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Abstract: Cisplatin (CDDP) is an efficient chemotherapeutic agent broadly used to treat solid cancers.
Chemotherapy with CDDP can cause significant unwanted side effects such as renal toxicity and
peripheral neurotoxicity. CDDP is a substrate of organic cation transporters (OCT), transporters that
are highly expressed in renal tissue. Therefore, CDDP uptake by OCT may play a role in causing
unwanted toxicities of CDDP anticancer treatment. In this study, the contribution of the mouse
OCT2 (mOCT2) to CDDP nephro- and peripheral neurotoxicity was investigated by comparing the
effects of cyclic treatment with low doses of CDDP on renal and neurological functions in wild-
type (WT) mice and mice with genetic deletion of OCT2 (OCT2−/− mice). This CDDP treatment
protocol caused significant impairment of kidneys and peripherical neurological functions in WT
mice. These effects were significantly reduced in OCT2−/− mice, however, less profoundly than
what was previously measured in mice with genetic deletion of both OCT1 and 2 (OCT1-2−/−

mice). Comparing the apparent affinities (IC50) of mOCT1 and mOCT2 for CDDP, the mOCT1
displayed a higher affinity for CDDP than the mOCT2 (IC50: 9 and 558 µM, respectively). Also,
cellular toxicity induced by incubation with 100 µM CDDP was more pronounced in cells stably
expressing mOCT1 than in cells expressing mOCT2. Therefore, in mice, CDDP uptake by both OCT1
and 2 contributes to the development of CDDP undesired side effects. OCT seem to be suitable targets
for establishing treatment protocols aimed at decreasing unwanted CDDP toxicity and improving
anticancer treatment with CDDP.

Keywords: transporters; cisplatin; toxicity; kidneys; dorsal root ganglia; peripheral neurotoxicity

1. Introduction

Cisplatin (cis-diamminedichloroplatinum-CDDP) is a widely used chemotherapeutic
agent that is an important part of modern oncology [1]. Although CDDP is potent against
solid cancer, it can also damage non-target cells and cause significant unwanted toxicities
that can compromise the success of antineoplastic therapy and affect the quality of life
of patients after cancer treatment. The most common adverse effects of CDDP cancer
therapy are nephrotoxicity, ototoxicity, and peripheral neurotoxicity [2]. CDDP-associated
nephrotoxicity is a dose-limiting effect, requiring dose adjustment or even discontinuation
of chemotherapy. Acute kidney injury (AKI) has been observed in ca 70% of pediatric [3]
and 30% of adult [4] patients treated with CDDP. Nearly 80% of children treated with
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CDDP develop ototoxicity [5], for which there is no cure. Of course, this toxicity hampers
children’s psychological and social development. Peripheral neurotoxicity develops in
up to 30–50% of patients treated with CDDP, independent of the doses and treatment
protocol [6]. This off-target CDDP effect is due to its accumulation in the dorsal root ganglia
(DRG) [7], where it induces apoptosis and leads to atrophy or loss of peripheral sensory
neurons. Nevertheless, cancer chemotherapy with CDDP is still widely used because it is
very effective in the treatment of solid tumors, especially testicular cancer, where CDDP
treatment combined with surgery is considered curative [8].

To date, there is no specific treatment to prevent unwanted CDDP toxicities. Therefore,
elucidation of the mechanisms contributing to CDDP toxicities is important in order to
develop appropriate protective strategies.

The main mechanism of anticancer action of CDDP is the formation of intra- and
inter-strand adducts with nuclear and mitochondrial DNA [9], which activate cellular DNA-
damage responses and increase oxidative stress, ultimately leading to cell apoptosis [10].
However, CDDP cellular damage can also result from a direct interaction of CDDP with
proteins, as has been shown, for example, for the CDDP adduct of the Iron Regulatory
Protein 2 [11]. It is clear that CDDP exerts its toxic effects intracellularly and, therefore, must
first cross the plasma membrane to reach its targets. As CDDP is a hydrophilic drug [12],
its movement across the plasma membrane may be facilitated by transporters. Indeed,
several transport proteins have been identified that accept CDDP as a substrate and can
mediate its uptake or efflux into or out of the cell [13]. A particular role in the development
of undesired CDDP toxicities has been attributed to the organic cation transporter 2, as
it is a concentrative transporter that is highly expressed in tissues such as the proximal
tubules of the kidney [14], the cochlear hair, and stria vascularis cells [15] and also in
DRGs [16]. In this work, the role of mouse organic cation transporter 2 (mOCT2) in CDDP
nephrotoxicity and peripheral neurotoxicity was investigated by comparing changes in
renal and neurological functions in wild-type (WT) mice and mice with global genetic
deletion of OCT2 under chronic cyclic CDDP treatment, a treatment protocol similar to
cancer chemotherapeutic protocols used in patients.

2. Results

The study involved two groups of mice, OCT2−/− mice on the C57BL/6J background
(referred to as OCT2−/− mice) and C57BL/6J-wild-type mice (referred to as WT mice). Both
groups were subjected to a treatment regimen consisting of twice-weekly intraperitoneal
(i.p.) injections of 4 mg/kg body weight (BW) of CDDP, resulting in a cumulative dose of
32 mg/kg BW. It is important to note that this dosage was lower compared to what was
used in acute toxicity experiments [15,17] but similar to the treatment protocol followed
by patients, which involves repeated cycles of the highest possible dose [17]. Control
experiments were conducted using repeated i.p. injections of a vehicle solution, specifically
normal saline (NaCl). At the conclusion of the treatment, renal and neurological functions
were assessed prior to harvesting the organs affected by CDDP toxicity (refer to Figure 1).

