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Introduction

Oxaliplatin (L-OHP) in combination with fluoropyrimidine 
has emerged as the standard chemotherapy cocktail for 
colorectal cancer in both adjuvant and palliative settings  
(1-5). However, its neurotoxicity is a major limiting effect 
that often results in a dose reduction or early termination 
of the drug regimen. In addition, the long-term toxicity 
associated with the treatment may adversely affect a 
patient’s quality of life for many years after the termination 

of treatment (6). This acute neurotoxicity usually occurs in 
the first round of therapy, making it a primary determining 
factor in continuing the therapy regimen. The mechanism 
of L-OHP action has been linked to the prolonged opening 
of calcium-dependent voltage-gated sodium channels 
induced by the chelation of calcium facilitated by oxalate 
(7-10). The prolonged opening of these sodium channels 
may induce cellular stress. In addition, the accumulation 
of platinum compounds in the dorsal root ganglion cells, 
may also result in damage to the cell body and axon (11-13).  
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This damage may contribute to the development of the 
chronic peripheral sensory neurotoxicity of L-OHP. It 
has been suggested that L-OHP and/or its metabolites 
may increase calcium influx into the cytosol of peripheral 
neurons. This may enhance the activation of sodium and 
potassium channels, calcium regulated transcription factors, 
and intracellular signaling involving calcium-dependent 
protein kinase activity (14,15). Once administered it has 
been suggested that L-OHP undergoes rapid non-enzymatic 
biotransformation reactions in the presence of water and 
nucleophiles, including chloride, resulting in the formation 
of reactive species including monochloro-, dichloro-, and 
diaquo-DACH (cyclohexane-1,2-diamine) platinum as 
shown in Figure 1 (16). In in vitro studies, degradation 
of L-OHP in the presence of chloride was reported to 
result in the formation of monochloro-monooxalato ring-
opened complex, [Pt(DACH)oxCl]− (17). This complex can 
revert back into L-OHP or transform into Pt(DACH)Cl2; 
thus, this complex biochemical pathway results in a very 
slow degradation cycle for L-OHP. The contribution of 
these different ligand displacement reactions to the in vivo 
clearance of L-OHP are not well understood. To date, there 
have been few studies focused on in vitro-in vivo extrapolation 
methods to predict their effects on the in vivo clearance 
of L-OHP. These in vitro and clinical datasets provide an 
opportunity to develop experimental approaches for the 
prediction of these effects on L-OHP clearance in vivo. 

Han et al. reported that the degradation and in vivo 
clearance of L-OHP is associated with its neurotoxicity (18).  
Ito et al. reported a sensitive and selective method for 
detecting intact L-OHP using a hydrophilic column (19). 
This detection method has been used to establish the 

link between L-OHP and acute neuropathy. Therefore, 
the concentration of intact L-OHP might be a predictive 
factor for acute neurotoxicity. In this study, the association 
between the plasma concentration of intact L-OHP and the 
extent of acute neurotoxicity was evaluated in a rat model of 
colorectal cancer.

We present the following article in accordance with the 
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/apm-20-542). 

Methods

Materials

Elplat® (L-OHP) was purchased from Yakult Honsha Co., 
Ltd. While pure L-OHP was obtained from Wako Pure 
Chemical Industries Ltd. (Osaka, Japan). Male Wistar rats 
were obtained from Japan SLC Inc. (Hamamatsu, Japan). 
A standard solid-meal commercial diet (LabDiet; Nousan 
Corp., Yokohama, Japan) was used to feed all the animals. 
All other materials were of reagent grade and were used in 
the form they were received.

Colorectal cancer model rats

Colorectal tumors were induced in rats using the rapid 
induction method (20). Briefly, 10-week-old male Wistar 
rats were administered 1,2-dimethylhydrazine (40 mg/kg)  
once a week and were given drinking water containing 
1.0% dextran sulfate sodium solution freely for 2 weeks. 
The rats were housed in a room with a 12-hour light/dark 
cycle, controlled temperature of 23±2 ℃, and humidity 
levels of 50%±10%. The animals were fed a moderate fat 
basal diet with free access to drinking water (Nippon SLC 
Co., Ltd., Hamamatsu, Japan). After 10 weeks, aberrant 
crypt foci (ACF) were identified using an endoscope (AVS 
AE-C1, OLYMPUS. Co. Ltd., Tokyo, Japan). The body 
temperature of the animals was maintained at 37 ℃ during 
the experiment. 

Pharmacokinetic study of intact L-OHP in colorectal 
cancer rats

Intravenous injections were prepared by dissolving L-OHP 
(100 mg) in 20 mL of saline. Male Wistar colorectal 
positive rats (306±10 g in mass) were anesthetized using 
2% isoflurane before weekly administration of intravenous 
L-OHP at 3.0, 5.0, or 8.0 mg/kg on days 0, 7, 14, and 21, 

Figure 1 Biotransformation of oxaliplatin and pharmacological 
major products.
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according to our previous report related in L-OHP induced 
neuropathy (21). Each concentration represented a unique 
group with 4 to 6 rats per group. Blood was collected 
from the right jugular vein at 3, 5, 10, 20, 30, 45, 60, 90, 
and 120 min on days 0 and 21. Plasma was obtained by 
centrifuging the blood samples at 12,000 rpm for 15 min at 
4 ℃ (KUBOTA 3700; Kubota Corp., Tokyo, Japan) and was 
stored at −80 ℃ until it could be assayed. 

