Arch Toxicol (2003) 77: 605-612
DOI 10.1007/500204-003-0496-1

INORGANIC COMPOUNDS

Stella T. Mahieu - Marisa Gionotti - Néstor Millen
Maria Monica Elias

Effect of chronic accumulation of aluminum on renal function,
cortical renal oxidative stress and cortical renal

organic anion transport in rats

Received: 23 January 2003 / Accepted: 10 June 2003 / Published online: 20 August 2003

© Springer-Verlag 2003

Abstract The aim of the present work was to study the
nephrotoxicity of aluminum lactate administered for 3
months (0.57 mg/100 g bodyweight aluminum, i.p.,
three times per week) to male Wistar rats. Renal func-
tion was studied after 6 weeks of treatment (urine was
obtained from rats in metabolic cages) and at the end of
the treatment using clearance techniques. Another group
of rats was used as kidneys donors at the end of treat-
ment. The renal cortex was separated and homogenized
to determine glutathione (GSH) level, glutathione
S-transferase (GST) activity and lipid peroxidation
(LPO) level. Renal cortex slices were also used to study
the p-aminohippuric acid (PAH) accumulation during
steady-state conditions and the kinetics of uptake pro-
cess. Clearance results, at the end of the treatment,
indicated that renal functions in treated-rats were not
different from those measured in control rats, although
the renal concentration parameters differ when they
were measured in treated rats after 24 h of food and
water deprivation. Balances of water and sodium were
also modified at both 1.5 and 3 months of treatment.
The activity of alkaline phosphatase (AP) relative to
inulin excreted in urine was significantly impaired: con-
trols 2.2+0.6 IUl/mg, Al-treated 5.1£0.5 IU/mg,
P<0.05. These data indicated that proximal tubular
cells were loosing apical brush border membranes. Data
obtained in cortex homogenates indicated that both
GSH and GST activity were significantly decreased, and
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a significant increase of LPO was noted simultaneously
in Al-treated rats. Renal accumulation of PAH, esti-
mated as slice-to-medium ratio, decreased significantly
in the Al-treated rats: control rats 3.06+0.02 (n=12),
Al-treated rats 2.26+0.04 (n=12), P<0.0001. The
maximal rate of uptake was also diminished in treated
rats, while the apparent affinity remained unchanged.
All these results indicate that aluminum accumulation in
renal tissue affects cellular metabolism, promotes oxi-
dative stress and induces alterations in renal tubular
PAH transport, together with an impairment in sodium
and water balance only detected under conditions of
water deprivation, without other evident changes in
glomerular filtration rate or other global functions
measured by clearance techniques at least at this time of
chronic toxicity.

Keywords Aluminum - Nephrotoxicity - Renal
clearance - Oxidative stress - PAH transport - Rats

Introduction

The effect of renal failure on aluminum (Al) accumula-
tion in different organs and the subsequent systemic
toxicity is well known, but there are few reports about
Al-induced nephrotoxicity. Various works reported that
Al accumulates in mammalian tissues such as brain,
bone, liver and kidney (Sahin et al. 1994; Wills et al.
1993; Gomez Alonso et al. 1990). This fact was observed
simultaneously with renal failure (Alfrey 1980; Ecel-
barger et al. 1994a) or associated with age (Ecelbarger
et al. 1994a, 1994b). Aluminum is mainly excreted in
urine. Different mechanisms of renal Al elimination, such
as glomerular filtration (Yokel and McNamara 1985),
tubular reabsorption of filtered Al (Burnatowska-Hledin
et al. 1985) and excretion in the distal tubules (Monte-
agudo et al. 1988), have been suggested. Moreover, it
has also been reported that aluminum accumulation in
kidney promotes degeneration in renal tubular cells, and
thus could induce nephrotoxicity (Ebina et al. 1984;



606

Cacini and Yokel 1988; Berthold et al. 1989; Stein et al.
1987; Roy et al. 1991).

In a previous work we have reported that chronic
administration of aluminum by parenteral exposure in-
creased the renal tubular phosphate reabsorption, with
an increase in the apparent maximal velocity without
modifications in the apparent affinity (K,) (Mahieu and
Calvo 1998).