CDDP treatment caused a statistically significant decrease in body weight in both
OCT2−/− and WT mice (Figure 2a) but no significant change in feeding and drinking
behavior (Figure 2b,c). Interestingly, compared to vehicle administration, CDDP chronic
treatment did not affect kidney weight but significantly decreased testis weight in both
OCT2−/− and WT mice (Figure 3a,b). The weights of seminal vesicles showed a trend
to decrease after CDDP treatment, but this effect did not reach statistical significance
(Figure 3c). Taken together, these results suggest that OCT2 may not be involved in the
testicular action of CDDP.
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type, WT) and male OCT2−/− mice in the C57BL/6J background were subjected to intraperitoneal 

(i.p.) injections twice a week for a duration of 4 weeks. The injections consisted of either 4 mg/kg of 

cisplatin (CDDP) or an equivalent volume of vehicle (NaCl) as a control. Upon completion of the 4-

week treatment period, measurements were taken to evaluate kidney and neurological function. 

Subsequently, the animals were sacrificed, and their organs were collected for further analysis. 
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Figure 1. The treatment protocol for the mice is depicted in this figure. Male C57BL/6J mice (wild-
type, WT) and male OCT2−/− mice in the C57BL/6J background were subjected to intraperitoneal
(i.p.) injections twice a week for a duration of 4 weeks. The injections consisted of either 4 mg/kg of
cisplatin (CDDP) or an equivalent volume of vehicle (NaCl) as a control. Upon completion of the
4-week treatment period, measurements were taken to evaluate kidney and neurological function.
Subsequently, the animals were sacrificed, and their organs were collected for further analysis.
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Figure 2. In this figure, changes in various parameters are depicted for both WT and OCT2−/− mice, 

who were subjected to different treatments involving either vehicle (normal saline, NaCl) or CDDP. 

Each symbol in the figure represents an individual animal, while the horizontal bars indicate the 

mean value ± SEM of the observations. The effects of CDDP treatment on body weight (BW) are 

shown in panel (a), feeding behavior in panel (b), and drinking behavior in panel (c). The results 

demonstrate that CDDP treatment led to a significant decrease in body weight for both WT and 

OCT2−/− mice, compared to the animals treated with the vehicle (NaCl) (panel (a)), * p = 0.0098, de-

termined by the two-way ANOVA test). However, no significant differences were observed in feed-

ing behavior (panel (b)) and drinking behavior (panel (c)) among the various treatment groups. 

Figure 2. In this figure, changes in various parameters are depicted for both WT and OCT2−/− mice,
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who were subjected to different treatments involving either vehicle (normal saline, NaCl) or CDDP.
Each symbol in the figure represents an individual animal, while the horizontal bars indicate the
mean value ± SEM of the observations. The effects of CDDP treatment on body weight (BW) are
shown in panel (a), feeding behavior in panel (b), and drinking behavior in panel (c). The results
demonstrate that CDDP treatment led to a significant decrease in body weight for both WT and
OCT2−/− mice, compared to the animals treated with the vehicle (NaCl) (panel (a)), * p = 0.0098,
determined by the two-way ANOVA test). However, no significant differences were observed in
feeding behavior (panel (b)) and drinking behavior (panel (c)) among the various treatment groups.
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In WT mice treated with CDDP, we observed a deterioration of renal function, as 
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(BUN) serum levels in mice at the end of the treatment clearly showed that CDDP caused 

impairment of renal function only in WT but not in OCT2−/− mice (Figure 4d). 

Figure 3. In this figure, the changes in the weights of kidneys (panel (a)), testis (panel (b)), and seminal
vesicles (panel (c)) are presented, resulting from treatment with either vehicle (NaCl) or CDDP in
both WT (represented by open symbols) and OCT2−/− mice (represented by closed symbols). Each
symbol in the figure corresponds to an individual animal, while the horizontal bars represent the
median value along with the interquartile range of the observations. The results demonstrate that
CDDP treatment significantly decreased the weight of the testis in both WT and OCT2−/− mice when
compared to the testis weight of vehicle-treated animals (panel (b), *** p = 0.0006 for WT mice and
** p = 0.0067 for OCT2−/− mice, determined by the two-way ANOVA test). The numbers displayed
above the experimental groups indicate the number of animals used in each group.

In WT mice treated with CDDP, we observed a deterioration of renal function, as
indicated by increased excretion of water (Figure 4a) and protein (Figure 4b). Conversely,
increased protein excretion was not observed in OCT2−/− mice (Figure 4b). Interestingly,
in WT mice, renal glucose excretion (Figure 4c) was not altered by CDDP treatment com-
pared to vehicle-treated mice, suggesting that C57BL/6J mice are less sensitive to CDDP
nephrotoxicity than other strains [18]. Furthermore, a statistically significant lower renal
glucose excretion was measured in OCT2−/− mice compared to WT mice, suggesting a still
undefined role of OCT2 for renal glucose handling. Determination of blood urea nitrogen
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(BUN) serum levels in mice at the end of the treatment clearly showed that CDDP caused
impairment of renal function only in WT but not in OCT2−/− mice (Figure 4d).
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Figure 4. In this figure, the changes in urine excretion, protein excretion, glucose excretion, and 

blood urea nitrogen (BUN) levels are depicted as a result of treatment with CDDP or vehicle (NaCl) 
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control animals (NaCl) (*, p < 0.0001, determined by two-way ANOVA). The horizontal bars repre-

sent the mean values ± SEM. Panel (b): Protein excretion showed a significant increase in WT mice 

treated with CDDP compared to WT control animals (NaCl) (* p = 0.0062, determined by unpaired 
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Chronic CDDP treatment caused mild peripheral neurotoxicity in WT mice (Figure 

5). A significant reduction of caudal nerve conduction velocity (NCV) was observed only 

in WT animals (Figure 5a), while digital NCV was unchanged in both WT and OCT2−/− 

mice (Figure 5b). 

