsE+00 | 1.00E+00 2.70E-01 | 0.02
1.02E-01 | 9.91E-01 1.00E+00 2.70E-01 | 0.01
1.02E-01 | 9.91E-01 1.00E+00 2.70E-01 | 0.00
1.03E-01 | 9.86E-01 1.00E+00 2.70E-01 | 0.51
1.15E-01 | 9.40E-01 1.00E+00 2.70E-01 | 0.50

Pyrimidine metabolism 39
Clycine, serine and threonine metabolism | 34
Pantothenate and CoA biosynthesis 19
Fatty acid biosynthesis 47
Fatty acid elongation 39
beta-Alanine metabolism 21
D-Glutamine and D-glutamate | 6
metabolism

Nitrogen metabolism

Propanoate metabolism

Cysteine and methionine metabolism
Biosynthesis of unsaturated fatty acids
Glycerolipid metabolism

Nicotinate and nicotinamide metabolism
Phenylalanine metabolism
Phenylalanine, tyrosine and tryptophan
biosynthesis

1.15E-01 | 9.40E-01 1.00E+00 2.70E-01 | 0.00
1.29E-01 | 8.89E-01 1.00E+00 2.89E-01 | 0.00
1.61E-01 | 7.94E-01 1.00E+00 3.14E-01 | 0.40
1.64E-01 | 7.85E-01 1.00E+00 3.14E-01 | 0.00
1.74E-01 | 7.60E-01 1.00E+00 3.14E-01 | 0.01
1.77E-01 | 7.52E-01 1.00E+00 3.14E-01 | 0.00
1.80E-01 | 7.44E-01 1.00E+00 3.14E-01 | 0.36
1.81E-01 | 7.43E-01 1.00E+00 3.14E-01 | 1.00

- ]
Taasiy
oW W DON B~ O W

Linoleic acid metabolism 5 2.79E-01 | 5.55E-01 1.00E+00 4.55E-01 | 1.00
Glutathione metabolism 28 2.99E-01 | 5.24E-01 1.00E+00 4.55E-01 | 0.13
Butanoate metabolism 15 3.00E-01 | 5.24E-01 1.00E+00 4.55E-01 | 0.03
Arginine and proline metabolism 38 3.19E-01 | 4.96E-01 1.00E+00 4.55E-01 | 0.56
Alanine, aspartate and glutamate | 28 3.25E-01 | 4.88E-01 1.00E+00 4.55E-01 | 0.62
metabolism

Arachidonic acid metabolism 36 2 3.20E-01 | 4.83E-01 1.00E+00 4.55E-01 | 0.33
Selenocompound metabolism 20 1 3.29E-01 | 4.83E-01 1.00E+00 4.55E-01 | 0.00
Citrate cycle (TCA cycle) 20 2 3.53E-01 | 4.52E-01 1.00E+00 4.75E-01 | 0.08
alpha-Linolenic acid metabolism 13 1 3.93E-01 | 4.06E-01 1.00E+00 5.13E-01 | 0.00
Pyruvate metabolism 22 1 4.30E-01 | 3.67E-01 1.00E+00 5.36E-01 | 0.00
Sphingolipid metabolism 21 6 4.34E-01 | 3.63E-01 1.00E+00 5.36E-01 | 0.49
Thiamine metabolism 7 1 4.51E-01 | 3.46E-01 1.00E+00 5.43E-01 | 0.00
Purine metabolism 66 3 5.39E-01 | 2.68E-01 1.00E+00 6.20E-01 | 0.05
Glycerophospholipid metabolism 36 3 5.49E-01 | 2.61E-01 1.00E+00 6.20E-01 | 0.14
Fatty acid degradation 39 2 6.48E-01 | 1.88E-01 1.00E+00 7.25E-01 | 0.00
Steroid hormone biosynthesis 7 2 6.64E-01 | 1.78E-01 1.00E+00 7.26E-01 | 0.01
Glycolysis / Gluconcogenesis 26 2 7.12E-01 | 1.47E-01 1.00E+00 7.61E-01 | 0.00
Steroid biosynthesis 42 1 7.79E-01 | 1.08E-01 1.00E+00 8.14E-01 | 0.00
Ubiquinone and other terpenoid-quinone | 9 1 8.45E-01 | 7.32E-02 1.00E+00 8.63E-01 | 0.00
biosynthesis

Tyrosine metabolism 42 3 9.79E-01 | 9.28E-03 1.00E+00 9.79E-01 | 0.38

Table 4. Summary of plasma Pathway Analysis at the end of treatment in adult animals.
The star indicates the significant pathway affected by paclitaxel administration (FDR <0.05, impact >0.05, hits > 2). Cmpd:
compounds, FDR: False Discovery Rate.

At the end of the follow-up period, we found in the 2-month rats a significantly altered

sphingolipid metabolism (Table 5), with decreased sphingomyelin, N-acylsphingosine,

glucosylceramide driving the significant modification (VIP values >1).
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Total Cmpd | Hits | Raw p -log10(p) Holm adjust | FDR Tmpact
Pyrimidine metaboli 39 2 3.23E-03 | 2.49E+00 | 1.52E-01 8.46E-02 | 0.00
Sphingolipid metabolism 21 6 5.31E-03 | 2.27E+400 | 2.44E-01 8.46E-02 | 0.49 =
Propanoate metabolism 23 2 5.40E-03 | 2.27E+400 | 2.44E-01 8.46E-02 | 0.00
Pantothenate and CoA biosynthesis 19 4 1.76E-02 | 1.76E+00 | 7.73E-01 2.06E-01 | 0.02
Pyruvate metabolism 22 1 3.72E-02 | 1.43E+00 | 1.00E+00 3.36E-01 | 0.00
Histidine metabolism 16 7 4.20E-02 | 1.37E+400 | 1.00E+00 3.36E-01 | 0.55
beta-Alanine metabolism 21 7 7.24E-02 | 1.14E+00 | 1.00E+00 4.08E-01 | 0.51
Tryptophan metabolism 41 3 8.27E-02 | 1.08E+00 | 1.00E+00 4.08E-01 | 0.34
Glycolysis / Gluconcogenesis 26 2 8.27E-02 | 1.08E+400 | 1.00E+00 4.08E-01 | 0.00
Steroid biosynthesis 42 1 8.68E-02 | 1.06E+00 | 1.00E+00 4.08E-01 | 0.00
Thiamine metabolism z 1 1.15E-01 | 9.41E-01 1.00E+00 4.60E-01 | 0.00
Biosynthesis of unsaturated fatty acids 36 i 1.27E-01 | 8.96E-01 1.00E+00 4.60E-01 | 0.00
Valine, leucine and isoleucine biosynthe- | 8 4 1.27E-01 | 8.95E-01 1.00E+00 4.60E-01 | 0.00
sis
Valine, leucine and isoleucine degrada- | 40 3 1.45E-01 | 8.37E-01 1.00E+00 4.88E-01 | 0.00
tion
Ubiquinone and other terpenoid-quinone | 9 1 2.17E-01 | 6.64E-01 1.00E+00 6.30E-01 | 0.00
biosynthesis
Aminoacyl-tRNA biosynthesis 48 20 2.83E-01 | 5.47E-01 1.00E+00 6.30E-01 | 0.17
Arachidonic acid metabolism 36 2 2.90E-01 | 5.37E-01 1.00E+00 6.30E-01 | 0.33
Phenylalanine metabolism 12 4 2.97E-01 | 5.27E-01 1.00E+00 6.30E-01 | 0.36
Citrate cycle (TCA cycle) 20 2 2.98E-01 | 5.25E-01 1.00E+00 6.30E-01 | 0.08
Phenylalanine, tyrosine and tryptophan | 4 2 2.99E-01 | 5.24E-01 1.00E+00 6.30E-01 | 1.00
biosynthesis
D-Glutamine and D-glutamate | 6 2 3.00E-01 | 5.23E-01 1.00E+00 6.30E-01 | 0.50
metabolism
Nitrogen metabolism 6 2 3.00E-01 | 5.23E-01 1.00E+00 6.30E-01 | 0.00
Glyoxylate and dicarboxylate | 32 5 3.12E-01 | 5.06E-01 1.00E+00 6.30E-01 | 0.17
metabolism
Glycerophospholipid metabolism 36 3 3.26E-01 | 4.87E-01 1.00E+00 6.30E-01 | 0.14
Glycine, serine and threonine metabolism | 34 7 3.35E-01 | 4.75E-01 1.00E+00 6.30E-01 | 0.64
Cysteine and methionine metabolism 33 6 3.59E-01 | 4.45E-01 1.00E+00 6.48E-01 | 0.40
Taurine and hypotaurine metabolism 8 3 3.81E-01 | 4.19E-01 1.00E+00 6.64E-01 | 043
Butanoate metabolism 15 3 4.18E-01 | 3.78E-01 1.00E+00 7.02E-01 | 0.03
Porphyrin and chlorophyll metabolism 30 2 4.49E-01 | 3.48E-01 1.00E+00 7.23E-01 | 0.00
Nicotinate and nicoti id taboli 15 1 4.62E-01 | 3.36E-01 1.00E+00 7.23E-01 | 0.00
Arginine biosynthesis 14 6 5.19E-01 | 2.85E-01 1.00E+00 7.63E-01 | 0.48
Purine metabolism 66 3 5.19E-01 | 2.84E-01 1.00E+00 7.63E-01 | 0.05
Glutathione metabolism 28 7 5.68E-01 | 2.46E-01 1.00E+00 8.09E-01 | 0.13
Alanine, aspartate and glutamate | 28 7 5.88E-01 | 2.31E-01 1.00E+00 8.12E-01 | 0.62
metabolism
Lysine degradation 25 2 6.19E-01 | 2.08E-01 1.00E+00 8.32E-01 | 0.14
Tyrosine metabolism 42 3 6.73E-01 | 1.72E-01 1.00E+00 8.54E-01 | 038
alpha-Linolenic acid metabolism 13 1 6.82E-01 | 1.66E-01 1.00E+00 8.54E-01 | 0.00
Primary bile acid biosynthesis 46 8 6.91E-01 | 1.61E-01 1.00E+00 8.54E-01 | 0.14
Steroid hormone biosynthesis 7 2 7.31E-01 | 1.36E-01 1.00E+00 8.60E-01 | 0.01
Arginine and proline metabolism 38 9 7.59E-01 | 1.20E-01 1.00E+00 8.60E-01 | 0.56
Linoleic acid metabolism 5 2 7.83E-01 | 1.06E-01 1.00E+00 8.60E-01 | 1.00
Fatty acid biosynthesis a7 1 7.87E-01 | 1.04E-01 1.00E+00 8.60E-01 | 0.01
Fatty acid elongation 39 1 7.87E-01 | 1.04E-01 1.00E+00 8.60E-01 | 0.00
Selenocompound metabolism 20 1 8.56E-01 | 6.77E-02 1.00E+00 9.08E-01 | 0.00
Glycerolipid metabolism 16 1 8.76E-01 | 5.75E-02 1.00E+00 9.08E-01 | 0.01
Fatty acid degradation 39 2 8.89E-01 | 5.13E-02 1.00E+00 9.08E-01 | 0.00
Biotin metabolism 10 1 9.24E-01 | 3.42E-02 1.00E+00 9.24E-01 | 0.00

