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ABSTRACT

ARTICLE HISTORY

Background: Paclitaxel is a taxane-based chemotherapeutic agent used as a treatment in breast can-
cer. There is no effective prevention or treatment strategy for the most common side effect of periph-
eral neuropathy. In this manuscript, we reviewed the molecular mechanisms that contribute to
paclitaxel-induced peripheral neuropathy (PIPN) with an emphasis on immune-related processes.
Methods: A systematic search of the literature was conducted in PubMed, EMBASE and Cochrane
Library. The SYRCLE's risk of bias tool was used to assess internal validity.

Results: 156 studies conducted with rodent models were included. The risk of bias was high due to
unclear methodology. Paclitaxel induces changes in myelinated axons, mitochondrial dysfunction, and
mechanical hypersensitivity by affecting ion channels expression and function and facilitating spinal
transmission. Paclitaxel-induced inflammatory responses are important contributors to PIPN.
Conclusion: Immune-related processes are an important mechanism contributing to PIPN. Studies in
humans that validate these mechanistic data are highly needed to facilitate the development of thera-
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peutic strategies.

Introduction

Breast cancer is the most common malignancy in women,
affecting one in eight to ten women during their lifetime [1].
Paclitaxel is a taxane-based chemotherapeutic agent used as
a treatment in both early-stage and metastatic breast cancer
[2,3]. Taxanes are microtubule-stabilizing agents that disrupt
microtubule-dependent processes that arrest the cell cycle
and induce apoptosis of dividing cells [3,4]. Given the broad
involvement of microtubules in various cellular processes,
microtubule stabilization also affects non-mitotic cells, includ-
ing peripheral neurons. As a consequence, paclitaxel causes
various disabling side effects of which peripheral neuropathy
is the most commonly reported neurotoxic side effect
(11-87%) [5]. The most common distressing symptom of per-
ipheral neuropathy is sensory dysfunction that may manifest
as numbness, tingling, hyperalgesia, allodynia, and spontan-
eous pain, which are typically symmetrical in a ‘glove and
stocking’ distribution [3,6,7]. These symptoms vary in inten-
sity, but severity increases with escalating total doses of
paclitaxel [8]. Paclitaxel-induced peripheral neuropathy
severely reduces the quality of life of patients [2,6], and limits
treatment with high and substantial cumulative doses of

paclitaxel, which may impair cancer outcomes (i.e., recur-
rence and survival) [2].

Various studies have been conducted to assess the effect
of neuroprotective agents in the prevention or treatment of
peripheral neuropathy [9]. Up to now, no agents have been
officially approved for prevention or treatment. In order to
develop strategies to counteract peripheral neuropathy, an
understanding of the cellular and molecular basis of pacli-
taxel-induced damage to non-tumor cells is required.
Different mechanisms may lead to paclitaxel-induced neuro-
toxicity, including the engagement of immune-related proc-
essed and neuro-inflammatory responses in the nervous
system, axonal damage, mitochondrial dysfunction, and
increased spinal transmission [10-14].

Various approaches have been taken to investigate pacli-
taxel-induced peripheral neuropathy, including in vitro stud-
ies using cultures of primary sensory neurons or cell lines, in
vivo studies using rat and mice models, and human genetic
studies, but still limited [14]. Although it is challenging to
replicate all patient-reported symptoms in rodent models
(e.g., numbness and tingling rely on the verbal report), they
do provide insight into evoked pain-like behaviors such as
hyperalgesia and allodynia [7] and proxies of nerve damage,
therefore resembling peripheral neuropathy in human.
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Here we aim to review the molecular mechanisms that
contribute to the development of paclitaxel-induced periph-
eral neuropathy with an emphasis on immune activation and
neuro-inflammatory processes using a systematic review to
reduce bias. Furthermore, the clinical relevance of these pro-
posed molecular mechanisms is discussed in relation to the
development of targeted therapeutic strategies.

Methods
Search strategy

A Population Intervention Comparison Outcome (PICO)
framework was used to make a structured search strategy.
This search strategy was used to conduct a search in
PubMed, EMBASE and Cochrane Library. The search was per-
formed on 19 October 2020. Only English articles reporting
on animal and human studies were considered eligible. No
additional filters were applied to ensure a search of the lit-
erature as comprehensively as possible. The full search strat-
egy is provided in Additional file 1.

Study selection and inclusion and exclusion criteria

The citations and abstracts of all articles were uploaded into
the reference database ‘Mendeley’ and checked for dupli-
cates. After merging duplicates, the citations and abstracts
were uploaded into the systematic review web app Rayyan
[15]. Remainder articles were checked for duplicates and
merged. Two researchers (CJCV and AEH) independently
screened all titles and abstracts. Subsequently, the full-texts
of articles that were potentially eligible for inclusion were
assessed. Discrepancies were resolved by discussion and if
necessary a third reviewer (NE) was consulted. The inclusion
criteria for studies were specified in advance and were as fol-
lows: 1) design: randomized controlled trials (RCTs) or con-
trolled trials (CTs); 2) population: women (aged 18years or
older, diagnosed with breast cancer) or animals (with or
without a tumor) in vivo; 3) intervention: paclitaxel adminis-
tration; 4) control: an appropriate control comparison group
not receiving paclitaxel at any time point during the study,
and 5) outcome: underlying molecular mechanisms of pacli-
taxel-induced peripheral neuropathy.

