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Introduction
Clinical use of the chemotherapeutic agent oxaliplatin is associ-
ated with a characteristic pattern of peripheral neurotoxicity that 
affects more than 90% of patients (1). The onset of neurotoxici-
ty may occur immediately after infusion and is characterized by 
cold-exacerbated paresthesias, muscle spasms, and fascicula-
tions. Although these acute symptoms resolve over time, at high-
er cumulative doses, oxaliplatin induces dose-limiting sensory 
neurotoxicity that leads to functional impairment, which can last 
for years following the discontinuation of treatment and, in more 
severe cases, result in permanent impairment (2).

The mechanisms underlying oxaliplatin-induced periph-
eral neurotoxicity (OIPN) remain incompletely understood. 
Within the nervous system, oxaliplatin preferentially accumu-
lates in peripheral sensory neurons present in the dorsal root 
ganglion (DRG) (3), and oxaliplatin levels in DRGs remain high 
for prolonged time periods, even after discontinuation of treat-
ment. Because the severity of OIPN correlates with drug levels 

in peripheral nerves (4), these studies suggest that oxalipla-
tin accumulation in DRGs is a key trigger for the development 
of OIPN, and that pharmacological targeting of the transport 
mechanism regulating the initial accumulation of oxaliplatin 
could be a promising, previously unexplored, neuroprotective 
strategy. Studies have demonstrated that the cellular uptake of 
platinum-based chemotherapeutics such as cisplatin occurs via a 
facilitated transport mechanism (5). Consequently, distribution 
patterns and pathological changes following oxaliplatin admin-
istration are restricted to cells in organs capable of transport-
ing oxaliplatin from the blood into cells (6, 7). Previous reports 
have demonstrated that the organic cation transporter 2 (OCT2, 
encoded by SLC22A2) mediates the intracellular accumula-
tion of both cisplatin and oxaliplatin in mice, rats, and humans 
(7–10), and several other cationic-type transporters (zwitterion 
transporters [OCTNs] and multidrug and toxin extrusion pro-
teins [MATEs]) and organic anion–transporting polypeptides 
(OATPs), may contribute to this process (6, 11–13).

The aim of the present study was to unambiguously identify 
the DRG transporter mediating oxaliplatin accumulation with the 
use of engineered knockout mice and rats, and establish the feasi-
bility of a strategic intervention concept with translational poten-
tial using transport inhibitors. This approach is derived from the 
supposition that targeting of an initial uptake mechanism offers 
conceptual advances over interventions involving intracellular 
neuronal signaling cascades that may also be relevant to oxalipla-
tin-mediated antitumor efficacy.

Peripheral neurotoxicity is a debilitating condition that afflicts up to 90% of patients with colorectal cancer receiving 
oxaliplatin-containing therapy. Although emerging evidence has highlighted the importance of various solute carriers to 
the toxicity of anticancer drugs, the contribution of these proteins to oxaliplatin-induced peripheral neurotoxicity remains 
controversial. Among candidate transporters investigated in genetically engineered mouse models, we provide evidence 
for a critical role of the organic cation transporter 2 (OCT2) in satellite glial cells in oxaliplatin-induced neurotoxicity, and 
demonstrate that targeting OCT2 using genetic and pharmacological approaches ameliorates acute and chronic forms 
of neurotoxicity. The relevance of this transport system was verified in transporter-deficient rats as a secondary model 
organism, and translational significance of preventive strategies was demonstrated in preclinical models of colorectal cancer. 
These studies suggest that pharmacological targeting of OCT2 could be exploited to afford neuroprotection in cancer patients 
requiring treatment with oxaliplatin.

Authorship note: KMH and AFL contributed equally to the manuscript.
Conflict of interest: MBL has provided consultation regarding chemotherapy-induced 
peripheral neuropathy to PledPharma and Disarm Therapeutics. CLL has provided 
consultation regarding chemotherapy-induced peripheral neuropathy to PledPharma, 
Disarm Therapeutics, Asahi Kasei, and Metys Pharmaceuticals.
Copyright: © 2020, American Society for Clinical Investigation.
Submitted: January 30, 2020; Accepted: May 15, 2020; Published: July 27, 2020.
Reference information: J Clin Invest. 2020;130(9):4601–4606. 
https://doi.org/10.1172/JCI136796.