The present study has been carried out to verify
whether aluminum that accumulates in renal tissue due
to chronic administration modifies other tubular trans-
port mechanisms. Among them, carrier-mediated
transport of xenobiotics and their metabolites system,
known as organic anion transport (OAT) system, plays a
critical role in protecting against the toxic effects of
anionic substances and is target for the actions of many
drugs and environmental toxicants (Sweet et al. 2001). A
model drug for monitoring this transport system is
p-aminohippuric acid (PAH); thus, we have studied the
effects of aluminum on PAH accumulation in renal tis-
sue. Furthermore, renal function was also studied by
clearance techniques, and water and sodium balances in
both normal and hydropenic conditions were also
measured.

In addition, we analyzed a possible effect of Al on
metabolic systems present in renal tissue that could be
involved in the proper maintenance of renal function,
including the secretion of organic anions. Renal gluta-
thione (GSH) levels, and the activity of glutathione
S-transferase (GST) play an important role in detoxifi-
cation of electrophilic metabolites of xenobiotics and in
protection against oxidative damage to membrane pro-
teins and lipids, avoiding the increment in level of lipid
peroxidation (LPO) (Reed 1990). We studied these bio-
chemical components to gain insight into the biochem-
ical outcome of aluminum toxicity (Reed 1990). In this
connection, renal GSH levels determine normal renal
function (Torres et al. 1986) and the nephrotoxicity of
mercuric chloride (Girardi et al. 1989).

Methods

Animals and treatments

Male Wistar rats weighing between 300 and 350 g were studied to
evaluate the effects of aluminum on renal function, biochemical
parameters in renal cortex homogenates and the uptake of PAH in
renal cortical slices. Animals were allowed free access to a standard
diet and tap water. Treated rats were injected intraperitoneally
three times per week for 12 weeks with a solution of aluminum
lactate containing 0.57 mg Al and 5.68 mg anion lactate (pH 7.0)
per 100 g bodyweight. Control rats were injected with sodium
lactate containing 5.68 mg anion lactate (pH 7.0) per 100 g body-
weight, i.p., during the same period and at the same frequency. In
all the experiments described in this manuscript, rats treated with
sodium lactate presented no differences from control rats without
any treatment, and thus we decided to call them control rats.
Animals of both groups were kept in an environment at a steady
temperature of 22°C with a light:dark cycle of 12 h:12 h. No dif-
ferences between control and treated rats were observed in food
intake and body weight during the treatment.

Experiments were performed in accordance with the Guiding
Principles in the Use of Animals in Toxicology, adopted by the
Society of Toxicology in 1989, and were approved by the com-
mittees of each institution.

Renal function measurements

To study the evolution of renal function, all the animals were sub-
mitted to renal function studies both after 6 weeks of treatment and at
the end of the third month. For this purpose rats were maintained for
24 h in metabolic cages, and urine was collected. Sodium and water
balance were measured, and the creatinine and protein excretion
during the 24-h period were analyzed. The urine concentration
capacity was also assessed. This procedure was performed with
normal-hydrated rats and then in animals without access to water
and food during 24 h. At the end of these periods, spontaneously
voided urine was collected over 4 h, and blood was obtained from the
tail vein. The ratio of urine to plasma osmolality (U ysm/Posm), and the
urine excretion rate (V, pl/min) were calculated.

At the end of the experiment (12 weeks) and a day after the
studies described above, the animals were anesthetized by injection
of pentobarbital (50 mg/kg bodyweight, i.p) and were prepared for
renal clearances studies as previously reported (Torres et al. 1986;
Mabhieu and Calvo 1998). The femoral vein and the femoral artery
were cannulated. The bladder was exposed through a small
abdominal incision and cannulated with a catheter (internal
diameter 3 mm) for urine collection. A solution containing inulin
(1 g/100 ml), sodium p-aminohippurate (PAH, 0.3 g/100 ml) and
isotonic saline was infused through the femoral vein catheter at a
rate of 4.1 ml/h using a constant-rate infusion pump (Sage
Instruments, model 341-B-syringe pump). After equilibration for
60 min, urine samples were obtained during two periods of 30 min.
Blood samples from the femoral artery were also obtained at the
midpoint of each collection period. At the end of the experiments,
blood was collected by heart puncture, the kidneys were separated
and the cortex excised and placed in ice-cold Krebs-Ringer bicar-
bonate buffer solution (pH 7.4). This tissue was used to measure the
oxidative state of renal tissue.