Table 5. Summary of plasma Pathway Analysis at the end of the follow-up period in young

animals.

The star indicates the significant pathway affected by paclitaxel administration (FDR <0.05, impact >0.05, hits > 2). Cmpd:

compounds, FDR: False Discovery Rate.

By contrast, the 9-month animals presented a significantly altered histidine metabolism

(Table 6), with carnosine leading the significant alteration (VIP value >1).
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Total Cmpd | Hits | Raw p “TogI0(p) Holm adjust | FDR | Impact
Histidine metabolism 16 7 1.94E-04 | 3.71E+00 | 9.10E-03 9.10E-03 | 0.55=
beta-Alanine metabolism 21 7 1.10E-02 | 1.96E+00 | 5.05E-01 2.58E-01 | 0.51
Taurine and hypotaurine metabolism 8 3 8.18E-02 1.09E+00 | 1.00E+00 8.33E-01 | 0.43
Butanoate metabolism 15 3 1.11E-01 9.55E-01 1.00E+00 8.33E-01 0.03
Primary bile acid biosynthesis 46 8 1.53E-01 8.15E-01 1.00E+00 8.33E-01 | 0.14
Valine, leucine and isoleucine degrada- | 40 3 1.99E-01 | 7.00E-01 1.00E+00 8.33E-01 | 0.00
tion
Pyrimidine metabolism 39 2 2.19E-01 6.60E-01 1.00E+00 8.33E-01 0.00
Biosynthesis of unsaturated fatty acids 36 (f 2.20E-01 | 6.57E-01 1.00E+00 8.33E-01 | 0.00
Purine metabolism 66 3 2.27E-01 6.45E-01 1.00E+00 8.33E-01 0.05
Tryptophan metabolism 41 3 2.62E-01 | 5.82E-01 1.00E+00 8.33E-01 | 0.34
Ubiquinone and other terpenoid-quinone | 9 1 2.76E-01 | 5.59E-01 1.00E+00 8.33E-01 | 0.00
biosynthesis
Fatty acid biosynthesis a7 1 2.77E-01 5.57E-01 1.00E+00 8.33E-01 | 0.01
Fatty acid elongation 39 1 2.77E-01 5.57E-01 1.00E+00 8.33E-01 0.00
Arginine and proline metabolism 38 9 2.80E-01 | 5.53E-01 1.00E+00 8.33E-01 | 0.56
Valine, leucine and isoleucine biosynthe- | 8 4 2.99E-01 5.24E-01 1.00E+00 8.33E-01 0.00
sis
Tyrosine metabolism 42 3 3.27E-01 | 4.86E-01 1.00E+00 8.33E-01 | 0.38
Phenylalanine, tyrosine and tryptophan | 4 2 3.37E-01 | 4.72E-01 1.00E+00 8.33E-01 | 1.00
biosynthesis
Alanine, aspartate and glutamate | 28 Z 3.52E-01 | 4.54E-01 1.00E+00 8.33E-01 | 0.62
metabolism
Pyruvate metabolism 22 1 3.70E-01 4.32E-01 1.00E+00 8.33E-01 0.00
Propanoate metabolism 23 2 4.10E-01 3.87E-01 1.00E+00 8.33E-01 | 0.00
Phenylalanine metabolism 12 4 4.14E-01 3.83E-01 1.00E+00 8.33E-01 0.36
Steroid biosynthesis 42 1 4.34E-01 | 3.63E-01 1.00E+00 8.33E-01 | 0.00
Cysteine and methionine metabolism 33 6 4.42E-01 | 3.55E-01 1.00E+00 8.33E-01 | 0.40
Thiamine metabolism g 1 4.46E-01 | 3.51E-01 1.00E+00 8.33E-01 | 0.00
Linoleic acid metabolism 5 2 4.59E-01 | 3.38E-01 1.00E+00 8.33E-01 | 1.00
Selenocompound metabolism 20 1 4.72E-01 | 3.26E-01 1.00E+00 8.33E-01 | 0.00
Pantothenate and CoA biosynthesis 19 4 4.79E-01 | 3.20E-01 1.00E+00 8.33E-01 | 0.02
Glycolysis / Gluconeogenesis 26 2 5.40E-01 | 2.67E-01 1.00E+00 8.44E-01 | 0.00
Arachidonic acid metabolism 36 2 5.41E-01 | 2.67E-01 1.00E+00 8.44E-01 | 0.33
Aminoacyl-tRNA biosynthesis 48 20 5.54E-01 2.57E-01 1.00E+00 8.44E-01 0.17
Citrate cycle (TCA cycle) 20 2 5.68E-01 2.45E-01 1.00E+00 8.44E-01 | 0.08
Glutathione metabolism 28 7 5.75E-01 2.41E-01 1.00E+00 8.44E-01 0.13
Lysine degradation 25 2 5.97E-01 2.24E-01 1.00E+00 8.51E-01 | 0.14
Glycine, serine and threonine metabolism | 34 7 6.66E-01 1.76E-01 1.00E+00 8.97E-01 | 0.64
Arginine biosynthesis 14 6 7.13E-01 | 1.47E-01 1.00E+00 8.97E-01 | 048
Glyoxylate and dicarboxylate | 32 5 7.17E-01 1.45E-01 1.00E+00 8.97E-01 | 0.17
metabolism
Nicotinate and nicotinamide metabolism | 15 1 7.43E-01 | 1.29E-01 1.00E+00 8.97E-01 | 0.00
Sphingolipid metaboli 21 6 7.69E-01 1.14E-01 1.00E+00 8.97E-01 | 0.49
Fatty acid degradation 39 2 7.79E-01 1.08E-01 1.00E+00 8.97E-01 0.00
D-Glutamine and D-glutamate | 6 2 7.83E-01 1.06E-01 1.00E+00 8.97E-01 0.50
metabolism
Nitrogen metabolism 6 2 7.83E-01 | 1.06E-01 1.00E+00 8.97E-01 | 0.00
alpha-Linolenic acid metabolism 13 1 8.12E-01 | 9.04E-02 1.00E+00 9.09E-01 | 0.00
Glycerolipid metabolism 16 1 9.06E-01 | 4.31E-02 1.00E+00 9.68E-01 | 0.01
Porphyrin and chlorophyll metabolism 30 2 9.20E-01 | 3.61E-02 1.00E+00 9.68E-01 | 0.00
Biotin metabolism 10 1 9.27E-01 3.28E-02 1.00E+00 9.68E-01 0.00
Glycerophospholipid metaboli 36 3 9.60E-01 1.80E-02 1.00E+00 9.80E-01 0.14
Steroid hormone biosynthesis 77 2 9.80E-01 8.87E-03 1.00E+00 9.80E-01 0.01