Risk of bias assessment

Two researchers (CJCV and AEH) independently assessed the
internal validity of included studies using the SYstematic
Review Center for Laboratory animal Experimentation
(SYRCLE) risk of bias tool [16], a tool based on the Cochrane
Collaboration risk of bias tool [17] adapted to include aspects
of bias in experimental animal studies. The tool comprises
ten entries, which represent six types of bias: selection bias,
performance bias, detection bias, attrition bias, reporting bias
and ‘other’ biases. The score ‘yes’ indicates a low risk of bias,
whereas the score ‘no’ indicates a high risk of bias and
‘unclear’ states that insufficient details have been reported to
assess the risk of bias properly. To overcome the problem of

judging too many items as unclear, six additional study qual-
ity indicators were extracted: 1) any measure of randomiza-
tion; 2) any measure of blinding; 3) sample size calculation;
4) temperature regulation; 5) ethical approval, and 6) conflict
of interest statement. These additional items were independ-
ently assessed by two researchers (CJCV and AEH), where the
score ‘yes’ indicates reported and the score ‘no’ indicates
unreported.

Data extraction

A qualitative summary of the available evidence was pro-
duced to elucidate the underlying molecular mechanisms of
paclitaxel-induced peripheral neuropathy.

Results
Study selection process

See Figure 1 for details of the study selection process. The
search strategy yielded 4059 articles. The selection process
resulted in 156 eligible studies.

Study characteristics

Details of the study characteristics are shown in Additional
file 2. No eligible studies conducted in humans were identi-
fied, indicating the lack of mechanistic work in humans with
paclitaxel-induced peripheral neuropathy. As a result, all
articles included in this systematic review involved studies
conducted with rodents.

Since the pain cannot be directly measured in animals, it
is inferred from pain-like behaviors, such as withdrawal from
a sensory stimulus [18]. The most commonly used behavioral
method to quantify nociception was stimulus-evoked, which
could be further subdivided by the stimulus modality -
mechanical, heat, and cold.

Risk of bias and quality of reporting

The risk of bias and study quality assessment of individual
studies is represented in Additional file 3. When assessing
the individual items of the SYRCLE's risk of bias tool, most
often the risk of bias was unclear due to insufficient report-
ing of the methodology (Figure 2(a)). Random and blinded
group allocation was most poorly reported or lacked details
of methods used. Studies that matched intervention groups
and vehicle control groups on important baseline characteris-
tics (e.g., pain thresholds and body weight) were indicated
as low risk of selection bias. Studies that were performed in
a controlled environment (e.g., temperature regulation of the
animal room) were indicated as low risk of performance bias.

The overall reporting of quality indicators for the 156
included studies is shown in Figure 2(b). In 65 (42%) studies,
the intervention groups were randomized in some way.
Blinding of the experimenter at any level was reported in
100 studies (64%). In 17 studies (11%), the chosen group
sizes were supported by a sample size calculation. More than
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Figure 1. PRISMA flow diagram of the study selection process.

half of the studies (62%) reported that the temperature of
the animal room was regulated within a physiological range.
A statement of ethical approval was present in all studies. In
the majority of studies (67%), a conflict of interest statement
was present.

Molecular mechanisms underlying paclitaxel-
induced peripheral neuropathy

Axonal damage

Two weeks of paclitaxel treatment causes a smaller mean
axon diameter in sciatic nerves [19] and a loss of axon area
density [20,21], resulting in sustained (i.e., after three months
of recovery) axonal damage [22] (Figure 3). Paclitaxel treat-
ment increases the G-ratio (ratio between the axon diameter
and diameter of the axon with myelin sheet) [23,24], which
may result from a reduced mean axon diameter or thinning
of the myelin sheet [19,25,26]. Compared to control, sensory
nerve action potential amplitudes are reduced in paclitaxel-
treated mice [19,26]. Degenerated nerve fibers are most
often present at distal nerve segments compared to proximal
nerve segments of paclitaxel-treated mice, indicating that

axonal damage is length-dependent [21]. Nevertheless,
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abnormalities such as decreased density of myelinated axons
are also found in the axons of the dorsal roots [24].

Various studies report loss of intra-epidermal nerve fibers
(IENFs) in the hind paw skin after paclitaxel treatment, which
indicates damage to peripheral nerve endings and is associ-
ated with neuropathic pain behaviors [26-32]. Mitochondrial
dysfunction likely contributes to this loss of peripheral nerve
endings, since paclitaxel-induced mitochondrial damage is
most pronounced in distal nerve segments compared to
more proximal nerve segments [33].

Signs of nerve damage after paclitaxel treatment are also
found in the somatas of sensory neurons in the dorsal root
ganglion (DRG) [25]. ATF3, a marker of sensory cell injury, is
increased in a subpopulation of predominantly large and
medium, but to a lesser extent small-diameter sensory neu-
rons [25,28,34,35]. Increased expression of ATF3 is most
abundant in lumbar DRG neurons of paclitaxel-treated rats
compared to trigeminal and thoracic DRG neurons, which
might be due to the difference in axon length (i.e., lumbar
DRG neurons have longer axons) [34]. Additional evidence of
damage to DRG neurons comes from studies reporting an
increase in caspase-3 immunoreactivity in large diameter
sensory neurons [27,36] or TUNEL-positive sensory neu-
rons [27].
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Figure 2. Risk of bias graphs. Graph A depicts the assessment of the risk of
selection, performance, detection, attrition and other biases using the SYRCLE's
risk of bias tool. Graph B depicts the reporting of six key quality indicators.
Review author’s decision of individual items are represented as absolute num-
bers of included studies.

