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Abstract: Oxaliplatin, a platinum-based anti-cancer drug, induces peripheral neuropathy as a side effect and causes
cold hyperalgesia in cancer patients receiving anti-cancer chemotherapy. In oxaliplatin-treated mice, aluminum was
accumulated in the dorsal root ganglia (DRG), and accumulated aluminum in DRG or other organs aggravated ox-
aliplatin-induced neuropathic pain. To investigate whether aluminum oxalate, which is the compound of aluminum
and oxaliplatin, might be the peripheral neuropathy inducer, the withdrawal responses of mice to coldness, the ex-
pression of transient receptor potential ankyrin 1 and terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assays in DRG were analyzed in mice administered with aluminum oxalate. In addition, the concentrations
of aluminum in aluminum oxalate-treated mice were significantly increased compared to those of mice treated with
aluminum chloride. To alleviate neuropathic pain, glutathione (GSH), known as an antioxidant and a metal chelator,
was injected into oxaliplatin-treated mice. The concentrations of aluminum in the DRG were decreased by the chela-
tion action of GSH. Taken together, behavioral and molecular analyses also supported that aluminum accumulation
on the DRG might be a factor for neuropathic pain. This result also suggested that the aluminum chelation by GSH
can provide an alleviatory remedy of neuropathic pain for cancer patients with oxaliplatin-induced neuropathic pain.
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Introduction

Oxaliplatin, a third-generation platinum-based
anti-cancer agent, is mainly used in the treat-
ment of colorectal cancer [1]. It generates the
cross-link DNA that leads to the replication fail-
ure of cancer cells, and has improved thera-
peutic effects [2, 3]. However, peripheral neu-
ropathy, a side effect of oxaliplatin, is extremely
harsh for the patients and can cause them to
give up treatment because of their low quality
of life [4, 5]. Peripheral neuropathy is caused by
infection, diabetes, alcoholism, and neurotoxic
chemicals such as anti-cancer drugs, and
results in paresthesia such as tingling, electric
shock-like and burning sensations in the hands
and feet [6-9]. Oxaliplatin-induced peripheral
neuropathy is divided into two kinds: the acute

typeis characterized by cold hyperalgesia or
allodynia right after treatment, often transient-
ly, and the chronic type results in hardly revers-
ible neuronal damage caused by continuous
treatment [10]. Drugs used to treat peripheral
neuropathy include pain relievers, anticonvul-
sants, antidepressants, and local anesthetics,
but these just alleviate the symptoms to some
extent regardless of the actual mechanism of
neuropathy [11]. Ca-Mg infusions and vitamin E
supplements have been tested as treatment
components, but they could not completely
remove the pain [4, 12].

Aluminumis the most abundant metal on
Earth’s surface, and most adults consume 3
mg of it every day on average [13, 14]. When
rats were exposed to aluminum, reactive oxy-
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gen species (ROS) increased, resulting in seri-
ous problems [15]. Not much is known about
aluminum’s transporters or channels except for
transferrin, due to its low bioavailability, but alu-
minum may be toxic in large quantities and has
been reported to be associated with neurode-
generative diseases such as Alzheimer’s dis-
ease or Parkinson’s disease [16, 17]. A com-
pound such as deferoxamine can be used to
chelate aluminum, but its side effects cannot
be ignored [16].

There has been a report on the correlation
between aluminum and oxaliplatin, which clari-
fied that aluminum accumulated in the dorsal
root ganglia (DRG) of oxaliplatin-treated mice
[18]. This correlation was also revealed in the
usage of oxaliplatin: aluminum-containing nee-
dles or infusion sets should not be used when
injecting oxaliplatin due to the possibility of
their degradation [19]. In this research, alumi-
num oxalate, a compound produced from the
reaction of oxaliplatin and aluminum, was
expected to be the main reason for the prohibi-
tion of simultaneous application.

The DRG, mentioned above, is a special part of
the body in research on peripheral neuropathy.
First, transient receptor potential ankyrin 1
(TRPA1) is expressed in the DRG [20]. TRPAL is
a calcium channel that is activated by noxious
cold, and the expression of TRPA1 is increased
by oxaliplatin and aluminum [18, 20, 21]. Se-
cond, DRG is vulnerable to external chemicals
[22, 23]. There are some barriers in our bodies,
like the blood brain barrier (BBB) in the central
nervous system (CNS) and the blood nerve bar-
rier (BNB) in the peripheral nervous system
(PNS), which block some outside substances,
but the BNB is not as robust as the BBB [23].
Thus, DRG plays a key role in central and
peripheral sensory regulation and is the thera-
peutic target of peripheral neuropathy [24].

