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Summary. The effect of cisplatin on ATPase activity was
determined in vitro and in vivo to investigate the correla-
tion between nephrotoxicity and the inhibition of ATPase
activity by cisplatin. Purified Na,K-ATPase was preincu-
bated for 0-240 min with cisplatin at concentrations of
50-800 w M in vitro before the determination of enzyme
activity. Although ATPase activity was reduced by cisplat-
in, either a high concentration of cisplatin (280 pM) or a
long period of preincubation (160 min) with cisplatin was
required to obtain 50% inhibition of ATPase activity. Simi-
lar in vitro experiments using kidney homogenate from fe-
male Sprague-Dawley rats instead of purified Na,K-AT-
Pase were performed. Activity of Na,K-ATPase in rat kid-
ney homogenate was inhibited by 50% after 110 min
preincubation with 800 u A cisplatin or 160 min preincu-
bation with 400 p M cisplatin. Female Sprague-Dawley rats
were given 5, 7 or 10 mg/kg of cisplatin IV and BUN le-
vel, ATPase activity and Pt concentration in kidney ho-
mogenate were evaluated 1h, 6h, 1day, 3 days, and
5 days after cisplatin injection. In rats given 10 mg/kg cis-
platin a significant increase of BUN was observed on days
1, 3, and 5. In rats treated with 5 or 7 mg/kg of cisplatin
BUN was increased on days 3 and 5. Normal ATPase ac-
tivity, however, was preserved until day 3 at all doses. The
highest concentration of Pt observed in kidney tissue was
19.3 ug/g tissue. This value was insufficient to inhibit AT-
Pase activity significantly in vitro. Thus, it seems unlikely
that the inhibition of ATPase activity is the cause of neph-
rotoxicity, although cisplatin can affect ATPase activity.

Introduction

Cisplatin is known to be a nephrotoxic anticancer agent [7,
13]. In clinical use, its nephrotoxicity is one of the most
important dose-limiting factors [17]. However, the mechan-
ism of cisplatin-induced nephrotoxicity has not been well
determined. Guarino et al. [9] suggested that the biochemi-
cal site of cisplatin toxicity is on ATPase, basing this on
their in vitro studies performed with isolated flounder tu-
bules and rat kidney homogenates. Daley-Yates and
McBrien [6] reported that ATPase activity in rat kidney
homogenate was inhibited by in vitro incubation with cis-
platin. Most recently, Nechay and Neldon [15] found that
ATPase activity in human kidney homogenate was inhi-
bited by in vitro incubation with cisplatin. However, no
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one has yet investigated the effect of cisplatin injection on
ATPase activity in vivo. The present study describes the
inhibitory effect of cisplatin on ATPase activity not only
in vitro but also after in vivo administration to rats.

Materials and methods

cis-Diamminedichloroplatinum (II) (cisplatin) was ob-
tained from the Drug Development Branch, NCI. Purified
ATPase from dog kidney, ATP, and ouabain were pur-
chased from Sigma Chemical Co. (St. Louis, Mo). Female
Sprague-Dawley rats (Taconic Farms, Germantown, NY)
weighing 190+20 g were used; they had free access to
food and water.

In the ATPase assay, buffer containing 50 m M Tris,
100 m M NaCl, 20 mM KCl, 5 m M MgCl,, 0.5 m M CaCl,,
and 1 mM EDTA, pH 7.4 was used. The enzyme activity
was estimated by the release of inorganic phosphate from
ATP.

In the in vitro experiments, purified ATPase (0.045 un-
its; 1 unit = 1 umol Pi/min) and cisplatin (0-800 uM)
were preincubated in 0.5 ml buffer for 0—-240 min at 37 °C.
ATP solution (0.5 ml) with or without ouabain was then
added and the mixture incubated for a further 15 min at
37 °C to determine enzyme activity. The final concentra-
tions of ATP and ouabain were 3 mM and 1 m M, respec-
tively. After incubation, 1.0 ml 10% ice-cold trichloroacetic
acid (TCA) was added and the mixture centrifuged for
15 min at 1000 g. Inorganic phosphate in the supernatant
was measured by the method of Fiske and Subbarow [8].
The activity of Na,K-ATPase was determined by the dif-
ference between total ATPase activity measured in the ab-
sence of ouabain, and Mg-ATPase activity measured in the
presence of ouabain. In addition to purified Na,K-AT-
Pase, ATPase from rat kidney homogenate was also stud-
ied in vitro. Rat kidney was homogenized with a Potter-El-
vejhem homogenizer in 10 vol. ice-cold incubation buffer.
The homogenate was centrifuged at 600 g for 5 min to re-
move red blood cells and other debris. The supernatant
was diluted 1:10 with buffer, and a 0.1 ml aliquot was
mixed with 0.4 ml of buffer containing cisplatin. The mix-
ture was preincubated for various times before the assay
for ATPase activity. The concentration of cisplatin in the
preincubation mixture, the preincubation time, and the
procedures after preincubation were the same as those
described above.



