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Since the first clinical trials conducted after World War Il, chemotherapeutic drugs have
been extensively used in the clinic as the main cancer treatment either alone or as an
adjuvant therapy before and after surgery. Although the use of chemotherapeutic drugs
improved the survival of cancer patients, these drugs are notorious for causing many
severe side effects that significantly reduce the efficacy of anti-cancer treatment and
patients’ quality of life. Many widely used chemotherapy drugs including platinum-based
agents, taxanes, vinca alkaloids, proteasome inhibitors, and thalidomide analogs may
cause direct and indirect neurotoxicity. In this review we discuss the main effects of
chemotherapy on the peripheral and central nervous systems, including neuropathic pain,
chemobrain, enteric neuropathy, as well as nausea and emesis. Understanding
mechanisms involved in chemotherapy-induced neurotoxicity is crucial for the
development of drugs that can protect the nervous system, reduce symptoms
experienced by millions of patients, and improve the outcome of the treatment and
patients’ quality of life.

Keywords: chemotherapy, neurotoxicity, chemotherapy-induced peripheral neuropathy (CIPN), chemobrain, enteric
neuropathy, chemotherapy-induced nausea and vomiting (CINV)

INTRODUCTION

Whilst the use of certain drugs, such as pain killers, go back to ancient history, the development of
anti-cancer drugs is quite recent, and they have led to a real revolution in cancer treatment. The first
antitumor agent is related to World War II when the John Harvey ship carrying nitrogen mustard
bombs was attacked and the toxic gas was released into the atmosphere. Those men and women who
had been exposed to the gas died because of bone marrow aplasia. After the war, the mechanisms by
which dichloroethyl sulfide acted were studied, thus finding that rabbits injected with high doses
showed a pronounced drop in leucocyte number. After World War II, the first clinical chemotherapy
trials were conducted using the analogs of mustard gases for the treatment of lymphoma (Falzone
et al., 2018).
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TABLE 1 | Main classes of cytotoxic antitumoral drugs according to their main mechanism of antiproliferative action.

Class Mechanism of action

Alkylating agents DNA damage by producing inter and intrastrand

crosslinks

Mitotic inhibitors Alter mitosis due to alterations in the mitotic

spindle formation or function

Antimetabolites Interfere with the synthesis of DNA or its

components

Anti-tumor antibiotics

Inhibit enzymes that allow DNA to be replicated

Topoisomerase
inhibitors

Inhibit topoisomerase | or |l

Classical antitumoral drugs are cytotoxic and act on different
phases of the cell cycle, therefore, inhibiting cancer cell division
(Table 1). However, they have prominent side effects, especially in
fast-dividing cells such as those of the bone marrow or
gastrointestinal mucosa. Although neurons are not fast-dividing
cells, anti-cancer drugs may act upon them, causing neurotoxicity.
Chemotherapy-induced neurotoxicity may affect any neuron in the
body, both directly (direct interaction with the cell body and neurites)
or indirectly (due to glial damage, inflammation and other
mechanisms) and may thus cause many different symptoms
affecting the quality of life of patients undergoing anti-cancer
treatment.Whereas neurotoxic effects of chemotherapy on the
somatic peripheral nervous system, particularly neuropathic pain,
are well recognized and have been extensively studied, other entities,
such as the neurotoxicity affecting the enteric nervous system (enteric
neuropathy) or the brain (chemobrain), have received comparatively
less attention and only recently some of the underlying mechanisms
are being elucidated. Furthermore, the mechanisms involved in
nausea and vomiting (which are well-known and feared adverse
effects of many antineoplastic drugs) are far from clear and new
exciting strategies are currently being developed to get a deeper
insight into them, particularly those involving the vagus nerve.

Herein, we review the main effects that chemotherapy causes on
the peripheral and central nervous systems, including neuropathic
pain, chemobrain, enteric neuropathy, as well as nausea and emesis.
The different mechanisms involved are described.

PERIPHERAL NEUROPATHY:
NEUROPATHIC PAIN

The effects of the chemotherapeutic agents on the nervous system
vary across the different classes of drugs, depending on their physical,

Breast, ovarian, lung cancers, myeloma, leukemia, lymphoma

Leukemia, breast, ovarian, intestinal cancers

Many types of cancer

Leukemia, lung, ovarian, intestinal cancer

Cancer type Drugs
Leukemia, lymphoma, Hodgkin’s disease, multiple myeloma,  Cyclophosphamide
sarcoma, breast, lung, ovarian cancers Melphalan
Temozolomide

Platinum drugs

Microtubule stabilizers: taxanes
Microtubule destabilizers: vinca
alkaloids

5-fluorouracil
6-mercaptopurine
Cytarabine
Gemcitabine
Methotrexate

Actinomycin-D

Bleomycine

Anthracyclines (daunorubicin,
doxorubicin)

Topoisomerase |: irinotecan,
topotecan
Topoisomerase |I: etoposide,
teniposide

chemical properties and also on their dosage (Banach et al., 2017).
Importantly, compared to the central nervous system (CNS), the
peripheral nervous system (PNS) is not protected by a structure
similar to the blood-brain barrier (BBB), and therefore, direct toxic
effects of antineoplastic drugs upon peripheral neurons are
considerable, but also indirect effects contribute, mainly due to
inflammatory reactions, leading to the development of
chemotherapy-induced peripheral neuropathy (CIPN).

CIPN is a highly prevalent, severe, and dose-limiting toxicity,
resulting in dose interruptions, subtherapeutic dosing, or
discontinued therapy (Staff et al., 2017). Acute symptoms
of CIPN appear in the hours and days after drug infusion,
whereas persistent symptoms occur in approximately 68% of
patients 1 month following completion of chemotherapy and
in 30% of patients 5 months later (Omran et al, 2021).
Neuropathic pain is characterized by the presence of
allodynia and hyperalgesia due to the decrease of the
sensitivity threshold for non-noxious and noxious stimuli,
respectively. Remarkably, also spontaneous pain can be
present in some patients. Likewise, peripheral motor nerves
may also be affected by some drugs, leading to motor
impairments (Zajaczkowska et al., 2019). A summary of the
clinical symptoms induced by the main antitumoral drug
classes underlying CIPN is shown in Table 2.

Many widely used chemotherapy drugs, including platinum-
based agents (oxaliplatin, cisplatin, carboplatin), taxanes
(paclitaxel, docetaxel), vinca alkaloids (vincristine, vinblastine),
proteasome inhibitors, and thalidomide analogues may cause
direct neurotoxicity and CIPN (Zajaczkowska et al,, 2019).
Knowing how these agents interact with the nervous system is
crucial for the development of drugs that can protect against
peripheral neuropathy.

Frontiers in Pharmacology | www.frontiersin.org

March 2022 | Volume 13 | Article 750507


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Was et al.

Mechanisms of Chemotherapy-Induced Neurotoxicity

TABLE 2 | Chemotherapy induced neuropathy and clinical symptoms induced by representative antitumoral drugs.

Drug

Cisplatin/oxaliplatin

Acute oxaliplatin

Paclitaxel

Vincristine

Bortezomib and thalidomide

Bortezomib

Type of neuropathy

Pure sensory

Mixed sensory —motor

Mixed sensory-motor and autonomic

Sensory-motor

Sensory-motor (rare) and autonomic

Clinical symptoms

Paresthesia
Dysesthesia
Neuropathic pain in a stocking-and-glove distribution

Paresthesia
Muscle tightness
Cramps

Paresthesia

Hypoesthesia

Neuropathic pain in a stocking-and-glove distribution
Myalgia, myopathy

Paresthesia

Hypoesthesia

Neuropathic pain in a stocking-and-glove distribution
Muscle cramps

Mild distal weakness

Enteric neuropathy

Autonomic dysfunctions

Neuropathic pain

Hypoesthesia

Paresthesia in distal extremities of limbs
Muscle cramps

Paresthesia
Painful sensory neuropathy in distal extremities of limbs
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FIGURE 1 | Schematic representation of the mechanisms of action of the main antitumoral drugs that cause direct neurotoxicity and peripheral neuropathy. 1)
Bortezomib inhibits the 26S proteasome. 2) Taxanes stabilize the tubulin proteins, therefore anaphase cannot be achieved. 3) Vinca alkaloids de-stabilize the
microtubules, thus the mitotic spindle cannot be formed. 4) Platinum-based compounds form intra-strand and cross-strand links. 5) 5- Fluorouracil (5-FU) binds to
thymidylate synthase (TS). Both platinum-based compounds and 5-FU inhibit DNA synthesis.

TAXANES

VINCA ALKALOIDS
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Modifications in Na*, K* and Ca%*
voltage-gated ion channels
Axon degeneration

Altered neuronal
excitability

—_—

like receptors; TRP, transient receptor potential.

% Immune cell infiltration

é7 Activation satellite glial cells d

1 membrane receptors (TLR, chemokine, cytokine, TRPV1, TRPAL...)

Impaired mitochondrial
function and oxidative stress

FIGURE 2 | Schematic representation of the main structural alterations, cytokine release and modifications in ion channels and receptors induced by antitumoral
drugs which cause neuroinflammation and altered neuronal excitability. Abbreviations: IL, interleukins; PGE,, prostaglandin E,; ROS, reactive oxygen species; TLR, toll-
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Although the neuropathic symptoms induced by the different
chemotherapeutic agents have been classically related with
their mechanism of action underlying their antiproliferative
effect (Figure 1), new evidence seems to demonstrate the
contribution of numerous off-target players which may also
contribute to structural damage, mitochondria dysfunction
and the release of different pro-inflammatory cytokines
amongst others (Figure 2) (Montague and Malcangio,
2017; Zajaczkowska et al., 2019; Pellacani and Eleftheriou,
2020; Fumagalli et al., 2021; Vermeer et al., 2021; Yamamoto
and Egashira, 2021). Thus, the direct mechanism of action of
the different antitumor agents and how they differ regarding
the alterations they induce in the peripheral nervous system
(PNS) causing peripheral neuropathy (or not, in some cases)
will be reviewed below, with special emphasis on the
activation of the innate immune system and the release of
chemokines, as recently proposed as an initiating factor
for CIPN.

Platinum-Based Compounds

The first antitumoral agent of this group was cisplatin, patented
in 1978 for the treatment of different types of solid tumors.
However, due to its side effects and the appearance of cell
resistance, carboplatin (a second-generation platinum agent)
and oxaliplatin (a third-generation platinum agent) are
nowadays the most frequently used in the clinic (Fischer and
Robin Ganellin, 2006).

Platinum agents are intravenously administered and enter the
cell through passive diffusion, but also through active transport
(Johnstone et al, 2016). Once entered, all platinating agents
become aquated, and, although they interact with ribonucleic
acid (RNA) and proteins, the main target is deoxynucleic acid
(DNA). All platinum agents bind preferentially to guanosine and
adenosine, to form intrastrand and interstrand crosslinks. This
results in restriction of DNA replication, transcription, cell cycle
arrest, and programmed cell death (Rabik and Dolan, 2007).
Several studies have demonstrated that although the mechanisms
by which cisplatin and carboplatin act are similar, differences are
observed with oxaliplatin, the latter showing fewer platination
lesions of DNA, with the same cytotoxic effect as cisplatin at
equimolar concentrations. Additionally, oxaliplatin adducts are
bulkier and more hydrophobic than those formed from cisplatin
or carboplatin. The fact that oxaliplatin is more efficient than
cisplatin could be explained by the fact that DNA-oxaliplatin
adducts are more effective in inhibiting DNA synthesis and less
susceptible to the repair mechanisms of the cell (Dilruba and
Kalayda, 2016; Schoch et al., 2020). Mechanisms activating the
immune system have been proposed to act additively to the
inhibition of DNA replication, although these remain to be
elucidated (De Biasi et al., 2014).

Because platinum drugs do not cross the BBB, the dorsal root
ganglia (DRG), involved in somatic and visceral sensitivity, as
well as the area postrema (AP), involved in nausea and emesis
(see Peripheral Mechanisms in Nausea and Emesis: Unresolved
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Issues for Exploration), which are vascularized by fenestrated
capillaries, are the main targets of platinum compounds in the
nervous system. The main mechanism by which platinum
compounds induce neuropathy is mainly due to the DNA
adducts they form in the nucleus of the neurons. Some of
these adducts are less efficiently repaired by the nucleotide
excision repair pathway (NER), thus the DNA-platinum
adducts that are not removed by NER do not allow correct
transcription of the ribosomal RNA. DRG neurons are cells
with high metabolic activity and so the lack of physiological
dense ribosomal RNA synthesis may be lethal for this cell type
(Dzagnidze et al, 2007). Oxaliplatin induces less sensory
neuropathy than cisplatin (André et al., 1999; de Gramont
et al.,, 2000), this has been proven to be related to a reduced
number of oxaliplatin adducts in the DRG when compared to
cisplatin at equimolar concentrations (Ta et al, 2006).
Additionally, carboplatin is less neurotoxic at conventional
doses than cisplatin, which could also be due to lower
intracellular platinum accumulation and platination (Schoch
et al., 2020).

Platinum compounds have also the ability to bind to
mitochondrial DNA (mtDNA), which cannot be repaired
because there are no DNA repair systems in mitochondria,
thus increasing the amount of reactive oxygen species (ROS)
and oxidative stress (Podratz et al., 2011). Studies performed in
vivo and in vitro showed functional and morphological damage
after platinum exposure; mitochondria appeared swollen and
vacuolated with impaired mtDNA replication and ATP
production (Canta et al., 2015). Additionally, mitochondria are
localized in the axons of the neurons of the PNS, thus causing
alterations in the axonal transport; this phenomenon is thought
to be involved in the onset of neuropathic pain (Chiorazzi et al.,
2015). Mitochondria and endoplasmic reticulum are internal
storages for Ca’"; when damaged, intracellular levels of Ca®"
are increased, with the consequent alteration in neuronal
excitability and activation of calpain causing axonal
degeneration (Wang et al,, 2012).

