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Cis-platin is an effective anti-neoplastic agent, but it is
also highly nephrotoxic. Here, we clearly identify the
human organic cation transporter 2 (hOCT2) as the
critical transporter for cis-platin nephrotoxicity in
isolated human proximal tubules and offer a potential
mechanism for reducing nephrotoxicity in clinical
practice. Interaction of cis-platin with hOCT2 in kid-
ney or hOCT1 in liver was investigated with the fluo-
rescent cation 4-[4-(dimethyl-amino)styril]-meth-
ylpyridinium in stably transfected HEK293 cells and
for the first time in tissues physiologically expressing
these transporters, human proximal tubules, and hu-
man hepatocyte couplets. Cis-platin (100 �mol/L) in-
hibited transport via hOCT2-HEK293 but not hOCT1-
HEK293. In human proximal tubules cis-platin
competed with basolateral organic cation transport,
whereas it had no effect in tubules from a diabetic
kidney or in hepatocytes. In hOCT2-HEK293 cells
treated for 15 hours, incubation with cis-platin in-
duced apoptosis, which was completely suppressed
by contemporaneous incubation with the hOCT2 sub-
strate cimetidine (100 �mol/L). These findings dem-
onstrate that uptake of cis-platin is mediated by
hOCT2 in renal proximal tubules, explaining its or-
gan-specific toxicity. A combination of cis-platin with
other substrates that compete for hOCT2 offers an
effective option to decrease nephrotoxicity in the
clinical setting. (Am J Pathol 2005, 167:1477–1484)

Cis-platin is one of the most effective and potent anti-
cancer drugs in the treatment of epithelial malignancies
such as lung, head and neck, ovarian, bladder, and
testicular cancer.1 Even though the mode of action of
cis-platin is still not completely elucidated, it is generally
accepted that platinum complexes exert their main anti-
tumor activities through binding to DNA, and several
specific adducts have been identified.2 The dose of cis-
platin that can be administered is limited by its nephro-
toxicity, but the mechanism by which cis-platin selectively
damages proximal tubule cells has not been fully eluci-
dated.3 To exert its cytotoxic actions, cis-platin has to
enter proximal tubular cells. However, its uptake route
across plasma membrane is not completely understood.
Because cis-platin is actively secreted in renal tubules,4

the existence of a transport system has been suggested.
In epithelial cells derived from proximal tubules of opos-
sum (OK cell line) basolateral-to-apical transport of cis-
platin was higher than apical-to-basolateral transport.5

Co-incubation of cis-platin with tetraethylammonium
(TEA, a model substrate for organic cation transporters,
OCT) significantly decreased accumulation and transport
of cis-platin from the basolateral medium in OK cell line5

and also in rabbit isolated proximal tubuli.6 Moreover,
TEA uptake by NIH3T3 cells stably transfected with rat
organic cation transporter 2 was competitively inhibited
by cis-platin.7 These results suggest that cis-platin trans-
port might also be mediated by OCTs. Transport medi-
ated by these membrane proteins has been character-
ized as polyspecific, electrogenic, voltage-dependent,
and bi-directional, but pH- and Na�-independent.8 Three
isoforms of OCTs have been identified in the rat, mouse,
and human: OCT1, OCT2, and OCT3.8 The different iso-
forms of these transporters have a species- and tissue-
specific distribution: for example OCT2 is the main OCT
of human kidney,9 whereas in rat kidney the principal
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OCT is OCT1; in the human OCT1 is the main isoform of
the liver.9 In humans, hOCT2 has been shown to be
expressed at the basolateral side in all three segments of
the proximal tubule.10 Other indications for the impor-
tance of OCTs in the uptake of cis-platin by proximal
tubule cells come from studies with the clone C7 of
Madin-Darby canine kidney cells. These cells have been
demonstrated to express the isoform 2 of OCT and to be
more sensitive to cis-platin toxicity when cis-platin was
added to the basolateral versus luminal side.2 This tox-
icity could be decreased by incubation with cimetidine, a
substrate of OCT.2 Because diabetic rabbits are resistant
against cis-platin induced nephrotoxicity11 and diabetic
rats have a decreased renal expression of OCTs,12–14 it
could be speculated that protection conferred by diabe-
tes could be due to a reduced cis-platin uptake in prox-
imal tubular cells as a consequence of OCT down-
regulation. Although these studies open interesting
perspectives, cis-platin transport has never been clearly
linked to a specific human transport system or has been
investigated in human material preparations. Moreover,
interaction of a substance with a particular isoform of
OCT does not necessarily predict interaction with other
OCTs, because the affinity of these transporters for dif-
ferent substrates are species- and isoform-specific.15

