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Effect of Cadmium on Renal Organic Anion Transport In vitro
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INTRODUCTION

Several studies in the past have indicated that the
renal transport system for organic anions is impaired
in animals exposed to inorganic cadmium (Cd).
Nomiyama et al. (Nomiyama et al., 1973; Nomiyama,
1978) observed in rabbits that the PAH clearance
reduced after acute administration of CdCl, (2-12
mg Cd per animal, intra-arterial injection) and the
Tmp,y decreased gradually during chronic treatment
with CdCl, (0.5-15mg Cd/kg-day, subcutaneous
injection). In a kinetic study of PAH transport in
renal cortical slices of rats exposed to CdCl, (2 mg
Cd/kg-day for 3-16 days), we have observed a sig-

nificant reduction in the maximum rate of active
influx (V,,,) (Kim et al., 1988). While this observa-
tion indicates that the capacity of renal tubules for
organic anion transport is attenuated by Cd treat-
ment, the underlying mechanism remains un-
resolved.

The capacity of transfer will be determined by the
total number of active carriers in the tissue. A
morphological study on kidneys from Cd-intoxicated
rats (Scott et al., 1977) has shown a loss of basal

" infoldings of proximal tubules. Since the carrier

system . for active PAH transport resides in the
basolateral membrane (Tune et al., 1969; Shimomura
et al., 1981), a decrease in basal infoldings with a

consequent loss of basolateral membrane area may
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constitute a decrease in available carriers to mediate
the transfer of PAH. However, in our study
mentioned above, the passive influx and efflux of
PAH were not apparently changed in renal tissue of
Cd-treated animals, suggesting that the area of
basolateral membrane in unit mass of tissue was not
reduced. Furthermore, it is not known whether cad-
mium ions directly alter the density of carrier in the
membrane.

We therefore undertook the present series of
experiments to evaluate an acute effect of cadmium

ions on the PAH transport system.
MATERIALS AND METHODS

Male rabbits were sacrificed by injecting air
through an auricular vein. The abdomen was opened
through a middle incision, and the blood in the
kidneys was washed out by a perfusion of normal
Ringer solution. The kidneys were promptly removed
and placed in an ice-cold medium containing 95 mM
NaCl, 40mM KCl, 1.5mM CaCl,, 5mM sodium
acetate, and 40 mM Tris-HCI (pH 7.5 at 25°C). Slices
of renal cortex of approximately 0.5 mm thick were
cut using a Stadie-Riggs microtome and stored in the
same solution until used.

For the measurement of PAH uptake, approxi-
mately 100 mg slices were placed in a reaction vessel
which contained 10 ml of either normal incubation
medium or CdCl,-containg medium oxygenated and
equilibrated at 25°C. In experiments with meta-
bolically inhibited slices the medium contained 1 mM
iodoacetate (IAA) and gased with nitrogen. After 15
min preincubation, reaction was started by adding
small volume of PAH stock solution. At the end of
incubation period (60 min in distribution studies and
15 min in kinetic studies) tissues were removed from
the vessel, rinsed with PAH-free medium for about 2
seconds to remove PAH adhering to the slice, weight-
ed and transfered to samll test tube containing 2 ml

of distilled water. Tissues were then leached out of

PAH by being kept in the refrigrator overnight at
4°C. The tubes were mixed thoroughtly to insure
equal dispersion of leached PAH and they- were
centrifuged for 10 min at 3,000 rpm. PAH concentra-
tion in the supernatant and in the final incubation
medium were determined by the method of Smith et
al. (1945).

The oxygen consumption of slices was determined
using a polarographic oxygen monitor system (Yel-
low Springs Instrument, Model 53). Approximately
20 mg of slices were placed in a reaction chamber
containing 2.5 ml of incubation medium saturated
with air at 37°C. After 15 min of preincubation in the
presence or absence of 1 mM CdCl,, changes in Po,
in the medium was measured with a Clark-type
oxygen electrode (Yellow Springs Instrument, Model
5331) and recorded on a potentiometric recorder
(Kipp & Zonen, Model BD40). From the initial slope
of Po, vs. time curve the rate of oxygen consumption
(Qo,, ul/hr mg wet tissue) was calculated.