Glutathione (GSH), the tripeptide yielded by
combining cysteine, glutamic acid, and glycine,
is mainly produced in the liver [25, 26]. It is a
powerful antioxidant that protects our bodies
from ROS, anti-cancer agents, and heavy met-
als [27-29]. GSH is commonly used to alleviate
neuropathic pain. When GSH was present in
vitro, TRPA1 activation by oxaliplatin was
reduced [30]. In addition, there have been stud-
ies in which GSH relieved oxaliplatin-induced
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neuropathy by preventing platinum from accu-
mulating in the DRG [31, 32].

In this paper, we investigated the influence of
aluminum oxalate on peripheral neuropathy to
evaluate the negative role of aluminum in oxali-
platin-induced peripheral neuropathy. Furth-
ermore, we studied the effect of GSH on oxalipl-
atin-induced peripheral neuropathic mice in
terms of aluminum concentrations and TRPAL
expression in the DRG.

Materials and methods
Animals

Four-week-old male ICR mice (20-22 g) (Daehan
Bio Link, Eumseong, Korea) were acclimatized
for one week in the normal conditions of the
laboratory; feeds and water were freely acces-
sible. All experiments were carried out in com-
pliance with protocols approved by the Ethics
Committee for Animal Experiments of the
Sungkyunkwan University. All animals were
adapted to the room’s environment for a week
before the experiment (Approval Number:
12-37).

Chemicals

The control mice were treated with 5% dextrose
solution (Joongwae Life Science Co., Ltd,
Dangjin, Korea) and 0.9% NaCl (Daehan Pham
Co., Ltd, Seoul, Korea), which are the vehicles
of the chemicals used in the experiment. To
determine the power of the aluminum oxalate
complex, aluminum oxalate hydrate (4.61 mg/
kg, Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA) was administered by intraperitoneal
injection each day for five days, followed by five
days of rest, which was repeated three times.
Aluminum chloride hydrate (7 mg/kg, Sigma-
Aldrich Korea Ltd, Yongin, Korea) and oxaliplat-
in (3 mg/kg, Boryung Co., Ltd, Seoul, Korea)
were injected according to the same schedule
[33]. With oxaliplatin as the positive control,
the doses of aluminum oxalate and aluminum
chloride were calculated to contribute equal
amounts of aluminum to compare results by
the two materials.

To examine the efficacy of GSH, oxaliplatin (3
mg/kg) was administered each day for five
days, followed by five days of rest, for the first
20 days [34], and GSH (33 mg/kg, Kwangdong
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Figure 1. Cold hyperalgesia induced in mice treated with aluminum oxalate, aluminum chloride, or oxaliplatin. A. In-
jection schedule for each material by mouse group. Dates of acetone tests, body weight measurements, and the in-
jections during 31 days are displayed at the top. The table shows the group names and concentrations correspond-
ing to each chemical. B. The graphs of the acetone test results on days O, 16, and 31. The x-axis is the group name,
and the y-axis is the number of withdrawal responses of nine mice per group described by mean + SEM. A p-value
was calculated in comparison with the control group by one-way ANOVA: *P<0.05, **P<0.01, and ***P<0.001.

Pharmaceutical Co., Ltd, Seoul, Korea) was
injected during the next 10 days at three-day
intervals. All drugs were dissolved in appropri-
ate solvents described in the provided usage,
and the dates of administration are marked by
black triangles (A) in Figures 1A and 5A.

Body weight

Body weight was measured every 10 days from
the beginning day of the acetone test.

Acetone test

Each animal was covered with a transparent
plastic box (8x8x5 cm) on the wire mesh floor.
After 15 minutes or more for adaptation, a drop
of acetone was sprayed onto a hind paw. We
finished observing the reaction of the animal
after 20 seconds if there were no withdrawal or
paw-beating responses. If some reactions in-
duced by cold appeared, monitoring lasted an
additional 20 seconds. Responses were grad-
ed on a 4-point scale: 0, no response; 1, quick
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withdrawal, flick, or stamp of the paw; 2, pro-
longed withdrawal or repeated flicks (=2) of the
paw; 3, repeated flicking of the paw with licking
directed at the ventral side of the paw. Acetone
was applied three times alternately to each
hind paw at 2-minute intervals. The final score
was calculated by the addition of the six scores.
All mice were randomized in this experiment [1,
35]. The test was performed before starting the
injections and repeated on days 16 and 31 to
avoid the impact of the injection stress.