Neuronal uptake transporters contribute to oxaliplatin 
neurotoxicity in mice
Kevin M. Huang,1 Alix F. Leblanc,1 Muhammad Erfan Uddin,1 Ji Young Kim,1 Mingqing Chen,1 Eric D. Eisenmann,1 Alice A. Gibson,1 
Yang Li,1 Kristen W. Hong,1 Duncan DiGiacomo,1 Sherry H. Xia,1 Paola Alberti,2,3 Alessia Chiorazzi,2,3 Stephen N. Housley,4 
Timothy C. Cope,4 Jason A. Sprowl,5 Jing Wang,6 Charles L. Loprinzi,7 Anne Noonan,8 Maryam B. Lustberg,8 Guido Cavaletti,2,3 
Navjot Pabla,1 Shuiying Hu,1 and Alex Sparreboom1

1Division of Pharmaceutics and Pharmacology, College of Pharmacy and Comprehensive Cancer Center, The Ohio State University, Columbus, Ohio, USA. 2School of Medicine and Surgery, University of  

Milano-Bicocca, Monza, Italy. 3NeuroMI, Milan Center for Neuroscience, Milan, Italy. 4School of Biological Sciences and Coulter Department of Biomedical Engineering, Georgia Institute of Technology, 

Atlanta, Georgia, USA. 5Department of Pharmaceutical Sciences, School of Pharmacy and Pharmaceutical Sciences, University at Buffalo, Buffalo, New York, USA. 6Department of Cancer Biology and 

Genetics, College of Medicine and Comprehensive Cancer Center, The Ohio State University, Columbus, Ohio, USA. 7Department of Oncology, Mayo Clinic Comprehensive Cancer Center, Rochester,  

Minnesota, USA. 8Division of Medical Oncology, Department of Internal Medicine, College of Medicine and Comprehensive Cancer Center, The Ohio State University, Columbus, Ohio, USA.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/9
https://doi.org/10.1172/JCI136796


The Journal of Clinical Investigation   C O N C I S E  C O M M U N I C A T I O N

4 6 0 2 jci.org      Volume 130      Number 9      September 2020

on observed expression signatures and puta-
tive relevance, OCT1 and OCT2 (hereafter 
OCT1/2), OCT3, OCTN1, OATP1B2, OATP2B1, 
and MATE1 were selected for further consid-
eration as in vivo transporters of oxaliplatin. 
A comparative von Frey hair test was used in 
WT and transporter-deficient mice to assess 
neuropathy 24 hours following a single dose of 
oxaliplatin. OCT1/2 deficiency conferred sig-
nificant protection against OIPN in both acute 
and chronic models (Figure 1, B and C). The 
observed phenotypic changes occurred with-
out concurrent alteration of oxaliplatin phar-
macokinetics caused by OCT1/2 deficiency, as 
described previously (9). In addition, OCT1/2 
deficiency was not associated with compensato-
ry expression changes in phylogenetically linked 
transporters (Figure 2A), with the exception of 
OCT3. Although OCT3 is expressed more abun-
dantly than OCT2 in DRGs (Figure 1A), OCT3 
deficiency failed to offer sustained protection 
against OIPN 24 hours after treatment (Supple-
mental Figure 1D), suggesting that OCT3 did 

not independently contribute to the observed phenotypes. Candi-
date transporters were next evaluated for their ability to transport 
oxaliplatin in HEK293 cells overexpressing mouse and human 
homologous proteins. These studies indicate that OCT2 was the 
most efficient oxaliplatin transporter (Figure 1, D and E, and Sup-
plemental Table 1), and lack of transport by OCT1 suggests that 
phenotypic alterations observed in OCT1/2–/– mice are exclusively 
due to the deficiency of OCT2.

Histological examination of DRG cross sections revealed the 
absence of morphological damage in both WT and OCT1/2–/– 
mice, with minimal degeneration of caudal and sciatic nerve fibers 
(Supplemental Figure 2, A and B). Taken together with the lack of 
changes observed in nerve conduction studies (Supplemental Fig-

Results and Discussion
In order to gain preliminary insight into the relative contribution 
of individual uptake transporters to OIPN, we performed a com-
parative transcriptomic profile of drug transporters in isolated 
DRGs from untreated mice (Figure 1A). Preliminary studies indi-
cated that the expression and OIPN profile were similar between 
sexes and across different strains (Supplemental Figure 1, A–C; 
supplemental material available online with this article; https://
doi.org/10.1172/JCI136796DS1). Although copper transporter 1  
(CTR1) had the highest expression in DRGs (Figure 1A), CTR1 
was not considered as a candidate transporter because CRISPR- 
mediated knockout of CTR1 in cells has demonstrated a CTR1- 
independent mechanism of oxaliplatin accumulation (14). Based 