Besides the chronic neuropathy, oxaliplatin presents a unique
characteristic: its administration associates with an acute and
transient neuropathy, which consists of muscle tightness, cramps,
paresthesias, and dysesthesias in the limbs and perioral region
that are worsened by cold (Lehky et al., 2004; Wolf et al., 2008;
Lucchetta et al., 2012). The mechanisms of this phenomenon
seem to be due to acidification of intracellular pH of DRG
neurons, which does not occur in cells treated with cisplatin at
equimolar concentrations. The authors hypothesize that the
acidification hypersensitizes the transient receptor potential
(TRP)A1 channel but could also be explained by the
participation of TRPM8 and TRPV1 channels, which have
been implicated in this side effect (Riva et al., 2018).

Growing evidence suggests an important neuro-inflammatory
contribution in the development of peripheral neuropathy and
structural damage caused by the direct mechanism of antitumoral
agents. Although the participation of the immune system has
been more profoundly studied in paclitaxel-induced neuropathy
(see below), a previous study demonstrated that a single
administration of oxaliplatin increased the levels of the

Mechanisms of Chemotherapy-Induced Neurotoxicity

chemokine, CCL2, and its receptor, CCR2, at the same time as
mechanical hypersensitivity developed; pretreatment with the
CCL2 antibody predictably prevented the development of
allodynia (Illias et al., 2018). The chemokine, CX3CL1, has
also been shown to be upregulated in DRG neurons and
contributes to thermal hyperalgesia and an increase in the
number of action potentials in small diameter neurons of the
DRG in a model of oxaliplatin-induced chronic neuropathy. The
increase in CX3CL1 was mediated through nuclear factor xB
(NF-xB) pathways (Wang et al., 2017). Additionally, the
chemokine, CXCL12, has been shown to be upregulated
following chronic oxaliplatin administration and contributes to
mechanical and thermal hypersensitivity via the TNF-a/IL-
1B-dependent STAT3 pathway.

High mobility group box-1 (HMGBI1) is a DNA binding
nuclear protein that activates toll-like receptor (TLR) 4
signalling and induces inflammatory processes. Curiously, an
anti-HMGB1 antibody reversed mechanical but not cold
hypersensitivity induced by oxaliplatin treatment. Antagonism
of HMGBI receptors, TLR4, receptor for advanced glycation end
products (RAGE) and CXCR4, prevented the appearance of
mechanical allodynia, whilst only RAGE was overexpressed in
the DRG; no modifications of TLR4, CXCR4 and RAGE were
observed in the sciatic nerve (Tsubota et al., 2019). Additionally,
and in contrast to paclitaxel treatment, oxaliplatin did not
increase macrophage infiltration or accumulation in the sciatic
nerve, and treatment with a macrophage depletor did not prevent
or reverse allodynia in mice, but pretreatment with
thrombomodulin (an endothelial transmembrane protein that
sequestrates and degrades HMGB1) did prevent oxaliplatin-
induced sensory neuropathy (Tsubota et al, 2019). Thus, the
authors proposed that HMGBI1 derived from non-macrophage
cells mediates oxaliplatin-induced neuropathy (Tsubota et al.,
2019). On the contrary, an increase in macrophage infiltration
into DRGs did occur after repeated oxaliplatin administration,
where both neurons and macrophages secreted matrix
metallopeptidase (MMP) 9-2 (proteolytic enzymes involved in
neuroinflammation and chronic pain), by activating TLR4
through HMGBI1 protein; this mechanism contributes to the
onset of mechanical hypersensitivity through the HMGBI-
TLR4-PI3K/Akt-MMP9 axis (Gu et al., 2020). These data
demonstrate that although the symptoms that these drugs
induce are similar, the initiating factors are different, thus
future drugs with different and more selective action
mechanisms can be developed.

Additionally, an acute administration of oxaliplatin
upregulates the phosphoinositide 3-kinases - mammalian
target of rapamycin receptor (PI3K-mTOR) pathways and the
resultant expression of cytokines, interleukin (IL)-6, IL-1f and
tumor necrosis factor (TNF)-a, whilst inhibiting PI3K signalling
reduces mechanical and cold hypersensitivity and the levels of
proinflammatory cytokines (Duan et al., 2018).

Sex dimorphism has been shown to modify the response to
platinum-based chemotherapeutics. The neuroendocrine stress
axis plays an important role in the development of neuropathy,
although with different implications. Whilst adrenalectomy and
corticoid receptor downregulation reduced and prevented
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oxaliplatin-induced  hyperalgesia in both  sexes, the
downregulation of [, adrenergic receptor prevented and
reversed oxaliplatin-induced hyperalgesia only in males.
Moreover, the type of induced stress also resulted in sex-
dependent differences in oxaliplatin-induced peripheral
sensory neuropathy (Staurengo-Ferrari et al., 2021).

Recently, the role of gut microbiota has been implicated in the
development of oxaliplatin-induced peripheral sensory
neuropathy. Chronic administration of oxaliplatin did not
induce mechanical hypersensitivity in mice nor spontaneous
pain behaviour in rats pretreated with antibiotics, nor in
germ-free mice, whilst neuropathy did appear in control
animals (Shen et al, 2017). The germ-free animals presented
lower levels of IL-6 and TNF-a than the corresponding controls,
and lower levels of ROS and less macrophage infiltration in the
DRG, whilst these differences were not observed in the spinal
cord and the major immune cells in peripheral blood were
unaffected. The authors found that microbiota influenced the
development of mechanical oxaliplatin-induced hypersensitivity
through a lipopolysaccharide (LPS)-TLR4 pathway and the
expression of TLR4 on hematopoietic cells seems to be
responsible, at least partially, for this effect (Shen et al., 2017).

Taxanes

The name taxanes comes from the Latin term of yew Taxus sp. as
they are found in these plants. Paclitaxel (PCTX) was the first
drug of this group isolated from the stem bark of the Pacific yew
tree in 1960, although it was not until 1994 that it was approved
for its use in ovarian cancer treatment (Menzin et al., 1994).
Docetaxel (DCTX) is a semisynthetic paclitaxel derivative. Both
drugs are very insoluble; they require different solvents, which
frequently induce allergic reactions. Thus, research into a new
generation of taxanes aims to obtain molecules with better
therapeutic and toxicity profiles and higher solubility (Velasco
and Bruna, 2015).

Taxanes are chemically very similar and therefore have a
similar mechanism of action, which is dose-dependent. At
high concentrations, PCTX binds to the (-tubulin subunit,
which promotes the assembly of tubulin-enhancing
microtubule polymerization. The formation of altered mitotic
spindles prevents normal mitosis and cells undergo apoptosis. On
the other hand, small concentrations of PCTX do not increase
microtubule polymerization, but act as microtubule-stabilizing
agents, blocking depolymerization, thus the anaphase cannot be
achieved and apoptosis mechanisms are activated (Tamburin
et al., 2019).

DCTX has shown to be a more potent drug and more active in
preclinical studies; it also has a higher affinity for the binding site
in the B-tubulin subunit, although this has not been shown to
translate into increased survival rates in clinical studies where
PCTX and DCTX are administered with other antitumoral drugs
(Melchior et al., 2018). Although chemically quite similar, DCTX
and PCTX show certain differences in the mechanism of action.
The tubulin polymers generated by DCTX are structured
differently than those of PCTX, and DCTX does not change
the number of the protofilaments in the microtubules (Verweij
et al., 1994).

Mechanisms of Chemotherapy-Induced Neurotoxicity

Most previous studies have demonstrated that the incidence of
PCTX-induced neuropathy is higher than that of DCTX
(Stubblefield et al., 2009; Song et al., 2017), although certain
controversy exists as this is not always observed (Velasco and
Bruna, 2015). Neuropathy caused by taxanes mostly affects small-
diameter sensory fibers, inducing altered proprioception and
paresthesias, dysesthesias, and numbness in a stocking-glove
distribution. Accordingly, PCTX treatment has been associated
with a reduction in the sensory nerve action potential and a
reduction of nerve conduction velocity (Boehmerle et al., 2014).
Motor and autonomic dysfunction are less likely to occur
(Pascual et al., 2005; De Iuliis et al., 2015).

Axons of sensory neurons have a high activity in retrograde
and anterograde transport of different molecules, which is
necessary for their survival and is microtubule-dependent
(Nirschl et al, 2017). Several studies have pointed out that
alterations in the microtubule structure induced by taxanes
could impair axonal transport and, therefore, cause the
degeneration of distal nerve segments (Hagiwara and Sunada,
2004; Gornstein and Schwarz, 2014). However, this theory is in
dispute because through in vitro techniques using microfluidic
chambers, Gornstein and Schwarz have recently found that the
distal part of the axon is selectively sensitive to PCTX (Gornstein
and Schwarz, 2017). This finding is in agreement with that of Silva
et al. (2006) who found that low doses of vincristine (a vinca
alkaloid, see below) were toxic at the distal part of the axon but
not the mid-region (Silva et al, 2006). Thus, a selective
vulnerability of the distal axon could be a commonality for
microtubule-targeting agents, leading to axonal demyelination
and the loss of intraepidermal nerve fibres (IENF) in the hindpaw
skin of rodents (Siau et al., 2006; Wozniak et al., 2018; Vermeer
et al., 2021). This finding is also supported by the fact that
mitochondrial damage is more intense in the distal axons
when compared to more proximal ones (Bobylev et al., 2015;
Vermeer et al., 2021). Additionally, studies have observed PCTX-
induced modifications of acetylated tubulin, but tubulin
expression returns to control levels rapidly after cessation of
drug treatment, whilst morphological effects persist long after the
treatment (Cook et al., 2018).

Interestingly, although PCTX does not cause direct
mitochondrial DNA damage, mitochondria have been
suggested as potential mediators for PCTX toxicity, as swollen
and vacuolated mitochondria have been observed in myelinated
and unmyelinated sensory nerves, thus the authors conclude that
alterations in mitochondria contribute to PCTX-induced pain
instead of dysfunctions of axonal microtubules (Flatters and
Bennett 2006; Staff et al, 2017). Furthermore, mitochondria
pathology has been related to taxane administration, possibly
causing oxidative stress and the production of ROS leading to the
activation of apoptotic processes, disruption of cell structure, and
demyelination. As with platinum, taxane-induced mitochondria
pathology also causes an efflux of calcium from the mitochondria
and endoplasmic reticulum, inducing axon degeneration and
DRG cell apoptosis (Flatters and Bennett, 2006; Xiao et al., 2012).

In the clinical setting, the coadministration of taxanes and
platinum is frequent. It has the advantage of lowering the
appearance of resistance and the side effects. Curiously,
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although PCTX administration after completion of the
carboplatin regimen seems to induce more severe neuropathy
in mice (Toma et al., 2017), the combined regimen of PCTX and
oxaliplatin does not worsen the neuropathy induced by each
antitumor drug separately in the rat (Paniagua et al., 2021).
Further research should clarify whether these differences are
due to drug regimen, differences in species, or possibly
different mechanisms of neuropathy induction.

Previous studies have demonstrated that macrophage
infiltration in the DRG coincides with the development of cold
and mechanical hypersensitivity after PCTX treatment.
Additionally, cotreatment of PCTX with a macrophage toxin
prevents the appearance of this neuropathy (Peters et al., 2007;
Zhang et al., 2016). Remarkably, the infiltration of macrophages
in the DRG occurred at the same time as mechanical
hypersensitivity developed. Depletion of the macrophages
partially reversed this mechanical hypersensitivity and reduced
the expression of the proinflammatory cytokine TNF-q, as did the
injection of the MCP-1 (methyl-accepting chemotaxis proteins
-1, whose receptor is CCR2) neutralizing antibody. Importantly, a
TLR4 antagonist attenuated the mechanical hypersensitivity,
reduced MCP-1 expression, and blocked the infiltration of
macrophages, and both the TLR4 antagonist and the
macrophage toxin prevented the alterations of IENF endings.
In line with this finding, PCTX upregulated CXCLI in a time-
dependent manner in myelinated A and C fibers but not in
satellite glial cells, and the intrathecal injection of neutralizing
antibodies against CX3CL1 or CX3CRI and the macrophage
toxin significantly reduced macrophage infiltration and delayed
hypersensitivity induced by PCTX (Huang et al, 2014). In
addition, the inhibitor of NF-kP significantly reduced the
upregulation of CX3CL1 proteins and the mechanical
allodynia induced by PCTX (Li et al,, 2015).

During the last years other chemokines which bind to the
CXCR2 receptor have been studied, such as CXCLI, although
curiously the systemic administration of the CXCL1 antibody was
much less effective in reducing the PCTX-induced peripheral
neuropathy than intrathecal administration, possibly indicating
different chemokine involvement in the PNS and central nervous
system (CNS) (Manjavachi et al., 2019).

As CIPN induced by platinum-based chemotherapeutics,
CIPN induced by PCTX seems to be influenced by factors
such as sex and microbiome. Thus, recent studies have shown
that TLR9 mutation attenuated the development of neuropathic
pain caused by PCTX, and inhibited CXCL1 and TNF-a
upregulation in cultures of DRG-derived macrophages
obtained from male mice (Luo et al, 2019). Also, IL-23
promotes the release of IL-17A from macrophages, which in
turn activates nociceptors through the TRPV1 receptor, and this
effect was prevented by ovariectomy and induced by the
administration of estrogen. When collecting serum and the
DRG from PCTX-treated mice, the authors found an increase
in IL-23 only in female mice. The early and late phases of
mechanical allodynia were reduced in IL-23 receptor knockout
mice. Furthermore, the ablation of macrophages prevented the
mechanical hypersensitivity mediated through IL-23 induced
by PCTX.

