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Effect of Cisplatin on Na' /H" Antiport in the OK Renal Epithelial

Cell Line
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Cis-diamminedichloroplatinum II (cisplatin), an effective antitumor agent, induces acute renal failure by
unknown mechanisms. To investigate direct toxic effects of cisplatin in the renal proximal tubular transport
system, OK cell line was selected as a cell model and Na*/H™ antiport activity was evaluated during
a course of cisplatin treatment. The cells grown to confluence were treated with cisplatin for 1 hour,
washed, and incubated for up to 48 hours. At appropriate intervals, cells were examined for Na " /H"
antiport activity by measuring the recovery of intracellular pH (pHi) after acid loading. Cisplatin of less
than 50 yM induced no significant changes in cell viability in 24 hours, but it decreased the viability
markedly after 48 hours. In cells exposed to 50 uM cisplatin for 24 hours, the Na " -dependent pHi recovery
@(.e., Na"/H" antiport) was drastically inhibited with no changes in the Na ™" -independent recovery. Kinetic
analysis of the Na™-dependent pHi recovery indicated that the Vmax was reduced, but the apparent Km
was not altered. The cellular Na* and K contents determined immediately before the transport measure-
ment appeared to be similar in the control and cisplatin group, thus, the driving force for Na " -coupled
transport was not different. These results indicate that cisplatin exposure impairs the Na*/H" antiport
capacity in OK cells. It is, therefore, possible that in patients treated with a high dose of cisplatin, proximal
tubular mechanism for proton secretion (hence HCO;™ reabsorption) could be attenuated, leading to a
metabolic acidosis (proximal renal tubular acidosis).
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INTRODUCTION

Cisplatin (cis-diamminedichloroplatinum II) is highly
effective antitumor agent (Roseneweig et al, 1977),
but its therapeutic usefulness is limited by its pro-
nounced nephrotoxicity (Safirstein et al, 1986). Sev-
eral authors have described the effects of this drug
on the renal structure and functions (Dentino et al,
1978; Dobyan et al, 1980; Daugaard et al, 1987).
Reduction in glomerular filtration rate (Winston &
Safirstein, 1985; Daugaard et al, 1988), impaired
urine concentrating. ability (Safirstein et al, 1982;
1986), renal potassium and magnesium wasting
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(Schilsky & Anderson, 1979; Blachley & Hill, 1981;
Mavichak et al, 1985), diminished proximal tubular
sodium and fluid reabsorption (Daugaard et al, 1986),
and defect in proximal tubular acidification (Lacchini
et al, 1992) are among the important findings.
The mechanisms by which cisplatin induces these
lesions are not completely understood. With respect
to the cisplatin effect on urine acidification, renal
tubular stopped-flow, microperfusion experiments in
rats by Lacchini et al (1992) have indicated that
cisplatin treatment inhibits urine acidification at the
proximal tubule without increasing H" back leakage
across the tubule. Such results may suggest that the
Na®/H" antiporter activity is impaired by cisplatin,
as the proximal tubular acidification is primarily de-
termined by secretion of H* via the Na'/H" anti-
porter (Malnic, 1987; Ross, 1989). The present study
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was, therefore, undertaken to examine this possibility.
OK cell line was selected as a model system to
evaluate direct cellular effects of cisplatin on the Na™
/H" antiporter. The OK cell is a continuous cell line
derived from American opossum kidney (Koyama et
al, 1978). When grown to confluence, these cells ex-
press many characteristics of proximal tubular epithe-
lia, including various sodium-dependent secondary
active transports (Malmstrom & Murer, 1986; Malm-
strom et al, 1987, Quamme et al, 1989; Van den
Bosch et al, 1989; Montrose & Murer, 1990a).

METHODS

Cell culture

OK cell line was obtained from the American Type
Culture Collection (ATCC) and maintained by serial
passages in 75 cm’ plastic culture flasks (Coming,
New York). The cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented
with 5% fetal bovine serum and 1% antibiotic/
antimycotic solution (Gibco) in an atmosphere of 5%
C02-95% air at 37°C (Montrose & Murer, 1990a).
The culture was fed with fresh medium every 3 days.
When cell growth reached saturation density, subcul-
tures were prepared by treatment with 0.5% trypsin-
0.2% ethylenediaminetetraacetic acid (EDTA) in Ca**
and Mg® " -free Hank’s balanced salt solution (HBSS,
Gibco) for 5~10 min at 37°C. The cells were
suspended by gentle shaking of the culture flasks and
then plated at 1:6 dilution with culture medium in 75
cm’ plastic culture flasks. Confluence occurred after
3~4 days in culture. The cell monolayers were
maintained in serum-free medium for 24 hours before
drug treatment. All experiments were performed on
passages 80~95.