Thermal algesia induced by CDDP treatment was observed in both WT and OCT2−/− 

mice (Figure 5c), whereas significant mechanical allodynia was measured only in CDDP-

Figure 4. In this figure, the changes in urine excretion, protein excretion, glucose excretion, and blood
urea nitrogen (BUN) levels are depicted as a result of treatment with CDDP or vehicle (NaCl) in
both WT and OCT2−/− mice. Each symbol in the figure represents an individual animal, and the
numbers above the columns indicate the number of animals in each group. Panel (a): The urine
excretion significantly increased in both WT and OCT2−/− mice treated with CDDP compared to
the control animals (NaCl) (*, p < 0.0001, determined by two-way ANOVA). The horizontal bars
represent the mean values ± SEM. Panel (b): Protein excretion showed a significant increase in
WT mice treated with CDDP compared to WT control animals (NaCl) (* p = 0.0062, determined
by unpaired Student t-test). However, the statistical comparison among all four groups (WT and
OCT2−/− mice treated with NaCl or CDDP) using a two-way ANOVA did not reveal any significant
difference. The horizontal bars represent the mean values ± SEM. Panel (c): Glucose excretion
did not show significant changes in WT and OCT2−/− mice due to CDDP treatment. Control
OCT2−/− mice (NaCl) exhibited significantly lower glucose excretion compared to control WT mice
(*, p = 0.0097, determined by two-way ANOVA). The horizontal bars represent the median values
with the interquartile ranges. Panel (d): The effect of CDDP treatment on serum BUN concentration
is shown. CDDP treatment significantly increased serum BUN levels only in WT mice (* p < 0.0001,
determined by two-way ANOVA) but not in OCT2−/− mice. The serum BUN concentration in
OCT2−/− mice after CDDP treatment was significantly different from that observed in CDDP-treated
WT animals (# p = 0.0033, determined by two-way ANOVA).



Int. J. Mol. Sci. 2023, 24, 11486 6 of 18

Chronic CDDP treatment caused mild peripheral neurotoxicity in WT mice (Figure 5).
A significant reduction of caudal nerve conduction velocity (NCV) was observed only in
WT animals (Figure 5a), while digital NCV was unchanged in both WT and OCT2−/− mice
(Figure 5b).
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Figure 5. This figure shows peripheral neurotoxicity induced by CDDP treatment. A comparison
is made between the effects of CDDP treatment (closed symbols) and vehicle (NaCl) treatment
(open symbols) on various parameters. Panel (a): At the end of CDDP treatment, OCT2−/− mice
did not show a significant decrease in caudal nerve conduction velocity (NCV in m/s), unlike the
observed decrease in C57BL/6J-WT animals (*, p = 0.0002, determined by two-way ANOVA). Panel
(b): Digital NCV was not affected by CDDP treatment, as determined by two-way ANOVA. Panel
(c): Two behavioral tests, the plantar test (panel (c)) and dynamic test (panel (d)), were conducted to
assess alterations in pain perception due to chronic CDDP treatment compared to vehicle treatment.
Thermal algesia was observed in both C57BL/6J-WT and OCT2−/− mice (*, p = 0.0004, determined
by two-way ANOVA, panel (c)). Panel (d): Significant mechanical allodynia was measured only in
C57BL/6J-WT animals treated with CDDP (*, p = 0.0212, determined by two-way ANOVA, panel (d)).
All values are presented as mean ± SEM, and the numbers above the columns indicate the number of
animals measured.

Thermal algesia induced by CDDP treatment was observed in both WT and OCT2−/−

mice (Figure 5c), whereas significant mechanical allodynia was measured only in CDDP-
treated C57BL/6J WT animals (Figure 5d). In addition, the dorsal root ganglia (DRG)
neuron nuclear area was not significantly reduced in OCT2−/− mice after CDDP treatment,
while the reduction of the nucleolar area was smaller than that observed in WT animals
(Figure 6). Neuron somatic area was reduced after CDDP treatment both in WT- and
OCT2−/− mice. Figure 6d shows an example of images used for morphometric analysis.



Int. J. Mol. Sci. 2023, 24, 11486 7 of 18
Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 8 of 19 
 

 

0

200

400

600

Somatic area


m

2

****
**

3

3

3

3

NaCl CDDP NaCl CDDP

WT OCT2−/−

0

20

40

60

80

100

Nuclear area


m

2

****
3

3

3 3

NaCl CDDP NaCl CDDP

WT OCT2−/−

0

2

4

6

8

Nucleolar area


m

2

NaCl CDDP NaCl CDDP

WT OCT2−/−

****
*, **

3

3

3

3

(a)

(c) (d)

(b)

 

Figure 6. This figure shows the results of morphometric analysis of DRG (dorsal root ganglion) 

neurons in OCT2−/− (625–627 neurons) and C57BL/6J-WT (637–647 neurons, WT) mice, with 3 ani-
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presented in panels (a–c) as mean values ± SEM. Panel (a) shows the neuron somatic area, panel (b) 

the neuron nuclear area, and panel (c) the neuron nucleolar area. The findings indicate that treat-

ment with CDDP resulted in a significant reduction in neuron somatic area in both WT (****, p < 