[N=)
=

1004

co
o

8

8

FRACTIONAL ACTIVITY OF Na, K-ATPase (%)
1%}
S
T

I 1 J

1
0 25 50 100 200 300 400
CISPLATIN CONCENTRATION (uM)

o

Fig. 1. Activity of purified Na,K-ATPase determined in the pres-
ence of cisplatin in vitro. Purified Na,K-ATPase was assayed in
the presence of various concentrations of cisplatin, but with no
preincubation. See Methods for assay conditions. Each point
represents the average value for 3-6 samples
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Fig. 2. Activity of purified Na,K-ATPase preincubated with cis-
platin in vitro. Purified Na,K-ATPase was preincubated with
OuM (O), 50 uM (@), 100 uM (O), 200 uM (W), 400 uM (A),
600 LM (A), or 800 LM (V) cisplatin for the times indicated at
37 °C before determination of enzyme activity. Each point
represents the average value for 3—6 samples

FRACTIONAL ACTIVITY OF Na, K-ATPase (%)

0 | 1 ! J
0 60 120 180 240

PREINCUBATION TIME (min)

Fig. 3. Activity of rat kidney Na,K-ATPase preincubated with cis-
platin in vitro. Rat kidney homogenate was preincubated with
OuM(O), 100 puM(O), 200 pM (W), 400 pM(A), or 800 uM (V)
cisplatin for the times indicates at 37 °C before determination of
enzyme activity. Each point represents the average value for 3-6
rat samples

In the in vivo experiments, cisplatin dissolved in 0.9%
NaCl was administered IV at doses of 5, 7, or 10 mg/kg.
Animals were killed for analysis 1 h, 6 h, 1 day, 3 days,
and 5 days after injection. Blood samples were taken for
determination of urea nitrogen (BUN). For the assay of
ATPase activity and Pt concentration, kidneys were re-
moved and homogenized in the same manner as described
above. A 0.1-ml aliquot was incubated with 0.9 ml ATP so-
lution for 15 min at 37 °C in the absence or presence of
ouabain to determine ATPase activity. Final concentra-
tions of ATP and ouabain in the incubation mixture and
the procedures after incubation were the same as in the in
vitro experiments.

Pt concentration in kidney homogenate was measured
by flameless atomic absorption spectrometry [11] after di-
lution with 0.25% Triton X-100. The recovery rate of Pt
with this method was 99.3% + 1.0%. BUN was assessed by
the diacetyl monoxime method [5). ATPase activity was in-
dicated as the fractional activity relative to controls. Re-
sults were expressed as mean +SD. Statistical analysis was
performed by Student’s rtest.

Results

Figure 1 shows the activities of purified Na,K-ATPase in-
cubated with cisplatin for 15 min in vitro. The inhibition
of enzyme activity became more severe with increasing cis-
platin concentration. Thus, cisplatin concentrations of
100, 200, 300, and 400 p M produced 12%, 38%, 58%, and
69% inhibition, respectively, of Na,K-ATPase activity. The
concentration of cisplatin required for 50% inhibition of
ATPase activity (I5,) was estimated to be 280 p M.

Figure 2 indicates the activity of purified Na,K-AT-
Pase decreased by 18% during the 240-min preincubation,
even in the absence of cisplatin. A further decrease in en-
zyme activity according to preincubation time was found
at all cisplatin concentrations. However, the decrease in
activity was gradual when cisplatin concentration was less
than 100 uM and paralleled the line with no cisplatin.
Thus, 36% of the activity was inhibited after preincubation
in the presence of 100 pM cisplatin for 240 min. Preincu-
bation with cisplatin at concentrations of 200 uM or
400 u M reduced the Na,K-ATPase activity to 50% or be-
low after 160 min or 30 min, respectively. When the cis-
platin concentration was 600 uM or 800 u M preincubation
resulted in 90% inhibition of the activity within 70 min or
110 min, respectively.