Figure 1. OCT2 is a critical determinant of OIPN. (A) 
Transcriptomic expression of transporters in DRGs 
isolated from untreated WT FVB mice. (B) Acute 
OIPN in WT (pooled C57BL/6, FVB, or DBA strains) or 
transporter-deficient mice 24 hours following a single 
injection of 10 mg/kg oxaliplatin. (C) Chronic OIPN in 
WT or OCT1/2–/– mice 1 or 2 weeks following multiple 
injections of 4 mg/kg oxaliplatin, twice a week (cumu-
lative dose 32 mg/kg). Paw sensitivity is expressed 
as percentage change relative to baseline values. (D 
and E) Intracellular accumulation and inhibition (for 
specific inhibitors, please refer to Supplemental Meth-
ods) of oxaliplatin uptake into HEK293 cells overex-
pressing (D) mouse (m) or (E) human (h) transporters. 
Relative uptake is expressed as percentage change 
compared with empty vector controls. All animal 
studies contained n = 4–8 per group, repeated on 2 
independent occasions. All in vitro studies contained 
n = 3 per group, repeated on 3 independent occasions. 
Statistical analysis was performed using an unpaired, 
2-sided Student’s t test with Welch’s correction: *P < 
0.05, **P < 0.01 compared with baseline values.
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rats from OIPN (Figure 3C), similarly to that observed in OCT2- 
deficient rats, and that OCT2 deficiency or dasatinib pretreat-
ment did not significantly influence urinary excretion or plasma 
levels of oxaliplatin (Figure 3, D and E) but diminished accumu-
lation of oxaliplatin in DRGs (Figure 3F). Similarly, dasatinib 
reduced the accumulation of oxaliplatin in primary WT rat SGCs 
(Figure 3G and Supplemental Figure 5, A–C), consistent with a 
previous murine report (18) and the current study.

In contrast with our current findings, it was previously sug-
gested that the transporter OCTN1 is a possible determinant of 
OIPN (6, 12, 20). Because of the expression of OCTN1 on the 
mitochondria, the neuroprotective effects of ergothioneine, an 
OCTN1-specific substrate, may be in part due to the contribu-
tion of intrinsic antioxidant activity to mitochondrial dysfunc-
tion rather than inhibition of oxaliplatin transport into DRGs. 
Our in vitro uptake studies indicate that oxaliplatin is not a trans-
ported substrate of mouse or human OCTN1 (Figure 1, D and E) 
and deficiency of OCTN1 or pretreatment with ergothioneine in 
mice did not afford neuroprotection (Figure 1B and Supplemen-
tal Figure 6A). A similar lack of oxaliplatin transport was report-
ed for models overexpressing rat OCTN1 (21). It is conceivable 
that the neuroprotective effects associated with physiological 
concentrations of ergothioneine in chronic oxaliplatin treat-
ment regimens are also partially due to effects on transporters 
other than OCTN1. Support for this comes from a prior study 
demonstrating that ergothioneine can significantly reduce the 
cellular uptake of oxaliplatin by more than 50% in DRG neurons 
from OCTN1-deficient mice (22). This earlier work also indi-
cated that 80% of oxaliplatin uptake into DRG neurons occurs 
independently of OCTN1 and that oxaliplatin-induced loss of 
neuronal cell viability was unchanged in OCTN1-deficient mice 

ure 2C), these findings suggest the development of mild ganglion-
opathy and support the notion that functional deficits in sensory 
transduction and neuronal firing of proprioceptors can continue 
to exacerbate behavioral outcomes despite the absence of tissue 
degeneration associated with OIPN (15). Because DRGs represent 
ganglia of sensory neuronal and glial cells, we next evaluated the 
contributing cell type to OIPN. Immunofluorescence staining of 
untreated DRG cross sections demonstrated the colocalization 
of OCT2 with glial fibrillary acidic protein (GFAP) (Figure 2B), a 
satellite glial cell (SGC) marker (16) that has been implicated in 
the development of chemotherapy-induced neuropathic pain (17). 
Subsequent investigation with primary cultures of SGCs indicated 
that OCT2 was highly expressed (Figure 2A) compared with non-
satellite cells (e.g., sensory neurons). Additionally, primary SGCs 
from OCT1/2–/– mice have diminished ability to accumulate oxal-
iplatin (Figure 2C and Supplemental Figure 3A). Similar findings 
were obtained in SGCs pretreated with dasatinib, a known inhibi-
tor of OCT2 (Figure 2C and ref. 18).