For the measurement of sodium, potassium-
activated adenosine-triphosphatase (Na-K-ATPase)
renal cortical microsomes were prepared by a
method similar to that described by J@rgensen and
Skou (1971). Slices of kidney cortex were homogen-
ized in 10 volumes of imidazole-sucrose buffer (0.03
M imidazole, 0.25 M sucrose, pH 7.6 at 25°C). The
homogenates were then centrifuged at 1,200X g for
15 min in a refrigerated centrifuge (Sorvall, Model
RC-5B). The supernatant was centrifuged at 9,500 X
g for 15min and the resulting supernatant was
centrifuged again at 25,000 X g for 30 min. The peliet
was suspended in 2 ml of imidazole-sucrose buffer (0.
03 M imidazole, 0.25 mM sucrose, pH 7.6 at 25C) to
a concentration of approximately 2 mg protein per ml
and stored at —60°C. Protein concentration of this

suspension was determined by the method of Lowry

et al. (1951).

Prior to ATPase assay, aliquots of microsomal
preparations were treated with deoxycholate by in-

cubating them in a solution containing 60 mg%
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deoxycholate, 2mM EDTA and 25 mM imidazole
(pH 7.6 at 25°C) for 30 min at 25°C, and the mixture
was adjusted to contain 0.25 mg protein per ml. The
ATPase activity was estimated by measuring in-
organic phosphate (Pi) liberated by ATP hydrolysis
during 10min incubation of deoxycholate-treated
microsomes with 1ml of appropriate medium
containing Na,-ATP as the substrate. The total
ATPase activity was determined in the presence of
Nat, K* and Mg**, and the Mg-ATPase in the
absence of K* and presence of ouabain (1 mM) in
the incubation medium. The difference between the
total and Mg-ATPase activity was taken as the
measure of Na-K-ATPase activity. Concentrations of
Na*, K*, Mg**, and ATP in the incubation medium
were 150, 20, 1, and 1 mM, respectively. The medium
pH was adjusted to 7.4 at 37°C with imidazole-HCL
After 20 min preincubation at 37°C in the presence or
absence of CdCl, (10-7-10-%3 M) the reaction was
initiated by adding ATP stock solution. The reaction
was terminated by adding 0.2 ml of ice-cold 6%
perchloric acid, and the mixture was centrifuged at 3,
500 X g for 15 min. Inorganic phosphate in the super-
natant was measured according to Fiske and Sub-
baRow (1925). The enzyme activity was expressed as
pumoles Pi/mg of microsomal protein per hr.

Statistical evaluation of the data was done using
the Student’s t-test and all results were presented as
the mean+SE.

RESULTS

In the first series of experiments, the PAH accu-
mulation by renal cortical slices was determined as a
function of Cd concentration in the medium. Slices
were incubated in media containing 0.1 mM PAH
and various concentrations of Cd for 1hr. The
results, expressed as the distribution ratio, gmoles
PAH/g tissue to ymoles PAH/ml medium (S/M
PAH), and depicted in Fig. 1, indicated that tissue
accumulation of PAH is significantly inhibited by Cd
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Fig. 1. Slice-to-medium (S/M) ratios for PAH

distribution as a function of cadmium
(CdCl;) concentration in the initial incu-
bation medium. Incubation time was 1 hr.
Each point and vertical bar represent
the mean + SE of 5 experiments.

at concentrations above 0.1 mM. The value of S/M
PAH at 1 mM Cd was approximately 60% lower and
those at 10-50mM Cd were 80% lower than the
control level (4.5+0.7, N=5).

Since the distribution ratio merely represents a
concentration gradient which depends on the influx
and efflux across the basolateral membrane of the
proximal tubular cell, the above data may not reflect
Cd-sensitive components of PAH transport. We
therefore investigated in the next series of experi-
ments the effect of Cd on the PAH influx.