Although the majority of studies show that paclitaxel-
induced neuropathic pain is associated with axonal damage,
some studies did not observe changes in the total number
and density of myelinated axons, ATF3-positive DRG neurons,
and microtubule numbers after paclitaxel treatment in rats,
whilst pain-like behaviors were present [23,37]. In these stud-
ies, the cumulative dosage of paclitaxel was lower than in
studies where axonal damage was observed, arguing that
nerve damage may be limited to higher concentrations,
whilst the development of neuropathic-like pain behaviors
is not.

Sensory neurons employ cellular processes to maintain
their integrity and protect themselves against neurotoxic
agents. For example, nicotinamide mononucleotide adenylyl
transferases (NMNATSs) are indispensable in axonal and neur-
onal maintenance and protect against axonal degeneration
in various neurodegenerative disease states  [38].
Nevertheless, a 50% knockdown of NMNAT2 does not affect
the development or maintenance of paclitaxel-induced per-
ipheral neuropathy [38]. Similarly, neuronal function and sur-
vival are controlled by the neurotrophic factor nerve growth
factor (NGF) by binding to tyrosine kinase receptor A (TrkA)
and NGF-trkA signaling is involved in mechanical allodynia in
paclitaxel-induced neuropathy [39]. Decreased NGF levels are
found in sciatic nerves of paclitaxel-treated rats, which is
associated with the severity of neuropathy [40,41].

Mitochondrial dysfunction

Paclitaxel treatment increases the prevalence of atypical,
swollen, and vacuolated mitochondria in the axons of mye-
linated as well as unmyelinated nerve fibers in a time course
consistent with observed pain-like behavior [23,33,37,42,43].
Furthermore, it causes deficits in mitochondrial respiration
and ATP production possibly through reducing complex |
and Il activity [44,45]. Mitochondrial dysfunction produces a
bioenergetic deficit and nicotinamide riboside, a vitamin B3
precursor of NAD+, prevents paclitaxel-induced peripheral
neuropathy by ameliorating the decreased levels of NAD +in
the sciatic nerve of paclitaxel-treated rats [31]. The B vitamins
nicotinamide, thiamin, and riboflavin exhibit antinociceptive
activity in paclitaxel-induced neuropathic pain and reduce
inflammatory cytokines such as TNF-a in DRG [46].
Furthermore, paclitaxel reduces peroxisome proliferator-acti-
vated receptor gamma coactivator 1-alpha (PGCl1a), a master
regulator of mitochondrial biogenesis in sensory neurons
[32,47] and expression of MFN2, a protein regulating mito-
chondrial transport and fusion [48].

Mitochondria are a major source of reactive oxygen spe-
cies (ROS) [49]. Paclitaxel increases levels of mitochondrial
superoxides in DRG neurons [50], and ROS in non-peptider-
gic DRG neurons and the spinal dorsal horn (SDH) prior to
and during development and maintenance of paclitaxel-
induced hypersensitivity [49]. Blocking oxidative NADPH oxi-
dase (NOX)-4, a subunit of an enzyme family that produces
ROS diminishes paclitaxel-induced pain in rats [51]. In add-
ition, administration of a nonspecific ROS scavenger inhibits
paclitaxel-induced Nod-like receptor protein 3 (NLRP3)
inflammasome activation and simultaneously diminishes
paclitaxel-induced neuropathic pain [42]. Moreover, anti-oxi-
dant treatment reverses mitochondrial dysfunction and pro-
tects neurons from paclitaxel-induced peripheral neuropathy
through activation of phosphoinositide-3-kinase (PI3K)/pro-
tein kinase B (AKT) and PGCla pathways [47]. Paclitaxel
weakens survival pathways of PI3K/AKT cells through activat-
ing tumor suppressor gene p53 and duloxetine alleviates
paclitaxel-induced p53 levels to reverse paclitaxel-induced
oxidative stress and apoptosis [52].

In addition to the dysfunction of mitochondria, inadequate
endogenous antioxidant responses may contribute to enhanced
ROS levels [49]. Indeed, expression of proteins of the endogenous
antioxidant system such as superoxide dismutase (SOD), glutathi-
one peroxidase (GPx), glutathione (GSH) and malondialdehyde
(MDA) [32,51,53-55], and erythroid 2-related factor 2 (Nrf2)
[56,57] in the DRG and/or peripheral sensory nerves of paclitaxel-
treated rats is decreased. Duloxetine, a serotonin-norepinephrine
reuptake inhibitor, and gallic acid, a natural phenolic compound,
reduce paclitaxel-induced neuropathic pain via promotion of the
anti-oxidant cascade [54,58].

Transduction, excitability, and synaptic transmission

Transduction: Transient receptor potential cation channels
Transient receptor potential (TRP) cation channels are widely
expressed in the nervous system and can function as noxious



stimuli detectors [59]. Paclitaxel treatment increases the
expression of several TRP channels (Table 1) in DRG neurons,
resulting in mechanical, cold or heat hypersensitivity.

Various studies have tried to identify the endogenous
mediators involved in paclitaxel-dependent activation or
sensitization of TRP channels. Paclitaxel increases the
cytochrome-P450 epoxygenases metabolite of linoleic acid,
9,10-EpOME (9,10-epoxy-12Z-octadecenoic acid) in DRGs of
paclitaxel-treated mice [72]. This lipid sensitizes TRPV1 via a
cAMP-PKA-dependent mechanism, causing the enhanced fre-
quency of spontaneous excitatory postsynaptic currents in
lamina Il neurons of spinal cord cultures.