The aim of this study was to investigate whether cis-platin
specifically interacts with human OCTs. Acute effects of
cis-platin and of its less nephrotoxic derivates oxaliplatin
and carboplatin on uptake of the fluorescent organic cation
4-[4-(dimethylamino)styryl]-N-methylpyridinium (ASP) were
measured in 1) human embryonic kidney cells (HEK293)
stably expressing the hepatic or the renal isoform of OCT
(hOCT1 or hOCT2); 2) freshly isolated human proximal tu-
bules; and 3) freshly isolated human hepatocyte couplets.
Some experiments with human proximal tubules freshly iso-
lated from a diabetic kidney were also performed. To dem-
onstrate that hOCT2 really mediates the uptake of cis-platin,
the accumulation of platin in hOCT2-HEK293 and HEK293
cells after 10 minutes of incubation with this anti-cancer
drug was also compared. Moreover, induction of apoptosis
by incubation of hOCT2-HEK293 cells with cis-platin and its
prevention by cimetidine was compared with that observed
in nontransfected HEK293 cells. We demonstrate that the
transport of cis-platin is isoform- and organ-specific. More-
over, the presence of hOCT2 is necessary for a discrete
uptake of cis-platin and to make HEK293 cells sensitive to
cis-platin toxicity. These toxic effects are prevented by si-
multaneous incubation with cimetidine.

Materials and Methods

HEK293 Cells Stably Expressing hOCT1 or
hOCT2

The HEK293-cells (human embryonic kidney cortex cells,
CRL-1573; American Type Culture Collection, Rockville,
MD) stably transfected with hOCT1 (hOCT1-HEK293) or
with hOCT2 (hOCT2-HEK293) were prepared as de-
scribed previously.16,17 Cells were grown at 37°C in
50-ml cell-culture flasks (Greiner, Frickenhausen, Ger-

many) in Dulbecco’s modified Eagle’s medium (Bio-
chrom, Berlin, Germany) containing 3.7 g/L NaHCO3, 1.0
g/L D-glucose, and 2 mmol/L L-glutamine (Gibco BRL/Life
Technologies, Eggenstein, Germany) gassed with 8%
CO2. To this medium 100,000 U/L penicillin, 100 mg/L
streptomycin (Biochrom), 10% fetal calf serum, and 0.8
mg/ml geneticin (Gibco BRL/Life Technologies) were
added.

Microdissection of Proximal Tubules

Human proximal tubules were isolated for functional anal-
yses using the procedure customary in our laboratory.18

Human kidneys were obtained from patients undergoing
tumor nephrectomy. Pieces of normal kidney tissue dis-
tant from the tumor were used. Thin corticomedullary
slices were cut from the kidney pieces using a scalpel
and immediately transferred into a dissection dish con-
taining minimum Eagle’s culture medium and 5 mmol/L
glycine at 4°C. Single proximal tubules (S2/S3 segments)
were mechanically isolated using fine forceps under ste-
reo microscopic observation and then transferred into a
perfusion chamber with a glass bottom mounted in the
focus of the microscope and finally fixed with two holding
pipettes.