Table 6. Summary of plasma Pathway Analysis at the end of the follow-up period in adult

animals.

The star indicates the significant pathway affected by paclitaxel administration (FDR <0.05, impact >0.05, hits > 2). Cmpd:
compounds, FDR: False Discovery Rate.

There were no common significant metabolic pathways between the 2-month and 9-
month groups. However, glycine, despite not being significant (VIP value <1), was
represented in both the 2-month and 9-month animals’ significant pathways identified
at the end of treatment (aminoacyl-tRNA biosynthesis; glycine, serine and threonine

metabolism; primary bile acid biosynthesis).
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4.7 Liver metabolomics analysis

Twenty-eight (n=28) liver samples were analyzed. After performing FIA-MS/MS and
LC-MS/MS, 624 metabolites from 26 compound classes were quantified. Seven
metabolites presented more than 50% of missing values (L-arginine, N-acetylornithine,
carnosine, 4-hydroxyproline, methionine sulfoxide, phenylethylamine and 3-
nitrotyrosine), thus they were not included in the analysis. The remaining 617
quantified metabolites were represented by triglycerides (n=242, 39.2%),
phosphatidylcholines (n=74, 12%), diglycerides (n=41, 6.6%), acylcarnitines (n=40,
6.5%), ceramides (n=28, 4.5%), amino acid related (n= 25, 4.1%), cholesteryl-esters
(n=22, 3.6%), amino acids (n=19, 3.1%), hexosylceramides (n=19, 3.1%),
sphingomyelins (n=14, 2.3%), bile acids (n=14, 2.3%), lysophosphatidylcholines
(n=14, 2.3%), fatty acids (n=12, 1.9%), dihexosylceramides (n=9, 1.5%),
dihydroceramides (n=8, 1.3%), biogenic amines (n=8, 1.3%), carboxylic acids (n=7,
1.1%), trihexosylceramides (n=6, 1%), hormones and related (n=4, 0.6%), indoles and
derivatives (n=4, 0.6%), nucleobases and related (n=2, 0.3%), monosaccharides (n=1,
0.2%), alkaloids (n=1, 0.2%), amine oxides (n=1, 0.2%), cresols (n=1, 0.2%), vitamins

and cofactors (n=1, 0.2%).

Random forest method qualified 3 samples out of 28 as outliers (10.7%), which were
spread across the different study groups (1xadult-control group; 1xyoung-control
group; 1xadult-paclitaxel group). Metabolomics data (n=617) were normalized by log-

transformation and pareto-scaling.

After treatment completion, the resulting PCA scree plot showed that the two first PCs
explained 52.9% (2 months) and 55% (9 months) of the variation of the selected

metabolites (Figure 29). The supervised models discriminated controls from treated
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animals with moderate predictive accuracy (Figure 30). Paclitaxel-treated and control

groups formed separate clusters in the OPLS-DA score plot of the quantitative data

(Figure 31).
A) B)
H T - ST
ot TP - A
e S O e S o A
A @ s ®
~ 2 o0
(5] 0 © -1
= 2 © 2
-4 -3

Figure 29. Liver 3D score plot between the selected Principal Components at the end of treatment.

The explained variances are shown in parentheses for the young (A) and adult (B) groups. CTRL: control group; PC: Principal

Component; PTX: paclitaxel-treated group.
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Figure 30. Overview of liver PLS-DA model at the end of treatment.

PLS-DA classification using different number of components for the young (A) and adult (B) groups. The red star indicates the
best classifier. We considered a model robust if R?and Q? values > 0.5, with Q? value close to the R? value. Models were rejected

if there was complete overlap of Q? distributions, Q*(cum)< 0, or low classification rates, Q*(cum)<0.05.
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Figure 31. Liver OPLS-DA score plot of all metabolites at the end of treatment.
The image shows the score plot of all metabolites at the end of treatment in young (A) and adult (B) animals. The explained

variances are reported in parentheses along the axis. CTRL: control group; PTX: paclitaxel-treated group.

The contribution score plot identified the relative importance of each compound to
differentiating young-treated animals from controls and showed a total of 72 significant
metabolites in the young group and 172 significant metabolites in the adult group at the
end of treatment (Appendix 1). In young rats, out of the total 72 compounds, the major
metabolites (VIP values >1) driving these significant differences were lower levels of
triglycerides (n=39, 54.2%), diglycerides (n=6, 8.3%), ceramides (n=4, 5.6%),
dihydroceramides (n=4, 5.6%), and amino acid related (n=4, 5.6%). We also observed
higher levels of chenodeoxycholic acid glycine conjugate and cholic acid, and
decreased taurine and taurodeoxycholic acid. In adult animals, out of the total 172
compounds, we mainly observed significantly increased levels of triglycerides (n=93,
54.1%), phosphatidylcholines (n=10, 5.8%), diglycerides (n=5, 2.9%), and

acylcarnitines (n=4, 2.3%). Discriminative metabolites are presented in Figure 32.
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Figure 32. Discriminative metabolites at the end of treatment in the liver.

The colored boxes on the right indicate the relative concentrations of the corresponding metabolite in each group under study for
young (A) and adult (B) animals. Variable influence on prediction (VIP) values >1 were considered relevant. BABA: B-
aminobutyric acid; Cer: ceramide; CTRL: control group; DG: diglyceride; GCDCA: glycochenodeoxycholic acid; Hex3Cer:
trihexosylceramide; PC ae: phosphatidylcholine acyl-alkyl; PTX: paclitaxel-treated group; TG: triglyceride; TMAO:

trimethylamine-N-oxide.

The VIP analysis showed 34 overlapping significant metabolites between age groups,
but different between controls and treated groups. Among those not overlapping, 38
metabolites were specific of the young group, mainly represented by triglycerides
(n=20, 52.6%), amino acid related (n=3, 7.9%), biogenic amines (n=3, 7.9%),
dihydroceramides (n=3, 7.9%), ceramides (n=2, 5.3%); while among the 137 specific
metabolites of the adult group, we mainly found triglycerides (n=85, 62%),
phosphatidylcholines (n=12, 8.8%), diglycerides (n=8, 5.8%), acylcarnitines (n=5,
3.6%), amino acid related (n=4, 2.9%), lysophosphatidylcholines (n=4, 2.9%),
biogenic amines (n=3, 2.2%), ceramides (n=3, 2.2%), hexosylceramides (n=3, 2.2%),

dihydroceramides (n=2, 1.5%) and bile acids (n=2, 1.5%).