Additionally, paclitaxel is a ligand for toll-like receptor 4
(TLR4) [73]. Paclitaxel increases the expression of TRPV1 spe-
cifically in TLR4-expressing DRG neurons [63]. Moreover,
paclitaxel activates TLR4 on satellite glial cells to release TNF
that increases TRPA1 and TRPV4 expression in surrounding
DRG neurons [73]. TRP channels may also be regulated
through proteinase-activated receptor 2 (PAR2) signaling.
TLR4-dependent activation of mast cells and the release of
tryptase engages PAR2 signaling in neurons [65]. PAR2 is co-
expressed with TRPV1, TRPV4 and TRPA1 and blocking PAR2
or its downstream signaling pathways attenuates paclitaxel-
induced neuropathic pain [65,74-76]. In support of the role
of mast cells, stabilizing mast cells prevents paclitaxel-
induced neuropathic pain and blocks sensitization of TRPV1
upon paclitaxel treatment [77]. Finally, TRPV4 may be sensi-
tized through activation of kinin receptors that play a role in
the development of paclitaxel-induced mechanical hypersen-
sitivity, although the pathways that lead to kinin receptor
activation are unknown [78,79].

Excitability

Voltage-gated ion channels are key regulators of DRG neur-
onal excitability. DRG neurons exhibit ectopic spontaneous
activity after paclitaxel treatment [80]. Many studies have
described a change in expression and function of these
channels associated with paclitaxel-induced neuropathic pain
(Table 2) [63,81,82,86-88,91,92]. Although the precise mecha-
nisms that govern changes in the excitability of DRG neurons
after paclitaxel are not well understood, these changes in
paclitaxel-induced neuropathic pain are possibly driven
through enhanced protein translation, exemplified by
increased MNK-elF4E phosphorylation [93].

Spinal transmission

Paclitaxel treatment induces glutamate release from primary
afferent nerves through tonic activation of presynaptic N-
methyl-D-aspartate receptors (NMDAs) [94-96], which
depends on activation of Caya28-1 [94] or metabotropic glu-
tamate receptor 5 (mGLIUR5) and protein kinase C (PKC)
[95,96]. Paclitaxel-induced pain corresponds with a decreased
expression of the spinal glutamate transporter, EAAT2, and
enhanced expression of VGLUT2 and synapthophysin (i.e., a
marker for identifying presynaptic axon terminal) [97]. This
loss of balance between glutamate release and uptake in the
dorsal horn of the spinal cord contributes to paclitaxel-
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induced neuropathic pain. Furthermore, immature spine for-
mation in the spinal cord may drive the persistence of
neuropathic pain. Paclitaxel increases expression of slit-robo
GTPase activating protein 3 (SrGAP3), a synaptogenic protein,
in the spinal dorsal horn and facilitates the formation of
newly immature dendritic spines, and triggers the initiation
of neuropathic pain [98]. SrGAP3 deactivates Rho
GTPase (Rac1).

Paclitaxel increases expression of 5-HT1a and (2-adrener-
gic receptors (B2-AR) in the DRG [99,100], whereas serotonin
and noradrenaline reuptake inhibitors relieve paclitaxel-
induced pain via spinal 5-HT1, 5-HT2, and 5HT-3 receptor
subtypes and spinal op4-adrenergic receptors (oi4-AR),
respectively [100,101]. These results indicate that serotoner-
gic and noradrenergic modulation of spinal nociceptive
transmission is altered in paclitaxel-induced neuro-
pathic pain.

Paclitaxel increases the expression of the neuropeptide
substance P in the dorsal horn of the spinal cord [60,102].
Paclitaxel also induces mechanical hypersensitivity by
increasing spinal excitatory synaptic transmission through
activating sigma-1 receptors (c1R) and lysophosphatidic acid
(LPA) receptors in the dorsal horn of the spinal cord
[103,104]. However, these findings were contrasted by find-
ings that antagonizing c1R does not inhibit paclitaxel-
induced neuropathy in rats [105]. Furthermore, increased
activity of the cation-chloride cotransporter Na+-K+-2Cl-
cotransporter-1 (NKCC1) in the spinal cord may contribute to
diminished spinal synaptic inhibition in paclitaxel-induced
neuropathic pain [106]. Finally, paclitaxel induces changes in
endogenous kappa opioid receptor (KOR) agonist levels and
opioid receptor signaling that are time-dependent, indicating
that the initial aversive effects of paclitaxel treatment in
mice, rather than hypersensitivity, is mediated by dysregu-
lated KOR signaling [107].

In addition, cannabinoid type 1 (CB1) receptor, $-opioid
receptor (DOR) protein levels, and their CB1R-DOR hetero-
mers are increased in the spinal cord and basolateral amyg-
dala of paclitaxel-treated mice. Mice exhibiting this increase
show pain inhibition, suggesting that dysfunction of these
receptors may contribute to paclitaxel-induced pain [108].
Other studies indicate that CB2-agonists inhibit microglia
and paclitaxel-induced neuropathic pain, suggesting that
microglia contribute to the development of peripheral neur-
opathy in paclitaxel-treated mice [109-112]. Further evidence
shows that endogenous cannabinoids, including N-arachido-
noylethanolamine (AEA, anandamide), produce antinocicep-
tive effects via activation of CB1- and CB2 receptors.
Paclitaxel significantly reduces levels of the endogenous can-
nabinoid 2-arachidonoylglycerol (2-AG) in the paw skin, sug-
gesting that paclitaxel interferes with the endocannabinoid
system, contributing to pain [113].

Synaptic transmission in the brain

Paclitaxel administration impacts brain areas involved in the
emotional and motivational response to pain, including areas
involved in the mesocorticolimbic dopaminergic system
[114]. Paclitaxel affects the reorganization of pain neural
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Table 1. Increased expression of TRP channels following paclitaxel treatment.