Quantitative real-time polymerase chain reac-
tion

Animals were sacrificed after day 31, and the
thoracic and lumbar DRGs were extracted.
Total RNA was isolated using an easy-spin™
(DNA Free) Total RNA Extraction Kit (Intron
Biotechnology, Co., Ltd., Seongnam, Korea)
according to the manufacturer’s instructions.
Then, cDNA was synthesized from 3 pg of total
RNA using Moloney murine leukemia virus
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reverse transcriptase (Bioneer, Daejeon, Korea)
and oligo dT primer. The reverse transcription
conditions were five minutes at 65°C and 60
minutes at 37°C using a TL00™ Thermal Cycler
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).
SYBR Premix Ex Taq (Takara Bio, Shiga, Japan)
was used for qRT-PCR and the condition of the
40 reaction cycles was controlled by a Corbett
Research Rotor-Gene 3000 (QIAGEN Korea
Ltd., Heiden, Germany) as follows: 95°C for 10
seconds, 59°C for 15 seconds, and 72°C for
20 seconds. The house-keeping gene was
B-actin and the primer sequences were as fol-
lows: B-actin, 5-ACCCACACTGTGCCCATCTA-3’
(forward) [36], 5-TAGAGCAACATAGCACAGCT-
TC-3’ (reverse); TRPAL, 5-ACAATGCTCTGGAA-
TGGGTTATC-3’ (forward), 5-GTAGGAAGTTCAT-
CCAGTAGAAG-3’ (reverse). The specific primers
were designed referring to the National Center
for Biotechnology Information: mouse 3-actin
[GenBank: NMOO739] and mouse TRPA1
[GenBank: NM177781]. The control group was
assigned a value of 1 to calculate the relative
expression levels of TRPAL of the experimental
groups.

Tissue preparation

Mouse L5 DRGs were dissected, fixed with
4% paraformaldehyde (Affymetrix, OH, USA),
washed with phosphate buffered saline (PBS),
impregnated with 15% sucrose, and then with
30% sucrose, each overnight at 4°C except for
the washing step. The tissues were embedded
in OCT compound (Sakura Finetek Japan,
Tokyo, Japan), frozen at -80°C, and sectioned
into 7-uym thicknesses in a cryostat on His-
toBond® adhesive microscope slides (Mari-
enfeld-Superior, Lauda-Konigshofen, Germany).

Immunofluorescence

Tissue sections were dried sufficiently, washed
three times with PBS until the OCT compound
melted away, and blocked using 5% fetal bovine
serum (GE Healthcare Life Sciences HyClone
Laboratories, UT, USA) and 20 mg/ml bovine
serum albumin (MP Biomedicals, Santa Ana,
CA, USA) in PBS for two hours at room tempera-
ture. Immunostaining was conducted using the
following antibodies: primary antibody named
RbpAb to TRPA1 (1:200, ab68847; Abcam
plc, Cambridge, UK) and secondary antibody
named goat pAb to Rb IgG (TRITC) (1:500,
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ab6718; Abcam). Tissues were incubated with
primary antibody overnight at 4°C and then
with secondary antibody for two hours at room
temperature in a dark room. The slides were
washed before and after staining with the sec-
ondary antibody. Sections were mounted with
Vectashield mounting medium for fluorescence
with 4’,6-diamidino-2-phenylindole (DAPI) (Vec-
tor Laboratories, Inc., Burlingame, CA, USA),
and examined under an LSM700 confocal
microscope (Carl Zeiss, Germany).

TUNEL assay

To test the neuronal destruction, the cell death
levels of the DRG tissues were studied with the
use of the in situ cell death detection kit (Roche
Applied Science, PA, USA), according to the
manufacturer’s instructions. Tissue sections
were mounted with Vectashield mounting medi-
um for fluorescence with DAPI (Vector Labo-
ratories, Inc.) and observed under a confocal
microscope (Carl Zeiss).