The metabolites identified as discriminative were the same as those identified by
univariate analysis as being significantly different or having a trend toward being
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different between the two groups. Discriminative metabolites showed a high correlation

(r?>0.65; p<0.05) with neurophysiological, behavioral and neuropathological findings

(Figure 33 and 34).
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Figure 33. Liver correlation analysis results at the end of treatment in young animals.

The heat map shows the significant associations (1*>0.65; p<0.05) from correlation analysis results between metabolite

concentrations and neurophysiological, behavioral and neuropathological findings. IENF: intraepidermal nerve fiber.
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Figure 34. Liver correlation analysis results at the end of treatment in adult animals.

The heat map shows the significant associations (r>>0.65; p<0.05) from correlation analysis results between metabolite

concentrations and neurophysiological, behavioral and neuropathological findings. IENF: intraepidermal nerve fiber.

At the end of the follow-up period, the PCA scree plot showed that the two first PCs
explained 61.6% (2 months) and 63.2 % (9 months) of the variation of the selected
metabolites (Figure 35). The supervised models showed a scarce (2-month animals)
and inadequate (9-month animals) predictive accuracy in separating the experimental
groups (Figure 36 and 37). When testing the ability to discriminate treated animals

from controls, no metabolites presented a significant FDR (<0.05).
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Figure 35. Liver 3D score plot between the selected Principal Components at the end of the follow-

up period.
The explained variances are shown in parentheses for the young (A) and adult (B) groups. CTRL: control group; PC: Principal

Component; PTX: paclitaxel-treated group.
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Figure 36. Overview of liver PLS-DA model at the end of the follow-up period.

PLS-DA classification using different number of components for the young (A) and adult (B) groups. We considered a model
robust if R?and Q? values > 0.5, with Q? value close to the R? value. Models were rejected if there was complete overlap of Q?

distributions, Q*(cum)< 0, or low classification rates, Q*(cum)<0.05.
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Figure 37. Liver OPLS-DA score plot of all metabolites at the end of the follow-up period.

The image shows the score plot of all metabolites at the end of the follow-up period in young (A) and adult (B) animals. The

explained variances are reported in parentheses along the axis. CTRL: control group; PTX: paclitaxel-treated group.

4.7.1 Liver Enrichment analysis

When investigating the most representative liver compound classes over time points,
the Enrichment analysis and Over Representation Analysis (ORA) showed in both
young and adult animals a significant representation of triacylglycerols and

diacylglycerols, as for plasma (Figure 38 and 39).
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Figure 38. Summary of liver Enrichment Analysis of young animals.

B)

The pie charts show the most represented metabolite sets influenced by paclitaxel administration (FDR <0.05, impact > 0.05) at
the end of treatment (A) and at the end of the follow-up period (B). Cer: ceramides; Chol: cholesteryl; DHCer: dihydroceramides;
FDR: False Discovery Rate; HexCer: hexosylceramides; PC: phosphatidylcholines; TAG: triacylglycerols.
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Figure 39. Summary of liver Enrichment Analysis of adult animals.
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The pie charts show the most represented metabolite sets influenced by paclitaxel administration (FDR <0.05, impact > 0.05) at
the end of treatment (A) and at the end of the follow-up period (B). Cer: ceramides; Chol: cholesteryl; DHCer: dihydroceramides;
FDR: False Discovery Rate; HexCer: hexosylceramides; TAG: triacylglycerols.
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4.7.2 Liver Pathway analysis

We performed the Pathway analysis in the 2-month and 9-month paclitaxel-treated and
age-matched control livers on MetaboAnalyst 5.0. We log-transformed, pareto-scaled,
normalized, and processed data (metabolite concentration data, in micromolar) to

examine the metabolic pathways in liver affected by paclitaxel administration.

At the end of treatment, we identified one significantly affected pathway by paclitaxel
administration only in 9-month animals (citrate cycle, TCA cycle; Table 7). The
metabolites driving this significant difference (VIP values >1) were decreased levels of
succinic acid and cis-aconitic acid. By contrast, at the end of the follow-up period, no
pathways satisfied the criteria for significance (FDR <0.05, impact > 0.05, number of

hits > 2) in both young and adult animals.
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Total Cmpd | Hits | Raw p - P) Holm adjust | FDR____|
Citrate cycle (TCA cycle) 20 2 9.59E-04 | 3.02E+00 | 4.51E-02 4.51E-02
Glyoxylate and dicarboxylate | 32 4 9.95E-03 | 2.00E+00 | 4.58E-01 2.34E-01
metabolism
Glutathione metabolism 28 6 3.52E-02 | 1.45E+00 | 1.00E+00 3.59E-01
beta-Alanine metabolism 21 6 3.53E-02 | 1.45E+400 | 1.00E+00 3.59E-01
D-Glutamine and D-glutamate | 6 2 4.84E-02 | 1.31E400 | 1.00E+00 3.59E-01
metabolism
Nitrogen metabolism 6 2 4.84E-02 | 1.31E+00 | 1.00E+00 3.59E-01
Arginine and proline metabolism 38 7 5.53E-02 | 1.26E+00 | 1.00E+00 3.59E-01
Butanoate metabolism 15 3 6.24E-02 | 1.20E+00 | 1.00E+00 3.59E-01
Pyruvate metabolism 22 1 7.52E-02 | 1.12E+400 | 1.00E+00 3.59E-01
Cysteine and methionine metabolism 33 5 7.63E-02 | 1.12E400 | 1.00E+00 3.59E-01
Primary bile acid biosynthesis 46 8 1.11E-01 | 9.55E-01 1.00E+00 4.73E-01
Thiamine metabolism 7 1 1.30E-01 | 8.85E-01 1.00E+00 5.11E-01
Taurine and hypotaurine metabolism 8 3 1.87E-01 | 7.28E-01 1.00E+00 6.44E-01
Porphyrin and chlorophyll metabolism 30 2 2.08E-01 | 6.81E-01 1.00E+00 6.44E-01
Propanoate metabolism 23 2 2.20E-01 | 6.57E-01 1.00E+00 6.44E-01
alpha-Linolenic acid metabolism 13 1 2.59E-01 | 5.86E-01 1.00E+00 6.44E-01
Fatty acid degradation 39 r | 2.72E-01 | 5.66E-01 1.00E+00 6.44E-01
Arachidonic acid metabolism 36 2 2.98E-01 | 5.26E-01 1.00E+00 6.44E-01
Pyrimidine metabolism 39 2 3.24E-01 | 4.90E-01 1.00E+00 6.44E-01
Phenylalanine, tyrosine and tryptophan | 4 2 3.38E-01 | 4.72E-01 1.00E+00 6.44E-01
biosynthesis
Pantothenate and CoA biosynthesis 19 4 3.38E-01 | 4.71E-01 1.00E+00 6.44E-01
Alanine, aspartate and glutamate | 28 7 3.40E-01 | 4.68E-01 1.00E+00 6.44E-01
metabolism
Selenocompound metabolism 20 1 3.43E-01 | 4.65E-01 1.00E+00 6.44E-01
Steroid hormone biosynthesis 77 2 3.68E-01 | 4.34E-01 1.00E+00 6.44E-01
Tryptophan metabolism 41 2 3.91E-01 | 4.08E-01 1.00E+00 6.44E-01
Glycerophospholipid metaboli 36 3 3.96E-01 | 4.02E-01 1.00E+00 6.44E-01
Linoleic acid metaboli 5 2 4.18E-01 | 3.78E-01 1.00E+00 6.44E-01
Aminoacyl-tRNA biosynthesis 48 18 4.24E-01 3.72E-01 1.00E+00 6.44E-01
Biosynthesis of unsaturated fatty acids 36 T 4.25E-01 3.72E-01 1.00E+00 6.44E-01
Histidine metabolism 16 6 4.33E-01 3.63E-01 1.00E+00 6.44E-01
Fatty acid elongation 39 1 4.38E-01 3.59E-01 1.00E+00 6.44E-01
Arginine biosynthesis 14 5 4.38E-01 3.58E-01 1.00E+00 6.44E-01
Valine, leucine and isoleucine degrada- | 40 3 4.74E-01 3.25E-01 1.00E+00 6.74E-01
tion
Glycine, serine and threonine metabolism | 34 6 5.27E-01 | 2.78E-01 1.00E+00 6.80E-01
Glycolysis / Gluconeogenesis 26 2 5.39E-01 | 2.68E-01 | 1.00E+00 6.80E-01
Purine metabolism 66 3 5.40E-01 2.67E-01 1.00E+00 6.80E-01
Sphingolipid metabolism 21 5 5.44E-01 2.65E-01 1.00E+00 6.80E-01
Glycerolipid metabolism 16 1 5.60E-01 2.52E-01 1.00E+00 6.80E-01
Phenylalanine metabolism 12 3 5.75E-01 2.40E-01 1.00E+00 6.80E-01
Valine, leucine and isoleucine biosynthe- | 8 4 5.79E-01 | 2.38E-01 1.00E+00 6.80E-01
sis
Ubiquinone and other terpenoid-quinone | 9 1 5.96E-01 | 2.25E-01 | 1.00E+00 6.83E-01
biosynthesis
Lysine degradation 25 2 7.18E-01 | 1.44E-01 1.00E+00 7.86E-01
Steroid biosynthesis 42 1 7.35E-01 | 1.34E-01 1.00E+00 7.86E-01
Biotin metabolism 10 1 7.36E-01 | 1.33E-01 1.00E+00 7.86E-01
Fatty acid biosynthesis a7 2 8.04E-01 | 9.50E-02 1.00E+00 8.39E-01
Nicotinate and nicoti id. bolism 15 1 8.39E-01 7.63E-02 1.00E+00 8.57E-01
Tyrosine metabolism 42 3 9.39E-01 | 2.74E-02 1.00E+00 9.39E-01