Name channel

Direction of regulation

Involvement in paclitaxel-induced
peripheral neuropathy

TRPV1 [59-65]
sensitization [64,65].
TRPV4 [66-69]
stimuli [66-69].
TRPA1 [65, 69,70]
TRPC6 [71]
TRPMS [70]

Increased expression in DRG and superficial layers of SDH [59-64] and increased levels of
Increased functional activity in terms of hypersensitivity to mechanical and hypo-osmotic
Increased functional activity in terms of hypersensitivity to stimuli [65,69,70]

Increased expression in DRG (through DNMT3b-mediated PAX6 gene hypomethylation) [71]
Increased functional activity in terms of hypersensitivity to stimuli [70]

Mechanical and heat hypersensitivity
Mechanical and heat hypersensitivity
Mechanical and cold hypersensitivity

Mechanical hypersensitivity
Mechanical and cold hypersensitivity

Table 2. Increased expression of voltage-gated channels following paclitaxel treatment.

Name voltage-gated ion channel

Direction of regulation

Expression

Sodium channel subunit 1.7 (Nay1.7) [80-84]

Increased expression in DRG and superficial SDH

Increased current density and amplitude.

[81,82] and increased functionality [83,84].

Calcium channel subtype 3.2 (Cay3.2) [80,85]

Increased expression in DRG and spinal cord [80]

Increased current density and amplitude.

and enhanced activity of this channel [85].

Calcium channel subtype 028-1 (Cay25-1)
[80,86-89]
Potassium 1.1 (K,P1.1) channel [90]

Increased expression in DRG [86,89] and dorsal
spinal cord [87,88].
Decreased expression in DRG [90].

Increased current density and amplitude

Reduced outward potassium current

circuitry, particularly the connections to the periaqueductal
gray, to modulate pain perception [114].

Immune activation

Activation of toll-like receptor pathways

TLR4 is a transmembrane protein, member of the toll-like
receptor family that belongs to the pattern recognition
receptor (PRR) and engages the same signaling pathway as
the pro-inflammatory agent lipopolysaccharide (LPS) [10].
TLR4 is expressed by immune cells but also sensory neurons.
Importantly, TLR4 signaling has been implicated in the devel-
opment of paclitaxel-induced peripheral neuropathy, because
TLR4 antagonists block the development of paclitaxel-
induced pain behaviors [10,11,115].

Expression of components required for the TLR4 signal
machinery (e.g., myeloid-differentiation response gene 88
(MyD88) and TIR-domain-containing adapter-inducing inter-
feron-B (TRIF)) is increased in DRGs of paclitaxel-treated
rodents [11,61]. In further support of the involvement of
TLR4 signaling, inhibitors of MyD88 or mitogen-activated
protein kinases (MAPK), two downstream signaling molecules
of TLR4, prevent or reverse paclitaxel-induced behavioral
hypersensitivity [10,11].

Besides TLR4, other TLR signaling pathways may be
involved in paclitaxel-induced peripheral neuropathy. For
example, a sex-dimorphic role of TLR9 is indicated in driving
neuropathic pain [116]. Male TLR9 mutant mice exhibit the
delayed onset of paclitaxel-induced peripheral neuropathy
and the administration of TLR9 inhibitors alleviates mechan-
ical allodynia in male mice. Interestingly, TLR9 inhibition
does not affect DRG infiltration of macrophages, suggesting
that the receptor is not required for this process.

Immune cells

Macrophages. Various immune cells contribute to paclitaxel-
induced peripheral neuropathy. For example, paclitaxel pro-
motes macrophage accumulation in the DRG [24,28,117], a

process that requires expression of matrix metalloproteinase-
3 (MMP-3) [118] or the release of chemotactic factors (i.e.,
CCL2 and CX3CL1) by sensory neurons [12,117,119].
Macrophages infiltrating the DRG during paclitaxel treatment
have a pro-inflammatory M1 phenotype [117]. Treatment of
rats with losartan, an angiotensin Il receptor type 1 (AT1R)
blocker, alleviates mechanical allodynia, decreases the pro-
duction of inflammatory mediators including CCL2 and
reduces expression of M1 macrophage markers CD68, CCR2,
iNOS and Nox2 in the DRG [117,120]. Simultaneously, losar-
tan treatment results in an increase in PPARy that is involved
in M2 skewing [117].

The exact mechanism of DRG macrophages contributing
to the development and maintenance of paclitaxel-induced
peripheral neuropathy remains unknown. Since macrophages
express TLR4, paclitaxel may, directly and indirectly, activate
TLR4. TLR4 activation could trigger cytoplasmic translocation
and extracellular release of nuclear HMGB1 [121]. HMGB1 in
turn can further activate TLR4 signaling. Inhibiting HMGB1
release from macrophages prevents and reverses paclitaxel-
induced neuropathy in mice [121]. However, although direct
TLR4 activation has been shown in rodents, it remains
unknown whether paclitaxel also directly activates TLR4 in
humans [122].

T cells. T cells, in particular CD8+ T cells, are essential for
recovery from paclitaxel-induced mechanical allodynia and
are dependent on endogenous IL-10 signaling. Paclitaxel
treatment increases the number of CD8+ T cells in DRG and
inhibition of endogenous IL-10 signaling reconstituted with
CD8+ T cells delayed recovery from paclitaxel-induced mech-
anical allodynia [123]. On the contrary, administration of
exogenous IL-10 attenuates paclitaxel-induced allody-
nia [123].