Urinary volume was measured, glomerular filtration rate
(GFR) was determined by inulin clearance, and renal plasma flow
was estimated by PAH clearance. Creatinine, urea, protein, and
sodium concentrations and osmolality were measured in serum and
urine samples. The aluminum level in serum was also determined.
Alkaline phosphatase (AP) activity was measured in urine samples.

Biochemical studies in renal tissue

Renal tissue, prepared as stated above, was homogenized in order to
determine the cytosolic activity of GST, non-protein sulfhydryl
(NPSH) pool (principally GSH) and LPO. As each measurement
requires different conditions, kidneys were excised, the cortex was
separated and the tissue was divided as necessary. Determination of
renal NPSH was carried out in homogenates prepared in cold 5%
trichloroacetic acid in 0.01 M HCI as described by Ellman (1959).
LPO was assayed as thiobarbituric acid (TBA)-reactive products,
according to the method of Okhawa et al. (1979), in homogenates
prepared in cold 1.15% KCI. To measure GST activity using
1-chloro2,4-dinitrobenzene (CDNB) as the substrate, renal tissue
homogenates were prepared with sucrose 0.25 M containing 0.03 M
buffer phosphate (pH 7.4) and Na,EDTA 1 mM, following the
method of Habig et al. (1974). Aluminum concentration in renal
tissue was also determined.

Renal cortical slices and medium preparation

Other groups of control rats and animals treated for 3 months were
used as kidney donors. Renal cortical slices, approximately
0.5 mm, were prepared by freehand sectioning with a razor blade.



Approximately 80-100 mg of sliced tissue (four to six slices ran-
domly selected from the storage vessel) were placed in individual
bakers containing 4 ml of the same buffer enriched with 10 mM
glucose, 10 mM sodium lactate, 10 mM sodium acetate and
10 mM sodium pyruvate (pH 7.4)(Cross and Taggart 1950; Elias
et al. 1982). All incubations were performed at 27°C in a Dubnoff
metabolic shaker with a 95% 0O,/5% CO, atmosphere. The tissue
underwent a 20-min preincubation period in the buffer solution.

Measurement of accumulation of p-aminohippurate in kidney slices

After completion of the equilibration period, the slices were
transferred to flasks containing 4 ml fresh Krebs-Ringer bicar-
bonate buffer with PAH (7x107> M) and inulin (4 mg/ml) for
estimation of the extracellular water, and were then incubated for
60 min. Then the slices were removed quickly, gently blotted on
filter paper, weighed and homogenized in 1 ml distilled water. A
1-ml aliquot of the respective incubation medium was also
removed, and from this point both the homogenate and the incu-
bation medium were treated identically. After addition of 1.5 ml
10% trichloroacetic acid and 2.5 ml distilled water, each sample
was centrifuged. Both PAH and inulin concentrations were deter-
mined in the supernatants. Data were expressed as the slice-to-
medium concentration ratio (S/M), where slice concentration is
expressed as milligrams PAH per gram of wet tissue, and medium
concentration is in milligram PAH per milliliter of medium.

Determination of kinetics of p-aminohippurate uptake

Following the equilibration period, the slices were transferred to
flasks containing 4 ml fresh medium and PAH. The rate of PAH
uptake by renal cortical slices was determined during a 15-min
incubation at various PAH concentrations (50-1400 uM). At the
end of the incubation the slices were treated as described above.
Using duplicate flasks for each experimental point, slices were
incubated for 60 min in a medium containing inulin (4 mg/ml) for
the estimation of the extracellular water. The concentration of
PAH in the cells was calculated by subtraction of the amount of
extracellular PAH, as calculated from inulin space, from the total
slice PAH content. The apparent kinetic parameters (V. and Ki,)
were derived from nonlinear regression (Michaelis-Menten equa-
tion). Kinetics studies were also carried out under a gas phase of
100% N, to determine PAH uptake in the absence of oxygen.

Determination of cellular functional parameters

The effect of Al on inulin space, total tissue water content, and
intracellular sodium and potassium concentrations were studied.
Slices were incubated for 60 min in 4 ml medium containing inulin
(4 mg/ml). Following incubation the slices were blotted and
weighed and then homogenized for determination of inulin space.
To determine total water content of tissue, a duplicate series of
slices were dried following incubation for 24 h at 100°C. The dried
tissue was then extracted in 1 N HNO; for 48 h and analyzed for
electrolytes. Values were corrected for extracellular water content
estimated for each experiment, and expressed as milli Eqivalents
per liter of intracellular water.