0.49
0.01
0.36
0.00

0.00

0.14
0.00
0.00
0.01
0.00
0.38

Table 7. Summary of liver Pathway Analysis at the end of treatment in adult animals.

The star indicates the significant pathway affected by paclitaxel administration (FDR <0.05, impact >0.05, hits > 2). Cmpd:

compounds, FDR: False Discovery Rate.
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5. Discussion

This neurotoxicity preclinical study suggests that age might be a potential risk factor
for more severe peripheral nerve damage after paclitaxel administration, and that the
metabolic processes activated in response to neurotoxicity may change according to

age.

Our analyses revealed significant peripheral nerve damage induced by paclitaxel
administration in both young- and adult-treated animals, with major peripheral nerve
impairment in the adult-treated group compared to the young-treated one after treatment
completion.

In particular, we observed that paclitaxel administration caused a significant weight
loss in adult-treated rats (9 months of age), but not in young-treated animals (2 months
of age), denoting a higher chemotherapy-related distress with aging.

The results of our neurophysiological studies further indicated a more extensive caudal
and digital nerve impairment in the adult-treated group compared to the young-treated
one, which presented only caudal nerve damage. However, we observed a similar
persistence in young- and adult-treated animals of caudal nerve neuropathy at the end
of the follow-up period, where a coasting effect with myelin damage also emerged.
Neurophysiological observations correlated with the neuropathological findings, which
confirmed the significant peripheral nerve damage with a substantial reduction in large
myelinated fiber density in treated-animals compared to controls.

We also found a more evident fiber loss in adult rats compared to young animals in
both the caudal nerve and the sciatic nerve, in agreement with previous studies
describing a substantial decrease in the density of myelinated fibers, particularly in the

caudal nerve, with aging (Verdu et al., 1996, Ceballos et al., 1999, Canta et al., 2016).
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When analyzing behavioral tests, we observed a statistically significant development
of mechanical allodynia in young-treated animals, while the mechanical threshold in
adult-treated animals was not significantly different from age-matched controls.
However, the IENF density analysis revealed a significant loss of small fibers in treated
animals, with a more severe involvement of small fibers in adult-treated rats, suggesting
a possible increase of withdrawal thresholds in adult dynamic test due to skin
denervation or sensitization of nociceptors (Bruna et al., 2020).

Indeed, age-related changes in reflexive responses can also contribute to an altered
performance in adult behavioral tests (Ruiz-Medina et al., 2013). Interestingly, Ruiz-
Medina and colleagues reported similar findings in a mice model of PIPN, documenting
that the severity of mechanical allodynia related to paclitaxel was higher in young-
paclitaxel treated mice than aged paclitaxel-treated animals (Ruiz-Medina et al., 2013).
The authors ascribed this observation to a paclitaxel-related marked microglial and
astrocytic response in the spinal cord of young animals compared to adult mice. Other
studies reported age-related differences in nociception and pain behaviors in rodents
(Gagliese and Melzack, 2000), suggesting a “juvenile window of susceptibility” to
painful stimuli (Lawson and Perry, 1995).

Concerning [ENF density, previous rodent models documented the impact of aging on
small fiber damage (Canta et al., 2016), as well as a decrease in IENF density after
paclitaxel treatment (Meregalli et al., 2020). In this regard, our analysis provides
evidence for a more severe small fiber impairment when paclitaxel therapy is
administered to older animals.

Together, our neurophysiological, behavioral and histopathological results indicate a
significant peripheral nerve damage induced by paclitaxel administration in both

young- and adult-treated rats, with a more severe chemotherapy-related distress and
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peripheral nerve impairment in adult-treated animals considering the concomitant
caudal and digital nerve involvement, and the relevant alteration of fiber density. On
the other hand, we observed a similar persistence of caudal nerve damage in both ages
at the end of the follow-up period, where a coasting effect with myelin sheath injury

equally affected young- and adult-treated animals.

In our study, we further investigated the impact of age on the metabolic profile in
response to a neurotoxic agent. Specifically, we performed a targeted metabolomics
analysis on plasma and liver samples, which showed significant differences in the
metabolite profiles between animals developing paclitaxel-related peripheral
neuropathy and age-matched controls. Our results also suggest a metabolomics
fingerprint of PIPN, with lipids playing a major role in nerve metabolic

dysfunction/response to paclitaxel administration (Figure 40).

| succinate

1 histamine

| L-kynurenine | cis-aconitate
| carnosine o
Mitochondrial t acylearnitines | ceramides Neuroinflammation
dysfunction Neuropathic pain
| triglycerides | sphingolipids
| diglycerides Peripheral nerve t phosphatidylcholines
damage/response

t spermidine
bile acids (?)

Figure 40. Main metabolic axes affected by paclitaxel administration.
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In particular, our multivariate analysis showed that both young- and adult-treated
animals presented lower levels of triglycerides and diglycerides compared to controls.
These findings point to the major involvement of lipid compounds in support of drug-
stress, as an obligate source of energy. Indeed, nerve axons and Schwann cells use a
composite pattern of substrates for energy provision, with a preferential use of glucose
(Greene and Winegrad, 1979).

In cases of fasting or extreme effort, with a limited source of glucose, fatty acid
utilization can increase, determining a significant production of ROS from the (-
oxidation pathway (Tracey et al, 2018). Specifically, during B-oxidation in the
mitochondria, electron leakage at various steps in the electron transport chain produces
superoxide radicals (Han et al., 2003, Turrens, 2003, Murphy, 2009, Perevoshchikova
et al., 2013). Besides mitochondria, peroxisomal f-oxidation also contributes to ROS
production (Tracey et al., 2018). It has also been observed that free fatty acids are able
to bind to complexes I and III of electron transport chain, determining an increase in
superoxide generation (Wojtczak and Schonfeld, 1993, Di Paola and Lorusso, 2006).
Accordingly, the preferential use of lipids as the energy source, resulting in the decrease
of several lipid classes, in our case supports the hypothesis of a paclitaxel-related
metabolic imbalance toward oxidative stress (Schonfeld and Reiser, 2013), leading to
mitochondrial impairment, and excitotoxicity (7racey et al., 2018).