Glial cells. Activation of spinal astrocytes also contributes to
paclitaxel-induced peripheral neuropathy [13,124-129]. Spinal
astrocytes regulate spinal synaptic transmission by modulat-
ing the uptake of the excitatory neurotransmitter glutamate
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Figure 3. Schematic overview of dorsal root ganglion and spinal cord to indicate the various molecular mechanisms that contribute to paclitaxel-induced periph-
eral neuropathy. Paclitaxel administration to rodents induces damage to distal nerves observed as a loss of peripheral nerve fibers most pronounced at the terminal
endings, thinning of myelin sheet surrounding mainly large nerve fibers, leading to reduced nerve conduction velocity and damage to neurons, as observed by an
increase in ATF3, caspase-3 and TUNEL expression in the somatas of sensory neurons. Nerve damage may be caused by mitochondrial dysfunction: paclitaxel treat-
ment results in swollen and vacuolated mitochondria with reduced ATP production. Faulty mitochondrial function and inadequate expression of several antioxidant
enzymes (SOD, GPx, GSH, MDA) lead to increased intracellular ROS levels. ROS may activate the NLRP3 inflammasome in peripheral nerves and induce apoptosis.
Additionally, expression and activity changes of TRP channels (e.g., TRPV1) and ion channels (e.g., Nav1.7) are observed, resulting in changes in excitability.
Activation of increased translation controls may pertain to these changes in the excitability of sensory neurons. These changes are (partially) induced by mast cell
degranulation and release of mediators (e.g., tryptase) that activate TLR4, further stimulating inflammatory responses, including the release of pro-inflammatory
cytokines and chemokines that may affect transduction and excitability. Paclitaxel is capable of directly activating TLR4, directly stimulating an inflammatory
response. Furthermore, other TLR receptors, such as TLR9, contribute to pain development in paclitaxel-treated rodents. Damaged neurons release damage-associ-
ated molecular patterns (DAMPs), which further activate TLR4 on various immune cells. Furthermore, various chemotactic cytokines secreted by damaged neurons
recruit immune cells, leading to immune cell recruitment and activation in the DRG and the spinal cord. Macrophages, predominantly skewed to the pro-inflamma-
tory M1 type, infiltrate the DRG, where they release pro-inflammatory cytokines that activate and sensitize sensory neurons. Macrophages also release HMGB1,
which activates TLR4 on sensory neurons to contribute to pain development. Some reports indicate T cell recruitment to the DRG and spinal cord. T cells can pro-
duce the anti-inflammatory IL-10, which may aid in resolution of paclitaxel-induced transient neuropathy. Activated immune cells and also neurons secrete a pleth-
ora of inflammatory mediators, such as TNF, IL-17, IL-20 and CCL2, activating a variety of downstream inflammatory pathways. Within the spinal cord, paclitaxel
treatment causes glial cell activation of predominantly spinal cord astrocytes, downregulation of glutamate uptake transporters on astrocytes and induction of cyto-
kine release by astrocytes. Microglia activation is less clear. Finally, paclitaxel affects synaptic transmission regulation through upregulation of 5-HT1a receptors and
neuropeptide substance P expression. Spinal excitatory synaptic transmission is also increased through 1R and LPA receptors and dysregulated through activation
of presynaptic NMDARs.

from the synaptic cleft, with a reduction in transporters lead-
ing to increased glutamate levels at active synapses [13,122].
The majority of studies have demonstrated that spinal glu-
tamate transporters, including GLAST and GLT-1, are rapidly
downregulated by paclitaxel, possibly through activation of
glycogen synthase kinase 3beta (GSK3 B) in the dorsal horn
of the spinal cord [13,115,122,130-132]. Astrocyte activation
following paclitaxel treatment may also occur in the anterior
cingulate cortex (ACC), a brain region involved in pain per-
ception and its modulation [133]. Despite signs of astrocyte
activation in the ACC, no changes were observed in glutam-
ate transporter expression [133].

Astrocytes treated with paclitaxel in vitro that are injected
intrathecally into naive mice induce mechanical allodynia

[129]. Inhibitors of astrocyte activation (L-a-AA), JNK or ERK,
or neutralizing antibodies against TNF or SDF-1, alleviate
paclitaxel-induced mechanical allodynia [129], indicating a
role of astrocytes and possible cytokines released by these
cells.

Some evidence indicates that microglia may also be
involved in the initiation of paclitaxel-induced peripheral
neuropathy [134], yet the majority of data points to astro-
cytes. Paclitaxel treatment induces signs of activation of
microglia in the dorsal horn of the spinal cord including
increased expression of CD86 [135] and microglia-specific
marker TMEM119 [128]. Increased numbers of microglia in
the spinal cord of paclitaxel-treated mice are accompanied
by an increase in CCL3 [136].
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Other glial cells, such as satellite glial cells that support
and surround DRG neuronal cell bodies, affect paclitaxel-
induced peripheral neuropathy. For example, in paclitaxel-
treated rats, satellite glial cells become hypertrophic and
express ATF3 [34,35]. However, the exact contribution of
these cells to paclitaxel-induced neuropathy is poorly
studied.

Inflammatory mediators

Activation of the pro-inflammatory transcription factor NF-xB
is reported in multiple studies, which further leads to the
production of pro-inflammatory mediators [41,50,126,
128,137-140]. Many studies have found increased expression
of various inflammatory mediators in the spinal cord which
could be the result of astrocyte activation or other glia cell
or infiltrating immune cells, including TNF [32,41,120,
124-126, 128,129,135,139-143], IFN-y [124,135,142], IL-1B
[32,50,55,120,125,126,128,135,139-144], TGF-B [135] and stro-
mal-derived cell factor 1 (SDF-1) [129]. Two studies, however,
did not observe any changes in pro-inflammatory cytokines
[13,145].