Isolation of Hepatocyte Couplets

Human hepatocyte couplets were isolated according to
Gautam and colleagues19 with modifications. Human liv-
ers were obtained from patients undergoing tumor liver
resection. Pieces of normal liver tissue with a distance
minimum of 5 cm from the tumors were used. Liver tissue
was transferred into chilled HCO3

�-free phosphate
buffer, rinsed free of blood, and tissue was cut into small
pieces. The minced tissue was incubated in Dulbecco’s
modified Eagle’s medium (Biochrom) containing 3.7 g/L
NaHCO3, 1.0 g/L D-glucose, and 0.005% collagenase I
(Worthington Biochemical Corp., Freehold, NJ) for 5 min-
utes at 37°C under shaking. The homogenate was filtered
through a metal sieve (pore size, 250 �) and the filtrate
was centrifuged three times at 100 � g for 5 minutes. The
pellet was resuspended in Dulbecco’s modified Eagle’s
medium containing 3.7 g/L NaHCO3 and 1.0 g/L D-glu-
cose and the suspension was incubated for 8 to 12 hours
in Petri dishes at 37°C under 8% CO2 to allow hepatocyte
couplets to polarize again.19 For microfluorescence mea-
surements, hepatocyte couplets were picked up with a
pipette from the Petri dish and transferred to a perfusion
chamber, where they were finally fixed with a holding
pipette. All procedures with human material were ap-
proved by the ethic commission of the Universitätsklini-
kum Münster, and written consent was obtained from
each patient.

Fluorescence Measurements with ASP

As substrate for OCTs the fluorescent organic cation ASP
was used. Fluorescence measurement device and ex-
perimental procedures were as customary in our labora-
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tory.18,20,21 Briefly, measurements were performed in the
dark with an inverted microscope (Axiovert 135; Zeiss,
Oberkochen, Germany) equipped with a �100 oil immer-
sion objective. Excitation light (450 to 490 nm) was re-
flected by a dichroic mirror (560 nm) to a perfusion cham-
ber. Cell monolayers, isolated human proximal tubules, or
isolated human hepatocyte couplets on coverslips
formed the bottom of the chamber. The preparations
were superfused at a rate of 10 ml/minute with a HCO3

�-
free Ringer-like solution containing (in mmol/L): NaCl,
145; K2HPO4,1.6; KH2PO4, 0.4; D-glucose, 5; MgCl2, 1;
calcium gluconate, 1.3; and pH adjusted to 7.4 at 37°C.
Fluorescence emission (575 to 640 nm) was measured
by a photon-counting tube (H 3460-04; Hamamatsu,
Herrsching, Germany). The initial slope of fluorescence
increase represents directly the ASP uptake across
plasma membrane via OCTs and is not significantly in-
fluenced by exit of ASP from the cells, intracellular com-
partmentalization with changes in emission spectrum,
and bleaching of the dye.18,21 For this reason, we eval-
uated the initial linear slope of the first 10 to 30 seconds
as transport parameter. For proximal tubules, the cellular
fluorescence increase on addition of ASP to perfusion
chamber reflected organic cation transport across baso-
lateral membrane of the tubule only because the ends of
the tubules were kept inside the holding pipettes and
tubules were collapsed.18 For hepatocyte couplets, the
field of measurement was adjusted to sinusoidal mem-
brane of hepatocytes, where OCTs are localized.22