Mechanisms of Chemotherapy-Induced Neurotoxicity

With regards to the microbiome, in vitro studies have
demonstrated that the combined treatment of PCTX and a
probiotic normalizes the expression of TRPV4 and acetylated
a-tubulin which are overexpressed in PCTX-treated hybridoma
F11 cells (an in vitro model of sensitive DRG neurons). The
mechanism by which this occurs is by restoring the control
conditions of different pathways leading to peripheral sensory
neuropathy (Castelli et al., 2018). The finding that mice treated
previously and during PCTX administration with a probiotic
formulation prevented the mechanical hypersensitivity
development further validated this study. Ex vivo analyses
showed that probiotics reduced colon tissue damage,
upregulated the levels of cannabinoid and opioid expression in
the spinal cord, reduced the expression of inducible nitric oxide
synthase (iNOS) and cyclooxygenase (COX)-2 and peroxisome
proliferator-activated receptor y (PPAR y) and reduced serum
levels of TNF-a, IL-1 and IL-6 when compared to PCTX
treatment (Cuozzo et al.,, 2021).

Vinca Alkaloids

Vinca alkaloids are also naturally derived molecules, which are
found in the Madagascar periwinkle Catharanthus roseus leaves.
Vincristine was discovered in an attempt to find hypoglycemic
drugs for the treatment of diabetes. However, studies in mice
demonstrated that instead of lowering glycemia, it decreased the
number of leukocytes, thus opening a new possibility for the
treatment of leukemia. Like taxanes, vinca alkaloids are
microtubule-targeting agents, although instead of stabilizing
the structure they bind to the (-tubulin subunit, preventing
the straightening of the structure of the molecule, thus
interfering with the polymerization with microtubular a-
tubulin (Ravelli et al., 2004; Van Vuuren et al., 2015).

Vinca alkaloids include vincristine, vinblastine, and
vinorelbine. All of them induce sensory-motor neuropathy,
although vincristine induces the most severe neurotoxicity,
possibly due to the differences in the potency and affinities to
the binding site. The differential binding to individual tubulin
isotypes may explain the differences in the toxicities (Lobert et al.,
1996). Thus, vincristine doses are limited by the drug-induced
neurotoxicity, whereas vinblastine and vinorelbine doses are
limited by bone marrow toxicity (Lobert et al., 1996).

The mechanisms by which vincristine induces alterations in
the neuron structure are similar to those of PCTX, including
disruption of microtubules, leading to altered axonal transport
and interference with normal mitochondrial function, which in
turn causes altered calcium homeostasis and increased release of
ROS, both causing axon degeneration and abnormal myelination
(for review see Triarico et al., 2021). As in the case of taxanes,
there seems to be contradictory results whether peripheral
neuropathy can be due to axonal transport disruption or
higher sensitivity of the distal axon to especially vincristine, as
stated above (Silva et al., 2006).

Additionally, activation of the immune system has also been
observed. Thus, Old et al. (2014), found that the administration of
2 consecutive cycles of vincristine (5 days of consecutive
treatment in each cycle) induced mechanical hypersensitivity,
but did not induce DRG, axon damage nor alterations in the
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microglia of the peripheral nerves, although by the end of the
treatment there was an increase in the number of monocytes
expressing the CX3CR1 receptors in the sciatic nerve. When
vincristine was administered in CX3CR1 knockout mice,
mechanical hypersensitivity was delayed and the activation of
CX3CRI monocytes by fractalkine induced ROS production
which in turn activated the TRPA1 channel in sensory
neurons (Old et al, 2014). Curiously, CCR2 knockout mice
developed similar initial neuropathy to that in control
littermates, whilst during the second cycle CCR2-deficient
mice had less mechanical neuropathy than controls, and also
presented less expression of the macrophage marker than the
controls. Additionally, in CX3CR1 deficient mice allodynia was
only developed during the second week and was reversed by
treatment with the CCR2 antagonist, which also reduced the
macrophage infiltration in the sciatic nerve. The downregulation
of CX3CRI resulted in an increase in the release of the
proinflammatory cytokines, TNF-a and IL1-p, which could in
turn mediate noxious signaling following TNF-a receptor
activation in sensory neurons (Montague et al., 2018).

Bortezomib

Bortezomib is an inhibitor of the proteasome, which was
discovered relatively recently compared to the above
mentioned  chemotherapeutic  agents  (Adams,  2002).
Afterwards, it was approved for the treatment of multiple
myeloma in 2003; and over the years, it has been used for the
treatment of different hematologic cancers.

26S proteasome is the major protease in eukaryotic cells, it is a
large multiprotein complex, which degrades damaged or obsolete
proteins, with a 19S regulatory subunit and a 20S catalytic
domain. When proteins need to be degraded, they are marked
with ubiquitin, which binds to the receptor on the 19S complex
and are introduced into the catalytic chamber in the center of the
20S subunit, consequently, these proteins are broken into small
polypeptides. Bortezomib inhibits the 20S core proteasome,
resulting in cancer cell death via multiple mechanisms,
including suppression of the unfolded protein response,
accumulation of ubiquitinated proteins, stabilization of tumor
suppressor proteins, such as p21, p27, Bax and p54, and induction
of ROS (Geisler, 2021).

One of the most severe side effects of bortezomib is peripheral
neuropathy, which is very painful (Saifee et al., 2010). The exact
mechanism by which bortezomib induces peripheral neuropathy
has not been elucidated. In the peripheral nerves, bortezomib has
been shown to reduce nerve conduction velocities and alter nerve
action potentials in animals and humans (Cavaletti et al., 2007;
Carozzi et al,, 2010; Alé et al., 2014; Bechakra et al., 2018),
although differences in animal and human results exist in
whether it induces IENF alterations (Bechakra et al., 2018;
Meregalli et al., 2018). Additionally, chronic administration of
bortezomib in animals induces degeneration of myelinated and
unmyelinated axons of the caudal and sciatic nerves,
vacuolization and detachment of satellite glial cells and an
upregulation of substance P (SP) and calcitonin gene-related
peptide (CGRP) 1l-6, TNF-a, transforming growth factor
(TGF)-p1 and IL-1P in the DRG (Carozzi et al, 2010, 2013;
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Ale et al., 2014; Quartu et al., 2014; Meregalli et al., 2018; Liu et al.,
2019). Some studies have found that it can cause alterations in
DRG satellite cells leading to an immune-mediated,
demyelinating neuropathy (Pitarokoili et al., 2017; Xu et al,
2019). Additionally, this drug induces axonal membrane
depolarization prior to the onset of neuropathy, which seems
to be due to the impairment of the Na*/K* ATPase pump, caused
by mitochondrial dysfunction (Nasu et al., 2014). Alterations in
calcium homeostasis, autoimmune inflammatory processes, and
blockade of nerve growth factor (NGF) mediated neuronal
survival have also been implicated in peripheral neuropathy
induced by bortezomib (Landowski et al., 2005; Yin et al., 2018).

Vincristine, PCTX, and bortezomib cause axonal degeneration
although through a different mechanism than those triggered by
microtubule-stabilizing agents. In vitro experiments have
demonstrated that bortezomib does not induce microtubule
bundles in contrast to PCTX-treated ones, suggesting
microtubule stabilization occurs via an indirect-induced
neuropathy mechanism and not directly through drug binding
(Poruchynsky et al, 2008). In addition, in in vitro studies
vincristine induces a degeneration of axon when directly in
contact with it, but not when in contact only with the cell
body, whilst the opposite occurs with bortezomib. Axon
degeneration induced by vincristine is dependent on mitogen-
activated protein kinase (MAPK) pathways, whilst in the case of
bortezomib it is dependent on the activation of axonal caspases.
Both mechanisms finally converge in a common pathway, similar
to Wallerian degeneration in the case of vincristine and apoptosis
after bortezomib administration (Geisler et al., 2019). These
results are in accordance with those of Landowski et al., who
found that dysregulation of mitochondrial calcium after
bortezomib administration triggered caspase 12 activity
(Landowski et al., 2005). Furthermore, bortezomib-induced
peripheral neuropathy has been associated with impairment of
the mitochondrial function, with a deficiency in ATP production
and increased ROS production and an increase of vacuolated and
swollen mitochondria in A and C fibers (Zheng et al., 2012;
Duggett and Flatters, 2017), although whether vacuolated
mitochondria appear in the DRG remains controversial
(Cavaletti et al., 2007; Meregalli et al., 2010).

With regards to the innate immune response and chemokine
release, very little has been published. CCL1 and CCL2 have been
shown to be upregulated in the DRG. Whereas CCL1 increased
rapidly after initiating bortezomib treatment, CCL2 increased
transitorily and in a similar pattern to the development of
allodynia. CCL2 was overexpressed in neuronal cell bodies but
not satellite glial cells, with infiltration of macrophages in the
DRG. The authors demonstrated that CCL2 was upregulated
through the recruitment of the transcription factor, c-Jun, to the
ccl2 gene promoter, and this was facilitated by activating
transcription factor 3 (ATF3) (Liu et al, 2016). In line with
the previous studies, bortezomib caused mechanical allodynia in
mice which was prevented by the anti-HMGBI neutralizing
antibody. As previously mentioned, HMGB1 can bind to
different receptors: RAGE, CXCR4 and TLR4. The receptor
antagonist for RAGE and CXCR4 completely abolished the
bortezomib-induced allodynia, but only the RAGE antagonist
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transiently reversed the allodynia once it had established; a TLR4
antagonist had no effect. Minocycline and ethyl pyruvate (which
inhibits HMGBI1 release from macrophages) and macrophage
depletion with liposomal clodronate prevented the appearance of
neuropathy, but only minocycline abolished the established
neuropathy. Curiously, the caspase 8 inhibitor significantly
reduced bortezomib-induced macrophage release of HMGBI,
preventing neuropathy. Thus, in contrast to data from the
PCTX model, HMGBI release from macrophages was not
mediated through NF-kB and p38MAPK but instead through
a caspase-dependent mechanism (Tsubota et al., 2019).

Thalidomide

Thalidomide is a synthetic glutamic derivative, it was approved
for pregnancy-associated morning sickness in 1957, although a
few years later it was withdrawn because of teratogenicity. In the
late 1990s, it was reintroduced for the treatment of certain types
of cancer due to its antiangiogenic and pro-apoptotic effects
(Fernyhough et al, 2005). The anti-cancer mechanisms of
thalidomide are not well known, although they include the
blocking of the production of TNF-a, and the blocking of the
activation of NF-kB, accelerating cell death.

The incidence of thalidomide-induced neuropathy is relatively
high, occurring in 25-75% of patients. Generally, it is a classical
sensory neuropathy, although at high doses it can also induce
motor impairment. Autonomic neuropathy also occurs
frequently affecting 80-90% of patients (Briani et al., 2004;
Glasmacher et al, 2006). The mechanisms by which
thalidomide induces the antitumor effect have been postulated
to cause this neuropathy: the antiangiogenic mechanism would
cause secondary hypoxia and ischemia of nerve fibers, whilst
inhibition of TNF-a and the blocking of the activation of NF-«xB
would accelerate neuronal cell death by dysregulating the
neurotrophins and their receptors (Keifer et al,, 2001). These
mechanisms need further research as thalidomide has been
demonstrated to reduce hyperalgesia in other models of
neuropathic pain in a TNF-a dependent mechanism
(Nascimento et al., 2015; Zajaczkowska et al., 2019).

5-Fluorouracil
5-fluorouracil (5-FU) is one of the oldest chemotherapy agents,
synthesized by Heidelberg et al. in 1957. It is a molecule that is
produced by substituting a hydrogen atom of uracil for a fluorine
atom. It acts as an antimetabolite inhibiting the thymidylate
synthase (TS), which is a key enzyme in the synthesis of 2'-
deoxythymidine-5'-monophosphate, ~ required for DNA
synthesis, therefore DNA synthesis and repair is ultimately
inhibited. 5-FU is also capable of binding to DNA, thus
altering the sequence of nucleotides. Finally, at higher doses,
dysfunction of RNA can be caused, thus interfering with the
synthesis of cellular proteins and leading to apoptosis (Tanaka
et al,, 2005).

5-FU poorly permeates biological membranes. Thus, a high
dose needs to be administered to reach effective intracellular
concentrations. It has a narrow therapeutic index with a high
incidence of side effects (Ewert de Oliveira et al., 2021). Some of
the most common are mucositis, diarrhea, or myelosuppression.

Mechanisms of Chemotherapy-Induced Neurotoxicity

Although generally unrecognized, due to the fact that other
antitumoral drugs with which 5-FU is often administered
(i.e,, oxaliplatin, for colorectal cancer treatment, McQuade
et al, 2016a) exert clearer neurotoxicity, 5-FU may induce
CIPN, as the signs of hyperalgesia and allodynia have been
detected in rats treated with a single dose of the compound
(even at low doses causing mucositis but not frank diarrhea;
unpublished observations). Importantly, unlike the above-
mentioned antitumoral agents, 5-FU does cross the BBB
(Fournier et al, 2003), causing CNS neurotoxicity as
described below.

Methotrexate

Methotrexate (MTX) is an anti-metabolite of folic acid. It blocks
the enzyme dihydrofolate reductase, which catalyzes the
dihydrofolate to tetrahydrofolate. Because tetrahydrofolate acts
as a coenzyme for several pathways in purine and pyrimidine
nucleotide synthesis, DNA repair and replication are disrupted
(Kozminski et al., 2020). MTX does not cross the BBB at low
doses, although at high doses it has modest permeability (Myers
et al, 2008). The mechanisms by which MTX is neurotoxic
remains unclear. Abnormal folate metabolism has been
implicated in neuronal alterations in the CNS (Meethal et al,
2013), although an effect on other cells of the CNS such as
astrocytes, seems possible (Shao et al., 2019). Not much is known
about methotrexate’s effects on the PNS.