Several other cytokines have recently been identified as
contributors to paclitaxel-induced peripheral neuropathy. IL-
17 is elevated in the spinal cord and cerebrospinal fluid of
mice following paclitaxel treatment and IL-17 increases
NMDAR activity and suppresses GABA-induced currents in
the spinal cord [146]. Blockade of IL-17R antibodies or knock-
down of IL-17R reduces paclitaxel-induced pain [146] and
the same goes for blockade of IL-20 using monoclonal anti-
bodies [147]. IL-20 activates astrocytes, triggering the pro-
duction of pro-inflammatory mediators in the DRG, including
IL-8 and MCP-1. IL-20 also recruits macrophages to the DRG,
partly through the MAPK pathway and modulates neurite
outgrowth by disturbing intracellular Ca*" balance [147].
Furthermore, serum levels of IL-6 are elevated in paclitaxel-
treated mice and administration of an IL-6 blocking antibody
prevents mechanical allodynia and nerve damage [117,148].
Paclitaxel activates the PI3K/Akt pathway and inhibition of
PI3K/Akt alleviates mechanical allodynia in paclitaxel-treated
rats [149].

The downstream production of MMP-9 is elevated in the
DRG of paclitaxel-treated mice and inhibiting MMP-9 pre-
vents and reverses mechanical allodynia. In particular, neu-
tralizing antibodies against MMP-9 reduce oxidative stress
and TNF-o. and IL-6 levels in the DRG, indicating a key role
for MMP-9 in paclitaxel-induced inflammation [150].

Chemokines that have been studied for their contribution
to paclitaxel-induced peripheral neuropathy include CCL3
(50,118,133), CCL2 (143), CX3CL1 (113,144,145), CXCL12 (146)
and CXCL1 (147). CCL2/CCR2 signaling is involved in both
the induction and maintenance of paclitaxel-induced behav-
ioral hypersensitivity, since blockade of CCL2/CCR2 signaling
prevents and reverses paclitaxel-induced hypersensitivity
[151]. Similarly, CX3CL1 expression is upregulated in the DRG
in a time course consistent with the behavioral phenotype of
paclitaxel-induced pain and blocking CX3CL1 prevents pacli-
taxel-induced DRG macrophage infiltration and cytokine
release and attenuates paclitaxel-induced pain [119,152]. The

receptor for CX3CL1, CX3CR1 increases in DRG and spinal
cord after paclitaxel treatment [153]. CX3CL1-CX3CR1 signal-
ing contributes to paclitaxel-induced peripheral neuropathy
through activating Akt2 in spinal dorsal horn microglia [153]
and p38 MAPK [119] in microglia and DRG macrophages.
Furthermore, paclitaxel treatment increases CXCL12 in the
spinal cord [154] and CXCL1 in the DRG and spinal cord
[155]. CXCL12 and CXCL1 signal through CXCR4 and CXCR2
and blocking these receptors reduces paclitaxel-induced
mechanical hypersensitivity [154,155].

Finally, bradykinin, an inflammatory mediator, has been
linked with paclitaxel-induced pain due to the analgesic
effect of NSAIDs [156]. Indeed, the expression of B2 mRNA
(Bdkrb2) in the sciatic nerve, but not BT mRNA (Bdkrb1) is
increased after paclitaxel administration [156].

Other neuro-inflammatory processes

Paclitaxel activates the sphingolipid pathway, resulting in the
production of ceramide, a lipid that induces apoptosis in a
variety of neoplasms. Increased ceramide production results
from increased activity of ceramide hydrolyzing enzymes,
which is associated with the development of neuropathic
pain after paclitaxel treatment [137].

The Wnt/p catenin pathway is also upregulated in the sci-
atic nerves of paclitaxel-treated rats. Wnt signaling inhibitors
reduce the loss of IENF, improve nerve dysfunction and alle-
viate mechanical allodynia, suggesting a role of this pathway
in paclitaxel-induced peripheral neuropathy [157].

Discussion

This systematic review highlights various underlying mecha-
nisms of paclitaxel-induced peripheral neuropathy. The most
recent literature shows that inflammatory responses in neur-
onal tissue, including immune cell accumulation and cyto-
kine/chemokine release, are important contributors to
paclitaxel-induced peripheral neuropathy. Indeed, paclitaxel
may directly activate TLR4 and its downstream pathways,
causing macrophage and T cell accumulation in nervous tis-
sue, and activate glial cells with numerous pro-inflammatory
cytokines released from either DRG neurons or associated
cells. Furthermore, paclitaxel induces mechanical hypersensi-
tivity by increasing sensory neuron excitability and spinal
transmission. As described in earlier reviews, axonal damage
and mitochondrial dysfunction associated with oxidative
stress seem central mechanisms in paclitaxel-induced periph-
eral neuropathy. It is possible that these mitochondrial-
related mechanisms affect neuronal excitability but also drive
neuro-inflammatory processes. However, how these proc-
esses may engage neuro-inflammatory processes remains
elusive.