Acetone test for cold allodynia

Each rat was placed in a clear plastic box (20 cm × 20 cm) 
and was allowed to get habituated to this environment for 
30 min prior to testing. Fifty microliters of acetone (Wako 
Pure Chemical Industries, Ltd., Osaka) were sprayed 
onto the plantar skin of each hind paw, and the number of 
withdrawal responses was counted for 40 s from the start of 
the acetone spray. This design is in accordance with other 
previously described methods (22). That is, it is consisted 
with the three experimental group (L-OHP of 3, 5 and 
8 mg/kg) and the control group (saline). The test was 
performed 6 times (3 times per hind limb) per animal.

Analysis of intact L-OHP

L-OHP was analyzed by liquid chromatography/tandem 
mass spectrometry (LC/MS/MS), using the modified 
method of the Ito et al. (19). That is, the ultrafiltration 
was arranged to the sample centrifugation as the 
deproteinization procedure, because both of procedure 
is equivalent and centrifugation has low costs (23). Fresh 
standards were prepared for the quantification of L-OHP 
in plasma. Plasma (100 μL per sample, or 90 μL of blank 
matrix plus 10 μL of stock solution for standards) samples 
were mixed with acetonitrile (200 μL) for deproteinization, 
according to our previous report (24). This was followed 
by vortexing and centrifugation at 13,000 rpm for 5 min 
(KUBOTA 3700; Kubota Corp., Tokyo, Japan); 100 μL of 
the supernatant was then transferred into a vial, and 20 μL  
was injected into the LC/MS/MS instrument. This 
procedure is same to the ultrafiltration of the sample by 
Ito et al. (19). The calibration range was 0.1 to 250 μg/mL  
for L-OHP in plasma. Chromatographic analysis was 
performed on a high-performance liquid chromatography 
system (SHIMADZU, Kyoto, Japan) coupled with an API 
3200 mass spectrometer (Applied Biosystems/MDS Sciex, 
Foster City, CA, USA). The mobile phase consisted of 

methanol. The detection of L-OHP was achieved using 
an isocratic system, at a flow rate of 0.2 mL/min and total 
run time of 3 min. The MS instrument was operated in 
the positive ion mode. The multiple reaction monitoring 
transition of L-OHP was 639.0/491.0 (Q1/Q3).  

Statistics

All values are expressed as their mean ± SD. Statistical 
significance was evaluated by one-way analysis of variance 
(one-way ANOVA) with post-hoc comparisons by the 
Bonferroni test.

Ethical statement

All animal protocols were approved by the Institutional 
Animal care and Use Committee (No. PKPD-16-001) 
and were conducted in accordance with the Guidelines for 
Animal Experimentation, Kyoto Pharmaceutical University.

Results 

Pharmacokinetic profiles of L-OHP

Plasma concentration profiles of intact L-OHP on days 1  
and 22, and the pharmacokinetic parameters are shown 
in Figure 2 and Table 1 respectively. These values are 
reported as Pt levels, which include only intact L-OHP. 
The accumulation of L-OHP was observed at doses of 
3, 5 and 8 mg/kg on day 22. The mean AUC0–∞ values 
obtained on day 22 were significantly higher than those 
obtained on day 1 (P<0.05), at all three doses. Alternatively, 
the repeated administration reduced clearance of L-OHP. 
This is related to the longer retention of L-OHP in the 
circulation. Although our previous report was also studied 
that the lower plasma concentration and the localization of 
L-OHP in colorectal tumor tissue were associated with the 
high intensity of the mechanical allodynia after the L-OHP 
administration (21), the intact L-OHP was not different 
distribution. 

L-OHP-induced cold allodynia

Cold allodynia was evaluated using an acetone test 
performed over 28 days (Figure 3). On day 2, the withdrawal 
response of all three treated groups was higher than that 
of the control group. In the 8 mg/kg group, the number of 
responses remained significantly high against the control 
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group over the course of the 28 days. Other groups showed 
a dose-dependent decrease in the withdrawal response. As 
cold allodynia is related to acute neuropathy, the onset of 
cold allodynia on day 2 suggested a correlation with acute 
neuropathy. The withdrawal response was maintained 
as a result of the continued administration of L-OHP. 
These results indicate that the sensitivity of L-OHP-
induced neuropathy is related to the concentration of 
L-OHP (19). Therefore, we can assume that the multiple 
dose administration increased the incidence of L-OHP 
induced neuropathy. Therefore, the acute allodynia was 
predominated by not the Pt related compounds but the 
intact L-OHP.