Uptake of Cis-Platin by hOCT2-HEK293 and
HEK293 Cells

To determine whether the presence of hOCT2 is impor-
tant for the uptake of cis-platin, the same number of
hOCT2-HEK293 and HEK293 cells were incubated for 10
minutes at 37°C with 100 �mol/L cis-platin. In parallel
experiments, hOCT2-HEK293 cells were also incubated
with 100 �mol/L cis-platin at 4°C. After incubation, cells
were washed three times with ice-cold Ringer-like solu-
tion and hypoosmotic lysis was induced by addition of
water. Lysates were sonicated for 10 minutes and centri-
fuged 10 minutes at 13,000 rpm. Platin was measured in
supernatants and pellets by a validated graphite furnace-
flameless atomic absorption spectrometry assay re-
ported previously.23,24 Cell lysates were measured di-
rectly without dilution. Cell pellets were dissolved by
concentrated nitrogen acid and diluted with water before
measurement. Twenty �l of each sample were injected
onto a graphite tube and atomized at 2700°C in a Spec-
trAA-Zeeman 220 System (Varian Inc., Darmstadt, Ger-
many). The obtained absorption signals were evaluated
by using peak height and Zeeman background correc-
tion. From the mean absorption of standards a calibration
curve was generated by linear regression which was
used to calculate platinum concentrations in the analyzed
samples. Calibration standards and samples were ana-
lyzed at least in duplicate. Based on the platinum mea-
surements and the used cell number the total platinum
amount per cell was calculated. During each run at least

six quality control samples were measured to assure
accuracy and precision of measurements.

Quantification of Apoptosis and Necrosis by
Flow Cytometry

Apoptosis was determined by detecting annexin V bind-
ing using flow cytometry as described previously.25 Eval-
uation of cell necrosis was performed by simultaneous
detection of propidium iodide uptake by nonpermeabi-
lized cells. hOCT2-HEK293 and HEK-293 cells, after 15
hours of incubation with or without 100 �mol/L cis-platin
or with 100 �mol/L cis-platin plus 100, 50, 20, or 10
�mol/L cimetidine, were labeled with annexin V-fluores-
cein isothiocyanate and propidium iodide (5 �g/ml) in
staining buffer (containing 1% bovine serum albumin in
50 mmol/L HEPES buffer, pH 7.4) for 15 minutes on ice.
Fluorescein isothiocyanate-conjugated murine IgG
monoclonal antibodies of unrelated specificities were
used as controls. After staining, cells were washed in
phosphate-buffered saline and fixed in 4% paraformal-
dehyde to apply flow cytometry. Cells were analyzed on
a FACScan flow cytometer (Becton Dickinson, Mountain
View, CA).

Chemicals

Cis-platin [(cis-platinum(II) diamine dichloride)], oxali-
platin [(SP-42{1R-trans}]-1,2-cyclohexanediamine-N,N�)-
[ethanedioata(2-)-O,O�-platinum], and carboplatin [cis-
diamine(1,1-cyclobutanedicarboxylato)-platinum] were
obtained from Sigma (Taufkirchen, Germany). ASP was
purchased from Molecular Probes (Leiden, The Nether-
lands). Fluorescein isothiocyanate-labeled annexin V was
from Bender Medsystems (Vienna, Austria). All other sub-
stances and standard chemicals were obtained from
Sigma or Merck (Darmstadt, Germany).

Statistical Analysis

Data are presented as mean values � SEM, with n refer-
ring to the number of monolayers, tubules, or hepatocyte
couplets used in fluorescence measurements. EC50 val-
ues were obtained by sigmoidal curve fitting using
GraphPad Prism 4.0 (GraphPad Software Inc., San Di-
ego, CA). Unpaired two-sided Student’s t-test, a Wil-
coxon matched pairs test and analysis of variance (with
Bonferroni posttest) were used to prove statistical signif-
icance of the effects. A P value �0.05 was considered
statistically significant.

Results

Interaction of Cis-Platin with hOCT2-HEK293
Cells

Cisplatin inhibited in a concentration-dependent manner
the initial ASP-uptake in hOCT2-HEK293 cells (Figure 1).
However, maximal inhibition accounted only for 40% of
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the initial ASP uptake in absence of cis-platin. Higher
concentrations of cis-platin could not be dissolved in
superfusion buffer. The EC50 calculated from the inhibi-
tion curve was 1.5 �mol/L, indicating an apparent affinity
of hOCT2 for cis-platin in the same range as that ob-
served for the typical organic cations tetrapentylammo-
nium, TEA, cimetidine, or quinine (EC50 � 2.7, 35, 36,
and 6.7 �mol/L, respectively).17