In support of mitochondrial dysfunction, we also observed altered levels of
acylcarnitines at the end of the follow-up period in young-treated animals. Carnitine
pool metabolites, including acylcarnitines, have the role of facilitating fatty acid -
oxidation in mitochondria and peroxisomes (Evans and Fornasini, 2003; Reuter and
Evans, 2012). Elevated serum levels of acylcarnitines can be found as a consequence

of incompletely oxidized fatty acids due to an overload of beta oxidation ability and
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associated pathways, determining perturbations in mitochondrial fuel utilization, but
also as a consequence of oxidative stress (Noland et al., 2009; McCann et al., 2021).
Another marker supporting the increased oxidative stress and lipid peroxidation
observed is certainly the alteration of carnosine levels. In fact, we found decreased
levels of carnosine in adult-treated animals at treatment completion and at the end of
the follow-up period, in the latter case significantly impacting on the pathway analysis.
Of note, this endogenous dipeptide, composed of B-alanine and L-histidine, usually
decreases in concentration with age (Everaert et al., 2011). Moreover, carnosine was
also discriminative in young-treated animals at the end of the follow-up period.
Carnosine acts as an antioxidant agent, by scavenging reactive oxygen species and lipid
peroxidation through complex chemical composites with zinc and copper ions (Guney
et al., 2006, Hipkiss, 2009). Previous studies emphasized the possible neuroprotective
function of carnosine, due to its antioxidant and anti-inflammatory properties, against
neurotoxins (Kozan et al., 2008, Hipkiss, 2009; Tsai et al., 2010; Cheng et al., 2011).
A recent report supported the ability of carnosine administration to alleviate CIPN in
colorectal cancer patients via Nrf2 and nuclear factor-kappa light chain enhancer of B
cells (NF-xB) mediated pathways (Yehia et al., 2019).

Besides mitochondrial dysfunction, our findings support the hypothesis that
paclitaxel-related alterations in the synthesis and/or breakdown of ceramides and
sphingolipids may have a major impact on membrane function, neuroinflammatory
signaling and pain development, in addition to the myelination deficits.

Specifically, we found lower levels of long chain ceramides in paclitaxel-treated
animals compared to controls. In the nervous system, ceramides can be generated from

the salvage pathway, via enzymatic hydrolysis of sphingomyelin by sphingomyelinase,

page 84



and from de novo synthesis by serine palmitoyltransferase and ceramide synthase
(Cruciani-Guglielmacci et al., 2017).

Plasma pathway analysis further confirmed the role of lower ceramide levels in PIPN
development in young animals after treatment completion. In particular, we found that
Cl14 ceramide was involved in three different significant pathways (glutathione
metabolism, arginine and proline metabolism, glyoxylate and dicarboxylate
metabolism), determining an impactful discrimination between young treated-animals
and controls. Long-chain ceramides (C14-C26) are synthetized from sphingosine by
ceramide synthase, and influence the physicochemical properties of lipid membranes
in a chain length dependent manner (Grésch et al, 2012). Long-chain ceramides
combine with dihydroceramides to provide the hydrophobic supports for sphingolipids
(Merrill, 2011). A recent preclinical metabolomics study with mice undergoing
docetaxel administration revealed that the majority of dihydroceramide and ceramide
species are up-regulated in the DRGs of taxane-treated animals, but not in the spinal
cord, where the effect might be indirect (Becker et al., 2020). Interestingly, the authors
observed reduced levels of ceramides in the sciatic nerve samples of the treated animals,
suggesting that taxane metabolic impact on the nervous system is not uniform, possibly
due to the different drug permeability.

Our study corroborates other findings supporting the role of sphingolipids in
PIPN development. In fact, plasma pathway analysis revealed the alteration of
sphingolipid metabolism in young-treated animals at the end of the follow-up period,
with decreased sphingomyelin, N-acylsphingosine, glucosylceramide leading an
impactful alteration in paclitaxel-treated animals.

Sphingolipids are involved in cell membrane structure and cellular signaling sustenance

(Hannun and Obeid, 2008). Myelin damage determines the release of its structural
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components into the bloodstream, including sphingolipids, which can be measured as
potential biomarkers of disease (Diestel et al., 2003; Safaiyan et al., 2016). In this
regard, the alteration of sphingolipid concentrations may be associated with the
impairment of myelin sheath as observed at the end of the follow-up period.
Glucosylceramide synthase-derived gangliosides, highly expressed by neurons, also
contribute to the formation of membrane microdomains and intracellular signal
transduction regulation (Jennemann et al., 2005, Simons and Gerl, 2010). Of note,
sphingosine can be converted by sphingosine kinases to sphingosine-1-phosphate
(S1P), which acts as an active pro-inflammatory sphingolipid through G-protein
coupled S1P receptors (Langeslag and Kress, 2020). The ceramide/S1P balance, the
so-called sphingolipid rheostat, is regulated by the expression of sphingosine kinase.
This crucial enzyme modulates the production of these interconvertible sphingolipids
in response to stress, and directs cell fate through numerous signaling pathways
involving cell proliferation, apoptosis, autophagy and senescence (Van Brocklyn and
Williams, 2012).

Compelling evidence suggests that ceramides and other sphingolipid derivatives, like
S1P, have a relevant role in inflammatory responses and the development of peripheral
neuropathic pain (Hannun and Obeid, 2008; Janes et al., 2014, Stockstill et al., 2018;
Langeslag and Kress, 2020). Previous reports documented the role of S1P in the
induction of acute pain and sensitization of primary afferent nociceptors by binding
preferentially to SIP1 and S1P3 receptors (S1PR1and S1PR3) in sensory neurons (Chi
and Nicol, 2010; Mair et al., 2011; Camprubi-Robles et al., 2013; Li et al., 2015).
Preclinical models showed that intraplantar sphingolipid injection can cause
hyperalgesic responses through the S1PR1, inducing a hypersensitivity to noxious

thermal stimulation via TRPV1 channels (Doyle et al., 2011; Mair et al., 2011), and by
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S1PR3, mainly conveying mechanical pain and itch (Camprubi-Robles et al., 2013,
Hill et al., 2018). Further evidence indicates the role of endogenous sphingosines in
inflammatory astrocyte responses leading to sensory neuron sensitization and
neuropathic pain-like behavior (Chen et al., 2014).

Our analysis also provides evidence for the presence of specific metabolic
responses with aging. In particular, at treatment completion, we found significantly
altered levels of phosphatidylcholines, which are mainly engaged in the transfer of
choline and fatty acids to tissues in both physiological and pathological states ( Yokota
and  Hansson, 1995, Murugesan and Fox, 1996). The derivative
lysophosphatidylcholines are reported to be involved in peripheral nerve damage
resulting in mechanical allodynia and thermal hyperalgesia (Wallace et al., 2003, [noue
et al., 2008). Furthermore, lysophosphatidylcholines can induce nerve demyelination
and an increase in pain-related protein levels in DRGs (Wallace et al., 2003; Bhangoo
et al., 2007). In aged rats, this metabolic alteration persisted at the end of the follow-up
period, where diacylglycerophosphocholines were the most represented altered
compounds according to Enrichment analysis.

Adult-treated animals also presented increased levels of spermidine and histamine, and
lower levels of L-kynurenine and serotonin compared to controls at treatment
completion.

A number of reports have documented the effect of polyamines on the nervous system,
including brain development (Slotkin and Bartolome, 1986), peripheral nerve
regeneration (Gilad et al., 1996), on neuronal survival and neuritogenesis (Dornay et
al., 1986, Gilad and Gilad, 1988). The biosynthesis of spermidine is regulated by the
enzyme arginase I, responsible for the increase in production of polyamines such as

putrescine. It has been demonstrated that in case of nerve damage putrescine is

page 87



converted to spermidine to overcome inhibition by myelin-associated inhibitors of
regeneration, and to promote axonal regeneration after injury (Deng et al., 2009).

In the peripheral nervous system, histamine usually increases in response to tissue
damage, and contributes to the generation of pain hypersensitivity through the
sensitization of nociceptors determining enhanced firing rates (Obara et al., 2020).
Intriguingly, it has been suggested a potential role of neuronal histamine H4 receptor
in the modulation of painful peripheral neuropathy, by attenuating hyperalgesia,
neuroinflammation and oxidative stress in both the spinal cord and sciatic nerve (Sanna
etal., 2017).