Cyclophosphamide

Cyclophosphamide (CP) belongs to the group of alkylating drugs.
It is administered as a prodrug, which is metabolized in the liver
to produce the active drug. Thus, the hepatic cytochrome P-450
enzymes convert CP into hydroxy-cyclophosphamide, which is
then metabolized to aldophosphamide. Aldophosphamide is
cleaved to phosphoramide mustard and acrolein, and it is
phosphoramide which induces the antitumoral effect. Similar
to platinum compounds, the mechanism of action by which CP
induces antiproliferative effect is by creating crosslinks between
the two strands of DNA at the guanine N-7 position, therefore
preventing cell replication and repair which eventually leads to
cell death (Singh et al.,, 2018; Ogino and Tadi, 2021). Although it
may cause CNS neurotoxicity (see below), to our knowledge, its
potential peripheral neurotoxic effects have not been described.

CENTRAL NEUROTOXICITY: CHEMOBRAIN

Chemotherapy might lead to the development of severe CNS side
effects including seizures, strokes, syndrome of inappropriate
antidiuretic hormone (SIADH) secretion, visual, hearing, and
taste loss as well as memory deficiencies. Taken together, these
changes can result in dementia, problems with consciousness, and
cognitive disorders known as “chemobrain” (Newton, 2012;
Magge and DeAngelis, 2015; Hoeffner, 2016; Taillibert et al.,
2016). The term “chemobrain” or “chemofog” was coined for
chemotherapy-induced cognitive impairment in the 2000s (Wefel
et al., 2004). Cognitive complaints are common among cancer
patients during and after chemotherapeutic treatment. The

Frontiers in Pharmacology | www.frontiersin.org

March 2022 | Volume 13 | Article 750507


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Was et al.

Mechanisms of Chemotherapy-Induced Neurotoxicity

TABLE 3 | Involvement of chemotherapeutic agents on chemobrain development basing on their molecular activity.

Chemotherapeutic
agent

Alkylating agents

Cisplatin

Carmustine

Cyclophosphamide

thioTEPA

Oxaliplatin

Carboplatin

Mechanism

Impairment in neurogenesis

Impairment in neural network dynamics
Impairment of LTP
Stimulation of neuroinflammation

Abnormal exocytic neurotransmitters secretion

Toxicity for NPCs
Limited self-renewal of OPCs

Stimulation of neuroinflammation
Induction of oxidative stress

Inhibition of new cell production in the hippocampus
Reduction of spinal and dendritic complexity
Stimulation of neuroinflammation

Disruption of microglia function

Decreased number of NPCs, immature and mature neurons

BBB breakdown
Stimulation of neuroinflammation

Impairment in neurotransmitter release

Microtubule destabilizing drugs

Vincristine, Vinblastine

Vincristine

Impairment in neuronal polarization

Stimulation of neuroinflammation

Microtubule stabilizing drugs

Docetaxel

Paclitaxel

Antimetabolites

5-Fluororuracil

Methotrexate

Decreased number of NPCs, immature and mature neurons
Impairment in neuronal stabilization

Stimulation of neuroinflammation

Disruption of microglia, astrocytes function

Stimulation of neuroinflammation
Neuronal damage

Decreased number of NPCs, immature and mature neurons,
inhibition of cell production in the hippocampus

Impairment in neural network dynamics

Decreased myelination

Decreased BDNF production

Stimulation of neuroinflammation

Apoptosis and neuronal damage

Reduction in dopamine secretion

Decreased number of NPCs, immature and mature neurons
Dysregulation of microglia, astrocytes, and oligodendrocytes
Stimulation of neuroinflammation

Polymorphism of ADORA2A

Type of the
study

In vitro,
in vivo
In vivo
In vivo
Clinical
studies
In vitro

In vitro,
in vivo

In vitro,
in silico

In vivo
In vivo
In vivo
In vivo

In vivo
In vivo

In vivo

Clinical
studies

In vivo
In vivo

In vivo
In vivo

In vivo

In vivo
In vivo
In vivo
In vivo
In vivo
In vivo

In vivo
In vivo
Clinical
studies
In vivo
Clinical
studies

Reference

Dietrich et al. (2006), Lomeli et al. (2017)

Andres et al. (2014), Ma et al. (2018)
Mu et al. (2015)
Brandolini et al. (2019)

Mohammadi et al. (2018)

Dietrich et al. (2006)
Hyrien et al. (2010)

Gaman et al. (2016)

Christie et al. (2012)

Acharya et al. (2015), Kang et al. (2018)
Shi et al. (2019b), Gaman et al. (2016)
Shi et al. (2019a)

Nguyen and Ehrlich, (2020)

Branca et al. (2018)
Brandolini et al. (2019)

Kaplan et al. (2016), Field et al. (2018)

Sordillo and Sordillo, (2020)

Brandolini et al. (2019)

Nguyen and Ehrlich, (2020)

Mihlon et al. (2010), Sordillo and Sordillo (2020)
Groves et al. (2017), Shi et al. (2019b)

Shi et al. (2019a), Fardell et al. (2014)

Brandolini et al. (2019)
Wardill et al. (2016b)

Nguyen and Ehrlich (2020), Han et al. (2008), Monje and Dietrich
(2012)

Groves et al. (2017)

Argyriou et al. (2011), Han et al. (2008)

Mustafa et al. (2008)

Groves et al. (2017), Shi et al. (2019b)

Wardill et al. (2016b)

Jarmolowicz et al. (2019)

Nguyen and Ehrlich, (2020)
Seigers et al. (2010), Geraghty et al. (2019), Gibson et al. (2019)
Brandolini et al. (2019), Yang et al. (2012), Gaman et al. (2016)

Tsujimoto et al. (2016)

(Continued on following page)
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TABLE 3 | (Continued) Involvement of chemotherapeutic agents on chemobrain development basing on their molecular activity.

Chemotherapeutic Mechanism Type of the Reference

agent study

Antibiotics

Doxorubicin Decreased number of NPCs, immature and mature neurons Nguyen and Ehrlich, (2020)

Inhibition of cell production in the hippocampus Monije and Dietrich, (2012)
Reduction of spinal and dendritic complexity In vivo Kang et al. (2018)
Impairment of LTP In vivo Alhowail et al. (2019), Shaker et al. (2021)
Decreased BDNF production In vivo Park et al. (2018)
Stimulation of neuroinflammation In vivo Shi et al. (2019b)
Disruption of microglia function In vivo Shi et al. (2019a)
Impaired neurotransmitter release In vivo Thomas et al. (2017), EI-Agamy et al. (2018), Keeney et al. (2018)
Induction of oxidative stress in the brain In vitro Gaman et al. (2016), Alhowall et al. (2019), Shaker et al. (2021),

Keeney et al. (2018), EI-Agamy et al. (2018), Joshi et al. (2007)

ADORAZ2A, Adenosine A2A receptor; BBB, Blood-Brain Barrier; BODNF, Brain-derived neurotrophic factor; LTP, Long-term potentiation; NPCs, Neural precursor cells; OPCs,

Oligodendrocyte precursor cells.

growing body of evidence shows that chemotherapy is associated
with short- and long-term mood alterations and cognitive
deficits, characterized by disruptions in learning, short-term
and working memory, impaired attention and concentration,
information processing speed, and executive functions (e.g.,
multi-tasking, decision-making, language) (Dietrich et al,
2015; Bompaire et al, 2017). Chemofog is also related to
anxiety, depression, fatigue and insomnia, and overall health-
related decline. In turn, these changes may significantly affect
activities of daily living, including autonomy, return to work,
social relationships, and self-confidence (Minton and Stone,
2012; Pullens et al., 2013; Dhillon et al., 2018).

Cognitive changes are rather subtle, subjective and difficult to
measure, therefore they are often undetected or underestimated by
patients and clinicians (Horowitz et al., 2018). Thus, it is difficult to
estimate the percentage of cancer survivors with chemobrain and a
wide range between 17 and 75% has been estimated (Hermelink et al.,
2010; Wefel and Schagen, 2012). Therefore, the International Cancer
and Cognition Task Force made recommendations to unify studies
on cognitive functions in patients with cancer, based on
neuropsychological tests and clinical data. Recommended tests
measure learning and memory, processing speed, and executive
function based on findings of the cognitive effects of
chemotherapy on the frontal cortex (Wefel et al, 2011).
Chemobrain is most noticeable in the population of patients with
breast cancer, with a frequency reaching 80% (Oberste et al., 2018),
but also in lung cancer (Simo et al, 2018), CNS malignancies
(Fliessbach et al, 2005; Schagen et al, 2014), testicular cancer
(Schagen et al, 2008; Wefel et al, 2014) and hematologic
malignancies (Scherwath et al., 2013).

Although it cannot be discarded that other treatments received by
the cancer patients (opiates, neuroleptics) and other confounders, like
inadequate nutritional status, may contribute to the problem,
preclinical in vitro and in wvivo studies do support that
chemotherapy causes brain neurotoxicity (Rzeski et al, 2004;
Matsos and Johnston, 2019; Boullon et al, 2021; Bagues et al,
2022). Indeed, currently, chemofog is hypothesized to be the
result of neuronal injury with abnormal brain remodeling. It

might be related to neuroinflammation, neuroendocrine changes,
alterations in the BBB that allow increased access of cytotoxic agents
and pro-inflammatory cytokines to neurons and supportive glial
(astrocytes and microglia) cells as well as secondary activation of glial
cells and myelin-producing (oligodendrocyte lineage) cell defects. Of
importance, these cognitive deficits appear following treatment with
various chemotherapeutic agents, independently of their mode of
actions (Rzeski et al., 2004; Dietrich et al., 2006; Monje and Dietrich,
2012; Wefel and Schagen, 2012; Wigmore, 2013; Shi et al., 2019b;
Gutmann, 2019; Lange et al., 2019; Walczak and Janowski, 2019;
Nguyen and Ehrlich, 2020). Below, we describe the involvement of
the different chemotherapeutic drugs and various biological
mechanisms in the development of chemofog in detail. Table 3
summarizes these findings.

Impairment in Neurogenesis and Neural
Network Dynamics

Reduced neurogenesis is the most commonly studied mechanism
for chemobrain. Adult neurogenesis occurs primarily in niche
regions: the subgranular zone (SGZ) of the dentate gyrus of the
hippocampus, the subventricular zone (SVZ) lining the lateral
ventricles (Ming and Song, 2011), and the striatum (Ernst et al.,
2014). In the SGZ, neural precursor cells (NPCs) undergo self-
renewal or give rise to immature cells that can differentiate into
neurons and glial cells (Choi and Goldstein, 2018).
Chemotherapeutic drugs are designed to selectively target
rapidly proliferating cells, but in most neurons this process is
stopped. Neurogenic regions of the brain, such as the
hippocampus, are the most vulnerable for anti-mitotic
therapies (Wigmore, 2013). Chemotherapeutic agents can lead
to extensive DNA damage in post-mitotic neurons, inducing their
death (Hoeijmakers, 2009; Maynard et al., 2015). Lower doses of
chemotherapy, similar to the levels of chemotherapeutic drugs
found in the brain after systemic administration, may cause
cellular senescence. Senescent cells are non-proliferating but
remain metabolically active. They exhibit so called senescence-
associated secretory phenotype (SASP), which consists of growth
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factors, inflammatory and proangiogenic agents, chemokines,
metalloproteinases, and many others, that may affect their
environment. Of note, some recent studies suggest that
senescent cells can re-enter the cell cycle and carry abnormal
divisions (Sundaram et al., 2004; Campisi and d’Adda di Fagagna,
2007; Sliwinska et al., 2009; Gewirtz, 2014; Erenpreisa et al., 2015;
Niu et al., 2017; Was et al., 2017; Mirzayans et al., 2018; Was et al.,
2018; Sikora et al, 2021). The development of neuronal
senescence can be also linked to oxidative damage, as it was
observed in rodents treated with DCTX (Moruno-Manchon et al.,
2016). In addition, the post-mitotic brain shows many alterations
of DNA repair mechanisms, increasing the chance of apoptosis or
senescence induction (Maynard et al, 2015). Therefore, the
accumulation of DNA damage caused by chemotherapy can
accelerate neuronal dysfunction and death. Intraperitoneal (IP)
or intravenous (IV) injections of various drugs, ranging from
MTX, 5-FU, CP, doxorubicin (DOX), DCTX, PCTX, cisplatin to
thioTEPA were shown to increase the impairment of memory
and decreased numbers of NPCs, immature or mature neurons
(Nguyen and Ehrlich, 2020). In accordance, several studies found
a reduction in the number of NPCs in the brains of cancer
survivors (Seigers et al., 2008; El Beltagy et al., 2010; Briones and
Woods, 2011; Nokia et al, 2012). Carmustine, cisplatin, and
cytosine arabinoside (cytarabine) were reported to be more toxic
for the progenitor cells of the CNS than they are for multiple
cancer cell lines. In preclinical studies, administration of these
chemotherapeutic agents was associated with increased cell death
and reduced cell proliferation in the SVZ, in the dentate gyrus of
the hippocampus and the corpus callosum of the CNS (Dietrich
et al., 2006). In turn, 5-FU was demonstrated to be toxic for CNS
progenitor cells in vitro and in vivo. Systemic treatment with 5-
FU was shown to cause CNS impairment with severe damage to
white-matter tracts of treated animals (Han et al., 2008). CP,
DOX, and 5-FU prevented the production of new cells in the
hippocampus, which is crucial for brain plasticity and neural
repair. Therefore, suppression of neurogenesis was directly
related to chronic neurotoxic effects, including hippocampus-
dependent cognitive functions (Christie et al., 2012; Monje and
Dietrich, 2012; Lomeli et al., 2017).