Metal concentrations

To examine the concentrations of heavy metals
in the body, the DRGs, brains, and sera were
dissected from the animals. Serum was sepa-
rated by centrifugation for 30 minutes at 3000
rom and 4°C after collecting 1 ml of blood by
cardiac puncture. The DRGs and brains were
washed with Hanks’ Balanced Salt Solution
(Welgene Inc., Daegu, Korea) and again with
double distilled water immediately after dissec-
tion. Measurements of the concentrations of
five kinds of metal (Hg, Pb, Al, Pt, and Cd) were
made by the Korea Research Institute of
Analytical Technology (Daejeon, Korea) with
ICP-MS.

Statistical analysis

Data were expressed as means * standard
error of the mean (SEM) graphs using GraphPad
Prism 5 (GraphPad Software, Inc., San Diego,
CA, USA). Statistically significant differences
were evaluated by one-way or two-way analyses
of variance depending on the case of fluores-
cence intensity measurement, and Bonferroni’s
test was conducted for acetone test as the
post-test. Significance levels were set at *P<
0.05, **P<0.01, ***P<0.001, and #P<0.05.
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Figure 2. Hyper-expressed TRPAL in mice treated with aluminum oxalate, aluminum chloride, or oxaliplatin. A. RNA
expression levels of TRPA1, as analyzed by qRT-PCR. Total RNA was extracted fromthe DRGs of the Control (5%
dextrose), AlOx (4.61 mg/kg), AICI (7 mg/kg), and Oxal (3 mg/kg) groups. Statistical analyses were expressed as a
graph of means + SEMs (*P<0.05, **P<0.01). B. Immunofluorescence of TRPAL in L5 DRG tissue. TRPA1 was red-
colored with yellow arrows and nuclei were DAPI-stained in blue. The DRG tissue was magnified 40x with a confocal
microscope, and the length of the scale bar is 100 um.
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Figure 3. Increased cell death of DRG tissue and general toxicity. A. The cell death of DRG was examined by TUNEL
assay. TUNEL-positive cells were green-colored with Alexa 488 and nuclei were blue-colored. The DRG tissue was
magnified 40x with a confocal microscope, and the length of the scale bar is 100 um. B. Body weight of mice every
10 days. The graph shows the means + SEMs with ***P<0.001, which was analyzed by two-way ANOVA.

Results used as a scale for cold hyperalgesia. The
experimental schedule is shown in Figure 1A.

Cold hyperalgesia appeared after administer- The mice in the AIOx group were injected with

ing aluminum oxalate
To see whether aluminum oxalate-treated mice

havecold hyperalgesia, we performed an ace-
tone test. The acetone test is a behavioral test

930

aluminum oxalate hydrate (4.61 mg/kg), and
those in the AICI group were injected with alu-
minum chloride hydrate (7 mg/kg) to determine
the difference in the impact of an aluminum-
oxaliplatin compound versus another form of
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2B). In contrast, the DRG sec-
tion of the Control was stained
very little.

Figure 4. Metal concentrations of murine DRG, brain, and serum. Accumu-

lated amounts of aluminum and platinum in the body were measured by
ICP-MS, and concentrations were calculated by the weight of metal/tissue.

Aluminum oxalate induced se-
vere cell death in DRG tissue

The table at the bottom shows the limits of quantification of ICP-MS, and

any amounts lower than these could not be measured.

aluminum. Also, the Oxal group (3 mg/kg of
oxaliplatin) was set as a positive control, and
the Control group (5% dextrose) was set as a
negative control. Mice treated with aluminum
oxalate had a significantly increased withdraw-
al response as compared to the Control group
on days 16 and 31 (P<0.01 and P<0.001,
respectively; Figure 1B). The AICI group also
showed pain in response to cold contrast to the
Control group, but the increased pain degree
was slightly lower than that in the AlOx group
(P<0.05 and P<0.01). The Oxal group, which
was the positive control, showed the most
severe pain on days 16 and 31 (P<0.001 for
both days), and thus, the acetone test was an
accurate way to determine cold hyperalgesia.