0.0001, determined by two-way ANOVA, panel (a)) and OCT2−/− animals (**, p = 0.003, determined 

by two-way ANOVA, panel (a)). Moreover, treatment with CDDP caused a significant reduction in 
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(b)). Additionally, CDDP treatment led to a significant reduction in neuron nucleolar area in both 
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Figure 6. This figure shows the results of morphometric analysis of DRG (dorsal root ganglion)
neurons in OCT2−/− (625–627 neurons) and C57BL/6J-WT (637–647 neurons, WT) mice, with
3 animals per group. The mice were treated with either CDDP or vehicle (NaCl), and the results are
presented in panels (a–c) as mean values ± SEM. Panel (a) shows the neuron somatic area, panel (b)
the neuron nuclear area, and panel (c) the neuron nucleolar area. The findings indicate that treatment
with CDDP resulted in a significant reduction in neuron somatic area in both WT (****, p < 0.0001,
determined by two-way ANOVA, panel (a)) and OCT2−/− animals (**, p = 0.003, determined by
two-way ANOVA, panel (a)). Moreover, treatment with CDDP caused a significant reduction in
neuron nuclear area exclusively in WT mice (****, p < 0.0001, determined by two-way ANOVA,
panel (b)). Additionally, CDDP treatment led to a significant reduction in neuron nucleolar area
in both WT (****, p < 0.0001, determined by two-way ANOVA, panel (c)) and OCT2−/− animals
(*, p = 0.01, determined by two-way ANOVA, panel (c)). Notably, the effect observed in WT mice was
significantly greater than that observed in OCT2−/− animals (**, p = 0.006, determined by two-way
ANOVA, panel (c)). The numbers displayed above the columns indicate the number of animals
measured in each group. (d) shows an example of images used for morphometric analysis.
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Quantitative measurement of platinum in DRG, sciatic nerves, and kidneys by flame
atomic absorption spectrometry showed a similar concentration of platinum (Pt) in tissues
from WT- and OCT2−/− mice (Figure 7). Compared to WT animals, only the Pt concen-
tration in plasma was higher in OCT2−/− mice at the end of CDDP treatment (Figure 7).
Immunofluorescence analysis of OCT2 expression in DRG cultures (Figure 8) shows an
expression of the transporter in acetylated tubulin-positive filaments, which is probably
corresponding to neurites, and cell bodies.
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mice undergoing chronic treatment with CDDP. The measurement was performed using flame 

atomic absorption spectrometry. Each symbol in the figure represents an individual animal, and the 

horizontal bars represent the median values with the intraquartile range. The results indicate that 

blood plasma samples from OCT2−/− mice contain significantly higher Pt concentrations compared 

to samples from WT mice (* p = 0.02, determined by unpaired Student t-test). The numbers displayed 

above the columns indicate the number of animals measured in each group. 
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tures, which were one week old, were subjected to staining using antibodies against acetylated tu-

bulin, serving as an axonal marker (green) and mOCT2 antibodies to visualize OCT2 expression 

(red). Additionally, the cell nuclei were labeled using DAPI (blue). The results revealed a clear co-

localization of tubulin (green) and OCT2 (red) in the DRG cultures, as observed in the merged image 

(overlay). OCT2 expression was also visible in the cell bodies. In the last row of pictures, negative 

control experiments were conducted, where primary antibodies were omitted. These negative con-
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and is 20 µm. 

Figure 7. This figure shows the platinum (Pt) concentration (µg Pt/g protein) measured in various
tissues, including the dorsal root ganglia (DRG), sciatic nerves, kidneys, and blood plasma, from
mice undergoing chronic treatment with CDDP. The measurement was performed using flame
atomic absorption spectrometry. Each symbol in the figure represents an individual animal, and the
horizontal bars represent the median values with the intraquartile range. The results indicate that
blood plasma samples from OCT2−/− mice contain significantly higher Pt concentrations compared
to samples from WT mice (* p = 0.02, determined by unpaired Student t-test). The numbers displayed
above the columns indicate the number of animals measured in each group.

Since the protection against CDDP nephro- and peripheral neurotoxicity was lower in
OCT2−/−mice than previously found in mice with genetic deletion of both OCT1 and OCT2
(OCT1-2−/−) [18], the interaction of CDDP with OCT1 and OCT2 function was further
investigated in vitro, using the fluorescent organic cation 4-(4-dimethylaminostyryl)-N-
methylpyridinium (ASP+) to monitor OCT function. CDDP inhibited the ASP+ uptake
measured in human embryonic kidney (HEK) cells, stably expressing the murine (m) or
human (h) OCT subtypes 1 or 2 in a concentration-dependent manner (Figure 9). Interest-
ingly, in cells expressing the OCT1 subtypes (mOCT1 and hOCT1), maximally, 40% of ASP+

uptake was inhibited by 10−3 M CDDP, whereas in cells expressing the OCT2 subtypes, this
concentration of CDDP almost completely inhibited ASP+ uptake. The mOCT1 displays
a higher apparent affinity for CDDP than the mOCT2 (IC50: 9.4 µM (logIC50 ± SEM =
−5.0 ± 0.3 with 63 degrees of freedom (DF)) and 558.3 µM (logIC50 ± SEM = −3.3 ± 0.3
with 135 DF) for mOCT1 and mOCT2, respectively). Conversely, hOCT1 has a lower
apparent affinity for CDDP than hOCT2 (IC50: 717 µM (logIC50 ± SEM = −3.1 ± 0.1 with
98 DF) and 54.2 µM (logIC50 ± SEM = −4.2 ± 0.2 with 70 DF) for hOCT1 and hOCT2,
respectively).
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Figure 8. This figure shows the immunofluorescence analysis conducted to examine the expression
of OCT2 in DRG (dorsal root ganglia) cultures derived from WT (wild-type) mice. The DRG cultures,
which were one week old, were subjected to staining using antibodies against acetylated tubulin, serving
as an axonal marker (green) and mOCT2 antibodies to visualize OCT2 expression (red). Additionally, the
cell nuclei were labeled using DAPI (blue). The results revealed a clear co-localization of tubulin (green)
and OCT2 (red) in the DRG cultures, as observed in the merged image (overlay). OCT2 expression was
also visible in the cell bodies. In the last row of pictures, negative control experiments were conducted,
where primary antibodies were omitted. These negative control images serve as a reference to confirm
the specificity of the antibody staining. The scale of the images, representing the size of the structures, is
indicated in the lower right corner of each picture and is 20 µm.
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Figure 9. The concentration–response curves reported in this figure illustrate the inhibitory effect of
CDDP on the initial uptake of ASP+ (a fluorescent substrate of OCT) in HEK293 cells that express
different transporters: mouse OCT1 (mOCT1), mouse OCT2 (mOCT2), human OCT1 (hOCT1), or
human OCT2 (hOCT2). The values presented are the mean ± SEM expressed as a percentage change
of ASP+ uptake compared to what was measured in the absence of CDDP. The determined IC50