Most neurons are highly polarized cells with complex
morphology (Barnes and Polleux, 2009). The microtubule
network is critical for regulating their polarization, migration,
cell proliferation, and cargo transport (Dubey et al., 2015). Spines
and dendrites regulate the synaptic plasticity essential for
learning, memory, and executive functions (Forrest et al,
2018) and they remain dynamic even in mature, non-dividing
neurons (Forrest et al,, 2018). Several studies have shown a
reduction in dendritic and spinal complexity in rodents
following the administration of chemotherapeutic agents such
as cisplatin (Andres et al., 2014), 5-FU (Groves et al., 2017), DOX,
and CP (Acharya et al., 2015; Kang et al., 2018). High cisplatin
levels led to the rapid loss of synapses and dendritic
disintegration, and neuronal, but not NPCs apoptosis. In
accordance, in vivo administration of cisplatin reduced
dendritic branches and decreased spine density in CAl and
CA3 hippocampal neurons (Andres et al., 2014). Interestingly,
short-term daily treatment with the histone deacetylase 6
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(HDACS6) inhibitor was demonstrated to reverse behavioral,
structural, and functional deficits induced by cisplatin in a
mouse model (Ma et al, 2018). Drugs that target the
microtubule network directly through hyperstabilizing (PCTX,
DCTX, and ixabepilone) or destabilizing (vincristine and
vinblastine) it, may lead to chemobrain as well (Mihlon et al,
2010). Abnormalities in microtubules were reported to cause
cognition and memory problems, and damage to microtubules
correlated with numerous neurological diseases (Sordillo and
Sordillo, 2020). Accordingly, PCTX, the microtubule-
stabilizing agent, was demonstrated to cause impaired memory
acquisition in rodent models. Chemotherapeutics-treated
animals behaved poorly in the Morris water maze (MWM)
test comparing to counterparts, and microtubule dynamics in
their brain extracts were significantly reduced (Atarod et al., 2015;
You et al.,, 2018).

Chemotherapeutics do not only act by the induction of
neurodegeneration, but they can also play a crucial role in
disturbing signaling and altering long-term
potentiation (LTP). LTP plays an essential role in synaptic
mediation of learning acquisition and memory consolidation,
whose disturbances are characteristic of chemobrain. Those
changes are most likely related to the ability of
chemotherapeutics to interact off-target with: N-methyl-D-
aspartate receptor (NMDA-R), a-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid receptor (AMPA-R), protein kinase
A (PKA), extracellular signal-regulated kinase (ERK2), and Ca**/
calmodulin-dependent protein kinase II (CaMKII), which are
major regulators of LTP. The effect on LTP was pointed as
possible for several drugs, including dactinomycin and
irinotecan in in silico simulation (Fahim et al, 2019).
However, impairment of LTP was also observed in rodent
models due to cisplatin and DOX treatment (Mu et al., 2015;
Alhowail et al., 2019). Cisplatin reduced spontaneous exploratory
activity, recent and remote memory retrieval, induced decision-
making, which correlated with impairment in LTP-like synaptic
plasticity (Mu et al., 2015). In turn, DOX led to reduced LTP in
the hippocampal region as well as a decrease in postsynaptic
potentials in the rat brains (Alhowail et al., 2019). Synaptic
plasticity and normal cognitive function strongly depend also
on Sirtuin I (SIRT1), which is a histone III deacetylase. In mice,
SIRT1 is localized specifically in neurons, but not in glial cells.
The lack of this protein resulted in defective neuron plasticity and
disturbances in LTP-related processes, which led to impairment
of cognition (Michan et al., 2010). It was observed that expression
of SIRT1 decreased upon treatment with DOX (Shaker et al,
2021).

Altogether, different chemotherapeutic drugs may cause
chemobrain by inducing neurons’ senescence or death, alter
their polarization and ability to form functional networks.

neuronal

Downregulated Secretion of
Neurotransmitters

Most  neurological —agents act through modulating
neurotransmitters. Variants of catechol-O-methyltransferase
(COMT) were correlated with differential risks of developing
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chemobrain in cancer survivors. COMT catalyzes the
O-methylation of the catecholamines: dopamine (DA),

epinephrine, and norepinephrine (NE) (Sheldrick et al., 2008).
In vitro experiments on PCI12 cells, which are a type of
catecholaminergic cells that synthesize, store and release NE
and DA, revealed that cisplatin may affect cell membrane
lipids, particularly phosphatidylcholine and cholesterol, leading
to the abnormal exocytotic release of neurotransmitters
(Mohammadi et al, 2018). In turn, carboplatin affected
dopamine and serotonin (5-HT) release and uptake in rat
brains, which was related to cognitive and mood impairments
(Kaplan et al., 2016). Carboplatin was demonstrated to impair
dopamine release and uptake in the zebrafish model of
chemobrain-related studies (Field et al., 2018). Similarly, a
reduction in DA release in the striatum following injections of
5-FU was shown (Jarmolowicz et al., 2019). Treatment with DOX
impaired glutamate neurotransmission in the mouse frontal
cortex and hippocampus. Especially, glutamate clearance was
reduced by about 50% in the frontal cortex and dentate gyrus
(Thomas etal., 2017). It might be related to the reduced glutamate
transporter expression (Thomas et al, 2017) and impaired
exocytosis  (Kaplan al., 2016). Additionally, elevated
acetylcholine  esterase activity was reported in the
hippocampus of rats treated with DOX (El-Agamy et al,
2018). In accordance, a reduction in choline content, the
precursor for acetylcholine, was also demonstrated after DOX
treatment (Keeney et al, 2018), suggesting that inhibited
cholinergic activity may be a risk factor in chemobrain.
Altogether, various chemotherapeutic drugs may cause
chemobrain by reducing neurotransmitters’ production and
disturbing effective communication between neurons.

et

Reduced Gliogenesis and Hyperactivation

of Microglia and Astrocytes

Non-neuronal cells, including astrocytes, oligodendrocytes, and
microglia, play important roles in maintaining the health and
normal functions of neurons (Jessen, 2004; Walczak and
Janowski, 2019). Reduced gliogenesis in the SVZ and SGZ can
impair memory encoding and consolidation (Fields et al., 2014).
Proper axonal myelination is crucial for fast conduction speed
and enhanced cognitive processing (Bendlin et al., 2010; Lu et al.,
2011). Generation of new oligodendrocytes is also required for
complex motor learning (McKenzie et al., 2014) and spatial
memory consolidation (Steadman et al., 2020). Glial cells, as
fast-dividing cells, are very vulnerable to chemotherapeutic
agents. Carmustine, cisplatin, and cytosine arabinoside
(cytarabine), when injected systemically in mice, were
demonstrated to inhibit proliferation and induced cell death of
progenitor cells and oligodendrocytes throughout the CNS
(Dietrich et al., 2006). Several other studies demonstrated that
PDGFRa+/Olig2+ oligodendrocyte precursor cells (OPCs) and
non-dividing mature oligodendrocytes are especially sensitive to
chemotherapy as compared to neurons and astrocytes (Dietrich
et al., 2006; Han et al., 2008; Hyrien et al., 2010; Gutmann, 2019).
Persistent depletion of OPCs in the subcortical white matter
tracts was shown after MTX treatment both in humans and mice
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(Gibson et al., 2019). Moreover, chemotherapeutics also altered
OPCs differentiation and consequently proper myelination
(Hyrien et al., 2010; Gibson et al, 2019) and were associated
with numerous behavioral deficits, including decreased forepaw
swing speed, increased anxiety (attention system dysfunction),
and persistent cognitive defects in mouse models (Gibson et al.,
2019). Mathematical and experimental analysis showed that
transient exposures to carmustine lengthened the cell cycle of
OPCs and accelerated their time of differentiation. In accordance,
their ability to self-renew was significantly limited (Hyrien et al.,
2010). Of importance, imaging studies on human cancer
survivors reveal a reduction in several white matter tracts,
suggesting reduced myelination (Deprez et al., 2011; Deprez
et al., 2012; Chen et al, 2020). One of the drugs, which can
cross BBB and act directly on cells of CNS, causing decreased
myelination, is 5-FU (Argyriou et al, 2011). Systemic
administration of 5-FU led to acute CNS injury and damage
of myelinated tracts of the CNS that was correlated with changes
in transcriptional regulation of oligodendrocytes and an
increased myelin pathology (Han et al, 2008). Furthermore,
damage to neurons or glial cells can activate microglia and
astrocytes, leading to increased production of inflammatory
cytokines and the development of chronic neuroinflammation.
Astrocyte activation was demonstrated after DCTX injection
(Fardell et al., 2012), and microglial activation was shown after
CP treatment (Christie et al., 2012). Additionally, hyperactivation
of microglia may contribute to long-term cognitive deficits as
shown for MTX (Seigers et al, 2010). Astrocytes and
oligodendrocytes can be also dysregulated following MTX
treatment (Geraghty et al, 2019; Gibson et al, 2019). MTX
treatment was reported to cause persistent activation of
microglia and subsequent astrocyte activation, further leading
to exhaustion of OPCs, reduced myelination, and decreased
cortical brain-derived neurotrophic factor (BDNF) levels. In
turn, pharmacological depletion of microglia normalized
oligodendroglial lineage dynamics, myelin microstructure, and
cognitive and behavioral deficits after MTX chemotherapy
(Gibson et al, 2019). Brain blood vessels-derived vascular
endothelial growth factor (VEGF) and BDNF were
demonstrated to play a crucial role in the survival and
differentiation of NPCs (Schanzer et al., 2004; Goldman and
Chen, 2011).

Altogether, different chemotherapeutics may lead to chemofog
by reducing gliogenesis and causing activation of microglia and
astrocytes, resulting in neuroinflammation.

Neuro-Inflammation and Breakdown of

Blood-Brain Barrier

Chronic  neuroinflammation might be responsible for
maintaining long-term cognitive dysfunctions (Glass et al,
2010; Michaud et al, 2013). As mentioned above (Peripheral
Neuropathy: Neuropathic Pain), most chemotherapeutic agents
administered systemically do not cross the intact BBB. Cytokines
in the brain are mainly derived from microglia, astrocytes,
oligodendrocytes, and neurons, rather than peripheral sources
(Kronfol and Remick, 2000). Activated microglia and astrocytes
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can produce cytokines, e.g., IL-1p and TNF-a directly in CNS.
Peripherally released cytokines can also access the brain and
compromise the protective BBB, thereby enabling the entrance of
more cytokines and chemotherapeutic drugs (Ren et al., 2017)
and increased peripheral cytokines are observed in cancer
survivors (Wang et al., 2015). Pro-inflammatory cytokines may
affect tight junctions and thus the integrity of the BBB. This is
important, when considering BBB breakdown in cancer patients,
as there is a number of sources of pro-inflammatory cytokines,
derived from the tumor and the effects of chemotherapy on other
organs (Wardill et al, 2016b). Cytokines enter the brain by
receptor mediated-endocytosis or passive diffusion through the
leaky regions of BBB, resulting in glial activation and local
inflammatory reaction in the brain (Banks and Erickson, 20105
Wardill et al., 2016b). In a rat brain endothelial cell line (RBE4)
oxaliplatin induced the disassembly of the tight junctions and
brain dysfunction (Branca et al., 2018). 5-FU and a combination
of DCTX, DOX, and CP led to cytokine dysregulation and
disruptions in neuroplasticity, which correlated with
behavioral and imaging alterations in a mouse model. In turn,
these changes were associated with serum and brain levels of pro-
inflammatory cytokines, IL-6 and TNF-a. On the other hand,
levels of anti-inflammatory cytokines IL-4 and IL-10 in serum
and brain were reduced in most animals (Groves et al., 2017; Shi
et al., 2019b). Elevated IL-6 and TNF-a that were detected in
chemotherapy-treated breast cancer survivors correlated with
persistent hippocampal structural changes and reduced verbal
memory performance (Collado-Hidalgo et al., 2006; Bower et al.,
2007). BBB permeability, astrocytic activation, and peripheral
production of IL-1f3, IL-6 and TNF-a were demonstrated to
increase also after treatment with irinotecan (Wardill et al,
2016a).

It is suspected that overproduction of pro-inflammatory
proteins which can cross BBB, such as TNF-a, can stimulate
microglial cells to further produce inflammatory cytokines, which
promote brain damage (Tangpong et al., 2007; Tacar et al., 2013).
It was observed that upon treatment with a combination of
DCTX, DOX and CP, microglia cells drastically changed in
morphology. They became round and ameboid-like in shape
with large perinuclear cytoplasm including the dense and
heterochromatic nucleus (Shi et al., 2019a). It was shown that
prolonged activation of microglia can act as a mechanism leading
to neurodegenerative disorders and can inhibit neurogenesis due
to the impairment in neuronal stem cells (NSCs) located in the
hippocampus (Dheen et al., 2007; Smith et al., 2012).

At least partly due to BBB breakdown, some chemotherapeutic
agents, such as cisplatin, carmustine, PCTX, and 5-FU, were also
detected in the brains of rodents or primates after IV injection,
leading to apoptosis and neuronal damage associated with
neurological dysfunction (Wardill et al., 2016b). DCTX led to
cognitive impairment of mice in post-treatment behavioral tests,
and this was correlated with substantial amounts of DCTX in the
brain and astrocyte activation. DCTX treatment did not
significantly elevate the rate of apoptosis within the CNS, but
increased autophagy was detected (Fardell et al., 2014). The
neurotoxic effect of DCTX in neurons might be modulated by
impairment of autophagy and damage of lysosomes, which was

Mechanisms of Chemotherapy-Induced Neurotoxicity

demonstrated in both in vitro and in vivo studies (Moruno-
Manchon et al.,, 2016). The anti-autophagic capacity of DCTX
was marked by the downregulation of PTEN-induced kinase 1
(PINK1) and Parkin expression (Wahdan et al., 2020). MTX-
treated breast tumor-bearing mice exhibited significant
depressive-like behaviors and cognitive impairment. At the
same time, these mice showed reduced numbers of NPCs in
the hippocampal dentate gyrus and augmented pro-
inflammatory enzymes, including iNOS and COX-2 (Yang
et al, 2012). Patients undergoing chemotherapy with taxanes
or anthracycline-containing regimens for breast, ovarian cancer,
and Hodgkin’s disease had statistically significant increases in
interferon (IFN)-a, IL-1B, IL-6, IL-8, IL-10, and monocyte
chemoattractant protein 1 (MCP-1) (Wang et al, 2015).
Cytokine change may induce alterations in neurotransmitter
systems and neuronal integrity by inducing excitotoxic
glutamate receptor-mediated damage, influencing
monoaminergic systems [serotonin (5-HT), DA, and NE], y-
aminobutyric acid (GABA), acetylcholine, neuropeptides, and
BDNF, which are directly associated with cognitive function and
neurodegenerative processes (Wang et al., 2015).

