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Abstract: Oxaliplatin is a chemotherapeutic drug widely used to treat various types of tumors.
However, it can induce a serious peripheral neuropathy characterized by cold and mechanical
allodynia that can even disrupt the treatment schedule. Since the approval of the agent, many
laboratories, including ours, have focused their research on finding a drug or method to decrease this
side effect. However, to date no drug that can effectively reduce the pain without causing any adverse
events has been developed, and the mechanism of the action of oxaliplatin is not clearly understood.
On the dorsal root ganglia (DRG) sensory neurons, oxaliplatin is reported to modify their functions,
such as the propagation of the action potential and induction of neuropathic pain. Voltage-gated
sodium channels in the DRG neurons are important, as they play a major role in the excitability of
the cell by initiating the action potential. Thus, in this small review, eight studies that investigated
the effect of oxaliplatin on sodium channels of peripheral neurons have been included. Its effects
on the duration of the action potential, peak of the sodium current, voltage-response relationship,
inactivation current, and sensitivity to tetrodotoxin (TTX) are discussed.
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1. Introduction

Oxaliplatin is a third-generation platinum-based chemotherapeutic drug that is widely used to
treat various types of cancer, such as breast, colorectal, and lung cancers [1]. Although it is an effective
drug as it does not induce significant ototoxicity and nephrotoxicity like other platinum derivatives,
it has a serious side effect, which is characterized by paresthesia and dysesthesia of hands and feet,
which can often lead to the discontinuation of therapy [2]. Hence, understanding the mechanism of
action and finding an effective treatment for oxaliplatin-induced neuropathic pain are critical issues for
treatment, and for the patients” quality of life.

Although the mechanism underlying oxaliplatin-induced neuropathic pain remains unclear,
mechanistic studies have reported various pathways. Sodium, potassium, and calcium ion channels
and different types of transient receptor potential family (TRPA1, TRPMS, and TRPV1) were shown
to be involved, as their function altered after oxaliplatin injection [3-7]. In other studies, increased
activity of spinal glia cells and pro-inflammatory and neuroexcitatory cytokines (tumor necrosis factor
alpha and interleukin-1beta) in the dorsal horn of the spinal cord were associated with oxaliplatin [8,9].
Furthermore, environmental changes owing to oxaliplatin administration, such as toxic effects on
mitochondria [10] and pH acidification [11] in the dorsal root ganglia (DRG) sensory neurons have
also been suggested as the cause of allodynia and hyperexcitability.

For several years, we have focused on finding an effective method to decrease this pain. Using an
animal model of oxaliplatin-induced neuropathic pain, which showed similar symptoms to patients,
such as cold and mechanical allodynia [12-14], we have reported that various treatments with
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well-known drugs, such as morphine [13] and duloxetine [15], and alternative methods [16], such as
using acupuncture [17] and bee venom [13,18,19], can significantly attenuate allodynia.

Furthermore, by using in vivo spinal cord extracellular recording methods, we demonstrated
that the activities of wide dynamic range (WDR) neurons, which are present in the spinal dorsal
horn and encode the information received from both the innocuous and noxious signs that transmit
peripheral neurons [20], are highly upregulated after oxaliplatin treatment compared to that after
vehicle injection in rats [15,16,18]. These results let us focus on the role of peripheral sensory neurons in
oxaliplatin-induced neuropathic pain [21]. The function of DRG sensory neurons, such as conduction
velocity, was affected after administration of the chemotherapeutic agent. However, the number of cells
remained unchanged, as did central and motor nerve conduction, suggesting that the agent mostly
affects the function of the sensory neurons [21].