Aluminum oxalate increased the expression of
TRPA1 in the DRG

Each group of mice was sacrificed after 31 days
of inoculation according to Figure 1A, and we
investigated the expression of TRPA1 in the
DRG by quantitative real-time polymerase
chain reaction (QRT-PCR) and immunofluores-
cence. The RNA purity was 1.7-1.9 when mea-
sured by spectrophotometer. The TRPAL mRNA
expression level of the AlIOx group was almost
2-fold higher than that of the Control group
(P<0.05), and it was very close to that of the
Oxal group (Figure 2A). This means that alumi-
num oxalate caused neuropathic pain similar to
that caused by oxaliplatin, because TRPA1 is
regarded as a marker gene of oxaliplatin-
induced neuropathy. The AICI group also had
higher TRPA1 expression than the Control
group did, but the difference was statistically
insignificant. With confocal microscopy, TRPAL
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To determine the toxicity of alu-

minum oxalate to the DRG, we
carried out terminal deoxynucleotidyl transfer-
ase dUTP nick end labeling (TUNEL) assays at
the end of every injection and acetone test.
TUNEL-stained cells (green) were the most
common in the Oxal group (Figure 3A). The AlOx
and AICI groups also show signs of cell death,
and the degree was slightly higher in the AlOx
group. The signal was very small in the Control
group. This means that the long-term injection
of oxaliplatin accompanied the destruction of
the DRG and caused neuropathic pain, and that
this pain was also induced by aluminum oxa-
late. In addition, the general toxicity of the
treatment materials was measured by checking
body weights (Figure 3B). There were no signifi-
cant differences among the Control, AlOx, and
AICI groups. However, the food intake and hair
condition changed significantly in the group of
mice treated with oxaliplatin, in accordance
with decreasing average 4 g of body weight
compared to 3 other groups (P<0.001).

Aluminum oxalate accumulated the greatest
amount of aluminum in the DRG and serum,
but not in the brain

To confirm the correlation between the alumi-
num concentrations in the body and peripheral
neuropathy, inductively coupled plasma mass
spectrometry (ICP-MS) was performed on the
aluminum (Al) and platinum (Pt) intended for
the tissues of the four mice groups. The DRG of
the AlOx group showed an increased concen-
tration of Al (8.73 mg/kg), which was greater
than those of the other groups such as the AICI
(3.52 mg/kg) and Oxal (0.49 mg/kg) groups
(Figure 4). Specifically, it was possible to detect
the accumulation of Al in the DRG of the Oxal
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Figure 5. Alleviation of cold hyperalgesia by GSH. A. Injection schedule for each material by mouse group. Dates of
acetone tests, body weight measurements, and the injections during 31 days are displayed at the top. The table
shows the group names and concentrations corresponding to each chemical, and the treatment materials and
injection intervals were changed after day 20. B. The graphs of the acetone test results on days O, 16, and 31. The
x-axis is the group name, and the y-axis is the number of withdrawal responses of nine mice per group described by
means + SEMs. Statistical significance was illustrated as ***P<0.001 compared to the Control group by one-way
ANOVA, and as #P<0.05 compared to the Oxal group by one-way ANOVA.

Control Oxal + GSH

>

Fold Increase of TRPA1

100m

Figure 6. Mitigation of oxaliplatin-derived TRPA1 overexpression by treatment with GSH. A. Level of TRPA1 RNA
expression. Statistical analysis was conveyed as a graph of means + SEMs (*P<0.05). B. Inmunofluorescence of
TRPA1 protein in DRG tissue. TRPA1 was stained with red color and indicated with yellow arrows, and nuclei were
DAPI-stained. The DRG section was magnified 40x with a confocal microscope, and the length of the scale bar is
100 pym.
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Figure 7. Slightly decreased cell death of DRG tissue and general toxicity. A. The cell death of DRG was evaluated
by TUNEL assay. TUNEL-positive cells were green-colored with Alexa 488 and nuclei were blue-colored. The DRG
section was magnified 40x with a confocal microscope, and the length of the scale bar is 100 mm. B. Body weights
of mice every 10 days. The graph shows means + SEMs with **P<0.01 and ***P<0.001, as analyzed by two-way

ANOVA.

group that had not been treated with Al. This
means that oxalate acted as an aluminum
attractant, which corresponds with the acetone
test results. However, in the brain, all three of
the groups treated with chemicals showed
lower concentrations of Al than the Control
group did (4.36 mg/kg). Foreign materials were
not likely to flow into the brain due to the BBB
and instead were eliminated from the brain.
The aluminum accumulation pattern of the
serum was similar to that of the DRG. Although
the concentrations of Pt in both the DRG and
serum of the Oxal group could be detected, this
was not possible in the brain because of the
BBB.