values from this curve are as follows: 9 µM for mOCT1, 558 µM for mOCT2, 717 µM for hOCT1,
and 57 µM for hOCT2. The IC50 value represents the concentration of CDDP required to inhibit
50% of ASP+ uptake by the respective transporter. The logIC50 values, expressed as the logarithm
of IC50, are also provided along with the corresponding standard error of the mean (SEM) and
the degrees of freedom (DF) for each transporter: mOCT1: logIC50 = −5.0 ± 0.3 (63 DF); mOCT2:
logIC50 = −3.3 ± 0.3 (135 DF); hOCT1: logIC50 = −3.1 ± 0.1 (98 DF); hOCT2: logIC50 = −4.2 ± 0.2
(70 DF). These values give an indication of the potency of CDDP in inhibiting ASP+ uptake by the
respective transporters, with lower logIC50 values indicating higher potency.
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The higher affinity of CDDP for mOCT1 than mOCT2 was also reflected in a higher
sensitivity of HEK cells stably expressing mOCT1 to cellular CDDP toxicity: significant
toxicity was already evident in mOCT1-HEK cells 24 h after 10 min incubation with 100 µM
CDDP (Figure 10). In mOCT2 expressing HEK cells, significant toxicity developed only 48 h
after 10 min incubation with 100 µM CDDP and was less than that observed in mOCT1-HEK
cells.
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Figure 10. This figure shows the viability of HEK293 cells expressing mouse OCT1 (mOCT1, repre-
sented by closed columns) or mOCT2 (represented by open columns) assessed using an MTT test.
The test measured dehydrogenase activity in the cells after a 10 min incubation with 100 µM CDDP,
followed by post-incubation periods of 24, 48, or 72 h in normal cell culture medium. Compared to
control experiments where cells were incubated for 10 min with cell culture medium without CDDP,
the addition of CDDP resulted in a significant decline in cell viability. In mOCT1-expressing cells,
this decline was observed already after 24 h of post-incubation time (*** p = 0.0002, determined by
unpaired Student t-test). In mOCT2-expressing cells, the decline in cell viability was significant only
after 48 and 72 h of post-incubation time (**** p < 0.0001 unpaired Student t-test). Furthermore, the
effect observed in mOCT1-expressing cells after 48 and 72 h of post-incubation was stronger than
that measured in mOCT2-expressing cells (indicated by ** and *, respectively, where ** represents
p = 0.0026 and * represents p = 0.016, determined by unpaired Student t-test). The experiments were
conducted with a total of 10 replicates in at least three independent experiments, ensuring robust
data for analysis.

3. Discussion

Even though chemotherapy with CDDP is an efficient treatment of solid cancer, its use
causes important unwanted toxicities, forcing discontinuation of CDDP administration and
decreasing patients’ quality of life after CDDP-based chemotherapeutic tumor treatment.
Transporters for organic cations have been demonstrated to be potential mediators of
specific CDDP unwanted toxicities in both in vitro [19–21] and in vivo studies [15,22,23].
The in vivo investigations have been mainly performed using mice lacking both OCT1
and OCT2 (OCT1-2−/−) [15,18,24]. Therefore, the relative role of mouse OCT1 and OCT2
for CDDP undesired toxicities remains unclear. In this work, nephro- and peripheral
neurotoxicity of cyclic repeated CDDP treatment, resembling chemotherapeutic treatment
protocol of cancer patients, were studied in WT mice and in mice with genetic deletion
only of OCT2 (OCT2−/−) to dissect the importance of this transporter for CDDP unwanted
toxicities.

CDDP cyclic treatment caused a significant decrease in body weight and the weight of
the testis independently from the mouse genotype, showing that these CDDP effects are
not dependent on OCT2.
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Nephrotoxicity at the end of CDDP treatment manifests in C57BL/6J WT mice as
BUN increase and functionally as polyuria, a sign of compromised renal water resorption,
and proteinuria, a sign of compromised renal filtration barrier. At the end of CDDP
treatment, C57BL/6J WT mice did not develop any glucosuria, which is a sign of tubular
dysfunction. Conversely, in other studies performed on the FVB mouse strain, glucosuria
was an important manifestation of CDDP nephrotoxicity [18]. Compared to other strains,
C57BL/6J mice seem, therefore, to be more resistant to renal insults [18,25,26].

Genetic deletion of OCT2 resulted in a milder renal phenotype, with no BUN increase
and no proteinuria after CDDP treatment. However, in OCT2−/− mice, CDDP-induced
polyuria persists, in contrast to what was observed in [18] using OCT1-2−/− animals.
These results suggest that both mOCT1 and mOCT2 are involved in the development of
CDDP-associated nephrotoxicity. In an attempt to translate these findings to humans, it
must be considered that human kidneys mainly express hOCT2 [14,27,28].

Cyclic CDDP treatment of C57BL/6J WT mice significantly reduced caudal but not
digital NCV compared to vehicle-treated mice. Indeed, other studies with chemotherapeutic
agents [29] and in an acrylamide neuropathy model [30] have shown that the most distal
caudal nerve is more sensitive than the digital nerve. This may be explained by the uneven
cross-sectional structure and function along the axon. Cyclic CDDP treatment of OCT2−/−

mice did not change the caudal NCV, showing the importance of OCT2 in the peripheral
neurotoxicity induced by CDDP.