DRG sensory neurons play a major role in pain sensation, and their excitability is closely related
to the propagation of action potentials, which transmit noxious information to the central nervous
system [22]. Oxaliplatin is known to induce an immediate effect on the axonal excitability rather than
structural changes, suggesting that ion channels in the DRG neurons may be involved [23]. Indeed,
abnormalities in the functions of potassium and calcium ion channels were reported as the expression
of pro-excitatory channels (hyperpolarization-activated channels) [24] and calcium ion influx were
significantly increased following oxaliplatin injection, respectively. However, as the membrane potential
of a neuron depends mostly on multiple isoforms of a voltage-gated sodium channel and the function
of the sodium channels in primary DRG neurons can determine the occurrence and development
of neuropathic pain, sodium channels may play a key role in oxaliplatin-induced neuropathic
pain [25,26]. Moreover, administration of sodium channel blockers was reported to be effective
against oxaliplatin-induced neuropathic pain in humans [27,28] and animals [29-31], suggesting that
concentrating on the voltage-gated sodium channel may be an effective treatment approach.

Since the study published by Adelsberger et al. [31], seven more studies have investigated the
effect of oxaliplatin on voltage-gated sodium channels, during the past 20 years. Thus, in this review,
we included all eight studies. Clinical trials were excluded, and in vitro and in vivo studies conducted
with animals were included. Animal species and nerves investigated all differed from paper to paper.
Three used rats and the other three studies used mice. In addition, frogs, cockroaches, and human
nerves were also analyzed in other studies.

Considering the importance of the peripheral sensory neurons and voltage-gated sodium channels
in the development and maintenance of neuropathic pain, it appeared to be important to combine all
studies published during the past 20 years, and report on them for a better understanding of the action
of oxaliplatin and the development of an effective drug (Table 1).

2. Effect of Oxaliplatin on Peripheral Nerve Fibers

2.1. Oxaliplatin Mostly Affects Myelinated A-Fibers, but Not Unmyelinated C-Fibers

Adelsberger et al. [31] conducted an experiment on the sural, peroneal, and vagal nerves of adult
rats, by evoking a stimulus of 100 V for 15 pus in rat sural nerves. They demonstrated that the A-fiber
compound action potential (CAP) increased significantly (218 + 68%, n = 7). In contrast, the C-fiber CAP
did not change significantly (36 + 29%, n = 7) after 45 min of 250 uM oxaliplatin treatment, showing
that oxaliplatin mostly affects A rather than C-fibers. This change in A-fiber was completely blocked
by 1 mM of a sodium channel blocker, carbamazepine. Following Adelsberger et al., Sittl et al. [32] also
reported that oxaliplatin affected only myelinated A-fibers but not C-fibers. An electrical stimulation in
the human nerve fascicle (from five male patients, 57 + 9 years of age) bathed in 100 uM of oxaliplatin
for 90 min induced after-potentials in the A but not C-fiber CAP. In addition, in the sural nerves of
wild-type mice, the stimulus evoked repetitive action potential discharge only in myelinated fibers,
and action potentials increased upon cooling the media to 20 °C.
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2.2. Oxaliplatin Increases the Length of the Action Potential

By stimulating the rat sural nerve with twin pulse action potentials, Adelsberger et al. [31]
reported that 250 uM of oxaliplatin application increased both the amplitude and duration of action
potentials. In addition, the time needed for an action potential to reach the baseline increased
dramatically after 45 min of chemotherapeutic drug application, from 500 ps to 10 ms. These effects
were induced by lengthening the refractory period. Grolleau et al. [33] also demonstrated that 500 uM
of intracellularly-applied oxaliplatin reduced the spike amplitude by 19.4%. However, it increased
the action potential duration while reducing both the depolarizing phase and post-hyperpolarization.
In their experiment, action potentials were evoked by 50 ms of 0.8 nA depolarizing current-pulse
stimulation in cockroach dorsal unpaired median (DUM) neurons. However, with their experiments
conducted on the myelinated frog neurons, Benoit et al. [34] suggested that oxaliplatin may decrease
the duration of action potentials, as in their experiments, the voltage-dependence of sodium channel
inactivation moved towards negative. Although Alberti et al. [35] did not mention the duration of the
action potential, they showed that intravenous administration of oxaliplatin decreased the refractory
period compared to the control (control: 0.365 vs. oxaliplatin: 0.276 ms, respectively, P = 0.02),
suggesting that the length of the action potential may have shortened.