BBB breakdown might be also a result of cerebral blood
pressure autoregulation failure (Stone and DeAngelis, 2016).
One of the theories explaining the development of this
dysfunction claims that failure of blood pressure
autoregulation is induced by endothelial dysfunction. It may
result from circulating toxins, including chemotherapeutics
(Fischer and Schmutzhard, 2017): vincristine, gemcitabine,
cytarabine, and cyclosporine (Peddi et al, 2014; Hoeffner,
2016; Stone and DeAngelis, 2016).

Altogether, different chemotherapeutic agents may cause
chemobrain by disturbing the BBB and inducing inflammation
in both the CNS and the periphery.

Overproduction of Reactive Oxygen
Species

Chemobrain seems to be accompanied by ROS and reactive
nitrogen species (RNS) production, that cumulatively increase
oxidative stress (Chen et al, 2007). The post-mitotic brain
consumes ~20% of glucose-derived energy, leading to high
production of ROS (Patel, 2016). Additionally, the activated
glial cells were demonstrated to upregulate nitric oxide
synthase (NOS) and RNS production (Tangpong et al., 2006).
Finally, a majority of cancer survivors are older, which may
additionally increase the level of ROS and senescence
phenotype (Miller et al., 2019). ROS are known as DNA-
damaging and senescence-inducing agents. The
overproduction of ROS and RNS have been reported as the
most frequent cause of DNA damage in neuronal cells (Abner
and McKinnon, 2004) and a direct cause of a cognitive decline in
cancer patients (Nadin et al., 2006).

It was observed that oxidative stress in the brain can be
induced by DOX, carmustine, MTX, and CP (Gaman et al,
2016). DOX is known to generate intracellular ROS. In
in vitro studies, it was shown that DOX can significantly
induce mitochondrial stress in hippocampus-derived cells
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(Alhowail et al., 2019). Even though DOX does not cross the BBB,
it can modulate ROS production indirectly in the CNS. It was
responsible for the oxidization of plasma apolipoprotein Al, that
in turn promoted macrophage TNF-a production, which
significantly induced oxidative stress in the brain (Aluise et al.,
2011). TNF-a overproduction correlated with increased levels of
glutathione-S-transferase as well as glutathione peroxidase and
reductase (Joshi et al., 2010). It also decreased mitochondrial
respiration as a result of increased p53 and apoptosis-associated
proteins (Tangpong et al., 2006). Similar to DOX, treatment with
carmustine, MTX and CP also generated increased levels of TNF-
a in plasma (Gaman et al., 2016).

Oxidative stress in the hippocampus induced by DOX, followed
by neurodegeneration, correlated with decreased expression of
SIRT1 protein. SIRT1 plays a crucial role in the regulation of
ROS production and controls the expression of proteins
responsible for oxidative stress protection (Olmos et al, 2013;
Ren 7. et al, 2019). Berberine (BER), the natural alkaloid,
decreased cognitive impairment and protected against DOX
toxicity in a rodent model. The mechanism of BER was most
likely based on restoration of the metabolic balance controlled by
SIRT1, as its expression increased in response to BER treatment
(Shaker et al., 2021). Moreover, DOX administration was shown to
cause a significant decrease in choline-containing compounds and
activities of the phospholipase enzymes in the hippocampus in
mice. DOX administration was shown to correlate with elevated
apoptosis of hippocampal neurons, diminished antioxidant
glutathione (GSH) levels, reduced activity of catalase, and
elevated level of the lipid peroxidation products in a rat model
(El-Agamy et al, 2018). In turn, y-glutamyl cysteine ethyl ester
(GCEE), a precursor of the antioxidant GSH, restored GSH level
and GSH transferase activity and reduced the levels of oxidative
stress markers of protein oxidation and lipid peroxidation in DOX-
treated mice brains (Joshi et al., 2007).

Finally, ROS can compromise the BBB by triggering several
pathways (Pun et al., 2009). Of importance, mice co-treated with
the natural antioxidant, resveratrol demonstrated a reversion of
harmful effects of chemotherapy-induced cytokine dysregulation
and disruptions in neuroplasticity (Shi et al., 2018).

Altogether, different chemotherapeutic agents may activate
chemofog by inducing oxidative stress, which accelerates
neuronal degeneration, inflammatory cytokine overproduction
and a leak of the BBB.

Genetic Alterations

Risk factors responsible for the development of cognitive
impairments are still not clear. However, there is some
evidence indicating that there are some genetic alterations that
might increase the possibility of chemobrain occurrence. Some
studies indicate that the rate of MTX-mediated toxicity might be
regulated by adenosine, whose release is promoted by this drug
(Cronstein et al., 1993). Adenosine regulates CNS by interactions
with the adenosine A2A receptor (ADORA2A). Polymorphisms
in the gene encoding this protein were associated with an
increased risk of encephalopathy and the development of
cognitive disorders after this type of treatment (Tsujimoto
et al,, 2016). It is suggested that patients with higher levels of
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DNA impairments have a much higher risk of developing
cognition-related  problems. In  accordance,  genetic
polymorphisms in DNA repair genes, including 8-Oxoguanine
glycosylase (OGG1), APEX1, XRCC1, ERCC1, XPC, XPD, XPF,
BRCA2, XRCC3, and MDRI (multi-drug resistance -1) are
considered important factors to influence the degree of
chemotherapy-associated CNS damage, especially those
associated with oxidative stress (Goode et al., 2002; Kerb,
2006; Ahles and Saykin, 2007; Ren X. et al., 2019). Moreover,
disturbances in the expression of MDR1 and closely associated
multidrug resistance-associated protein-1 (MRP1) can promote
BBB damage, which directly influences the level of
chemotherapeutics in the brain. The presence of those
polymorphisms allows toxic drugs to cross BBB and therefore
increase their deleterious activity on neuronal cells (Ren X. et al,,
2019).

Chemofog risk increases when polymorphisms occur in the
genes associated with neuron growth and their functions. For
example, it was observed that BDNF Val66Met mutation

increased the incidence of chemobrain. BDNF genetic
alterations were demonstrated to play a role in
neuroinflammation-linked cognitive depression in breast

cancer survivors (Dooley et al, 2016; Ng et al, 2017) and
their poorer performance on verbal fluency and multitasking
test (Ng et al., 2016). In turn, polymorphism of COMT, the main
modulator of neurotransmitter (e.g., DA, epinephrine, and NE)
degradation, was shown to affect their bioavailability (Miskowiak
et al, 2017). It has been correlated with cognitive impairment
(e.g., decreased performance in attention, motor speed, and
verbal fluency) in lymphocytic leukemia (Cole et al., 2015) and
adult breast cancer survivors (Small et al., 2011).

Apolipoprotein E (APOE) is a glycoprotein responsible for
lipid transport in the nervous system. It also plays a crucial role in
the maintenance of BBB, as well as in processes of oxidative stress,
inflammation, and neuronal health. APOE can produce three
alleles, but only the presence of APOE4 is considered as one of the
possible risk factors for chemobrain development (Fernandez
etal., 2020). Cognitive impairment might occur regardless of used
therapy, as it was observed in the cohort study on lymphoma and
breast cancer survivors. It was demonstrated that patients bearing
the APOE4 allele showed lower performance in visual memory
and spatial ability (Ahles et al., 2003). The correlation of APOE4
and cognitive impairment was further confirmed in other studies
conducted on breast cancer survivors in different age groups
(Ahles et al., 2014; Mandelblatt et al., 2018). In vivo studies
revealed that the presence of APOE4 in mice resulted in a slight
decrease in the volume of the frontal cortex and grey matter.
Observations made on the role of APOE4 in chemobrain
development in cancer survivors were confirmed by controlled
studies in rodents (Speidell et al., 2019; Demby et al., 2020). The
presence of APOE4 correlated with breakage of BBB due to
impairment of tight-junctions (Nishitsuji et al., 2011) as well
as activation of pro-inflammatory cytokine secretion by
pluripotent stem cell-derived microglia in vitro (Lin et al., 2018).

Altogether, different genetic alterations may increase the
chance of chemobrain by affecting neuronal morphology and
functions.
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ENTERIC NEUROTOXICITY

Diarrhea, constipation, oral mucositis, nausea, and vomiting
are common gastrointestinal side effects of chemotherapeutic
medications experienced by 80-90% of patients (Keefe et al.,
2014; McQuade et al., 2014; Numico et al., 2015; McQuade
et al., 2016a; Sommariva et al., 2016; Escalante et al., 2017;
Dahlgren et al., 2021). As a result of these side effects, patients
commonly develop malnutrition and dehydration. Early death
rates of up to 5% associated with chemotherapy are primarily
due to gastrointestinal toxicity (Rothenberg et al., 2001). The
gastrointestinal side effects often limit the dose of
chemotherapy reducing the efficacy of anti-cancer
treatment, leading to poor survival, and having a severe
impact on a patient’s quality of life (Arbuckle et al., 2000;
Sharma et al., 2005; Mitchell, 2006; McQuade et al., 2017a;
Sougiannis et al., 2021). Chronic post-treatment diarrhea can
persist for over 10 years after the end of treatment in 13-50%
oflong-term cancer survivors (Denlinger and Barsevick, 2009;
Buccafusca et al., 2019). Most drugs used clinically to alleviate
gastrointestinal side effects of chemotherapy have adverse
effects themselves and often have limited efficacy
(McQuade et al., 2016a; Koth and Kolesar, 2017).

The traditional view is that gastrointestinal side effects of
anti-cancer drugs are due to mucosal damage (Keefe et al,,
2004; Van Sebille et al., 2015; Dahlgren et al., 2021). However,
while mucosal damage is undoubtedly significant for the acute
symptoms associated with chemotherapy (Pulito et al., 2020;
Sougiannis et al., 2021), the persistence of gastrointestinal
symptoms long after treatment is completed suggests that
there is long-term damage to the gastrointestinal innervation
(Thorpe et al., 2013; Escalante et al., 2017; McQuade et al,,
2020).

The enteric nervous system (ENS) embedded into the wall of
the gastrointestinal tract controls its functions; most of the enteric
neurons locate within the enteric ganglia organized into two
major plexi, myenteric plexus that controls intestinal motility and
submucosal plexus that controls intestinal secretion and
vasodilation (Bornstein et al., 2012; Furness, 2012; Bon-
Frauches and Boesmans, 2020; Fleming et al., 2020; Brehmer,
2021). Despite mounting evidence for chemotherapy-induced
enteric neuropathy, research in this area is scarce. As
described below, recent studies demonstrate that enteric
neuronal degeneration and dysfunction are emerging key
players in gastrointestinal disorders induced by chemotherapy.
Several chemotherapeutic agents currently used in the clinic for
anti-cancer treatment have a profound impact on the ENS, and
mechanisms underlying enteric neuropathy caused by different
classes of chemotherapeutic drugs vary to a significant extent.

Mechanisms Involved in
Chemotherapy-Induced Enteric
Neuropathy

Damage and death of enteric neurons, severe axonal damage,
changes in glial cells, neuropeptides, and in neuromuscular
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transmission, as well as altered molecular expression, persisted
long after the cessation of chemotherapy when mucosal damage
has subsided in animals treated with cisplatin (Vera et al., 2011;
Pini et al, 2016; Uranga et al., 2017; Nardini et al, 2020),
oxaliplatin (Wafai et al., 2013; McQuade et al, 2016
Robinson et al, 2016; Stojanovska et al, 2018b), 5-FU
(McQuade et al., 2016b), irinotecan (McQuade et al., 2017b;
Thorpe et al., 2020), vincristine (Hobson et al.,, 1974; Lopez-
Gomez et al,, 2018; Gao et al., 2021), and adriamycin/doxorubicin
(Cheng et al,, 1997, 1999). Studies in fresh colon specimens
resected  from  chemotherapy-treated  non-obstructive
carcinoma patients revealed morphological changes and
hyperexcitability of myenteric neurons, and increased numbers
of neurons with nuclear translocation of Hu, an mRNA binding
protein present in all enteric neurons (Stojanovska et al., 2015;
Carbone et al., 2016). Enteric neuropathy associates with long-
term gastrointestinal dysfunctions, including changes in
gastrointestinal transit, oesophageal, gastric and colonic
dysmotility, and clinical symptoms: chronic constipation,
chronic diarrhea, lack of weight gain, and pica (equivalent to
vomiting in humans) (Cheng et al., 1997, 1999; Vera et al., 2006,
2007; Yamamoto et al., 2007; Cabezos et al., 2008; Cabezos et al.,
2010; McQuade et al., 2016b; McQuade et al., 2016¢; Pini et al.,
2016; Spencer, 2016; Abalo et al., 2017; McQuade et al., 2017b;
Vera et al,, 2017; Lopez-Gémez et al., 2018; Belsky et al., 2020;
Gao et al., 2021).