Previously studies have indicated that targeting of OCT2 
can confer protection against OIPN in mice (10, 18). In order to 
demonstrate the translational relevance of this concept (Supple-
mental Figure 3B), we next sought to validate the importance 
of OCT2 in OIPN in Sprague-Dawley rats as a secondary model 
organism (19). The utility of rats in OIPN was confirmed by the 
demonstration that rat OCT2 transports oxaliplatin and is highly 
sensitive to inhibition by dasatinib (Figure 3, A and B). The trans-
lational potential of using an OCT2 inhibitor as an intervention 
strategy to prevent the onset of OIPN was next evaluated in an 
acute model using WT and OCT2-deficient rats (Supplemental 
Figure 4, A–C) pretreated with orally administered dasatinib. 
These findings indicate that dasatinib significantly protected 

Figure 2. Localization and functional expression of OCT2 
in satellite glial cells. (A) Expression of putative oxaliplatin 
carriers in primary satellite glial cells isolated from DRGs (left 
panel) compared with nonsatellite glial cell fractions (right 
panel) of untreated WT FVB mice. (B) Staining of DRG cross 
sections with DAPI (blue) and immunofluorescent staining 
for mOCT2 (red) or GFAP (green). Representative images at 
×10 and ×100 original magnification. (C) Accumulation of 
oxaliplatin in primary SGCs isolated from untreated WT FVB 
or OCT1/2–/– mice with or without 10 μM dasatinib pretreat-
ment. Oxaliplatin uptake is expressed as percentage change 
compared with empty vector controls. Statistical analysis was 
performed using 1-way ANOVA with Dunnett’s post hoc test: 
*P < 0.05, **P < 0.01 compared with baseline values.
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plasma levels or anticancer efficacy of oxaliplatin in mice bearing 
HCT116 tumor cells, while simultaneously preventing OIPN (Fig-
ure 4, B–G, and Supplemental Figure 7, E and F).

Because dasatinib is known to inhibit transporters of impor-
tance to the distribution of oxaliplatin into hepatocytes and renal 
tubular cells (24, 25), including OATP1B2 and MATE1, we con-
firmed that deficiency of OATP1B2 did not affect the clearance of 
oxaliplatin (Supplemental Figure 8, A–D). Consistent with a role 
of MATE1 as a major elimination mechanism of cationic com-
pounds, it is conceivable that the inhibition of MATE1 efflux may 
lead to increased renal tubular accumulation of oxaliplatin and 
increased nephrotoxicity. Although MATE1 deficiency in mice 
was associated with diminished urinary excretion of oxaliplatin, 
pretreatment with dasatinib did not influence markers of renal 
dysfunction such as serum creatinine and blood urea nitrogen 
(Supplemental Figure 9, A–C). Furthermore, even high doses of 
oxaliplatin did not cause renal injury in MATE1-deficient mice, 
as evaluated by histological and biomarker examination (Supple-
mental Figure 9, D–F).

The combination of SRC kinase inhibitors such as dasatinib 
with oxaliplatin-containing regimens has been previously evaluat-
ed in patients with colorectal cancer (26). Although OIPN was still 
observed in patients receiving this combination, it is important to 
point out that the applied dasatinib dosing schedule was not opti-

(22), in line with our toxicity evaluations using the same mouse 
model (Figure 1B and Supplemental Figure 6A). Interestingly, 
some studies have also suggested that oxaliplatin is a transport-
ed substrate of the carnitine transporter OCTN2; however, the 
significance of this observation is unclear because administra-
tion of an OCTN2 substrate, L-carnitine, does not afford tissue 
protection against oxaliplatin (12, 20). Furthermore, we found 
that dasatinib does not inhibit these transport mechanisms 
(Supplemental Figure 6, B and C).

Although the addition of dasatinib to oxaliplatin-based regi-
mens could reduce the incidence and severity of OIPN, it is import-
ant to demonstrate that such intervention does not compromise 
the anticancer efficacy of oxaliplatin. Transcriptional profiling of 
drug transporters using RNA-seq data (23) revealed that OCT2 is 
expressed at very low levels in human colorectal tumors and col-
orectal cancer cell lines (Supplemental Figure 7, A–C), compared 
with human DRGs. Consistent with this observation, we found 
that cytotoxicity and cellular uptake (Figure 4A and Supplemen-
tal Figure 7D) of oxaliplatin in multiple colorectal cancer cell lines 
was not altered by dasatinib. These findings suggest that oxalipla-
tin is taken up into cancer cells independently of OCT2 and that 
this unknown mechanism is insensitive to dasatinib-mediated 
inhibition. The translational potential of this strategy was further 
verified by the observation that dasatinib did not influence the 