3. Oxaliplatin Modifies Activities of Voltage-Gated Sodium Channels

3.1. Oxaliplatin Decreases the Peak of the Sodium Current

In their experiment, Adelsberger et al. [31] reported that 250 uM of oxaliplatin decreased the
maximal amplitude of the sodium current to 0.65 + 0.23 in 13 out of 18 cells tested. In DUM neurons,
Grolleau et al. [33] also reported that 20 min extracellular application of 100 pM of oxaliplatin
induced a slight reduction in the maximum peak sodium current (16.7 + 5.8% of control). In contrast,
the intracellular treatment at the same dose and time inhibited the current highly (52.8 + 3.3% of
control). This effect of intracellular treatment was observed in seven of the eleven treated cells.
They further conducted experiments with dichlorodiaminocyclohexane platinum (Dach-Cl,-platin)
and oxalate, which are the two major metabolites of oxaliplatin [36]. They found that oxalate, but
not Dach-Cl,-platin, could decrease the maximum sodium current peak similarly to oxaliplatin.
When 500 uM of oxalate was administered intracellularly, the sodium current decreased by 36 + 2% of
the control. These results suggested that oxalate may play an important role in the effect of oxaliplatin.
In accordance with previously reported results, Benoit et al. [34] showed that the peak sodium current
consistently decreased to 77 + 8% and 41 + 7% of its control value after 10 uM and 100 uM oxaliplatin
application, respectively.

3.2. Oxaliplatin Shifts the Voltage—Response Relationship of the Sodium Current

Adelsberger et al. [31] reported that 250 uM of oxaliplatin shifted the voltage-response relationship
of 10 mV toward more negative potentials. Benoit et al. [34] reported that oxaliplatin shifted the peak
sodium current voltage curves toward negative membrane potentials, showing that oxaliplatin induces
current activation at a more negative potentials. Under the chemotherapeutic agent, the sodium
current started to be activated at —50 mV with 10 or 100 uM, whereas no current was active under
control conditions.

3.3. Oxaliplatin Slowdown Inactivation Kinetics of Voltage-Gated Sodium Channels

On the effect of oxaliplatin on the inactivation kinetics, there is conflicting evidence that whether
oxaliplatin induces a slowdown of the inactivation current. First, Adelsberger et al. [31] reported that
the slowdown of the inactivation kinetics of the channel occurred after oxaliplatin injection, and that this
slowdown of the inactivation sodium current resulted in an increase in the total current by 2.6 + 1.45%.
This effect could be observed only in the DRG and not in the hippocampal neurons, suggesting that
oxaliplatin preferentially acts on certain types of voltage-gated sodium channel isoforms expressed
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mainly in the peripheral nervous system. Sittl et al. [32] also demonstrated that oxaliplatin significantly
induced slow inactivation at a negative potential in isolation in neuron-derived ND7/23 cells transfected
with the murine Nay 1.6r and auxiliary $4-subunit. The slowing inactivation at a negative membrane
potential prolonged Nay open times and increased resurgent and persistent current in native DRG
neurons. However, in experiments conducted on frog myelinated neurons, Benoit et al. [34] reported
that oxaliplatin did not induce slow down inactivation of the sodium current. This discrepancy may be
due to the difference in the animals used (rat DRG and cockroach DUM neurons vs. frog sciatic nerve).

4. Effect of Oxaliplatin on TTX-Sensitive or Resistant Sodium Channels

4.1. Oxaliplatin Modulates the Activity of TTX-Sensitive Sodium Channels

DRG neurons express different types of voltage-gated sodium channel isoforms: TTX-resistant
isoforms Nay1.8 and Nay1.9, and TTX-sensitive isoforms Nay1.1, Nay1.2, Nay1.3, Nayl.6,
and Nay 1.7 [37]. To investigate whether oxaliplatin affects TTX-sensitive or TTX-resistant voltage-gated
sodium channels, Webster et al. [29] evoked potential in the phrenic nerve hemidiaphragm and vas
deferens to evaluate the effect of oxaliplatin on both the motor nerve function and autonomic system.
They demonstrated that more than 30 min of 0.5 mM of oxaliplatin application induced increased
endplate potential (EPP), miniature endplate potentials (MEPPs), and frequency of spontaneous
excitatory junction potential (sEJP). However, these effects were all blocked by 1 uM of TTX, showing
that oxaliplatin modifies the activity of TTX-sensitive voltage-gated sodium channels. Furthermore,
in accordance with the data of Adelsberger et al. [31], 0.3 mM of sodium channel blocker, carbamazepine,
also prevented the multiple EPPs and increased spontaneous activities.