Figure 3 shows the activities of Na,K-ATPase in rat
kidney homogenate incubated with cisplatin in vitro. Al-
though cisplatin inhibited the Na,K-ATPase in rat kidney
homogenate the inhibitory effect was less pronounced
than with purified Na,K-ATPase. To obtain 50% inhibi-
tion of Na,K-ATPase activity, 160 min preincubation with
400 u M cisplatin or 110 min preincubation with 800 uM
cisplatin was required.

Table 1 indicates the total ATPase, Mg-ATPase, and
Na,K-ATPase activities in the kidney of rats treated with
5, 7, or 10 mg/kg cisplatin in vivo. There is no statistical
difference, in either total ATPase or Mg-ATPase activity,
between treated groups and controls until day 5. On day 5,
total ATPase activities were 84%, 73%, and 62% in rats
treated with 5, 7, and 10 mg/kg cisplatin, respectively.
These values were all significantly lower than those in con-
trol animals, and a dose-related response is apparent. Mg-
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Table 1. ATPase activities in kidney homogenate of rats treated with cisplatin in vivo

Time Cisplatin % of total control activity
dose -
(mg/kg) Total ATPase Mg-ATPase Na,K-ATPase
Control 1000 + 7.4 859 + 9.5 142 £ 4.1
1h 5 992+ 26 86.8 = 5.9 124 + 3.3
7 99.7 =+ 35 88.4 £ 4.2 113 £ 0.8
10 999 + 8.8 873 % 5.0 12.6 £ 3.9
6h 5 1005 £ 114 89.2 + 10.0 113 £ 1.6
7 98.1 = 1.7 85.8 & 3.7 122 £ 24
10 96.0 &£ 1.6 851 = 4.0 10.8 + 4.0
1 day 5 962 + 6.1 854 + 59 10.8 =+ 2.3
7 103.8 £ 6.0 914 + 34 124 + 3.2
10 995+ 53 86.2 + 4.0 134 + 3.0
3 days 5 91.1 =+ 52 751 % 3.1 16.0 £ 2.3
7 97.6 £ 8.6 813 £ 8.1 16.3 £ 0.7
10 917+ 51 76.1 &= 7.5 157 £ 24
S days 5 843 + 2.0* 758 & 2.6 8.6 + 0.6
7 73.4 £ 12.2%% 6277 &+ 8.8%* 10.7 + 4.4
10 62.4 £ 10.1%* 529 & 6.3*%* 9.5 + 3.9

Each value represents mean = SD of 3-6 rats. Asterisks indicate statistically significant differences

from controls: * p < 0.01; ** p < 0.001

Table 2. BUN levels (mg/100 ml) in rats after IV injection of cis-
platin

Time Cisplatin dose

5mg/kg 7 mg/kg 10 mg/kg
1h 17.1 £ 2.2 178 + 1.2 162 + 1.8
6h 141+ 23 135+ 1.2 145 + 2.1
1 day 202+ 1.6 222+ 1.6 235+ 3.0%
3 days 343 £ 9.9%* 42.5 £ 13.3%* 67.7 £ 24.2%*
5 days 114.7 £ 60.4%* 124.1 £+ 49.6** 161.9 £ 66.8**

Each value represents mean + SD of 3 -6 rats. Asterisks indicate
statistically significant differences from controls (19.6 + 2.8):
* p<0.01; ** p < 0.001

Table 3. Pt concentrations (ug Pt/g wet weight) in kidneys of rats
following IV cisplatin

Time Cisplatin dose

Smg/kg 7 mg/kg 10 mg/kg
lh 101 £ 1.1 152 £ 42 193 £37
6h 89 + 1.6 10.7 £ 04 140 + 1.9
1 day 93+ 15 133 £ 2.1 19.1 £ 2.6
Jdays 107 £ 2.8 145 £ 3.2 169 + 2.3
5 days 10.0 £ 0.9 112 + 1.2 143 + 1.0

Each value represents mean + SD of 3-6 rats. There are no
statistically significant differences in Pt concentrations between
1 h and any other time for any dose.

ATPase activity was also significantly lower in animals
treated with 7 or 10 mg/kg cisplatin than in controls on
day 5. However, there were no significant differences in
Na,K-ATPase activities between any treatment group and
controls at any time.