L-kynurenine, a key metabolite of tryptophan metabolism, has various functions
including scavenging properties and antioxidant effects (Tan et al., 2001; Zsizsik and
Hardeland, 2002). Indeed, tryptophan is an endogenous amino acid necessary not only
for the kynurenine pathway, but also as a precursor for the synthesis of biologically
active molecules, such as serotonin (Savitz, 2020). However, only 5% of tryptophan is
metabolized to serotonin, while almost 95% undergoes transformations through the
kynurenine pathway for the regulation of numerous biological mechanisms, involving
neuronal excitability and immunological responses (Badawy, 2017). The upregulation
of tryptophan-kynurenine metabolism with aging has been previously documented,
along with changes in the kynurenine pathway metabolites and enzymes (Beal et al.,
1991; Frick et al., 2004; Guillemin et al., 2005, Reyes Ocampo et al., 2014). The
preferential oxidation of tryptophan along the kynurenine pathway in adult animals
might thus explain the observed low levels of serotonin. Of note, some kynurenine
derivatives contribute to neurotoxicity, and via glutamate receptors also to pain
development (Dantzer et al., 2008). Interestingly, inhibition of a key enzyme of the

kynurenine pathway, namely indolamine 2,3-dioxygenase-1, can decrease the
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hypersensitivity to mechanical and thermal stimuli after ligation of the sciatic nerve in
animal models of neuropathy (Ciapata et al, 2021). Accordingly, the role of L-
kynurenine might be multifaceted and controversial in pain modulation.

Our study additionally reveals the importance of primary bile acid
biosynthesis metabolism in plasma of treated older animals compared to age-matched
controls. Bile acids play a key function in modulating lipid metabolism, specifically
cholesterol. Increased levels of primary bile acids in the blood may indicate a reduction
in hepatocellular functionality or alteration of the enterohepatic circulation. On the
other hand, a reduction in taurine-conjugated bile acids could indicate a failure to
convert cholic acid and chenodeoxycholic acid due to hepatic distress. Intriguingly,
recent reports have identified that bile acids are involved in S1PR2 signaling in the
heart, lung, liver, and brain (Yang et al., 2002). Apparently, SIPR2 signaling via bile
acids may have a role in different neurological functions (McMillin and DeMorrow,
2016). In fact, in dorsal root ganglion neurons, SIPR1 and S1PR2 seem to be involved
in the neurite extension process (Toman et al., 2004). In addition, neuropathic models
have revealed that selective SIPR2 activation can reduce allodynia and attenuate the
associated inflammatory processes in the DRGs of CIPN animals (Wang et al., 2020).
Other reports have supported the role of tauroursodeoxycholic acid in neuroprotection
and mitigation of neuroinflammatory and neuronal death processes (Rodrigues et al.,
2000; Ramalho et al., 2004, Ved et al., 2005, Nunes et al., 2012; Gaspar et al., 2013;
Dionisio et al., 2015). According to some studies, bile acids could also be involved in
neurotransmission by interacting with NMDA and gamma-aminobutyric acid receptors
(Schubring et al., 2012). Indeed, it is becoming increasingly clear that bile acid
metabolism is critical in numerous disorders outside of the gastrointestinal tract. The

involvement of bile acid signaling in the nervous system is an emerging concept that is
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gaining interest, albeit only a few studies have investigated the possible underlying
mechanisms (McMillin and DeMorrow, 2016). Enrichment analysis confirmed the
importance of taurine conjugates and C24 bile acids, the most represented classes in the
adult group after treatment completion, pointing to a possible role of these compounds
in aged animals developing PIPN.

Our metabolomics analysis also outlined the importance of bile acid metabolism
in the liver of young animals, suggesting a more local impact of the hepatic metabolic
distress to the external stimulus, which was not evident at a systemic level (plasma) in
the young group. In particular, we observed increased levels of chenodeoxycholic acid
glycine conjugate and cholic acid, and decreased taurine and taurodeoxycholic acid.
Conversely, the liver of adult treated-animals showed an excess of triglycerides and
diglycerides, which was coupled with a reduction of acylcarnitines, thus revealing a
decrease in mitochondrial fatty acid B-oxidation and possible hepatic steatosis.

Adult liver metabolomics analysis also revealed alterations in Krebs cycle metabolites
(also called tricarboxylic acid or TCA cycle), involving low levels of succinic acid and
cis-aconitic acid. A recent review outlined the role of metabolites in the TCA cycle in
regulating chromatin modifications, DNA methylation, and post-translational
modifications of proteins to alter their function (Martinez-Reyes and Chandel, 2020).
Any alteration in any step of the Krebs cycle due to genetic or environmental factors
can lead to higher or lower levels of organic acids. Apparently, changes in succinate
can have profound effects on histones and DNA methylation, altering the epigenetic
landscape of the cells and gene expression (Martinez-Reyes and Chandel, 2020). On
the other hand, cis-aconitate and its derivative itaconate seem to activate antioxidant

and anti-inflammatory pathways involving Nrf2, as well as limit succinate oxidation
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(Lampropoulou et al., 2016, Cordes et al., 2016; Mills et al., 2018, Bambouskova et
al, 2018).

Collectively, our findings suggest that the mechanisms underlying PIPN are
complex and multidimensional, and persist after treatment completion. Numerous
neurophysiological and molecular changes determine morphological and functional
responses both systemically and in the peripheral nervous system. Among them, we
found markers of mitochondrial dysfunction, involving increased B-oxidation of lipid
sources and altered organic acids of the Krebs cycle, suggesting an intensification of
supplementary metabolic pathways leading to an oxidative stress state. Changes in lipid
levels were associated with antioxidant peptide alterations, i.e., decreased carnosine,
which was equally reduced in young- and adult-treated animals, and decreased L-
kynurenine, only observed in the adult-treated group.

In addition, markers of direct peripheral nerve damage/response also emerged. In this
regard, modifications in sphingolipids and ceramides supported relevant changes in the
constituents of cell membranes, and increased spermidine suggested axonal
regeneration. Sphingolipids, ceramides, phosphatidylcholines and histamine are also
responsible for the multifactorial mechanisms underlying the development and
maintenance of neuroinflammation and neuropathic pain.

Of note, despite not being discriminative (VIP < 1), glycine was represented in multiple
comparisons in both young- and adult-treated animals, suggesting an impaired synaptic
transmission, probably involved in pain signaling.

Indeed, our analysis revealed specific metabolic strategies adopted with aging, namely
increased levels of spermidine and histamine, and lower levels of kynurenine and
serotonin, which were discriminative between treated animals and controls at treatment

completion. Likewise, bile acids seem to be involved in the metabolic changes induced
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by paclitaxel administration in adult animals, reflecting substantial liver involvement
and possible dysregulation of SIPR2 signaling.

The strengths of our targeted metabolomics study applied to a neurotoxic model
are several. First, our animal model allowed us to reproduce the development of
peripheral neuropathy in the absence of comorbidities potentially confounding the
effects of the drug, with an age-matched control design. Indeed, inconsistencies
between metabolomics studies in humans may be related to numerous challenges
associated with different diets, lighting conditions, sleep/wake status and time of day
of sampling, which all have a considerable impact on metabolic profiling (Davies et al.,
2014; Hancox et al., 2021). By contrast, diet and lighting conditions can be more easily
managed in animals, allowing highly-controlled laboratory conditions. Second, the
inclusion of adult animals introduced an age variable, thus allowing us to further
investigate the association of the toxic effects of paclitaxel with aging. Certainly, the
greatest advantage lies in the opportunity to use the Biocrates p500 kit for the
metabolomics analysis, providing us with the chance to comprehensively explore the
changes on the metabolic profile resulting from paclitaxel administration. This
undoubtedly allowed us to closely explore the complex interactions between metabolic
pathways underlying the response to neurotoxicity and chemotherapy-induced axonal
damage. Our decision to use a targeted rather than an untargeted metabolomics
approach was practical, considering the large number of samples collected and the
cost/time involved in untargeted compared to targeted methods. By performing targeted
metabolomics analysis, we acquired absolute concentrations of the metabolites
(compared to relative expression in untargeted analysis), using a fully validated method

which is selective and easily reproducible in other facilities (Siskos et al., 2017).
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We also acknowledge some limitations in our model. First, our experiments involved
the evaluation only of male animals to prevent the influence of estrus cycle on
metabolomics profiles. Consequently, our results need further validation in samples
including also female animals. Second, although the study of animal models of
neurotoxicity is validated and widely used, the application of the same approach in the
clinical setting is advisable to confirm our findings. Third, at this stage of the study, we
only analyzed metabolites extracted from blood and liver samples to get an overview
of the main metabolic changes caused by paclitaxel administration. In the future,
complementary metabolomics analysis of nerve, DRG and spinal tissue may reveal
additional chemotherapy-induced metabolic alterations.