4.2. Effect of Oxaliplatin on Nay1.6

Na,1.6 is a TTX-sensitive voltage-gated sodium channel expressed in various types of neuronal
cells. Studies have shown evidence that Na, 1.6 is expressed both in the central and peripheral nervous
system, but mostly on myelinated axons [25,38]. Sittl et al. [32] reported that after potentials induced by
oxaliplatin were completely absent in Nay 1.6 knockout mice, but not in heterozygous mice. Moreover,
by using Nay 1.6 deficient mice (Scn8a™e¥/med)  they showed that cooling the media to 20 °C induced
stimulus evoked action potential bursts in single axons, whereas these action potentials could not be
observed on physiological skin temperature (i.e., 30-32 °C). As reported by Sittl et al. [32], Deuis et al. [39]
also showed that Nay1.6 plays an important role in the activity of oxaliplatin. In their experiment,
Nay1.87" and 1.97" mice as well as Nay1.8-selective small-molecule inhibitor’s application showed
oxaliplatin-induced cold allodynia, suggesting that TTX-sensitive, but not resistant voltage-gated
sodium channels play an important role in the development of allodynia. To prove this, they injected
a low dose of TTX and demonstrated that TTX can indeed inhibit cold allodynia. Subsequently,
to determine which TTX-sensitive sodium channel subtype plays a major role in the development of
pain, they conducted experiments with Nay1.37 and Nay1.7,1.1,1.2, and 1.4 subtype selective inhibitors
(ProTxII and p-Conotoxin TIIIA, respectively), but none of these inhibitors affected the cold allodynia
induced by oxaliplatin. However, intraplantar injection of 10 uM GIIIA, which, in addition to Nav1.1,
also inhibits Nav1.6 at high concentrations [40], achieved near-complete reversal of oxaliplatin-induced
cold allodynia (14 + 9% of control), demonstrating the functional contribution of Nav1.6 to cold pain
pathways at the behavioral level. Li et al. [30] showed that following intraperitoneal oxaliplatin injection
(24, 3.2, or 4.0 mg/kg twice weekly for 4.5 weeks), expression levels of Na,1.6 mRNA (F(3 15) = 60.98,
P <0.0001), and protein (F(3,15 = 15.00, P = 0.0002) were significantly increased compared to naive rats.
Moreover, the expression of Nay1.6 (F3 11) = 18.67, P = 0.0006, and F3 11y = 52.54, P < 0.0001) in the
DRG was also markedly upregulated within each dose of oxaliplatin. Furthermore, immunofluorescent
staining showed a significant increase in the ratio of Nay1.6-positive DRG neurons in oxaliplatin-treated
rats compared to control rats (P < 0.001). These results provide strong evidence indicating that oxaliplatin
alters the expression of TTX-sensitive Nay1.6 in DRG neurons.
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Table 1. Summary table of studies on oxaliplatin and voltage-gated sodium channels.

Published
Year

Author

Models

Investigated Nerve Oxaliplatin Doses

Discoveries

2000

Helmuth
Adelsberger
etal. [31]

Rat

1)

@)
©)

Sural, peroneal and
vagal nerve

DRG 250 uM

Hippocampal neurons

@
@)

©)
4)

Increase CAP amplitude in A- than C-fiber (218 + 68% vs.
36 +29%,n=7)

Shift of the voltage-response relationship to negative
potentials (10 mV, n = 13/18)

Reduction of the maximal amplitude (0.65 + 0.23, n = 13)
Slowdown of the inactivation kinetics of the channels
(2.6 +1.45,n=13)