Interaction of Cis-Platin, Oxaliplatin, and
Carboplatin with hOCT2 and of Cis-Platin with
hOCT1

Although 100 �mol/L cis-platin caused a significant inhi-
bition of initial ASP-uptake via hOCT2 (�29 � 10%, n �
10; Figure 2), the same concentration of the less neph-

rotoxic derivates oxaliplatin and carboplatin showed no
significant interaction with hOCT2 (�2 � 6%, n � 8 and
5 � 9%, n � 6, respectively; Figure 2). Cis-platin (100
�mol/L) showed no significant effect on initial ASP uptake
via hOCT1 (2 � 12%, n � 10; Figure 2). These experi-
ments with the isoforms hOCT1 and hOCT2 showed that
cis-platin interacts with hOCT2, but not with hOCT1.

Interaction of Cis-Platin with OCTs of the
Freshly Isolated Human Proximal Tubules and of
Human Hepatocyte Couplets

For the first time, we have investigated these transport
processes also in human proximal tubules and hepato-
cyte couplets freshly isolated from tissue of patients un-
dergoing nephrectomy or liver resection. Cis-platin (100
�mol/L) was also able to significantly inhibit the initial ASP
uptake across the basolateral membrane of freshly iso-
lated human proximal tubules from patients (�38 � 7%,
n � 7; Figure 3). For the first time we could also perform
uptake experiments with proximal tubules from a human
diabetic kidney. In three experiments, the prototypical
organic cation TEA could not inhibit ASP uptake. Also
cis-platin showed no interaction with ASP transport (�3 �
21%, n � 3; Figure 3). In human hepatocyte couplets
initial ASP uptake across basolateral membrane could be
inhibited by TEA (�29 � 3%, n � 5), but not by 100
�mol/L cis-platin (�5 � 8%, n � 5). To our knowledge,
this is the first work in which functional properties of
human hepatocyte couplets have been investigated.

Uptake of Cis-Platin by hOCT2-HEK293 and
HEK293 Cells

The uptake of cis-platin by hOCT2-HEK293 (0.55 � 0.03
pg/cell, n � 3) was significantly higher than by HEK293
(0.15 � 0.02 pg/cell, n � 3) cells (Figure 4). Inhibition of
metabolic processes by low temperature (4°C) resulted

Figure 1. Concentration response curve for the inhibition of initial ASP
uptake by cis-platin in hOCT2-HEK293 cells. Values are mean � SEM ex-
pressed as percentage change of ASP uptake in the absence of cis-platin.
EC50 value determined from this curve was 1.5 �mol/L. In parentheses the
number of observations is given.

Figure 2. Effects of 100 �mol/L cis-platin on initial ASP uptake in hOCT1-
and hOCT2-HEK293 cells. Values are mean � SEM expressed as percentage
change of ASP uptake in the absence of cis-platin. The effects of carboplatin
and oxaliplatin on initial ASP uptake in hOCT2-HEK293 cells are also shown.
*Statistically significant effect compared to controls (unpaired t-test, P �
0.05). Above the columns are the number of observations.

Figure 3. Effects of 100 �mol/L cis-platin on initial ASP uptake in freshly
isolated proximal tubules from human nondiabetic and diabetic kidneys. The
effects of cis-platin on initial ASP uptake in human hepatocyte couplets are
also shown. Values are mean � SEM expressed as percentage change of ASP
uptake in the absence of cis-platin. *Statistically significant effect (P � 0.05,
Wilcoxon matched pairs test). Above the columns are the number of
observations.
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in a reduction of cis-platin uptake (0.21 pg/cell, n � 2) to
values similar to what found in HEK293-cells (Figure 4).