Figure 3. Genetic and pharmacologic targeting of OCT2 pro-
tects rats from OIPN. (A) Comparative transport kinetics of 
oxaliplatin in HEK293 cells overexpressing a rat (r) or human 
(h) homolog of OCT2 (Vmax, 83.3 and 94.4 pmol/mg/min and 
Km, 2130 and 3726 μM, respectively). (B) Sensitivity of rat 
and human OCT2 to inhibition by dasatinib, IC50 60.4 and 11.5 
nM, respectively. (C) OIPN in WT or OCT2–/– rats, expressed 
as percentage change relative to baseline values. (D) Urinary 
excretion, expressed as percentage of total administered 
platinum, and (E) systemic clearance of oxaliplatin in rats 
pretreated with vehicle or dasatinib. (F) Platinum concentra-
tions from isolated rat DRGs. All studies represented in C–F 
reflect response/exposure following a single injection of 10 
mg/kg oxaliplatin and/or pretreatment with oral 15 mg/kg 
dasatinib. (G) Accumulation of oxaliplatin in SGCs isolated 
from untreated WT rats. Statistical analysis was performed 
using 1-way ANOVA with Dunnett’s post hoc test: *P < 0.05, 
**P < 0.01 compared with baseline values.
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is mediated by the transporter OCT2, which can be inhibited by 
dasatinib without compromising the anticancer properties of oxal-
iplatin. These findings not only shed light on the etiology of OIPN, 
but provide a rationale for future development of new targeted 
interventions using transport inhibitors to mitigate this debilitat-
ing side effect.

Methods
See Supplemental Methods for detailed methods.

Animal studies. All animals were housed in a temperature-con-
trolled environment with a 12-hour light cycle, given standard chow 
diet and water ad libitum, and handled according to the Animal Care 
and Use Committee of The Ohio State University, under an approved 
protocol (2015A00000101-R1). For all experiments, age- and gender- 
matched WT or knockout mice (8–12 weeks) or rats (6–8 weeks) were 
used. Detailed information regarding sources and origins of the rodent 
models is provided in the Supplemental Methods.

Statistics. Data presented represent the mean ± SEM before or 
after normalization to baseline values. All experiments were per-
formed with replicates, unless stated otherwise, and repeated on at 
least 2 occasions. An unpaired, 2-sided Student’s t test with Welch’s 
correction (2 groups) or a 1-way ANOVA with Dunnett’s post hoc test 
(>2 groups) was used to evaluate statistical significance using P less 
than 0.05 as the cutoff.

mized in prior studies to exploit its OCT2-inhibitory properties. 
Our currently ongoing preclinical and clinical studies are designed 
to document local (DRG) and systemic (blood) changes in endoge-
nous substrates of OCT2 that could be used as pharmacodynamic 
biomarkers of OCT2 function with inhibitors such as dasatinib.

In the context of our proposed intervention strategy, we 
acknowledge that several pharmacological approaches have 
been evaluated previously to prevent OIPN (27). Although dulox-
etine appears to be a viable lead from this collective work, the 
utility of this agent in preventing OIPN remains unclear (28). In 
a previously reported small-molecule library screen involving 
more than 8000 compounds (18), we found that more than half 
of the 433 compounds with potent OCT2 inhibitory properties 
were neurological compounds (Supplemental Figure 10, A–C). 
This is not surprising, considering the structural similarities of 
these compounds with known endogenous substrates of OCT2 
such as catecholamines and neurotransmitters. Coincidentally, 
many of the OCT2 inhibitors identified from this screen, includ-
ing duloxetine (Supplemental Figure 10D), have previously been 
evaluated in the management of neuropathic pain (27), based on 
their potential to inhibit intracellular signaling cascades that pro-
mote neuronal degeneration.

Collectively, we identified a previously unrecognized, SGC- 
specific pathway of oxaliplatin-induced neurological injury that 

Figure 4. Dasatinib does not antagonize antitumor properties of oxaliplatin. (A) Cytotoxicity of oxaliplatin in the presence or absence of dasatinib (1 or 10 
μM) following 72-hour continuous exposure. (B) Tumor volume of immunocompromised nude mice subcutaneously inoculated with luciferase-expressing 
HCT116 cells. (C) OIPN in tumor-bearing mice at baseline, 1 week, or 4 weeks of treatment. (D) Quantification of tumor weight, and (E) platinum concen-
trations in tumors, (F) DRGs, or (G) plasma (30 minutes after final injection, representing steady-state concentrations). Oxaliplatin (4 mg/kg) was injected 
twice daily for 4 weeks (cumulative dose 32 mg/kg); mice were pretreated with oral 15 mg/kg dasatinib 30 minutes before oxaliplatin. Paw sensitivity is 
expressed as percentage change from baseline values. Statistical analysis was performed using an unpaired, 2-sided Student’s t test with Welch’s correc-
tion: *P < 0.05 compared with baseline values.
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