No effect on Na* current in hippocampal neurons (1 = 8)

2001

Francoise Grolleau
etal. [33]

Cockroach
(Periplaneta americana)

100
DUM neurons And
500 uM

@)

@
©)
@)

Effect of extracellular and intracellular application on
maximum peak Na* currents (100 uM, 16.7 + 5.8% vs.
52.8 + 3.3%, n = 6 and 5, respectively)

Maximum blocking effect of Na™ currents (1 mM,

59.2 £ 1.6%, n = 3)

Dose dependent effect of oxalate (1 mM, 50.5 + 7.5%, n
=3)

Reduction of both depolarizing phase and
posthyperpolarization associated with increase in AC
duration (500 uM)

2005

Richard G.
Webster
etal. [29]

Mouse
(C57/BL6 and Balbjc)

Hemidiaphragm

(Phrenic nerve,

C57/BL6) 500 uM
Vas deferens (Balb/c)

M

@)
©)
®)

(6)
@)

Increased MEPP frequency in hemidiaphragm compared
to control (0.5 mM, 1.07 + 0.08 vs. 32.10 + 7.49,
respectively, nn = 4)

Increase MEPP prevented by TTX pretreatment (1 uM)
Carbamazepine reduced MEPP and EPP amplitudes (0.3
mM, 16.1% and 21.6%, respectively, n = 4)
-pompilidotoxin induced multiple EPPs (0.1 mM)
Frequency of sEJP increased (0.5 mM, 0.11 + 0.03 s7! vs.
0.042 £0.015s7%, 1, = 7)

TTX administration abolished all sEJPs (100 nM)
Carbamazepine reduced amplitude of EJPs (0.3 mM,
55+ 12%,n =5)
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60f 13

Put;{l'::?Ed Author Models Investigated Nerve Oxaliplatin Doses Discoveries

(1) Decreased nodal Na* currents peak after 5-7 min
application (10 and 100 uM, 77 + 8% and 41 + 7% of its
control value, respectively, n = 10-11)

Sciatic nerve (Nodes of 1, (2)  Shift of Na* currents peak towards negative membrane
2006 Evelyne Benoit Frog Ranvier of single sensory 10 potentials (1 and 100 uM, =3.5 + 0.5 mV and -8.8 + 0.3
etal. [34] (Rana esculenta) or motor myelinated And mV compared to control, n = 3-4)
axon) 100 uM (3) A negative shift in the steady-state inactivation-voltage
curve of Na* currents peak (1 and 100 uM, 8.5 + 2.8 mV
and 10 + 2.2 mV more negative compared to control, n
=3-4)

(1)  Cooling-induced CAP after potentials observed in A-, but
not C-fibers both in human and mice nerves (100 uM, at
~20 °C, n = 8 and 55 for human and mouse respectively)

) (1)  Sural nerves (2)  After potentials absent in nerves from Scn8a™ed/med mice
) Human (Five male CAP ding) 10 (3) Enhancement of Nay1.6-mediated resurgent sodium
2012 Ruth Sittl patients 57 + 9 years of ( recording And currents in myelinated DRG neurons (control 22.2 + 3.4
etal. [32] age) (2)  Saphenous nerve 100 uM pA/pF at 30 °C vs. 21.9 + 4.9 at 22 °C pA/pE, n = 5-8, P =

and Scn8a™ed Mice

(single-fiber recordings)

@)

0.56; oxaliplatin, 29.6 + 3.8 pA/pF at 30 °C vs. 57.3 £ 10.6
pA/pFat22°C, n =5-11, P < 0.05).

TTX-sensitive Nay activation and steady-state fast
inactivation not affected (n = 4-10)
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Table 1. Cont.