GSH alleviated cold hyperalgesia

To investigate the effects of GSH, which is used
to mitigate the side effects of anticancer drugs,
acetone tests were carried out. Figure 5A
shows the schedule of injections, acetone
tests, and body weight measurements with the
test substances administered for each group.
The mice treated with GSH after oxaliplatin
showed a significant decline in their withdrawal
responses on day 31 when compared to the
group of mice treated only with oxaliplatin
(Figure 5B). The Oxal and Oxal + GSH groups
had similar reaction increases on day 16,
because those groups were treated only with
oxaliplatin up to day 16. However, on day 31, a
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noteworthy difference was observed in the
results between two groups treated with the
vehicle alone or with GSH. This suggests that
GSH functioned as a palliative of cold hyperal-
gesia, the main side effect of oxaliplatin. Mice
that were only treated with GSH did not display
significant differences from the Control group.

GSH eased the overexpression of TRPA1 by
oxaliplatin

Both gRT-PCR and immunofluorescence were
performed to determine the expression levels
of TRPA1 in the DRG after every injection and
behavioral analysis. First, the RNA expression
of TRPA1 in the Oxal group showed a significant
difference when compared to the Control,
which was designated as 1 (P<0.05), but that of
the Oxal + GSH group did not (Figure 6A).
Furthermore, the protein expression of TRPA1
in L5 DRG showed exactly the same pattern
with the qRT-PCR results (Figure 6B).

GSH reduced the degree of cell death in DRG,
which induced by oxaliplatin

After the 31 days of the experiment described
in Figure 5A, the mice were sacrificed to exam-
ine how much influence GSH had on the sur-
vival rate of the DRG cells. GSH was found to
reduce oxaliplatin-induced cell death, and it did
not have a negative effect on DRG when admin-
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Figure 8. Aluminum concentrations of murine DRG, brain, and serum
were reduced by GSH administration. The graphs show the accumulated
amounts of aluminum and platinum in the body as measured by ICP-MS,
and the concentrations were calculated by the weight of metal/tissue. The
table at the bottom shows the limits of quantification of ICP-MS, and any
amounts lower than these could not be measured. All of the tissues de-
scribed in this figure were harvested on the day after the last injection of

GSH had been completed.

istered alone, as confirmed by TUNEL assay
(Figure 7A). This expresses that GSH slowed
the DRG cell death, but the degree was not as
effective as reducing the expression of TRPA1.
Figure 7B illustrates the body weight recovery
effect of GSH. There were significant differenc-
es (P<0.001) between the Control group and
both the Oxal and Oxal + GSH groups on day
20, when the GSH treatment had not yet start-
ed, but the Oxal + GSH group was thoroughly
recovered and did not exhibit a difference from
the Control group after day 30, when the injec-
tions were completed. The administration of
GSH alone did not affect body weight.

GSH decreased the concentrations of alumi-
num and platinum in the bodies of the mice

To determine the correlation between the
amount of aluminum in the body and peripheral
neuropathy, ICP-MS was carried out, targeting
the DRG, brain, and serum, after all injections
were completed. Analysis showed that oxalipla-
tin built up aluminum in the DRG, while GSH
treated group showed that the amount of alumi-
num reduced more than 0.1 mg/kg of it (Figure
8). This also supports that the aluminum depos-
ited in the DRG was correlated with neuropath-
ic pain and that the dispersion of aluminum by
GSH was associated with pain relief. Platinum
was decreased relatively less (0.03 mg/kg). On
the other hand, aluminum was reduced in the
brain by oxaliplatin (3.65 mg/kg), and was fur-
ther reduced by GSH (6.98 mg/kg). The alumi-
num concentrations in the serum were similar
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Aluminum is a nonessential
metal, and it was long consid-
ered virtually innocuous to
humans [37]. However, alumi-
num is now recognized as a
highly neurotoxic agent, and at
high amounts, aluminum inhib-
its the prenatal and postnatal
development of the brain in
humans and experimental ani-
mals [37]. There is lots of infor-
mation about the neurotoxic
effects of aluminum, but there
have been few reports about neuropathy, even
though humans intake an average of 3-100 mg
aluminum through their daily diet [38]. Our pre-
vious study [18] reported that aluminum levels
were relatively high in some cancer patients
who suffering from neuropathic pain based on
clinical observations. They suggested that alu-
minum accumulation in the DRG in the course
of oxaliplatin treatment could exacerbate neu-
ropathic pain. ICP-MS analysis showed a signifi-
cant increase in aluminum concentrations in
the DRG of mice treated with aluminum chlo-
ride and oxaliplatin compared to those treated
with aluminum chloride alone. Therefore, these
findings suggested that aluminum accumula-
tion in the DRG may exacerbate neuropathic
pain in oxaliplatin-treated mice.