Apoptosis after Incubation with Cis-Platin

To further demonstrate that the nephrotoxicity of cis-platin
is due to uptake via hOCT2 we measured apoptosis
induced by cis-platin in HEK293 cells and those trans-
fected with hOCT2 by fluorescence-activated cell sorting
analysis. Incubation (24 and 48 hours) with 100 �mol/L
cis-platin resulted in an extensive cell death of hOCT2-
HEK293 cells, but not of HEK293 cells (not shown). Fif-
teen hours of incubation with 100 �mol/L cis-platin at
37°C induced a significant increase of apoptosis (ex-
pressed in percentage of annexin V-positive, but pro-
pidium iodide-negative cells; Figure 5, bottom right quad-
rants) in hOCT2-HEK293 cells (22 � 3%, n � 14 with
cis-platin, 8 � 1%, n � 16 without cis-platin), but not in
HEK293 cells (3 � 1%, n � 6 with cis-platin, 7 � 2%, n �
6 without cis-platin; Figure 6). This induction of apoptosis
by cis-platin via hOCT2 was inhibited by the parallel
incubation with 100 �mol/L cis-platin and 100 �mol/L of
the organic cation cimetidine (8 � 2%, n � 8). A com-
plete suppression of cis-platin-induced apoptosis could
be reached also with 50 �mol/L (6 � 1%, n � 5), a partial
suppression with 20 and 10 �mol/L cimetidine (13 � 2%,
n � 5 and 14 � 4%, n � 6, respectively). Figure 5 shows
a typical experiment and Figure 6 summarizes the results
of all experiments. Incubation of hOCT2-HEK293 cells
with 100 �mol/L cis-platin did not induce necrosis (27 �
5%, n � 8 with cis-platin, 30 � 4%, n � 9 without cis-
platin, expressed in percentage of propidium iodide-
positive cells; Figure 7).

Discussion

Nephrotoxicity is a serious consequence of aggressive
therapy with cis-platin that often precludes the use
of high-dose treatment. Moreover, the cumulative dose of

cis-platin is a strong risk factor for the development of
nephrotoxicity in patients who receive high doses of ifos-
famide, cis-platin, and etoposide combinations.26 Carbo-
platin and oxaliplatin are less nephrotoxic analogues of
cis-platin.1 In LLC-PK1 cells, a pig renal epithelial cell

Figure 4. Cis-platin accumulation in HEK293 (white column) and hOCT2-
HEK293 (gray column) cells after 10 minutes incubation with 100 �mol/L
cis-platin. Experiments performed with hOCT2-HEK293 cells at 4°C are also
shown (black column). Values are mean � SEM expressed as pg cis-platin
per cell. *Statistically significant effect (analysis of variance, P � 0.05). Above
the columns are the number of observations.

Figure 5. Typical fluorescence-activated cell sorting measurement of an-
nexin V (apoptosis marker) and propidium iodide (necrosis marker) in
HEK293 cells and hOCT2-HEK293 cells after 15 hours of incubation with or
without 100 �mol/L cis-platin or with 100 �mol/L cis-platin � 100 �mol/L
cimetidine. After cis-platin incubation a new population of apoptotic cells
(bottom right quadrant) appears only in the hOCT2-HEK293 cells.

Figure 6. Summary of fluorescence-activated cell sorting measurements of
annexin V (apoptosis marker) in HEK293 cells and hOCT2-HEK293 cells after
15 hours of incubation with or without 100 �mol/L cis-platin or with 100
�mol/L cis-platin � 100, 50, 20, or 10 �mol/L cimetidine. Values are mean �
SEM expressed as percentage of total cell population. *Statistically significant
effect from hOCT2-HEK293 cells without cis-platin; §statistically significant
effect from hOCT2-HEK293 cells with cis-platin (analysis of variance, P �
0.05). Above the columns are the number of observations.
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line, carboplatin was not toxic even at 10-fold the LC50

dose of cis-platin.27

The proximal tubules are maximally exposed to cis-
platin during the first 3 hours after administration and
toxicity is time- and dose-dependent.3 The first step for
cis-platin to develop its toxic action is uptake into the cell.
Even though for this process the involvement of the or-
ganic cation transport system has been supposed in OK5