Published

Year Author Models Investigated Nerve Oxaliplatin Doses Discoveries

(1)  Cold allodynia not affected in Navl.S’/ -, Navl.S’/ ~and
Na,1.97~ mice (2.5 mM; 103 + 11%, 98 + 15% and
107 + 8% of control, respectively)
(2) Cold allodynia unchanged by Nay1.7 selective inhibitor
ProTxII and 1.8 selective small molecule inhibitor
A803467 injection (3 nM and 10 pM; 115 + 17% and
Mouse 90 + 17% of control, respectively)
(C57BL/6]) (3) Intraplantar injection of TTX inhibited cold allodynia
Jennifer R. Deuis Nay1.37~ Behavioral measurement 2.5 mM; upon exposure to a cooled surface (3 pM; 19 + 4%
etal. [39] Na,1.87/~ on the left hind paw 40 pg/paw of control)
And (4) Intraplantar injection of p-Conotoxin TIIIA (Nay1.1, 1.2
Na,1.97~ and 1.4 inhibiter) did not decrease cold allodynia (10 or
100 uM)
(5) Intraplantar injection of GIIIA (Nay1.1 and Nay1.6
inhibitor) showed complete reversal of cold allodynia
(10 uM; 14 + 9% of control)
(6) Intraplantar Cn2 (Nay1.6 activator) injection elicited
mechanical, but not cold allodynia (1 and 30 nM)

2013

(1) Proximal and distal caudal nerve sensory nerve AC
amplitude and distal caudal nerve sensory conduction
Paola Alberti Rat ) velocity were significantly reduced compared to control
2019 etal. [35] (Wistar) Caudal Nerve 5 mg/kg (i.v.) (0.001, < 0.001, 0.04, respectively)
(2) Increase in refractory period (P = 0.002) and
refractoriness at 2 and 2.5 msec (P = 0.049)
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Pug’{l'::?Ed Author Models Investigated Nerve Oxaliplatin Doses Discoveries
(1) Intragastric administration of Bulleyaconitine A (a
sodium channel inhibitor) significantly attenuated
mechanical allodynia (0.1 mg/kg; F(2 66 = 218.92,
P < 0.0001)
(2)  The expression levels of Nay1.6 mRNA (F(3 15) = 60.98,
P <0.0001), protein (F(3 15) = 15.00, P = 0.0002) and Nay1.6
(F@11y = 18.67, P = 0.0006 and F 3 11y = 52.54, P < 0.0001) in
the DRG were significantly increased compared to control
2.4, (measured by RT-qPCR and immunofluorescent staining)
Lei Li 32, (3) Both Scn8a mRNA (F(y 14y = 26.95, P < 0.0001) and Nay1.6
2019 etal. [30] Rat (Sprague-Dawley) DRG (L4-6) 4.0 mg/kg (i.p.) protein (F(4,19) = 57.93, P < 0.0001) level increased, while
0‘?“‘:11\/[ miR-30b (F(4,14) = 14.60, P = 0.0004) decreased after dose
A

dependent administration of oxaliplatin (0.1, 0.2,

and 0.3 uM) into the culture medium

miR-30b agomir treatment markedly mitigated the
oxaliplatin induced increase in Scn8a mRNA and
Nay1.6 protein

Intrathecal administration of the miR-30b agomir
inhibited the expression of Nay1.6 in DRG neurons (F
@.11) = 17.87, P = 0.0007)

Abbreviations: AC, Action Potential; CAP, Compound Action Potential; DRG, Dorsal Root Ganglia; DUM, Dorsal Unpaired Median; EJP, Excitatory Junction Potential; MEPP, Miniature
Endplate Potential; I.P., Intraperitoneal; I.V., Intravenous; TTX, Tetrodotoxin.
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5. Conclusions and Perspectives

In this review, the effect of oxaliplatin on voltage-gated sodium channels was observed based on
the results obtained from eight studies. Oxaliplatin was shown to affect myelinated A-fibers more
compared to unmyelinated C-fibers, as CAP induced in C-fiber did not change following oxaliplatin
injection [31,32]. Although in these studies, the subtypes of A-fibers affected by oxaliplatin were not
mentioned, it has been reported that Ad-fibers are affected by oxaliplatin [41]. Ad-fibers, which are
sensory myelinated fibers with the thinnest myelin sheaths, are related to paresthesias (tickling or
tingling sensations in the skin, whether distal or perioral), which is one of the most frequent symptoms
of oxaliplatin-treated patients [42]. In addition, by using quantitative sensory testing, it was reported
that cold pain are served by Ad-fibers [43], and a clinical study demonstrated that blockade of A-fibers
reduced the cold hyperalgesia in oxaliplatin treated patients [44].