Mechanisms underlying chemotherapy-induced enteric
neuropathy involve oxidative stress, inflammation, and direct
toxicity leading to mitochondrial and nuclear damage
(Escalante et al., 2017; McQuade et al., 2020). Oxidative
stress resulting from an imbalance between ROS/RNS
production and the antioxidant defense system is an
important factor contributing to gastrointestinal dysfunctions
(Kashyap and Farrugia, 2011; Aviello and Knaus, 2017).
Increased nitrosylation of protein tyrosines by RNS (e.g.,
reactive peroxynitrates) has been observed in colonic enteric
neurons of FOLFOX (a combination of 5-FU, leukovorin, and
oxaliplatin) and 5-FU-treated patients and oxaliplatin-treated
mice (Carbone et al., 2016; McQuade et al., 2016¢). Augmented
soma size of neuronal nitric oxide synthase (nNOS)-
immunoreactive myenteric neurons has been found in the
colons from FOLFOX and 5-FU-treated patients (Carbone
et al., 2016). Higher proportions of nNOS-immunoreactive
myenteric and submucosal neurons have been observed in
the gastric fundus and colon from cisplatin-treated rats and
mice, vincristine-treated rats, as well as oxaliplatin-treated mice
(Vera et al,, 2011; Wafai et al., 2013; McQuade et al., 2016¢; Pini
et al., 2016; Lopez-Gomez et al., 2018). Increased expression of
iNOS and nNOS, excessive production of superoxide,
mitochondrial membrane depolarization, the release of
cytochrome ¢, and activation of caspase 3 leading to
apoptosis of myenteric and submucosal neurons are
prominent after oxaliplatin treatment (McQuade et al,
2016c¢). These findings provide evidence that oxidative stress
is a key player in chemotherapy-induced enteric neuropathy.
Co-treatment with neuroprotective agents with strong
antioxidant properties, resveratrol, and BGP-15, alleviates
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TABLE 4 | Classification of chemotherapeutic agents according to their emetogenicity.

Risk level Chemotherapeutic agent

High (>90%) Cytotoxic agents AC combination

Non-AC agents: carmustine, cisplatin, CP (=1,500 mg/m?), dacarbazine, mechlorethamine, streptozotocin

Moderate (30-90%)  Cytotoxic agents

Arsenic trioxide, azacytidine, bendamustine, busulfan, carboplatin, clofarabine, CP (<1,500 mg/m?), cytarabine

(>1,000 mg/m?), daunorubicin, daunorubicin + cytarabine liposome, doxorubicin, epirubicin, idarubicin, ifosfamide,
irinotecan, irinotecan liposomal injection, oxaliplatin, romidepsin, temozolomide (*), thioTEPA (#), trabectedin

Non-cytotoxic agents

Low (10-30%) Cytotoxic agents

Alemtuzumab, fam-trastuzumab deruxtecan-nxki

5-FU, belinostat, cabazitaxel, cytarabine (up to 1,000 mg/m?), decitabine, DCTX, eribulin, etoposide, gemcitabine,

ixabepilone, MTX, mitomycin, mitoxantrone, nab-PCTX, nelarabine, PCTX, pegylated liposomal doxorubicin, pemetrexed,

topotecan, vinflunine
Non-cytotoxic agents

Aflibercept, axicabtagene ciloleucel, blinatumomab, bortezomib, brentuximab, carfilzomib, copanlisib, catumaxumab,

cetuximab, elotuzumab, enfortumab vedotin-gjfv, gemtuzumab ozogamicin, inotuzumab ozogamicin, moxetumomab
pasudotox, necitumumab, panitumumab, tagraxofusp-rzs, tisagenlecleucel, temsirolimus, trastuzumab-emtansine

Minimal (<10%) Cytotoxic agents

Non-cytotoxic agents

Bleomycin, 2-chlorodeoxyadenosine, cladribine, fludarabine, pixantrone, pralatrexate, vinblastine, vincristine, vinorelbine
Atezolizumab, avelumab, bevacizumab, cemiplimab, daratumumab, durvalumab, emapalumab, ipilimumab, nivolumab,

obinutuzumab, ofatumumab, pembrolizumab, polatuzumab vedotin, ramuciumab, rituximab, trastuzumab

Both cytotoxic and non-cytotoxic (antibodies, protein kinase inhibitors, etc) are classified according to their emetogenic risk after intravenous administration to adults (exceptions: *
indicates oral administration; # indicates pediatric patients). Cisplatin is highlighted in bold, since it is the emetogenic drug of reference used in the development of new antiemetics.
Adapted from Hesketh et al., 2020. Abbreviations: 5-FU, 5-fluorouracil; AC, anthracycline +cyclophosphamide; CP, cyclophosphamide; DCTX, docetaxel; MTX, methotrexate; PCTX,

paclitaxel.

enteric neuropathy and gastrointestinal dysfunction induced by
oxaliplatin (Donald et al, 2017; McQuade et al, 2018).
However, the use of these compounds is limited due to the
low bioavailability and activation of multiple pathways, which
might produce unwanted results. Therefore, further studies to
determine more specific molecular targets for enteric
neuroprotection are needed.

Indirect toxicity resulting from chemotherapy-induced
inflammation also leads to damage and death of enteric
Chemotherapeutic agents modulate local and
systemic immune activity, causing damage to the epithelial
barrier, leading to the infiltration of enterotoxins from the
lumen into the lamina propria, inducing the recruitment of
leukocytes and stimulation of the production and release of
soluble mediators such as cytokines and chemokines. Released
mediators and neurotoxins induce damage to the nerve fibers
projecting to the mucosa and invade enteric ganglia inducing
changes in neuroimmune interactions, ENS structure and
functions, leading to neuronal damage and death. Mucosal

neurons.

cisplatin-induced mucosal injury, enteric neuropathy and
gliopathy and induce remodeling of the ENS (Nardini et al,,
2020). Thus, novel strategies targeting enteric neuropathy might
be effective in preventing gastrointestinal dysfunction
associated with chemotherapy.

Direct damage to the enteric neurons might be caused by
chemotherapeutic ~ agents such as  platinum-based
chemotherapeutics, which might cause DNA damage. Long-
term retention of platinum in the tissues and plasma has been
observed in patients treated with platinum-based
chemotherapeutics 8-75 months after the end of the
treatment (Brouwers et al., 2008). In the DRG, treatment
with cisplatin and oxaliplatin caused the binding of platinum
to neuronal DNA, and the formation of platinum-DNA adducts
resulting in neuronal apoptosis (Ta et al., 2006). It is unknown
whether neurons are more susceptible to platinum-based
chemotherapeutics or their drug clearance capacity is
insufficient. This suggests that platinum-based agents and
possibly other chemotherapeutics might cause direct enteric

injury, activation of pro-inflammatory immune cells,  neurotoxicity due to their accumulation in the ENS
increased cytokine release leading to ENS remodeling have  (Stojanovska et al., 2017), which needs to be investigated.
been observed in animal models after treatments with  Thus, several mechanisms, including oxidative stress,
cisplatin (Nardini et al., 2020), 5-FU (McQuade et al., 2016b; inflammation, and direct toxicity might contribute to

Abalo et al., 2017), irinotecan (McQuade et al., 2017b; Thorpe
et al., 2020), and vincristine (Lopez-Gomez et al.,, 2018; Gao
et al., 2021). Chemotherapy induces changes in TLRs and gut
microbiota (Stojanovska et al., 2018a). TLRs trigger activation of
transcription factors, such as NF-kB and other intracellular
mediators (e.g., HMGBI1) causing excessive production of
pro-inflammatory cytokines leading to neuronal toxicity
underlying intestinal dysfunction (Stojanovska et al., 2015).
Recent studies demonstrate that glucagon-like peptide-2
exerting trophic and repair functions in the gut can prevent

chemotherapy-induced ENS damage.

Mechanisms involved in chemotherapy-induced damage to
the enteric glial cells have not been elucidated. Moreover, it
should be noted that most animal studies use only a single
chemotherapeutic treatment and are performed in naive
animals, whereas, in most cases, clinical treatment of cancer
patients involves combinations of chemotherapeutic drugs
targeting various pathways in order to achieve enhanced
anti-cancer efficacy of the treatment. These are all areas
warranting further investigation.
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PERIPHERAL MECHANISMS IN NAUSEA
AND EMESIS: UNRESOLVED ISSUES FOR
EXPLORATION

The treatment of cancer may involve the use of
chemotherapeutic agents that have a variety of side effects.
As shown in Table 4, anti-cancer agents have been classified
according to their potential to induce nausea and emesis and
are ranked into  high-risk  anthracyclines and
cyclophosphamide (AC), high-risk non-AC, moderate-,
low-, and minimal-risk groups (Roila et al., 2016; Hesketh
et al., 2020). Most preclinical anti-emetic drug discovery
research has focused on mechanisms involving cisplatin,
with a view that it is the most emetogenic of the agents
used, and if an agent reduces emesis to this anti-cancer
drug, it should be also successful to reduce nausea and
emesis resulting from the lower-risk treatments (Andrews
and Rudd, 2004).

In humans, cisplatin can cause emesis lasting several days via
pharmacologically distinct mechanisms. There is an “acute”
phase comprising emetic episodes occurring during the first 24
h, which is highly susceptible to 5-HT}; receptor antagonists, and
a subsequent delayed phase lasting 2-5 days, which is thought to
also involve SP and inflammatory mediators. Guidelines
recommend a combination of 5-HT; and tachykinin NK,;
receptor antagonists, plus dexamethasone for acute nausea and
emesis to high-risk non-AC and high-risk AC based
chemotherapy; delayed emesis has several approaches with the
base of anti-emetics being an NK; receptor antagonist and
dexamethasone (Roila et al, 2016; Hesketh et al., 2020).
Recent advances have been to include the use of the atypical
neuroleptic agent, olanzapine, in situations where nausea and
emesis remain problematic. Whilst olanzapine does improve the
control of nausea and emesis, it also increases the risks of several
unwanted side effects, including sedation (Sutherland et al,
2018). Olanzapine has complex pharmacology and probably
involves a combined action at DA, histamine, muscarinic and
5-HT, receptors located in the brain (Rasmussen et al., 2005).

Unfortunately, increased attempts to understand mechanisms
involved in nausea have resulted in less attention on mechanisms
perturbed in the gastrointestinal tract. However, if all afferent
signals derived from the gastrointestinal tract are reduced, then
there would be less activation of central mechanisms, and this
may represent a more targeted approach to the problems still
faced by millions of cancer patients.

The major forces that are required for the vomiting are
coordinated mainly through inspiratory and expiratory
neurons causing precisely timed contraction of the diaphragm
and abdominal and intercostal muscles (Brizzee, 1990). There
may also be local changes in gastrointestinal motility patterns
involving the enteric nervous system and local mediators (Lang,
1990). The firing of inspiratory and expiratory neurons occurs in
the reticular formation of the brainstem as part of the “vomiting
center” (Borison and Wang, 1953). The pattern generator for
emesis is probably the Botzinger complex which is essentially the
pacemaker of respiration; it can also be influenced by afferent
input coming from the periphery or other brain areas. Through
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nerve and brain tissue lesioning experiments, the AP and vagi
became the most heavily studied afferent pathways, although
input from other “afferents” (e.g., inner ear, vestibular system,
hypothalamus, forebrain, etc.) are also well-known (Brizzee,
1990).

The AP (or chemoreceptor trigger zone) is a circumventricular
organ (it serves as a link between the brain parenchyma and the
cerebrospinal fluid, CSF) that is located on the floor of the fourth
ventricle within the dorsal surface of the medulla oblongata. This
organ is covered by a thin ependymal cover and is penetrated by
fenestrated capillaries (a proper BBB is missing here). Thus, its
receptors detect emetic agents in both the blood and the CSF and
relay the information to the vomiting center to induce emesis
(MacDougall and Sharma, 2021).

The major peripheral nerve at the center of hypotheses to
explain chemotherapy-induced emesis is the vagus, the Xth
cranial nerve; splanchnic nerves play a supportive role
(Andrews and Rudd, 2004). The vagus also has a vital
homeostatic role in gastrointestinal chemosensation following
food ingestion (Bai et al., 2019), and, besides the gastrointestinal
tract, it also serves other major organ systems including the lungs,
heart, and liver (Paintal, 1973). It is therefore involved in a
plethora of physiological functions, with cell bodies in the
nodose ganglion connecting tissues with the brainstem via
termination sites in the nucleus tractus solitarius (NTS), which
is below the AP on the floor of the fourth ventricle (Browning,
2015). The vagus is mainly afferent, but efferent neurons originate
in the dorsal motor nucleus of the vagus nerve and nucleus
ambiguus, which are in close vicinity to the NTS. Neuronal
activity in the NTS can therefore be invoked by afferent
discharge from multiple organs and afferents coming from the
thorax would traverse to the N'TS via the cervical vagus along with
afferent fibers traveling from the gastrointestinal tract (Babic and
Browning, 2014). Electrically stimulating the vagus at the
abdominal level can cause retching and vomiting (Makale and
King, 1992), but stimulating the cervical vagi has the opposite
effect and can prevent the emesis to several challenges (Zabara,
1992). Electrical pacing of the vagus at the cervical level also has
the potential to treat epilepsy, depression, headaches, and heart
disease, for example (Breit et al., 2018). However, it is also known
that stimulation of cardiac vagal afferent fibres can evoke nausea
and vomiting (Abrahamsson and Thoren, 1973).

The ability of an animal to vomit has been envisaged to be an
evolutionary step for survival against the accidental absorption of
potentially dangerous microorganisms, toxins, life-threatening
substances, or irritants (Hawthorn et al., 1988). Investigating the
role of the vagus nerve and other afferents in mechanisms of
emesis control has relied on specialized laboratory animals
capable of vomiting, including the cat, dog, monkey, ferret,
and shrew (Horn et al, 2013). Abdominal vagotomies are
usually carried out with and without a splanchnic nerve
section. The impact of these lesions on the latency to either
retch and/or vomit, and the number of retches and vomits, has
been investigated against a variety of stimuli, usually following
1-2 weeks recovery from surgery. The findings are that lesioning
the vagi and/or splanchnic nerves can reduce emesis induced by
oral administration of bacterial toxins, gastric irritants, certain
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drug challenges (receptor-specific, and route of administration-
specific) including the early emesis induced by chemotherapeutic
agents and radiation (Andrews et al.,, 1990). Conversely, motion-
induced emesis and treatments inducing emesis via the AP are
essentially unaffected (Borison and Wang, 1953; Percie du Sert
et al., 2010).