and Madin-Darby canine kidney2 renal epithelial cell lines
and in isolated rabbit proximal tubules,6 the role of this
transport system for transport of cis-platin in humans is
not yet known. This seems especially important because
expression of specific isoforms of OCT varies between
organs and species and substrate specificity is signifi-
cantly different between the different isoforms also in the
same species.17,20,21 In this study we have investigated if
and which organic cation transporters are involved in
cis-platin uptake in humans in kidney and liver.

The experiments with the isoforms hOCT1 and hOCT2
showed that cis-platin interacts with hOCT2, but not with
hOCT1. Because hOCT2 is in humans the renal isoform of
OCTs and hOCT1 is the hepatic one,9 these results could
explain the organ-specific toxicity of cis-platin with toxic
effects in kidney but not in liver. Carboplatin and oxali-
platin, less nephrotoxic analogues of cis-platin, showed
no interaction with hOCT2. It can be supposed, that these
compounds cannot easily penetrate into proximal tubular
cells, because they cannot interact with hOCT2 and
therefore are less toxic for the tubule cells. Cis-platin
inhibited concentration dependently ASP uptake via
hOCT2 with a 40% maximal inhibition. This result can be
explained taking into account the very recently proposed
structure-function properties of OCTs. These transporters
seem to have a big binding pocket with overlapping
interaction domains for different substrates.28,29 For ex-
ample, it has been proposed that rOCT1 contains a large
substrate binding region within a large cleft that can bind

simultaneously several substrates and/or inhibitors.29

Transport of ASP or cis-platin can therefore require simul-
taneous or successive substrate binding to two or more
binding sites within this large cleft. In this way, even
though both cis-platin and ASP are transported by
hOCT2, they can bind with different affinities, slightly
different domains of the transporter, and a maximal inhi-
bition of ASP uptake by cis-platin cannot be reached.
Because a concentration of 100 �mol/L resulted in an
almost maximal effect, we have used this concentration
for all further experiments. In patients and experimental
animals treated with nephrotoxic doses of cis-platin, the
serum concentration reached 30 to 50 �mol/L.3 There are
no reports on plasma levels in high-dose oxaliplatin treat-
ment so far.2 In patients with high-dose carboplatin ther-
apeutic regimens the platinum complex concentration
was 65 �mol/L in plasma and 61 �mol/L in ultrafiltrated
plasma.2 These platin concentrations are not far from
what was used in this study. Moreover, such concentra-
tions of platinum complexes are commonly used for in
vitro studies.2 For the first time, we have investigated
these transport processes also in human proximal tu-
bules and hepatocyte couplets. The results of these ex-
periments confirm what was observed with hOCT1 and
hOCT2: cis-platin interacts with the transport system of
the fluorescent organic cation ASP in proximal tubules,
but not in hepatocyte couplets. For the first time we could
also perform uptake experiments with proximal tubules
from a diabetic kidney. In three experiments, the proto-
typical organic cation TEA could not inhibit ASP uptake.
Also cis-platin showed no interaction with ASP transport.
Diabetic rats and rabbits have been shown to be resistant
against cis-platin nephrotoxicity.11,12,14 Both short- and
long-term diabetes was associated in diabetic rats with
reduced gene and protein expression of the renal OCT
isotypes.12,14 Therefore, the lack of inhibition of ASP
transport observed in this study in freshly isolated human
proximal tubules could indicate a down-regulation of
OCTs also in diabetic humans. The down-regulation of
hOCT2 could protect also diabetic humans from cis-
platin nephrotoxicity, as suggested by the lack of inter-
action of cis-platin with the ASP transport seen in this
study. The mechanism by which diabetes can regulate
the expression and/or activity of OCTs is not known.
However, because hOCT2 is inhibited by G protein acti-
vation17 and diabetic patients have an enhanced G pro-
tein reactivity,30 this pathway could represent a possible
link between diabetes and OCT regulation. Large clinical
studies are required to establish if diabetic patients have
a protection against cis-platin nephrotoxicity.