BUN was assessed to indicate renal function in rats
employed for the in vivo ATPase assay (Table 2). Signifi-

cant increases in BUN were found by day 3 in rats given 5
or 7mg/kg cisplatin and by day 1 in rats that received
10 mg/kg cisplatin.

Table 3 indicates the Pt concentrations in kidney tissue
of rats treated with cisplatin at doses of 5, 7 or 10 mg/kg.
Kidney Pt concentrations were remarkably stable through-
out the entire 5 days, with only a 25% decrease in concen-
tration apparent at the two highest doses. However, there
was a dose-related increase in tissue concentration of Pt,
which was particularly obvious at the earlier times.

Discussion

Inhibition of ATPase activity by cisplatin is considered to
be one of the possible mechanism of cisplatin-induced
nephrotoxicity [3, 6, 9, 15]. Actually, several investigators
have observed the inhibitory effect of cisplatin on ATPase
in vitro [6, 9, 15]. However, in all these studies, high con-
centrations of cisplatin and/or long incubation times of
ATPase with cisplatin were required for ATPase inhibi-
tion. For example, Guarino et al. [9] estimated that the
concentration of cisplatin required for 50% inhibition of
ATPase activity (I5) was 5.0 m M for isolated flounder tu-
bules and 2.0 m M for rat kidney homogenate. Daley-Yates
and McBrien [6] obtained the value of 650 u M for L, of to-
tal ATPase when rat kidney homogenate was preincubated
with cisplatin for 90 min. Nechay and Neldon [15] estimat-
ed that the I5; dose was approximately 700 u M for 30-min
preincubation in human kidney homogenate. Our present
in vitro study demonstrates that concentrations of cisplatin
lower than 100 p M were unable to inhibit more than 50%
of the activity of purified ATPase, even with a 240-min
preincubation. In addition, the response of ATPase from
rat kidney homogenate to cisplatin was qualitatively the
same as that of purified ATPase.

The highest concentration of Pt in kidney tissue of rats
treated with cisplatin in vivo was 19.3 pg Pt/g tissue, and
this value is approximately equivalent to a molar concen-
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tration of 96.7 uM Pt in the kidney. Thus, the maximum
whole-kidney concentration barely achieves 100 uM, a
concentration shown in vitro to produce less than 50% en-
zyme inhibition even after 4 h of preincubation. It might
be assumed, then, that ATPase is not a primary site of ac-
tion of cisplatin, because tissue concentrations never be-
come high enough to cause a significant inhibition of en-
zyme activity. This conclusion assumes there is no selective
accumulation of Pt in subcellular compartments that are
rich in ATPase. Previous work has shown that the highest
ATPase activities are observed mainly in mitochondria
and plasma membrane [2, 16]. However, according to stud-
ies on subcellular distribution of Pt after cisplatin injection
[4, 12, 18, 19], the highest concentrations of Pt in kidney
tissue are localized in cytosol; relatively low concentra-
tions were detected in mitochondria or plasma membrane
fraction. The specific activity of Pt per milligram of pro-
tein in the mitochondria or plasma membrane fraction was
lower than that in nuclei, microsome, or cytosol fraction.
Thus, selective attack of cisplatin against ATPase in mito-
chondria or plasma membrane due to uncharacteristically
high Pt concentrations is unlikely.

In our present study, ATPase activity in kidneys of cis-
platin-treated rats was measured at relative short times (1 h
and 6 h after cisplatin injection) as well as a longer times
(1-5 days) after treatment. The kidney is exposed to un-
bound cisplatin, usually considered to be the active form
of the drug, at high concentrations for a short interval af-
ter cisplatin injection [1, 10, 14, 20]. However, there was no
significant decrease in ATPase activity either at 1 h or at
6 h after cisplatin injection (Table 1). This result seems to
preclude the possibility of a temporary inhibition of AT-
Pase that might cause significant impairment of renal
function.

BUN is a widely recognized indicator of renal damage
and was increased as early as day 1 after treatment
(Table 2). However, there was no decrease in ATPase ac-
tivity until day S after treatment. This tends to suggest that
a decrease in ATPase activity is not an early event in cis-
platin nephrotoxicity, but is more likely to be secondary to
generalized tissue destruction in the kidney.

It is the conclusion of our present in vitro and in vivo
experiment that the inhibition of ATPase activity by cis-
platin seems to be unlikely as a cause of nephrotoxicity, al-
though cisplatin can decrease ATPase activity in vitro.
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