Many of the experiments where vagotomy had been employed
were against relatively “high doses” of chemotherapeutic drugs in
experiments lasting only a few hours. The “high-dose” models
have been particularly important in the history of the discovery of
the mechanism of action of the 5-HT; receptor antagonists and
the concept that 5-HT drives the emetic response after being
released from enterochromaffin cells in the gastrointestinal tract
(Johnston et al., 2014). It is hypothesized that chemotherapeutic
agents may cause free radical damage to cause the 5-HT release
from enterochromaffin cells which then activates 5-HT; receptors
located on vagal afferents leading to depolarization (Andrews and
Rudd, 2004). Evidence for the release of 5-HT by cytotoxic drugs
comes from studies on isolated enterochromaffin cells in vitro
(Schworer et al., 1991; Minami et al., 1997), and also from
measurements of ileal dialysates in dogs (Fukui et al, 1993).
Increases in the urinary levels of the 5-HT metabolite, 5-HIAA,
correlate with periods of nausea and emesis in humans. However,
it is also possible that cholecystokinin, glucagon-like peptide-1,
and peptide YY, which are released from enteroendocrine cells
and are associated with nausea and/or emesis, may also have a
local effect on vagal afferents and/or the AP (Andrews and
Sanger, 2014).

After a “high” cisplatin dose, released inflammatory mediators
(e.g., prostaglandins, bradykinin) may sensitize afferents so that
stimulation thresholds are reduced (Andrews and Rudd, 2004).
Using a “lower” dose of cisplatin has enabled the development of
a model of acute and delayed emesis in ferrets which is
pharmacologically similar to man and where emesis can be
studied over a 3-day period (Rudd et al., 1994). In this model,
bilateral abdominal vagotomy, alone or in combination with
greater splanchnic nerve section (7 days prior to challenge),
had no effect on the emesis occurring on days 2-3 following
cisplatin treatment (Percie du Sert et al., 2009b). Indeed, longer
recording times in shrews and pigeons have similarly shown that
the protective effect of vagotomy only lasts for a few hours
(Tanihata et al., 2000; Sam et al, 2003). Yet in the ferret
model, AP ablation protected against delayed emesis and the
associated decreases in food and water consumption (Percie du
Sert et al., 2009b). If we take these experiments at face value, then
we may assume the vagus is important to early emetic
mechanisms. However, this assumption must be made cautiously.

As mentioned previously, there is generally a period of
recovery between the lesion and the challenge and this delay
may have introduced caveats since there is plasticity in the emetic
reflex following nerve lesion, whereby the sensitivity of the animal
is changed (Andrews et al., 1992). Abdominal vagotomy severs
the connection between the gastrointestinal tract and the brain
and there would be a loss of mechanisms whereby the peripheral
end of the vagus could be activated, either directly or indirectly.
There would be time to up- or down-regulation systems to
compensate in the brain and gastrointestinal tract. Indeed,
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there may be local inflammatory changes in the
gastrointestinal tract resulting from the degeneration of the
severed and perishing peripheral vagal trunk and its nerve
endings as they are no longer connected to their ganglia in the
neck. Inflammatory mediators and/or other substances released
from the gastrointestinal tract could still reach the AP via the
circulation, perhaps in higher concentrations (Andrews et al,
1992). To circumvent this problem, investigators surgically
prepared ferrets whereby they could cut the vagus at any time
during an ongoing emetic response (Andrews et al., 1992). The
approach interrupted radiation-induced emesis (Andrews et al.,
1992). Unfortunately, no studies have applied this technique at
different time points of the acute, nor during the delayed phase of
the response to chemotherapy. Therefore, we still await further
experimentation in order to be confident of the contribution of
the vagus to mechanisms of acute and delayed emesis. If the vagus
is indeed found to be important in delayed emesis, it would
change our understanding of mechanisms and potentially switch
anti-emetic drug discovery efforts away from brainstem
mechanisms to the periphery.

The vagus comprises A and B-fibres for visceral and motor
input, but it is the C- fibers that carry afferent visceral input that
have attracted the most attention (Browning, 2015; Wang et al.,
2020); these fibers can be chemically ablated with capsaicin
administered neonatally and this has been shown to prevent
emesis in adult shrews to resiniferatoxin, a TRPV1 channel
opener (Andrews et al, 2000). This has been attempted in a
small study in ferrets which suggested a reduction in radiation-
induced emesis (Bhandari and Andrews, 1992). It would be of
great interest to use neonatal capsaicin to ablate TRPV1 C- fibers
to see if chemotherapy-induced emesis could be reduced but the
gap between the capsaicin administration and the test would be
longer than vagotomy, which would also, therefore, permit
plasticity. Resiniferatoxin, an ultra-potent TRPV1 opener
administered acutely in ferrets reduced acute and delayed
chemotherapy-induced emesis (Yamakuni et al, 2002),
whereas the non-pungent TRPV1 opener, olvanil, was
ineffective (Chu et al., 2010). Unfortunately, the side effect
profiles of TRPV1 ligands have halted further exploration in
man (Rudd et al., 2015).

Altered patterns of motility occur as a consequence of several
diseases and following drug treatments including
chemotherapeutic drugs. Gastric dysrhythmia, which is
normally assessed in man by electrogastrography, is commonly
associated with nausea and vomiting (Stern et al, 2011).
Specifically, gastrointestinal smooth muscle pacing is
controlled by rhythmic electrical activity involving calcium
currents, or slow waves, generated by interstitial cells of Cajal
(ICCs) located within the gut wall (Klein et al., 2013). In humans,
the slow wave frequency of the stomach is three counts per
minute and the power of the signal can increase as a consequence
of stretching the tissue following ingestion of food (Stern et al.,
2011). ICCs have an extensive distribution in both circular and
longitudinal muscle layers, and myenteric and submucosal
plexuses. ICCs express many receptors and ion channels
involved in emesis control including those also commonly
expressed in enteric neurons (Lee et al., 2017).
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FIGURE 3 | Peripheral and central neurotoxicity - a wheel of bad fortune. In Roman mythology, Fortuna is the goddess, who directs human fate as the deity of both
happiness and misfortune. In the art, Fortuna was depicted sitting or standing with a cornucopia and often blindfolded. On the reverse of Roman coins, she is usually
shown with a wheel at her side. We propose to consider chemotherapy-induced neurotoxicity (peripheral neuropathy, chemobrain) as a wheel of bad fortune. No matter
what chemotherapeutics drugs are used: alkylating agents, platinum-based drugs, antimetabolites, microtubule modulators or antibiotics and what biological
mechanisms they trigger: 1. downregulated neurotransmitters’ secretion, 2. overproduction of reactive oxygen species, 3. genetic alterations, 4. neuro-inflammation and
breakdown of the blood-brain barrier, 5. reduced gliogenesis and hyperactivation of microglia and astrocytes, 6. impairment in neurogenesis and neural network
dynamics, this will lead to the development of nervous dysfunctions (neuropathic pain, cognitive deficits) in the majority of cancer patients.

In ferrets, high-dose cisplatin decreased the % power of
normogastria and increased the % power of bradygastria,
without modifying the dominant frequency of the slow waves;
these changes were most apparent during the first 2-3h of 4h
total recording time and were associated with periods of emesis
(Percie du Sert et al., 2009a). A study in conscious dogs showed
that cisplatin interrupted gastric and intestinal inter-digestive
motility with changes in myoelectric activity occurring changes
shortly before the onset of emesis (Chey et al., 1988); the changes
in myoelectric activity lasted for at least 24 h. Another study in
dogs found that cisplatin decreased the time that gastric
myoelectric activity (GMA) was in the normal range leading
the investigators to conclude that dysrhythmia had occurred
during their 6 h recording session (Yu et al., 2009) but the
conclusion was based on a simplistic method of analysis,
without assessing the power of the slow waves, or if the slow
waves were in fact “disordered”. A similar study in dogs showed

an increase in gastric dysrhythmia for a period of 6 h following
cisplatin (Chen et al., 2011).

Only one study has investigated the effect of chemotherapy
on slow waves over a 3-day period in detail using the ferret
low-dose cisplatin model. Gastric dysrhythmia was observed
during the first 24 h period; there was bradygastria and
tachygastria (Lu et al., 2017). During the delayed phase,
there was a reduction of the power of the slow waves, and
the structure of the slow waves became much more simplistic
(Lu et al,, 2017). A follow-up study using Suncus murinus also
revealed changes in GMA (without changes in signal structure)
during acute and delayed phases and when tissue was taken at
90 min, the propagation of slow waves was affected in a
regional-specific manner (e.g., duodenum and ileum versus
stomach and colon), cisplatin also had tissue-specific acute
(within minutes) effect on gastrointestinal tissue, in vitro (Tu
et al., 2021).
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Clearly, cisplatin can disrupt slow waves during
chemotherapy-induced emesis, which is likely to impact
contractile activity and the sensation of nausea. Unfortunately,
however, the precise relationship between the slow waves, the
vagus, and contractile activity of the gastrointestinal tract is not
clearly defined during acute and delayed mechanisms of nausea
and emesis. Additional studies are required to fully understand
mechanisms of dysrhythmia and the contribution to the side
effects of chemotherapy and the interplay between the brain and
gastrointestinal tract via the vagus in mechanisms of nausea and
emesis.

CONCLUSION

Chemotherapeutic drugs may cause a variety of adverse effects,
including pain, motor impairment, cognitive dysfunctions,
altered emotions, diarrhea, constipation, nausea, and vomiting,
all of which are associated at least to some extent, with their
neurotoxic potential.

Neurotoxicity may develop through different modes of action,
alone or in combination: direct injury of neurons, impairment of
neural network dynamics, reduced neurogenesis and gliogenesis,
hyperactivation of supportive glial cells (e.g., astrocytes,
microglia, satellite glial cells, enteric glial cells), alterations in
the BBB (in chemo-brain), neuro-inflammation and
neuroendocrine changes, increased oxidative stress and genetic
mutations. Importantly, similar peripheral and central nervous
system deficits (that may be long-lasting) are found in many
patients, irrespective of the drug(s) used and the mechanisms
involved. Therefore, we propose to consider chemotherapy-
induced peripheral and central neurotoxicity as a wheel of bad
fortune (Figure 3). Importantly, no matter what
chemotherapeutic drugs are wused and what Dbiological
mechanisms they trigger, this might lead to the development
of sensory and cognitive deficits in most cancer patients. To turn
the wheel of misfortune, we need to recognize the underlying
mechanisms of chemotherapy-induced peripheral neuropathy
and chemobrain and find ways to overcome them.

Unfortunately, although the typical cancer patient receives a
cocktail of drugs during chemotherapy, preclinical findings are of
limited translational value because studies aimed at evaluating the
neurotoxic effects of combination treatments and those using
animal models of various cancers are lacking. Further, most
preclinical studies used common laboratory animals incapable
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GLOSSARY LTP Long-term potentiation

MAPK mitogen-activated protein kinase

5-FU 5-Fluorouracil MCP-1 Monocyte chemoattractant protein 1

5-HT 5-hydroxytryptamine (serotonin) MDRI Multi-drug resistance -1
AC Anthracydlines and cyclophosphamide

ADORA2A Adenosine A2A receptor

MMP Matrix metallopeptidase

MRP1 Multidrug resistance-associated protein-1
AMPA-R a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid mtDNA Mitochondrial DNA

receptor
MTX Methotrexate

MWM Morris water maze

AP Area postrema

APOE Apolipoprotein E

ATF3 Activating transcription factor 3 NE Norepinephrine
BBB Blood-Brain Barrier

BER Berberine

BDNEF Brain-derived neurotrophic factor

NER Nucleotide excision repair pathway
NF-kB Nuclear factor kB

NGF Nerve growth factor

NMDA-R N-methyl-p-aspartate receptor

CaMKII Ca2+/calmodulin-dependent protein kinase II

nNOS Neuronal nitric oxide synthase
CGRP calcitonin gene-related peptide v

NOS- Nitric oxide synth
CIPN Chemotherapy-induced peripheral neuropathy e oxice synfhase

CNS Central Nervous System NPCs Neural precursor cells
COMT Catechol-O-methyltransferase
COX Cyclooxygenase

CP Cyclophosphamide

CSF Cerebrospinal fluid

DA Dopamine

NSCs Neuronal stem cells

NTS Nucleus tractus solitarius
OGG1 8-Oxoguanine glycosylase
OPCs Oligodendrocyte precursor cells
PCTX Paclitaxel

PINK1 PTEN-induced kinase 1
PKA Protein kinase A

DNA Deoxynucleic acid
DCTX Docetaxel
DOX Doxorubicin
DRG Dorsal root ganglia

PNS Peripheral nervous system

PPAR 'y Peroxisome proliferator-activated receptor y
RAGE Receptor for advanced glycation end products
RNA Ribonucleic acid

ENS Enteric nervous system

ERK?2 Extracellular signal-regulated kinase
FOLFOX 5-Fluorouracil, leukovorin, and oxaliplatin
GABA y-Aminobutyric acid

RNS Reactive nitrogen species

ROS Reactive oxygen species

GCEE y-Glutamyl cysteine ethyl ester SASP Senescence-associated secretory phenotype
GMA Gastric myoelectric activity SGZ Subgranular zone
GSH Glutathione

HDACG6 Histone deacetylase 6
HMGB1 High mobility group box-1
ICCs— Interstitial cells of Cajal
IENF Intraepidermal nerve fibres TGF Transforming growth factor
IFN interferon TLR Toll-like receptor

IL Interleukin

SIADH Syndrome of inappropriate antidiuretic hormone
SIRT1 Sirtuin I
SP Substance P

SVZ Subventricular zone

TNF-a Tumor necrosis factor-a
iNOS Inducible nitric oxide synthase . .
TRP Transient receptor potential
IP Intraperitoneal injection

TS Thymidylate synthase
IV Intravenous injections ymeye sy

LPS Lipopolysaccharide VEGF Vascular endothelial growth factor
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