The inhibition of ASP uptake by cis-platin does not
necessarily imply that cis-platin is transported by hOCT2.
However, the experiments in which platin has been mea-
sured in lysates of cells incubated with cis-platin con-
firmed the importance of hOCT2 for its uptake. The up-
take of cis-platin by HEK293 cells was of unspecific
nature, because it was not different from what was ob-
served in hOCT2-HEK293 cells at 4°C. At this low tem-
perature, specific transport processes are mostly inhib-
ited. Only HEK293 cells expressing hOCT2 responded
with increased apoptosis to cis-platin incubation, once

Figure 7. Summary of fluorescence-activated cell sorting measurements of
propidium iodide (necrosis marker) in hOCT2-HEK293 cells after 15 hours of
incubation with (black column) or without (white column) 100 �mol/L
cis-platin. Values are mean � SEM expressed as percentage of total cell
population. Above the columns are the number of observations.
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more confirming that cis-platin must indeed be taken up
by the cells via hOCT2. Apoptosis was suppressed by
contemporaneous incubation with cis-platin and cimeti-
dine, a typical organic cation, suggesting a competition
for the transport at the transporter and hence a reduction
of cellular cis-platin toxicity. Although a concentration of
cis-platin in plasma similar to that used in this study can
be reached in patients (see above), the mean steady-
state cimetidine concentrations on a standard 1000-mg
daily dose are �4 �mol/L.31 However, after a single
400-mg dose, concentrations up to 18 �mol/L have been
measured.32 It must be tested if a cimetidine concentra-
tion of 50 �mol/L can be used in clinical practice or if
lower concentrations of other substances with higher af-
finity for OCTs can also effectively compete with cis-
platin. In experimental studies in animals it is well dem-
onstrated that organic cations protect from cis-platin
nephrotoxicity: quinine and cyanine in hens;33 procaine
hydrochloride,34 disopyramide, and verapamil35 in rats.
In humans there are few but contradictory results: vera-
pamil and cimetidine protected from cis-platin nephrotox-
icity in a group of nine patients with nonseminomatous
testicular cancer,36 while ranitidine did not modify renal
handling of cis-platin in 10 pediatric patients, in contrast
with what was observed from the same group in dogs,
where it decreased cis-platin renal clearance.37 The au-
thors speculate that this discrepancy may result from
relative insensitivity of the study to detect small differ-
ences in the pharmacokinetic parameters in children.37

Interestingly, microarray analysis of rat kidneys after 7
days of cis-platin treatment showed that expression lev-
els of multidrug resistance transporters were increased,
whereas that of OCT2 were decreased.38 At that time the
significance of these changes to cis-platin toxicity re-
mained elusive. Now we have demonstrated that OCTs
play an important role in the tubular uptake of cis-platin.
Their decrease would therefore result in a decreased
cis-platin uptake and could protect the kidney from fur-
ther toxicity.

In conclusion, we show that cis-platin interacts with
hOCT2 but not with hOCT1. The physiological relevance
of this interaction is underlined by the experiments show-
ing that cis-platin interacts with the organic cation trans-
port in freshly isolated human proximal tubules but not
with that of human hepatocyte couplets. These findings
elucidate the organ-specific toxicity of cis-platin. The in-
teraction with hOCT2 is necessary to induce toxicity,
because only cells expressing this transporter became
apoptotic after 15 hours of incubation with cis-platin.
Apoptosis could be suppressed by contemporaneous
incubation with cimetidine, a substrate of OCT, suggest-
ing that administration of a specific competitor for renal
OCT could allow the use of high doses of cis-platin in the
anti-neoplastic therapy without causing nephrotoxicity or
to maintain higher cis-platin concentrations in blood.
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