The neurophysiological alterations detected through various techniques were fur-
ther supported by the presence of noticeable morphological changes in the dorsal root
ganglia (DRG). Morphometric analysis revealed that treatment with CDDP led to a sig-
nificant decrease in the somatic area, nuclear area, and nucleolar area of the DRG. These
findings provide additional evidence for the phenomenon of platinum-induced neuronal
atrophy [29,31]. Changes in the organization of neuronal nuclei and alterations in neuron
size have been associated with various human diseases. In particular, they have been linked
to apoptotic changes observed in chronic neuropathic pain associated with nerve injury
also in different rodent models [32]. These effects were absent (decrease of nuclear area)
or milder (decrease of nucleolar area) in OCT2−/− mice, suggesting that OCT2 deletion
was able to partially protect DRG neurons from CDDP toxic effect. Using the same CDDP
treatment protocol in OCT1/2−/− mice [18], stronger protection from CDDP toxicity in
all cellular compartments was observed compared with what was found in the present
study using OCT2−/− mice. Interestingly, the nucleolus was the less damaged neuronal
structure by cyclic CDDP treatment in the FVB mouse strain (used in [18] as background
strain), suggesting a different CDDP susceptibility of the two murine strains. Moreover,
mechanical allodynia was observed only in C57Bl6/6J- (present study) and not in the FVB
background (as shown in [18]). Interestingly, OCT2−/− mice in a C57Bl6/6J background
were protected against mechanical allodynia. Plantar test demonstrated hyperalgesia in the
C57Bl6/6J WT mice following CDDP treatment. The OCT2−/− mice were not significantly
protected against hyperalgesia following chronic CDDP administration.

Together, these results suggest that the genetic deletion of the OCT2 transporter alone
is not sufficient to completely protect the mice against CDDP-induced unwanted toxicities
such as nephro- and peripheral neurotoxicity.

The expression of OCT2 in DRGs has already been demonstrated in other works [16,33].
By analyzing OCT2 expression in DRG cultures, here we have demonstrated that the
transporter is present in neuron neurites. Other transporters may also be involved in
determining CDDP neurotoxicity, as proposed, for example, for Ctr1 and OCTN, because
of their neuronal membrane localization [34,35].

Interestingly, in contrast to previous findings after acute treatment with high concen-
trations of CDDP (a single bolus of 15 mg/kg body weight) [15], chronic treatment with
multiple cyclic applications of 4 mg/kg body weight CDDP did not show a statistically
significant difference in the accumulation of platinum (Pt) in the kidneys between WT and
OCT2−/− mice. This finding is intriguing as it contradicts the previous observation where
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renal CDDP accumulation was lower in OCT1-2−/− mice compared to WT animals [15]. No
statistically significant difference in Pt accumulation by WT and OCT2−/− mice was also
observed in peripheral nervous system specimens (i.e., sciatic nerve and DRG). However,
in plasma from OCT2−/− mice, a higher Pt concentration than in samples from WT animals
was found, indicating that in this experimental setup of cyclic CDDP treatment, impaired
renal CDDP secretion by OCT2 in OCT2−/− mice causes increased Pt plasma concentration.

Comparing the apparent affinities of mouse and human OCT for CDDP, it was evident
that mOCT1 has the highest affinity for CDDP. However, CDDP was not able to completely
inhibit the transport function (measured as ASP+ uptake) of mouse and human OCT1,
suggesting that OCT1 has a big binding pocket with different binding domains of different
affinity for substrates, as already proposed in [36–39].

Both mOCT1 and mOCT2 can mediate CDDP cellular toxicity, even though mOCT1-
mediated toxicity appears before and is stronger than that induced by mOCT2, probably
because of higher mOCT1affinity for CDDP.

In conclusion, these results show that mOCT2 plays a significant role in mediating
CDDP renal toxicity and peripheral neurotoxicity in an experimental setting resembling
CDDP treatment of cancer patients. Direct evidence shows that OCT2 is expressed in
neurites from DRG neurons. However, in mice, the mOCT1 subtype also plays an important
role in these toxicities. In humans, hOCT2 is the major OCT present in renal tissue and is
also significantly expressed in nervous tissue. Therefore, OCT2 may be a suitable target
for protective interventions aimed at mitigating unwanted CDDP toxicities exploiting
OCT2-specific inhibition.

4. Materials and Methods
4.1. Animals

The study utilized male OCT2−/− mice on the C57BL/6J background obtained from
Prof. Schinkel at The Netherlands Cancer Institute in Amsterdam, the Netherlands. Male
C57BL/6J WT mice were obtained from the Animal Facility of the Medical Faculty in
Münster. The mice used in the experiments were approximately 7 to 9 weeks old and
weighed between 25 to 30 g. The colonies of mice were refreshed every 10 generations to
maintain genetic integrity. It is worth noting that OCT2−/− mice did not exhibit any obvi-
ous phenotypic abnormalities compared to WT mice, as stated in a previous study [40]. The
experimental procedures were approved by a governmental animal welfare committee (Lan-
desamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen 84-02.04.2011.A140
and 84-02.04.2014.A454) and followed national animal welfare guidelines. The mice were
housed under standard specific pathogen-free conditions with controlled environmen-
tal factors, including temperature (20–22 ◦C), humidity (approximately 50%), and a 12-h
light/12-h dark cycle. They had free access to tap water and standard animal chow.