Fig. 2 illustrates PAH influx into renal slices as a
function of PAH concentration in the medium. Incu-
bations were carried out for 15 min in the presence
and absence (control) of 1 mM Cd. In both control
and Cd-treated tissues, the total influex (V,, le.,
active-f passive ‘influx) increased curvilinearly as the
medium concentration of PAH increased, although
the value at a given PAH concentration was much

higher in the former than in the latter. On the other
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Influx of PAH into rabbit renal cortical
slices as a function of final medium con-
centration of PAH. Vt and Vp represent
the total and passive influx of PAH. Data
represent the mean * SE of 6 experiments.
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Active influx of PAH (Va) into rabbit
renal cortical slices as a function of final
medium concentration of PAH. Data
represent the mean * SE of 6 exper—
ments.
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Fig. 4. Hofstee kinetic analysié of active PAH

 influx. Values are based on the data
shown in Fig. 3. The intercept of the
line with Y-axis represents the Vmax
and the slope represents-Km.

hand, the péssive influx (V,), measured in me-
tabolically poisoned slices, increased directly with the
medium concentration of PAH and was independent
of Cd.

Fig. 3 presents the active influx (V,) estimated by
subtracting the passive influx from the total influx in
each situation. Hofstee plot (Hofstee, 1959) of the
data (Fig. 4) indicated that in both control ‘and
Cd-treated tissues the active influx followed simple

Michaelis-Menten kinetics, i.e.,
Va=Vpax X [PAH]/ (Km + [PAH] )

where V., is the maximal influx (i.e., capacity of
influx) and Km is the PAH concentration ([PAH])
for Vi.4/2. Thus, the total influx (V,) can be expres-
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sed as:

V= Vpax X [PAH]/(Km 4+ [PAH])
+Dx [PAH]

where D is the coefficient for passive influx (slope of
the V,, lines in Fig. 2). Since D was not affected by
Cd, any change in PAH influx in the Cd-treated
tissue must have been due to alteration of carrier-
mediated transport component. As shown in Fig. 4
insent, the Vp,, was 46% reduced (3.11 gmoles/g-
15 min in the control vs. 1.67 in Cd-treated tissues),
but the Km was not apparently alterd (0.81 mM in
the control, 0.88 in the Cd-treated tissues) by Cd.

In another series of experiments, the Cd effect of
tissue respiration was studied. As summarized in

Table 1, oxygen consumption of renal cortical slices
was approximately 35% reduced by 1 mM Cd (1.
14+0.07 and 0.78+0.07 gl/mg-hr in the control

and Cd-treated tissues, respectively).

Table 1. Effect of cadmium on oxygen consu-
mption of renal cortical slices

N Qo, (ul/mg-hr) P

1.140 + 0.065
0.775 £ 0.068

Control 12
CdCl, (1mM) 4

<0.01

Values represent the mean + SE,

Table 2. Effect of cadmium on Na-K-ATPase
activity of renal cortical microsomes

CdCl, Na-K-ATPase

conc. activity P

(M) (% of control)

0 10 100

107 4 71.7+ 4.6 <0.001
10 4 347+ 2.5 <0.001
107 6 6.8+0.9 <0.001
10 6 28+1.1 <0.001
1073 4 2.3+ 0.8 <0.001

The average specific activity of Na-K-ATPase in
control (0 M CdCl;) preparations was 37.1 £ 4.3

umoles Pi/mg-hr. Values represent the mean * SE.

In the last series of experiments, we examined the
effect of Cd on the renal cortical Na-K-ATPase
system. The enzyme activity was determined in renal
cortical microsomes as a function of Cd concentra-
tion in the medium. The results summarized in
Table 2 indicated that the enzyme system was
drastically inhibited by Cd of above 10-7 M.

DISCUSSION

Chronic exposure to inorganic cadmium produced
proximal tubular nephropathy (Axelsson & Piscator,
1966; Axelsson et al., 1968; Kajikawa et al., 1981)
and impaired renal functions (Kjellstrém, 1986). It
has been proposed that (Friberg, 1984; Kjellstrém,
1986) during chronic exposure Cd. is gradually
accumulated in the kidney mainly in the proximal
tubules, because the Cd in plasma is transported
bound to metallothionein, a protein ligand for Cd,
which is readily filtered through glomeruli and reab-
sorbed into proximal tubular cells by endocytosis.
After entering lysosomes, the Cd-metallothionein
complex is catalyzed, liberating free Cd, which in
excess amount induces nephrotoxicity.

According to the above hypothesis, the amount of
free Cd in renal tissue may be an important determi-
nant of the acute renal toxicity of Cd. It follows that
functional impairment should result if the kidney is
acutely exposed to large doses of CdCl, and hence
increase the amount of free Cd in the renal tissue.