Cisplatin treatment

Cisplatin was dissolved in a sterile salt medium
containing (in mM) 114 NaCl, 5.4 KCl, 0.8 MgCl,,
1.2 CaCly, 0.8 Na;HPO4, 0.2 NaH,PO,, 16 NaHCOs,
and 5.5 glucose, saturated with 5% CO,-95% air (pH
7.4) at 37°C. Cell monolayers were washed twice
with HBSS and then exposed to cisplatin-containing
medium for 60 min. Upon completion of exposure the
monolayers were washed three times with HBSS to
remove the residual drugs and were incubated in

DMEM containing 5% fetal bovine serum (Baldew et
al, 1992). In control experiments, monolayers were
exposed to the vehicle (plain salt medium).

Determination of cell viability

Monolayers of OK cells were detached by incuba-
ting them in Ca*" and Mg7'+—free HBSS containing
0.5% trypsin and 0.2% EDTA for 5~ 10 min at 37°C.
The viability was assessed by counting viable cells
in the presence of trypan blue using hemocytometer
and quantified by measuring the amount of protein in
the viable cells (Baldew et al, 1992). The protein
concentration was determined by the method of
Bradford (1976) using the Bio-Rad Protein Assay Kit
with bovine p-globulin as a standard.

Measurement of intracellular pH (pHi) recovery from
an acid load

As a measure of Na*/H" antiport activity the Na™
-dependent recovery of intracellular pH (pHi) was
determined in acid loaded OK cells. The pHi re-
covery was determined both in the presence and
absence of Na' in the extracellular medium, and the
difference was taken as the Na'-dependent compo-
nent. The Na”-containing medium was Hank’s salt
solution (HSS) consisting of (in mM) 140 NaCl, 4.2
NaHCOs, 0.36 Na;HPO4, 0.5 MgCl,, 1.3 CaCl,, 5.4
KCl, 0.44 KH,PO4, and 5.5 glucose and 10 Hepes,
pH 7.2. In Na'-free HSS NaCl was replaced by
equimolar concentration of TMA-chloride, and NaHCO;
and Na,HPO, were replaced by respective K™ -salts.
OK cell monolayers were detached with trypsin as
described above and the cell suspension was centri-
fuged at 1,100 rpm for 5 min. The cells were then
washed twice with Na”-free HSS by centrifuging at
1,100 rpm for 5 min. The washed cells were
resuspended in Na*-free HSS and equilibrated for 15
min at 37°C.

Changes in pHi was monitored using a pH-sensi-
tive fluorescent dye 2°,7°-bis-(2-carboxyethyl)-5,6-
carboxyfluorescein (BCECF). Cells were first loaded
with the dye by incubating them in Na'-free HSS
containing 3 uM triacetoxymethyl ester of BCECF
(BCECF-AM) for 30 min at 37°C. BCECF-AM was
added from a 1 mM stock solution in dimethylsul-
foxide. After entering the cell BCECF-AM is hy-
drolyzed by esterase, leaving free BCECF in the cell.
The BCECF-loaded cells were washed twice with
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dye-free Na" -free HSS by centrifuging at 1,100 rpm
for 5 min and resuspended in Na* -free HSS. The pHi
of the cell containing BCECF was determined by a
spectrofluorometer as described by Montrose et al,
(1987) and Montrose and Murer (1990b). A prelimi-
nary experiment was catried out to obtain appropriate
dual excitation wavelengths. Samples were excited at
various wavelengths between 400~550 nm and the
emission was recorded at 530 nm. The value of emis-
sion was then plotted against the excitation wave-
length and found 450 nm as the excitation wave-
length for cellular autofluorescence and 505 nm as
that for maximal BCECF fluorescence emission (Fig.
1A). Thus, the ratio of emissions at excitation wave-
lengths 505 and 450 nm was recorded as the BCECF
fluorescence corrected for cellular autofluorescence.
The ratio was then converted to pHi value using a
calibration curve. The calibration curve for OK cells
(Fig. 1B) was constructed by determining BCECF
fluorescence ratios in solutions (110 mM KCl, 1 mM
MgCl,, 1 mM CaCl,, 30 mM choline chloride, and
20 mM Hepes) of varying pH (6.0~8.0) containing
nigericin (10 pM), a protonophore (Dagher & Sau-
terey, 1987).