4.2. Treatment of Mice

For the treatment of mice, repeated intraperitoneal (i.p.) injections of either vehicle
(normal saline, NaCl) or low doses of CDDP (4 mg/kg body weight) were administered
twice a week for 4 weeks, following a therapeutic regimen similar to that used in cancer
treatment for patients (Figure 1). CDDP (Teva Pharma, Ulm, Germany) was prepared
freshly on the day of administration at a concentration of 1 mg/ml in isotonic saline. After
the final injection of vehicle or CDDP, the mice were placed in metabolic cages to collect 24-h
urine samples for measurements of glucose, protein, and water excretion. The study also
evaluated the peripheral neurotoxicity of CDDP using neurophysiological and behavioral
tests. After these assessments, blood samples were collected via cardiac puncture, and
pressure-controlled cardiac perfusion with saline was performed through the left ventricle
as described in [41]. Following perfusion, organs such as kidneys, testes, seminal vesicles,
and nerves were collected and weighed. The specific number of animals used for each
measurement is provided in the figures that present the results of the study.
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4.3. Measurement of Urinary Protein and Glucose Levels and Assessment of Renal Histology

Proteins were measured using a modified Bradford method (Bradford Blue, BioRad
Laboratories, Munich, Germany), and glucose was measured using the hexokinase method
on a Roche Hitachi Modular automatic analyser (Gluco-quant Glucose, Roche Diagnostics,
Mannheim, Germany). BUN was measured by the urease–glutamate dehydrogenase method
on a Roche Diagnostic analyser (Modular P, Roche Diagnostics, Mannheim, Germany).

4.4. Neurotoxicity Assessments

At the end of the cyclic CDDP treatment, digital and caudal nerve conduction velocities
(NCV) were measured, and behavioral tests were performed using an electromyography
device (Myto2 ABN Neuro, Firenze, Italy). These tests were carried out as described
in [18,42]. The behavioral tests were performed to assess the pain-like behavior of the
mice as a withdrawal from a thermal and a mechanical nociceptive stimulus. The thermal
nociceptive threshold of mice was measured using the plantar test (Hargreaves apparatus,
No. 37370; Ugo Basile Biological Instruments, Comerio, Italy). Briefly, mice were acclima-
tized for 2 h in a Plexiglas chamber and then tested with a mobile infrared radiant heat
source (intensity of 40IR). The heat source placed under the glass floor was positioned in
the middle of the hind paw of the mouse. The time taken to move the hind paw away
from the heat source was automatically measured four times (withdrawal latency) to de-
termine the nociceptive threshold. The test lasted a maximum of 30 s to avoid thermal
tissue damage and animal discomfort. Sensitivity to mechanical nociceptive stimuli after
cyclic CDDP treatment was assessed using a dynamic aesthesiometer (model 37450, Ugo
Basile Biological Instruments, Comerio, Italy) capable of producing a mechanical force that
increases in a linear fashion. Briefly, mice were acclimatized for 2 h in a Plexiglas chamber
(28 × 40 × 35 cm, wire mesh floor), and then mechanical allodynia was measured with
the dynamic aesthesiometer. For this, a mechanical stimulus was applied to the plantar
surface of the hind paw by means of a pointed metal filament of 0.5 mm diameter. The
pressure was gradually increased to 15 g over 15 s until an apparent voluntary hind paw
withdrawal response was observed. This pressure represents the mechanical nociceptive
threshold index. The mechanical nociceptive threshold index was automatically recorded
and expressed as the mean of three measurements per hind paw, taken alternately every
2 min. The test lasted a maximum of 30 s to avoid mechanical tissue damage and animal
discomfort. Following in vivo assessments, mice were euthanized, and dorsal root ganglia
(DRG) were extracted for subsequent examination of their morphology and morphome-
try. Specifically, the lumbar L4–L5 DRG was carefully dissected at the time of sacrifice,
which occurred 48 h after the final administration of CDDP. These DRG samples were
then immersed in a solution containing 2% glutaraldehyde and 4% paraformaldehyde
(PFA) in 0.12 M phosphate buffer. Subsequently, the samples underwent post-fixation
with OsO4, followed by embedding in epoxy resin. The samples were utilized for both
light microscopy evaluations and morphometric analysis. For the morphometric analysis,
serial 1 µm sections of the DRG were prepared, spaced 50 µm apart. Images were captured
using a light microscope equipped with a camera (Leica DFC 280, Wetzlar, Germany) at
a magnification of 20×. The sizes of the soma, nucleus, and nucleolus of a minimum of
625 DRG neurons per animal were manually measured and subjected to analysis using
computer-assisted image analysis software (Image J version 1.52k, US National Institutes
of Health, Bethesda, MD, USA). All morphometric measurements were performed by the
same observer, who was unaware of the experimental conditions. To determine the total
platinum (Pt) concentration, previously established methods [43] were followed using
frozen samples of the sciatic nerve, DRG, kidneys, and plasma obtained from at least three
animals per group at the time of sacrifice. The frozen samples were subjected to digestion
with an HNO3-HCl solution and analyzed using flame atomic absorption spectrometry
(Analyst 600 Perkin Elmer, Monza, Italy). The resulting Pt concentration, expressed in µg/g
protein or µg/mL plasma, was calculated accordingly.
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4.5. Cell Culture

For the experiments, human embryonic kidney (HEK) 293 cells that expressed either
mOCT1 or mOCT2 or human OCT1-2 (hOCT1-2) in a stable manner were utilized. The
process of generating and characterizing these cell lines has been detailed in previous
publications [44,45]. HEK293 cells were maintained at a temperature of 37 ◦C in 5%
CO2 using 50 mL cell culture flasks (Greiner, Frickenhausen, Germany). The cell culture
medium consisted of Dulbecco’s minimal Eagle’s medium (Biochrom, Berlin, Germany)
supplemented with 10% fetal bovine serum, 1 g/L glucose, 2 mM glutamine, 3.7 g/L
NaHCO3, and 100 U/mL streptomycin/penicillin (Biochrom, Berlin, Germany). The
selection of cells transfected with OCTs was ensured by adding 0.8 mg/mL of Geneticin
(PAA Laboratories, Cölbe, Germany). The cell cultures were grown on 96-well plates
until they reached 80–90% confluence. The experiments were conducted using cells from
passages 20–65.