Despite a large number of identified molecular mecha-
nisms, it is not well known how these various pathways
interact and occur in time. Nevertheless, we hypothesize that
central to the initiation of peripheral neuropathy is the effect
of paclitaxel on mitochondrial function in nerve and support-
ing cells leading to nerve damage and thinning of myelin



sheets surrounding peripheral nerve fibers. As a result, such
damage may lead to infiltration of immune cells, as is
observed in other models of neuropathy. Since paclitaxel
also induces activation of TLR, this may affect the phenotype
and number of immune «cells in nervous tissue.
Subsequently, the release of inflammatory pro-algesic media-
tors (e.g., TNF, IL-17, IL-20, CCL2) is promoted, affecting neur-
onal function through modulating expression and activity of
ion channels in sensory neurons and receptors in the spinal
cord. Importantly, future studies should also be aimed at
understanding these dependencies and sequences in events
to aid in determining at what point of these cascades thera-
peutic intervention would be most promising.

In this systematic review, we identified some discrepan-
cies between findings on molecular mechanisms of pacli-
taxel-induced peripheral neuropathy. This might be due to
the sex of animals, the dose and dosing schedule of pacli-
taxel administration, the mode of administration (intravenous
or intraperitoneal), or the timing of measurement. For
example, whilst recent findings have shown intriguing sex
differences in the various models of chronic pain [158], only
a handful of studies using both male and female mice found
disparate results depending on sex [116,134]. Furthermore,
paclitaxel does not consistently induce signs of microglia
activation in the spinal cord and most studies that showed
involvement of microglia in paclitaxel-induced peripheral
neuropathy used a cumulative dose of paclitaxel up to
36 mg/kg [35,134,136] instead of 8 mg/kg as almost half of
the included studies used. Although in the lower range, the
latter does is clinically relevant, because it is equal to
56.24mg/m? and the dose of paclitaxel used in cancer
patients ranges from 15mg/m? to 825mg/m? [122]. We
hypothesize that the use of higher doses of paclitaxel would
be useful to more closely approach the threshold dose for
the development of paclitaxel-induced peripheral neuropathy
in humans, which lies approximately at 300 mg/m? [6].

Limitations

The reporting of the methodology of the experimental ani-
mal studies included in this systematic review is typically
poor as highlighted by the results of the risk of bias assess-
ment since many items were indicated as ‘unclear’ risk of
bias. This issue has been previously reported [159] and future
studies, using animals, should improve both the experimen-
tal design and the quality of reporting by using the Design
and Execution of Protocols for Animal Research and
Treatment (DEPART) and Animals in Research: Reporting In
Vivo Experiments (ARRIVE) guidelines to increase scientific
validity of the results.

Second, the preclinical studies included in this systematic
review do not fully match the clinical scenario, since pacli-
taxel is administered in the absence of a tumor, thus not tak-
ing the complex interaction between the tumor and
chemotherapeutic agent into consideration. However, for
example, nicotinamide riboside prevents paclitaxel-induced
hypersensitivity and this effect was similar in both tumor-
naive and tumor-bearing rats [31]. In addition, cancer
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patients often undergo chemotherapy after surgical removal
of the tumor [7] and therefore modeling chemotherapy-
induced peripheral neuropathy through chemotherapy
administration alone is a valid approach.

Third, pain outcome measurement in rodent models
encompasses mostly stimulus-evoked (responses to e.g.,
mechanical stimuli) and non-stimulus evoked (spontaneous)
behaviors [18]. Rodent models of paclitaxel-induced periph-
eral neuropathy have elucidated pathophysiological mecha-
nisms and identified potential drug targets. However, the
question of translatability to paclitaxel-induced peripheral
neuropathy in humans remains a topic of continued scrutiny.

Clinical relevance

A recent review of the pharmacological treatment of neuro-
pathic pain provides evidence-based recommendations for
its pharmacological treatment [160]. First-line drugs currently
recommended in peripheral neuropathic pain include gaba-
pentin and pregabalin. Their analgesic effects are mainly
related to the normalization of the paclitaxel-induced
increased expression of voltage-dependent calcium channels
that contain the alpha-2-delta type 1 subunit [87,88].
Although results from preclinical studies provide a valuable
model to examine molecular pathways and test potential
preventive and therapeutic targets, future well-designed clin-
ical trials are needed to confirm these proposed pathways in
humans to develop effective treatment strategies.

Exercise may have a promising role to prevent or mitigate
pain as emerging data is indicating that exercise favorably
alter the inflammatory environment. Data on inflammatory
responses to exercise in patients with cancer during adjuvant
chemotherapy tend to show that exercise decreases pro-
inflammatory markers such as TNF-o, IL-1f and IFN-y and
increases anti-inflammatory markers such as IL-10 [161-163].
It might be suggested that the anti-inflammatory effects of
exercise partially explain the beneficial effect of exercise on
pain in patients with cancer. Indeed, results from several
randomized controlled trials point out a promising role for
aerobic and resistance exercise, either separately or in com-
bination, to improve pain in patients with breast cancer
receiving adjuvant chemotherapy [164-167]. For example,
Mijwel et al. (2018) found that sixteen weeks of resistance
with high-intensity interval training (RT-HIIT) significantly
improved pain sensitivity in these patients [167]. It will be of
interest to see how these interventions affect neuro-immune
processes or mitochondrial health during chemotherapy.

Conclusion

Many groups have begun to uncover potential molecular
mechanisms by which paclitaxel causes peripheral neur-
opathy and this systematic review provides an overview of
these mechanisms, including paclitaxel-induced inflammatory
responses with numerous pro-inflammatory cytokines
released from either DRG neurons or associated cells. Future
studies are needed to investigate whether the same molecu-
lar mechanisms underlying paclitaxel-induced peripheral
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neuropathy are involved in humans in order to develop tar-
geted preventive and therapeutic strategies.
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