Acid loading to the cell was achieved by ammo-
nium chloride prepulse technique (Guggino et al,
1983). In this technique, cells are exposed to Na™
free HSS containing 25 mM NH4Cl at 37°C for 10
min, during which the NH; moved into the cell is
converted to NH,", increasing the pHi. When these
cells are exposed to NH4Cl-free solution, the NH;
dissociated from NH,4 quickly moves out of the cell
by non-ionic diffusion, leaving H" in the cell. In
practice, at the end of incubation with NH4Cl, an
aliquot (~20 ul) of cell suspension is diluted with
a large volume (2 ml) of NH4Cl-free solution (either
HSS or Na'-free HSS) in a cuvette.

Measurement of cellular electrolytes

Cells were suspended in Na’-free HSS containing
3H-inulin (10 gCi/ml). The cell suspensions were
centrifuged at 5,000 rpm for 10 min. The supernatants
were removed and the packed cells were extracted for
5 hours in an equal volume of concentrated nitric acid
(13.6 M). Na* and K™ in the extracts were measured
with a flame photometer (Radiometer, model FLM3,
Copenhagen, Denmark) and H activities with a
liquid scintillation counter (Packard, Tricarb 4530).
The Na* and K contents of packed cells were cor-
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Fig. 1. A: Changes in emission intensity according to the
excitation wave length in spectrophotometry of BCECF-
loaded OK cells suspended in media of various pH. B:
The calibration curve for intracellular pH in spectro-
photometry of BCECF-loaded OK cells. The ratio of
emission intensities (Fluorescence ratio) determined at
the excitation wave lengths of 505 and 450 nm was
plotted against the pH of suspending medium containing
10 #M nigericin, a protonophore.

rected for the contamination by extracellular fluid
(SH—inulin space) and expressed as mmole/l cell.

Chemicals and materials

Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum, trypsin, and antibacterial/antimy-
cotic solution were purchased from Gibco (Grand
Island, NY, USA). We obtained 2’,7’-bis-(2-carboxy-
ethyl)-5,6-carboxyfluorescein (BCECF)-triacetoxyme-
thyl ester and ethylisopropyl amiloride (EIPA) from
Molecular Probes (Eugene, ORS), *H-inulin from
New England Nuclear (Boston, MA, USA), and
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cisplatin from Sigma Chemicals (St. Louis, MO,
USA). All other chemicals were of analytical grade.

Statistical analysis

Statistical evaluation of data was done using
Student’s t-test and covariance analysis. Differences
with p<0.05 were considered statistically significant.

RESULTS
Effect of cisplatin on OK cell viability

The first series of experiments was on the time and
concentration dependence of OK cell viability on
cisplatin exposure. The cell monolayers were exposed
to 10, 50, or 100 uM cisplatin for 1 h, washed and
incubated with fresh medium for 24 or 48 h before
the test. In cells exposed to 10 uM cisplatin, there
was no substantial change in viability during 48 h.
In cells exposed to 50 yM cisplatin, viability de-
creased slightly (~4%), but not significantly, during
the first 24 h, but it fell significantly (~32%) after
48 h. In cells exposed to 100 uM cisplatin, viability
decreased significantly both at 24 h (~22 %) and 48
h (~57%) after the drug exposure.

Effect of cisplatin on Na*/H™ exchange in OK cell

Fig. 2A shows a typical tracing of pHi changes
determined by BCECF fluorescence technique in
acid-loaded OK cells. Upon intracellular acid loading
the pHi dropped to about 6.8 and then recovered
slowly as H” ions moved out. The heavy line in the
center of the fluorescence tracing is the regression
line generated by computer fitting of data using the
following equation:

f)=a+b-e

where, a, b and ¢ are constant, t is time, and f(t) is
fluorescence at time t. The initial velocity of pHi
change is obtained from the derivative of the function
f(t) at t=0.

Fig. 2B depicts the time courses of pHi recovery
in the presence and absence of sodium in the extra-
cellular medium. For simplicity, only the regression
lines are illustrated. The upper most line represents
the data for sodium (140 mM)-containing medium.
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Fig. 2. A: A typical tracing of pHi response to an
intracellular acid load in the OK cell. Acid loading by
NH.CI prepulse technique causes a quick drop of pHi to
about 6.8. The pHi is then slowly reverted as H" ions
move out of the cell. The line in the center of the flores-
cence tracing is the regression line generated by com-
puter fitting of the data using the equation f(t)=a+be
B: Time courses of pHi recovery of acid-loaded OK cells
in Na*-, TMA-, or Na" and EIPA-containing media. For
simplicity, only the regression lines of fluorescence
tracings are depicted. The concentration of Na® and
TMA (tetramethylammonium) was 140 mM and ‘that of
EIPA (ethylisopropyl amiloride) was 100 yM. Data repre-
ent a typical experiment.