4.6. DRG Cell Cultures

DRG (Dorsal Root Ganglia) cell cultures were prepared following the methodology
outlined in reference [46]. Initially, DRGs were carefully dissected from mice and enzymat-
ically and mechanically dissociated. The dissociated cells were then seeded onto 1.5 cm
glass coverslips and cultured in a neural growth medium for a duration of two weeks.
Subsequently, the cells were transferred to culture wells with a surface area of 78 mm2,
which had been pre-coated with poly-L-lysine, followed by collagen. The cells were main-
tained in an NBL medium, consisting of a neurobasal medium supplemented with B27
supplement (Invitrogen, Carlsbad, CA, USA) and 10 ng/ml nerve growth factor (NGF).
For fixation, the DRG cultures were treated with 4% PFA for 30 min at room temperature
(RT). Following fixation, the cultures were blocked for 2 h at RT using a blocking solution
containing 10% goat serum and 0.2% Triton X-100 (Sigma-Aldrich, Taufkirchen, Germany).
Primary antibodies against OCT2 (a generous gift from Prof. Koepsell [15], diluted 1:100)
and class 3b-tubulin (TuJ1, diluted 1:100, Covance, Denver, PA, USA, # MMS-435P) were
then applied to the cultures and incubated overnight at RT. Subsequently, the cultures
were incubated with secondary antibodies, specifically goat–anti-mouse Alexa Fluor 488
(diluted 1:1000, Invitrogen, Carlsbad, CA, USA, # A28175) and goat-anti-rabbit Alexa Fluor
594 (diluted 1:1000, Invitrogen, Carlsbad, CA, USA, # A-11012). To label the nuclei, 4′,6-
diamidino-2-phenylindole (DAPI, Sigma-Aldrich, Taufkirchen, Germany, # MBD0015) was
used at a concentration of 1 mg/mL, diluted 1:2000 in 1% bovine serum albumin. Finally,
the coverslips were inverted and mounted on glass slides using a fluorescent mounting
medium (Fluoromount, Sigma-Aldrich, Taufkirchen, Germany). The DRG cultures were
observed and photographed using epifluorescence microscopy (Observer Z1 with Apo-
tome, Carl Zeiss, Oberkochen, Deutschland). Negative control slides were included, where
no primary antibodies were added.

4.7. Fluorescence Measurements

The activity of the organic cation transporter (OCT) was assessed by measuring the
uptake of the fluorescent organic cation ASP+ at a concentration of 1 µM, following estab-
lished procedures as described in references [44,47,48]. The measurements were conducted
using a microplate fluorescence reader (Infinite m200, Tecan, Crailsheim, Germany) with
excitation at 465 nm and emission at 590 nm. This method allowed for the dynamic mea-
surement of transporter activity with a high time resolution (5 s). HEK293 cells expressing
different paralogs and orthologues of OCT were seeded into 96-well plates and cultured
until they reached 80–100% confluence. Prior to the measurements, the cell monolayers
were washed with a Ringer-like solution composed of the following (in mM): NaCl 145,
K2HPO4 1.6, KH2PO4 0.4, D-glucose 5, MgCl2 1, and calcium gluconate 1.3, with a pH
adjusted to 7.4 at 37 ◦C. To evaluate the apparent affinities (IC50), which represent the con-
centration required to inhibit 50% of ASP+ uptake, the transporters’ interaction with CDDP
was examined. This was achieved by measuring the cis-inhibition of ASP+ uptake in the



Int. J. Mol. Sci. 2023, 24, 11486 15 of 18

presence of CDDP at concentrations ranging from 10−6 to 10−3 M, following a previously
established protocol [48]. The slopes of fluorescence increase were linearly fitted and used
as a measure of ASP+ uptake.

4.8. Cell Viability Test

To assess the cytotoxicity of CDDP, a modified MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, Sigma/Merck, Darmstadt, Germany) test was employed [49].
HEK293 cells stably expressing mOCT1 or mOCT2 were cultured until they reached con-
fluency. These cells were then incubated at 37 ◦C for 10 min with a Ringer-like solution
containing 100 µM CDDP obtained from Teva Pharm, Ulm, Germany. The chosen con-
centration of 100 µM was selected as it effectively interacts with the functions of both
mOCT1 and mOCT2, as indicated in Figure 9. Following the incubation, the solution was
removed, and the cells were further cultured in a fresh medium for 24, 48, or 72 h. After
the specified incubation period, the cells were treated with a 10 µL solution of MTT at
a concentration of 5 mg/mL and incubated for three hours at 37 ◦C. Subsequently, the
MTT solution was removed, and the cells were lysed using a solution containing 10%
(w/v) sodium dodecyl sulfate and 40% (v/v) dimethylformamide. The lysates were then
transferred to a new microtiter plate and allowed to incubate for an additional 90 min. The
absorbance of the samples was measured at 570 nm using a multiplate reader (Infinite
m200, Tecan, Crailsheim, Germany).

4.9. Statistics

Data were analyzed with the help of using GraphPad Prism, Version 5.0 (GraphPad
Software, Inc., San Diego, CA, USA). Data are plotted as individual data points with the
mean ± SEM in the case they are normally distributed, or with the median of observations
and the interquartile range in the case, they are not normally distributed. Unpaired two-
sided Student’s t-test and two-way ANOVA were used as appropriate to prove the statistical
significance of the effects. Significance was inferred at the p < 0.05 level.

4.10. Chemicals

All standard chemicals have been purchased from Sigma-Aldrich (Sigma-Aldrich,
Taufkirchen, Germany) at the highest purity available unless otherwise stated.
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