Correlation between pharmacokinetics and toxicodynamics 
of L-OHP

In order to prevent the onset of cold allodynia, the 
association between the withdrawal response and the 
AUC value was investigated. The correlation between 
the withdrawal response of cold allodynia and the 
pharmacokinetic parameters of L-OHP was evaluated in 
Figure 4 (R2 =0.9816). There was a good correlation between 
these parameters. This suggests that monitoring of L-OHP 
in the plasma can potentially be used to predict the onset of 
cold allodynia, indicating that it would be possible to prevent 
acute neuropathy in patients by monitoring L-OHP levels in 
the serum and reducing the dosage accordingly. 

Figure 2 Pharmacokinetic profiles of L-OHP, on days 1 and 22 after intravenous administration at 3.0, 5.0, and 8.0 mg/kg to colorectal 
cancer rats. Open symbols represent day 1 and closed symbols represent day 22. The administered doses, 3.0, 5.0 and 8.0 mg/kg, are 
represented as square, triangle, and circle symbols, respectively. Each point shows the mean ± SD of four experiments. L-OHP, oxaliplatin; 
SD, standard deviation.
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Table 1 Pharmacokinetic parameters of L-OHP

Pharmacokinetic  
parameters

3 mg/kg 5 mg/kg 8 mg/kg

Day 1 Day 22 Day 1 Day 22 Day 1 Day 22

t1/2 (h) 1.1±0.3 0.2±0.2* 0.6±0.4 0.5±0.5 1.0±0.4 0.6±0.3

CL (L/kg) 3.8±1.0 2.6±0.7* 4.4±1.7 2.4±0.3* 6.1±3.1 1.6±0.7*

Vd (L/h/kg) 6.0±2.4 1.0±0.8* 3.3±1.8 1.9±1.9 8.3±6.6 1.4±1.2

AUC (µg*h/mL) 0.4±0.1 0.6±0.2* 0.6±0.2 1.0±0.2* 0.8±0.4 2.8±1.1*#

Mean ± SD (N=4–8). *, P<0.05 significantly difference between days 1 and 22; #, P<0.05 significantly different from 3 mg/kg. L-OHP, 
oxaliplatin; CL, clearance; Vd, volume of distribution; AUC, area under the curve; SD, standard deviation.
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Discussion

L-OHP-induced acute neuropathy is among the first 
adverse effects experienced by patients being treated for 
colorectal cancer. As a result of this adverse effect, some 
patients may discontinue treatment, thereby reducing the 
efficacy of treatment. As a care strategy, a specialized glove 
was designed to protect patients against cold stimulation. 

However, this strategy failed to prove effective (25,26) 
Therefore, neuropathy is a serious factor in response to 
chemotherapy, and a factor worth consideration when 
studying colorectal cancer survival rates. In a previous 
study, we reported a correlation between plasma L-OHP 
concentration and the time of onset of neuropathy (24). 

Acute cold allodynia usually occurs at the onset of the first 

Figure 3 L-OHP-induced acute neuropathy in acetone test, evaluated as paw withdrawal thresholds in colorectal rats at the doses of 3.0 (■), 
5.0 (▲), and 8.0 (●) mg/kg, and control (◇). Each point shows the mean ± SD of four experiments. *, P<0.05, vs. control; #, P<0.05, vs. 3 mg/kg  
from one-way ANOVA post-hoc comparisons by the Bonferroni test. L-OHP, oxaliplatin; SD, standard deviation.
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regimen cycle in most patients. The mechanism of acute cold 
allodynia was reported by Zhao et al.; according to them, 
in cold allodynia, sodium calcium channels are damaged, 
thereby resulting in a decrease in the influx of calcium (27). 
This means that the acute cold allodynia is related to not 
the L-OHP metabolites but the intact L-OHP. The fraction 
of intact L-OHP was related to the onset and severity of 
acute cold allodynia. Therefore, we investigated whether the 
determination of intact L-OHP was associated with various 
pharmacokinetic parameters. Here we report the findings 
of an in vivo study of plasma L-OHP concentration, and its 
relative accumulation following repeated administrations 
of L-OHP. Acute cold allodynia was observed after just 
two days of treatment with 3, 5, or 8 mg/kg of L-OHP in 
rats. The withdrawal response was significantly increased 
with respect to the control group. A positive correlation (R2 
=0.9816) was observed between the number of withdrawal 
responses and the AUC of the intact L-OHP. This 
result suggests that monitoring of intact L-OHP in the 
plasma of patients may help to prevent the onset of acute 
cold allodynia. Unlike the results for L-OHP, when we 
analyzed plasma platinum levels, we did not observe a good 
correlation with acute cold allodynia. This suggests that the 
response observed here is related to accumulation of intact 
L-OHP and not that of its metabolites.

Conclusions

In conclusion, as cold allodynia occurs during the early 
phases of chemotherapy, and its onset is linked to L-OHP 
concentration, determination of the concentration of 
intact L-OHP may be useful for identification of acute 
neuropathy, thereby allowing for early dosage adjustment 
and aiding the improvement of drug regimen compliance.
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