In the present study we have directly exposed
renal cortical slices to Cd-containing media.
Although in isolated kidney tissues tubular lumens
are collapsed (Bojesen & Ceyssac, 1965; Evan et al,,
1978), Cd may enter the cells through the per-
itubular route. In fact, Diamond et al. (1986) have
shown that in isolated perfused rat kidneys Cd is
accumulated into the cortical cells from the per-
itubular capillary fluid. The tissue concentration of
Cd was not determined in the present study, but it

must be sufficiently high to produce functional

g
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changes, as evidence by impaired PAH transport
(Figs 1-4) and tissue respiration (Table 1).

The change in PAH transport system by Cd in
the present study was comparable to that observed
in renal cortical slices of rats chronically treated with
Cd in our previous study (Kim et al., 1988). In the
later study, the tissues were incubated in Cd-free
medium. In both studies the V., of PAH influx
was attenuated without any change in the Km. In
kinetic analysis of carrier-mediated transfer, the
term K., is determined by the substrate affinity of
the carrier, and the Vo, by the number of carriers
and the proportion of absorbed molecules which
dissociate in forward direction in unit time
(Neame & Richards, 1972). Since Km was not
changed it is unlikely that carrier-substrate dissocia-
tion was retarded by Cd. It is more likely that Cd
reduced active carrier sites, thereby attenuated the
Vimax-

The number of carriers per unit mass of tissue will
be determined by the total area of basolateral
membranes and the density of carrier in the mem-
brane. Histological studies (Scott et al., 1977) in-
dicated that the area of basolateral membrane is
decreased in the proximal tubule of long-term Cd-
exposed animals. If similar change occurred in our
studies, it would attribute to the reduction of V.
However, it is hard to imagine that the area of cell
membrane can be changed so drastically during
such a short period (30 min) of Cd exposure, as in
the present study. We therefore speculate that, at
least in acute exposure, the major effect of Cd is not
on the area but on the density of carriers involved in
PAH transfer in the proximal tubular basolateral
membrane.

The mechanism by which carreir density was
altered is not understood. Cd may inactivate or
immobilize certain fraction of carriers perhaps
through its binding to the membrane, or indirectly
by inhibiting mechanism(s) energizing the carrier

system. Although direct alteration of membrane

properties by Cd has not been reported in the
kidney, studies in other tissues suggest such a possi-
bility. For instance, Kunimoto et al. (1986) observed
in red cells that Cd incorporated into the cells is
accumulated in the membrane fraction and modifies
membrane properties such as filterability. With
respect to the latter possibility, a number of studies
have suggest that the renal organic anion transport
system may be energized by the activity of Na-K-
ATPase (Gerencser & Hong 1975; Spencer et al.,
1979; Maxild et al., 1981). In the present study, the
Na-K-ATPase activity of renal cortical microsomes
appeared to be significantly reduced by Cd
(10-7-10-3 M) (Table 2), in accordance with other
studies (Nechay & Saunders, 1977). If the enzyme
system is involved in energy-linking step of organic
anion transport, such an inhibition of the enzyme
activity by Cd would reduce the fraction of activated
carriers. In this connection, it is important to point
out that incubations of renal cortical slices_in low
sodium (Gerencser et al., 1973; Misanko et al., 1977;
Park & Lee, 1980) or ouabain (Spencer et al., 1979)
containing media, which restrain the Na-K-ATPase
activity, also reduce the V., but not the Km for
PAH influx, as with Cd in the present study.

In the present study, oxygen consumption of renal
cortical slices was significantly inhibited in the pres-
ence of I mM Cd (see Table 1). It is therefore
possible that ATP supply to the transport system
was restricted. This effect of Cd would also attribute
to the reduction of PAH transport in renal tissues
directly exposed to Cd. This, however, may not be
true in the kidney of Cd-intoxicated animals. We
have observed in kidney preparations of rats chroni-
cally exposed to Cd that the capacity of PAH trans-
p;ort and the Na-K-ATPase activity were significant-
ly attenuated although the ability to utilize oxygen
was not apparently altered (Kim et al, 1988).

In summary, the results of the present study
indicate that a direct exposure of renal tissues to

inorganic cadmium impairs PAH transport capacity

_.60_.
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without altering the biochemical property of the
transport system. This change in transport capacity
is most likely due to reduction of active carriers in
the basolateral membrane of the proximal tubular

cells.
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