In addition, two studies reported that oxaliplatin increased the duration of the action
potential [31,33], while other data showed that the duration of the action potential was reduced [34].
However, as mentioned above, these discrepancies may result from differences in the animals (rat
DRG and cockroach DUM neurons vs. frog sciatic nerve) or the doses used (250 and 500 uM vs. 10
and 100 pM). In contrast, three studies concur that oxaliplatin decreased the peak of the sodium
current [31,33,34], as also reported in a clinical trial [45]. In this review, the precise mechanism has not
been mentioned; however, Benoit et al. [34] and Grolleau et al. [33] mentioned that oxalate, which is a
major metabolite of oxaliplatin, may act as a calcium ion chelator, blocking the voltage-gated sodium
channel by controlling the external surface membrane potentials [33,34,46].

The importance of calcium ions in oxaliplatin-induced allodynia was reported in several
articles [47,48], and some clinical studies have recommended calcium and magnesium infusion
to prevent oxaliplatin-induce neuropathic pain [49,50]. Indeed, in the experiments of Deuis et al. [39],
intraplantar injection of BAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid), which is
a calcium ion chelator, mimicked the allodynia induced by oxaliplatin, showing that removal of the
extracellular calcium ion plays an important role in neuropathic pain. BAPTA injection decreased the
threshold potential and membrane resistance, producing effects on inward sodium currents. As a
divalent cation, calcium ion is able to modify the properties of the voltage-gated sodium channel by
hyperpolarizing the cell membrane; thus, increased extracellular calcium ion concentration may induce
sodium channel closing and reduce the effect of oxaliplatin on the activity of sodium channels.

Most studies included in the review reported that oxaliplatin acts on the TTX-sensitive
pathway [29,32,39]. DRG neurons express several voltage-gated sodium channel isoforms, including
the TTX-resistant isoforms Na, 1.8 and Nay 1.9, and the TTX-sensitive isoforms Nay1.1, Nay1.2, Na1.3,
Nay1.6, and Nay1.7 [37]. In the experiments of Deuis et al. [39], neither TTX-resistant sodium channel
knockout mice nor inhibitor injection altered the pain induced by oxaliplatin, and among the various
subtypes of TTX-resistant sodium channel, Nay1.6 was shown to be the most affected by oxaliplatin,
as inhibition of this channel led to attenuation of cold allodynia. Voltage-gated sodium channels
play a central role in the development of pain, as they are important for the initial transduction
of sensory stimuli, the electrogenesis of the action potential, and neurotransmitter release from
sensory neuron terminals [51]. Clinical trials have reported that carbamazepine, an anticonvulsant
and a voltage-dependent sodium channel blocker, could attenuate oxaliplatin-induced neuropathic
pain [27,52,53]. Duloxetine, a well-established anticonvulsants and analgesic drug, is recommended
by the American Society of Clinical Organization (ASCO) guidelines [54] and the Journal of the
American Medical Association (JAMA) [55] to prevent neuropathic pain induced by oxaliplatin.
Duloxetine is a serotonin and norepinephrine reuptake inhibitor (SNRI); however, in addition to
potentiation of serotonergic and noradrenergic activity in the central nervous system, duloxetine
has been shown to be able to block neuronal sodium ion currents for its efficacy in neuropathic
pain [56,57]. These studies show that duloxetine may decrease oxaliplatin-induced pain by modulating
voltage-gated sodium channels.
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In this review, only the effects of oxaliplatin on voltage-gated sodium channels have been noted.
However, for a better understanding of the mechanism, the simultaneous effects of oxaliplatin and
its metabolites on voltage-gated sodium channels and other ion channels, such as potassium and
calcium ion channels, should be investigated. Furthermore, the effects of these ion channel blockers’
co-administration should also be evaluated, as the activities of these ion channels are closely related to
each other.
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