This is the first study providing an extensive and comprehensive overview of the
metabolic dysregulations/responses in PIPN according to age.
As well as providing support for the presence of metabolic biomarkers of PIPN, the
metabolic changes we observe in our study strongly validate the use of animal models
to reproduce a neurotoxicity state. The particular advantage of the animal model is that
it can be examined longitudinally to determine changes and progression of the
metabolic alterations over time, and to monitor the possible regression of the condition
under study.
Clearly, the set of metabolites we have detected as potential biomarkers of CIPN will
also need to be measured in paclitaxel-treated cancer patients under supervised
conditions, to confirm our findings from the animal model. To date, clinical outcome
measures are used for identifying the occurrence and progression of CIPN.
Nevertheless, the demand for supportive, reliable and easily accessible biomarkers has
never been greater, especially as objective measures in clinical trials for therapeutic

evaluations.
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In summary, our findings identify for the first time multiple related metabolic axes as
promising molecular and therapeutic targets in PIPN, and provide a mechanistic insight
into the biomolecular signaling pathways involved in the development of peripheral
neuropathy. Our study also shows that age might be a potential risk factor for more
severe CIPN, and should be considered in future studies in order to tailor the

chemotherapy regimen and dosage on individual susceptibility of older cancer patients.
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7. Appendix

PLASMA LIVER
TG(17:1_38:5) 7.515 | HexCer(d16:1/22:0)  4.402 | TG(17:1_38:5) 5270 | TG(22:1_32:5) 8.960 | TG(18:3_30:0) 6.162
TG(17:1_38:7) 3120 | DG-0(18:2_18:2) 4.248 | TDCA 3.592 | TG(20:3_36:5) 8.264 | Hex3Cer(d18:1_20:0) 5.147
TG(20:3_36:5) 2197 | TG(17:2_38:7) 3.488 | GCDCA 2.947 | TG(17:2_38:7) 8.117 | TG(17:1_38:6) 4.530
TG(14:0_34:3) 2.148 | TG(17:1_38:7) 3.263 | DG(18:3.20:2)  2.614 | TG(22:2_32:4) 6.150 | GCDCA 4.076
TG(20:2_32:1) 2.078 | TG(17:2_38:6) 3.207 | TG(17:0_34:3) 2470 | TG(17:2_38:6) 5.822 | TG(20:2_34:4) 3.565
TG(22:3_30:2) 2.072 | DG(14:1_18:1) 3.122 | TG(17:2_38:7) 2.444 | GCDCA 3.785 | TG(22:2_32:4) 3.510
Cer(d16:1/23:0)  2.029 | Cer(d16:1/22:0) 3.032 | PCae C44:6 2414 | TG(17:1_38:7) 3.646 | TG(22:1_32:5) 3.144
TG(17:1_34:3) 2.025 | Carnosine 2.886 | TG(16:1_36:5) 2183 | PCaeC38:1 3.592 | Cer(d16:1/24:0) 2.383
TG(18:2_28:0) 1.978 | HexCer(d18:2/20:0)  2.875 | CDCA 2182 | Hex3Cer(d18:1_20:0) 3.472 | DG(18:3_20:2) 2.269
TG(16:0_32:3) 1.959 | Hex3Cer(d18:1_20:0) 2.702 | TG(17:1_38:7) 2164 | TG(20:2_34:4) 3.434 | TG(20:4_35:3) 2.045
TG(20:1_32:3) 1.935 | DG-0(14:0_18:2) 2.652 | Carnosine 2120 | TG(20:1_32:0) 3.172 | DG(18:1_18:1) 2.028
TG(18:2_30:1) 1.895 | TG(17:1_38:6) 2.640 | TG(18:1_34:4) 2.080 | TG(17:2_38:5) 2.328 | TG(20:0_32:3) 2.023
TG(18:3_30:0) 1.882 | PCaeC42:1 2.518 | TG(18:1_32:3) 2.066 | DG(18:3_20:2) 1.818 | TMAO 1.942
TG(16:1_38:3) 1.878 | CE(14:1) 2.400 | TG(18:2_34:4) 2013 | BABA 1.751 | TG(18:3_36:1) 1.935
TG(17:2_34:3) 1.867 | Cer(d16:1/18:0) 2.345 | TG(17:1_36:4) 2.010 | Cer(d16:1/22:0) 1.545 | TG(14:0_38:4) 1.916
TG(22:1_32:5) 1.847 | DG(22:1_22:2) 2.294 | TG(22:1_32:5) 2.002 | TG(20:4_35:3) 1.494 | TG(20:2_32:1) 1.886
TG(16:1_36:1) 1.844 | HexCer(d18:2/18:0)  2.282 | TG(16:1_38:3) 1.969 | TG(20:0_32:4) 1.483 | Cystine 1.883
TG(17:2_36:4) 1.831 | C14:2 2.244 | TG(20:1_34:3) 1.964 | TG(20:2_36:5) 1.470 | TG(20:0_32:4) 1.883
TG(16:1_34:3) 1.813 | TG(20:2_36:5) 2.203 | TG(20:1_32:2) 1.954 | TG(17:1_36:5) 1.415 | TG(17:2_36:4) 1.819
TG(16:1_32:2) 1.811 | TG(17:2_38:5) 2.178 | TG(14:0_38:5) 1.921 | c7-DC 1.358 | TG(18:1_38:7) 1.801
TG(20:4_30:0) 1.804 | DG(17:0_17:1) 2.174 | TG(14:0_36:4) 1.919 | Hex3Cer(d18:1/16:0) 1.357 | Asn 1.798
TG(17:2_38:6) 1.799 | TG(18:0_30:1) 2.144 | TG(20:3_32:1) 1.916 | TDCA 1.338 | TG(20:2_36:5) 1.792
TG(20:3_34:0) 1.792 | DG(18:1_20:3) 2.130 | TG(18:3_32:1) 1.913 | TG(18:3_36:4) 1.335 | FA(20:3) 1.787
TG(18:1_30:1) 1.791 | PCae C42:0 2.127 | TG(16:0_34:4) 1.893 | TG(17:2_34:3) 1.330 | TG(17:2_36:3) 1.760
TG(16:1_38:4) 1.782 | sSMC20:2 2.122 | TG(16:1_34:3) 1.888 | Histamine 1.327 | TG(18:0_36:5) 1.746

Appendix 1. VIP (Variable Influence on Prediction) for the Top 25 Metabolites (Scores >1).

The higher the VIP value is, the more the metabolite drives the difference between the group comparisons. Asn: asparagine; BABA: B-
aminobutyric acid; C7-DC: pimelylcarnitine; CDCA: chenodeoxycholic acid; CE: cholesterol-ester; Cer: ceramide; CTRL: control group; DG:
diglyceride; EOT: end of treatment; FA: fatty acids; FU: end of the follow-up period; GCDCA: glycochenodeoxycholic acid; HexCer:
hexosylceramide; Hex3Cer: globoside Gb3/trihexosylceramide; ID: identifier; PC: phosphatidylcholine; PC ae: phosphatidylcholine acyl-
alkyl; PTX: paclitaxel-treated group; SM: sphingomyelin; TDCA: taurodeoxycholic acid; TG: triglyceride; TMAO: trimethylamine-N-oxide;

VIP: variable influence on prediction.
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