In this study, we showed that aluminum oxal-
ate could induce neuropathic pain, and this
implies that a patient could experience a dan-
gerous impact of aluminum in the body when
taking oxaliplatin. Aluminum oxalate was identi-
fied by the acetone test as a substance that
causes cold hyperalgesia. Cold hyperalgesia
is a typical side effect of oxaliplatin. According
to one report, among oxaliplatin metabolites,
dichloro(1,2-diaminocyclohexane)platinum is
the cause of mechanical allodynia, and oxalate
is referred to as the cause of cold hyperalgesia
[39, 40]. This proves that aluminum oxalate
may cause cold hyperalgesia and shows a neg-
ative of aluminum in the body: it could bind to
oxalate when oxaliplatin is injected.
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In addition, aluminum oxalate caused TRPA1
expression and cell death in murine DRG, and
overall, it might be said to act similarly to oxali-
platin. TRPA1 is a channel that is activated by
noxious cold and by chemicals such as cinnam-
aldehyde and mustard oil; like those, oxaliplatin
also increases the TRPA1 activation [20, 39,
41]. Further research is needed in vitro to
investigate whether aluminum oxalate is the
activating material of TRPAL. Also, when inject-
ing aluminum according to the method of one
study [33] in the form of aluminum oxalate, we
could not observe general toxicity in the mice in
the Oxal group, even if the DRG cells were ter-
ribly destroyed. Oxaliplatin generated DRG cell
disruption similarly to aluminum oxalate, and
simultaneously caused neuropathic pain. Pla-
tinum in a platinum-based chemotherapeutic
agent cannot pass through the BBB, but has an
affinity to peripheral neurons, which leads plati-
num to accumulate in the DRG and destroy it
[42]. Based on this, the cell death of the DRG
could be said to be associated with neuropath-
ic pain, and the results that aluminum oxalate
showed were the same as those that oxaliplatin
showed. In particular, the accumulation of alu-
minum in the DRG was doubled when mice
were treated with the oxalate form rather than
the chloride form. This signifies that if alumi-
num and oxalate are injected together, neuro-
pathic pain may become more serious.

In subsequent experiments depending on injec-
tion schedules (Figure 5A), GSH had the effects
of removing aluminum and relieving neuropa-
thy. The injection of GSH lowered the scores of
the acetone test and the expression levels of
TRPAL1. TRPA1 is activated by GSH-sensitive
molecules such as ROS and inactivated by GSH
[30], but the decreased expression of TRPAL
due to GSH was surprisingly proved in this
study. In addition, GSH reduced the concentra-
tion of aluminum in the body, especially in the
DRG, which is believed to correlate with periph-
eral neuropathy. Because aluminum deposited
in the DRG induced peripheral neuropathy, and
the pain was worse when aluminum and oxali-
platin were used in combination treatments
[18], aluminum chelation is required in chemo-
therapy. The risk of exposure to aluminum is
high these days, and research into related ill-
nesses is also thriving [43]. GSH prevented the
accumulation of platinum in the DRG as well as
chelating aluminum from the brain and serum
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[44, 45]. We also investigated whether GSH
could chelate aluminum from the DRG and if
GSH could reduce the neuropathy in mice treat-
ed with oxaliplatin.

In Figure 8, the aluminum was accumulated in
the DRG, brain, and serum of the mice treated
with oxaliplatin, and GSH reduced the alumi-
num accumulation in all organs. Specifically,
aluminum was not detected in the DRG after
GSH treatment. The aluminum chelation effect
by GSH was effective in the DRG. Further
research using aluminum tracing materials is
needed to determine why and how aluminum
was more effectively removed in the DRG by
GSH. In contrast to aluminum, platinum was
mostly accumulated and detected in the DRG.
There was no detectable platinum in either the
brain or serum.