When sodium was replaced by tetramethylammonium
(TMA), the rate of pHi recovery was markedly
reduced. The difference between these two lines
represents the sodium-dependent pHi recovery, which
may be mediated by Na*/H" antiporter, as it was
inhibitable by 100 uM ethylisopropyl amiloride
(EIPA), a specific inhibitor of renal Na*/H" anti-
porter (Helmle-Kolb et al, 1990). These results
confirm the existence of Na*/H" antiport system in
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Fig. 3. Time courses of pHi recovery of acid-loaded
control and cisplatin-treated OK cells in Na” -containing
(Panel A) and Na“-free (Panel B) media. For simplicity,
only the regression lines of fluorescence tracings are
depicted. In cisplatin group, the cell monolayers were
treated with 50 yM cisplatin for 1 h, washed, and
incubated for 24 h before they were tested for pHi
recovery. Data represent a typical experiment.

OK cells, as reported by others (Gennari et al, 1992;
Murer et al, 1994).

Fig. 3 compares time courses of pHi recovery
between the control and cisplatin (50 pM)-treated
cells. In cisplatin-treated cells, the pHi recovery in
sodium-containing medium was significantly retarded
(Fig. 3A), but that in sodium-free medium was not
different from the control (Fig. 3B), indicating that
the Na*/H™ antiport activity was suppressed.

The Na™ content in the cell immediately before the
pHi measurement was comparable in the control and
cisplatin group (Table 1), indicating that the imposed
Na™ gradient (i.e., the initial driving force for Na* /H"
antiport) was identical.

Fig. 4 shows changes in the initial rate of pHi
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Fig. 4. Effect of cisplatin treatment on the initial rate of
pHi recovery (dpHi/dt) in Na"-containing and Na*-free
(TMA) media as a function of cisplatin concentration.
The value of dpHi/dt was obtained by taking the
derivative of the function f(t)=a+be ™ * at t=0. In cispla-
tin groups, cell monolayers were exposed to cisplatin of
indicated concentrations, washed, and incubated for 24 h
before the test of pHi recovery. Data represent mean +SE
of 3 determinations. *Significantly different from the
control (0 yM cisplatin) value.

Table 1. Sodium and potassium contents of the control
and cisplatin-treated OK cells

[Na'] K"]
(mEq/! cell)
Control 14.59+1.11 10.44+0.71
Cisplatin 1435+1.05 9411025

Cells were prepared in a way similar (except BCECF
loading) to that for the pHi recovery study. Cells were
preincubated for 30 min in Na'-free (TMA)-medium,
then suspended in TMA-medium containing NH4Cl (25
mM) and ’H-inulin, and analyzed for Na®, K* and
inulin. The Na’ and K* contents of the packed cells
were corrected for the contamination by extracellular
fluid using inulin space.

recovery (dpHi/dt) in cisplatin-treated cells as a
function of cisplatin concentration. The dpHi/dt in
sodium-containing medium decreased progressively
as the cisplatin concentration increased, whereas that
in the sodium-free (TMA) medium remained un-
changed at all cisplatin concentrations. Consequently,
the sodium-dependent dpHi/dt appeared to be pro-
gressively reduced as the cisplatin concentration
increased. The average reduction was 25% with 10



74 JY Kim & YS Park

UM cisplatin, 73% with 50 yM cisplatin, and 90%
with 100 y4M cisplatin.

Fig. 5 shows the effect of cisplatin treatment on
Na*/H" antiport kinetics. In the upper panel sodium-
dependent dpHi/dt for the control and cisplatin (50 g
M)-treated cells are plotted against the sodium
concentration in the medium, and in the lower panel
the same data are depicted as Hofstee plots. It is
evident that in cisplatin-treated cells the Vmax was
markedly reduced (0.225 in control vs. 0.081 in
cisplatin group), but the Km was not significantly

025 A
5
% 0.20 - Control
gr‘\
© E
2E 015
$=
TS
£ T 010 F Cispiatin
oG
% S
- 0.05 |
2
o .
0 50 100 150
[Na] (mM)
0.25 - B Vmax Km
® Control 0.225 31.0
0.20 m Cisplatin 0.081 29.6
015
'
0.10
0.05 |
o J
0 0.002 0.004 0.006 0.008
v/[Na]

Fig. 5. A: Changes in the initial rate of Na*-dependent
pHi recovery (Na"-dependent dpHi/dt) as a function of
Na™ concentration in the medium in control and cispla-
tin-treated OK cells. The Na'-dependent dpHi/dt was
obtained by subtracting the dpHi/dt in TMA-containing
medium from that in Na'-containing medium. Data
represent mean+SE of 3 determinations. *Significantly
different from the corresponding control value. B:
Hofstee plots of the data in the panel A. Analysis of
covariance indicates that the two regression lines are
significantly different (p<0.01) in the intercept with
ordinate (i.e., Vmax) but not in the slop (i.e., Km).

changed (31.0 mM in control vs. 29.6 in cisplatin
group) as compared with the control.

DISCUSSION

The data of the present study clearly indicate that
cisplatin exposure induces a defect in Na /H"
antiporter in OK cells. When cells were treated with
50 uM cisplatin for 1 h and then tested after 24 h,
the Na*-gradient dependent pHi recovery from intra-
cellular acid loading appeared to be significantly
retarded (Figs. 3 and 4). The Na" -independent com-
ponent of pHi-recovery and the viability of the cell
were not significantly affected. The cellular Na™
content before the onset of transport study was not
different between the control and cisplatin group
(Table 1), thus the imposed Na® gradient was
identical. It is, therefore, apparent that the Na*/H"
antiport mechanism was impaired by cisplatin
treatment. Kinetic analysis indicated that the Vmax,
but not the Km, of Na™-dependent pHi recovery was
altered by cisplatin treatment (Fig. 5).

The mechanism by which cisplatin induced this
change is not entirely clear. In the kinetic analysis of
carrier-mediated transport, the Vmax is determined by
two factors: (1) the capacity of carrier system itself
and (2) the proportion of adsorbed molecules which
dissociate in a forward direction in unit time (Neame
& Richards, 1972). The former depends mainly on
the number of carrier sites. The latter depends on the
probability of a substrate molecule to dissociate from
a carrier site in a given time and the rate of turnover
of carrier across the membrane. Since in the present
study the Km (ie., substrate affinity) was not
changed, it is unlikely that the carrier-substrate dis-
sociation was altered. It is more likely that cisplatin
reduced the number of carriers or their turnover rate.
It is not certain, however, which one of these was
actually affected by cisplatin. In this respect, it is
important to mention that in our previous studies on
LLC-PK; renal epithelial cell line, cisplatin exposure
caused a decrease in phlorizin binding sites as well
as Vmax of Na'-hexose symport activity without
affecting the Km (Lee et al, 1997), which indicates
that the number of hexose transport catriers is re-
duced by cisplatin. Phelps et al (1987) have shown
that cisplatin treatment induces partial loss of apical
microvilli in the proximal tubule. If this happened in
OK cells in the present study, the area of apical
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membrane containing transporters would be reduced.
Since, however, the Na+-independent component of
pHi recovery, which would be proportional to the
membrane area for H' diffusion, was not decreased
in cisplatin-treated cells (Figs. 3, 4), the apical mem-
brane area may not be changed significantly. Thus,
the drastic reduction in Vmax in cisplatin-treated
cells, as observed in the present study, is most likely
accounted for by a reduction in carrier density in the
membrane. Since cisplatin treatment is known to
inhibit macromolecule synthesis in renal tissues
(Bodenner et al, 1986; Tay et al, 1988), it is specu-
lated that synthesis of membrane transport carriers,
such as Na'/H" antiporter, is impaired by cisplatin
treatment,

Lacchini et al (1992) have observed in renal tubu-
lar microperfusion studies in rats that cisplatin treat-
ment resulted in an increase in proximal tubular
acidification half time and a decrease in HCO;
reabsorption, without altering H* backflux, which
suggest that proximal tubular H" secretion was im-
paired. Such a defect in H” secretion may be associ-
ated with a reduction in Na™/H" antiport capacity,
in light of the present study.

Field et al (1989) have used electron microprobe
analysis to measure Na™ concentrations in proximal
tubules and found that Na™ entry into the tubular cell
was reduced by cisplatin. Since a major portion of
proximal tubular Na™ entry is mediated by the Na™
/H" antiporter, these data are compatible with im-
paired Na*/H" antiporter in proximal tubular cells.

In conclusion, the present study have shown that
cisplatin treatment could reduce the Na™/H" antiport
capacity, without altering substrate affinity, in OK
renal epithelial cells. Such changes may be respon-
sible for the impaired proximal tubular acidification
and HCO; reabsorption, as previously observed in
intact animals.
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