In normal, aluminum-exposed humans and in
aluminum-treated experimental animals, alu-
minum was distributed unevenly to various tis-
sues [46]. In general, about one-half of the
total amount of aluminum in the body is accu-
mulated in the skeleton, and about one-fourth
is in the lungs [47]. The brain is also an impor-
tant accumulation site of aluminum in the body.
Aluminum toxicity is well documented, but the
mechanism of action is poorly understood [48].
The toxic effects of aluminum on the brain and
other organs are relatively well established
[49], but there is little information on its molec-
ular cytotoxicity and cellular mechanisms [50].
Aluminum uptake and efflux in blood plasma
and brain extracellular fluid have been investi-
gated. The BBB is the primary route for brain
aluminum uptake. The brain uptake mecha-
nism of aluminum transferrin may be accom-
plished by transferrin receptor-mediated endo-
cytosis, but this is still controversial [51].
Recent epidemiological, neuropathological,
and biochemical studies have suggested a pos-
sible link between the neurotoxicity of alumi-
num and the pathogenesis of Alzheimer’s dis-
ease [52]. Interestingly, by the data shown in
this study, high amounts of aluminum were
accumulated in the brains of the control mice
group. This may have been caused by the
intake of food containing high amounts of alu-
minum. The dietary food for the mice contained
52.22 pg/g of aluminum, and most of the mice
usually ate more than 4 g of food per day.
Therefore, the mice ate a lot of aluminum dur-
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ing this experiment. Yokel and Robert [51] also
revealed that once aluminum entered the brain,
it persisted in the brain for a long period. They
estimated that its half-life ranges from 20% are
greater than its ordinary half-life. In addition,
the amount of aluminum in bone, which main-
tained the majority of the body burden, may
influence the amount of brain aluminum.

In our previous study [18], we demonstrated
that aluminum accumulation aggravated the
peripheral neuropathy induced by oxaliplatin
through the activation of TRPA1 and induction
of cell death in the DRG. Therefore, we pro-
posed that oxaliplatin-induced peripheral neu-
ropathy may be alleviated by agents that che-
late aluminum. In another previous study,
pre-treatment with GSH before a challenge with
oxaliplatin was effective to reduce chemothera-
py-induced neuropathic pain, but there was no
explanation of relevance of this phenomenon
to aluminum [30]. In this work, the results of
the GSH chelation experiment strongly support
the causal relationship between aluminum
accumulation in the DRG and peripheral neu-
ropathy induced in the experiments by injecting
aluminum oxalate. Especially in the DRG, alumi-
num was detected when oxaliplatin was inject-
ed, but it was not detected when GSH was
administered. However, in the brain and serum,
aluminum was detected both when oxaliplatin
was injected and when oxaliplatin and GSH
were co-administered, even though the amo-
unts of aluminum were reduced when GSH was
injected (Figure 8). This result implies that the
aluminum in the serum might be effluxed from
highly accumulated aluminum in the bones or
other tissues. Therefore, aluminum chelation
by GSH was not sufficient to eliminate it.
Aluminum in the brain can be explained by the
low efficient efflux rate of aluminum via the
BBB. However, these explanations should be
investigated further with more intensive re-
search. This study provided the information to
alleviate chemotherapy-induced neuropathic
pain by using GSH treatment for the effective
removal of aluminum.

This work demonstrated that aluminum oxalate
alone caused symptoms similar to oxaliplatin-
induced peripheral neuropathy, and aluminum
chelation using GSH could be the alternative
medication for reducing the complex of alumi-
num: oxaliplatin-induced peripheral neuropa-

936

thy. Taken together, this strongly indicated the
importance of the side effect of aluminum in
the mice model, which was the oxaliplatin-
induced neuropathy. Therefore, intensive
research into more effective methods to
remove aluminum in the body is required.

The reason why the internal aluminum content
of the control mice was higher than that of
humans was their large intake of aluminum
[53]. Since the food used in this study con-
tained 52.22 ug/g of aluminum and most of the
mice ate more than 4 g of food per day, the
mice ate a lot of aluminum as compared to
humans.

The results with GSH support the causal rela-
tionship between aluminum and peripheral
neuropathy that was suggested in the previous
experiments using aluminum oxalate, and
therefore, we can try to approach neuropathy
treatment using aluminum chelation. In a previ-
ous study, treatment with GSH before oxalipla-
tin administration was effective to reduce che-
motherapy-induced neuropathic pain, but there
was no explanation of the relevance to alumi-
num [31]. Therefore, this study provides the
necessity of trying GSH for the effective remov-
al of aluminum through various treatment
methods.

Conclusions

This paper demonstrated that aluminum oxa-
late caused symptoms similar to oxaliplatin-
induced peripheral neuropathy, and showed for
the first time that aluminum chelation using
GSH could be the solution. This indicates the
importance of aluminum in the study of oxalipl-
atin-induced neuropathy, and thus, active
research into effective methods of removing
aluminum in the body is required.
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