Analytical methods

Determination of creatinine, protein and urea in serum were
measured by use of an autoanalyzer. AP was measured with a
commercial kit according to the manufacturer’s directions (Wiener
Laboratories, Rosario, Argentina). Inulin and PAH concentrations
in the samples were determined by, respectively, Roe’s procedure
(Roe et al. 1949) and Brun’s method as modified by Waugh and
Beall (1974). Sodium and potassium levels were determined by
flame photometry. Al content in serum and in the kidneys was
measured by atomic absorption spectroscopy in graphite ovens.
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Statistical analysis

Results are expressed as means +SEM. Comparison between
control and treated groups was carried out using Mann-Whitney
U-test or Student’s t-test as indicated. Regression lines were cal-
culated by the method of least squares. Each point represents the
average of triplicate determinations. The statistical analysis was
performed with the SPSS program (Statistical Package for Social
Sciences 1995).

Results

There were no consistent clinical signs observed among
the aluminum-treated rats and controls. Neither body
weight nor kidney weight were statistically different be-
tween groups, although rats treated with Al presented
higher serum Al concentration and a higher amount of
the metal in the renal tissue. The values are presented in
Table 1.

Effect of aluminum on renal functions measured after
6-weeks and 3-months treatment with aluminum lactate

Table 2 shows systemic and urine parameters at the end
of the experiment. Creatinine, urea and protein con-
centrations in plasma in treated rats were not different
from those in controls, and neither was the 24-h excre-
tion of creatinine. The urine excretion rate of proteins in
treated rats was higher than that of controls.

Table 1 Effect of aluminum on body and kidney weight. Treated
rats (n=9) received aluminum lactate (0.57 mg Al/100 g body
weight, i.p.) three times per week for 3 months. Control rats (n=28)
were injected with sodium lactate following the same schedule.
Each result is the mean +SEM

Body Kidney Serum Kidney aluminum
weight (g) weight (g) aluminum (pg/g wet tissue)
(ng/D)
Control 335+10 2.15+0.04 10+£1.5 2.54+0.5
rats
Treated 337+4 2.10+£0.01 660+35% 353+1.2%
rats

*Statistically different from control values (P <0.05)

Table 2 Renal functional parameters in control and aluminum-
treated rats. Treated rats (n=9) received aluminum lactate 0.57 mg
Al/100 g bodyweight, i.p.) three times per week for 12 weeks.
Control rats (n=_8) were injected with sodium lactate following the
same schedule. All the parameters were determined at the end of
the experiment. Data are means + SEM

Parameter Control rats Treated rats
Serum urea (mg/dl) 0.41+0.02 0.36+£0.01
Serum creatinine (mg/dl) 0.49+0.03 0.44+0.05
Serum protein (g/dl) 6.90+0.05 6.90+£0.05
Urine creatinine (mg/24 h) 19.14£0.79 15.30+0.46
Urine protein (mg/24 h) 4.8+0.3 10.5+0.6*

*Statistically different from control values (P <0.05)
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Results of water and sodium balances are presented
in Table 3. Data represent the values determined after 6
weeks and 3 months of treatment, and revealed that Al
induced a failure in the balance of water and sodium,
together with an increase in the excretion of sodium,
after 6 weeks of treatment. After 3 months, the treated
rats presented higher diuresis with less osmolality. These
results indicated a development of tubular injury, at
least from 6 weeks of treatment, without changes in the
24-h creatinine excretion, since at the end of the treat-
ment the animals presented an increase in the urine
volume with a diminution in urine concentration, while
creatinine excretion rate maintained as controls.

The urine concentration ability was measured under
normal hydration and hydropenic conditions. These
values were measured after 3 months of treatment. This
experimental group allowed us to describe a significant
failure in the treated rats to concentrate the urine after
being water-deprived (Table 4).

GFR estimated from the inulin clearance, and corti-
cal renal flow estimated from PAH clearance were also

Table 3 Water and sodium balance after 6 weeks and at the end of
12-weeks treatment in control and aluminum-treated rats. Treated
rats (n=9) received aluminum lactate (0.57 mg Al/100 g body-
weight, i.p.) three times per week for 6 weeks. Control rats (n=28)
were injected with sodium lactate following the same schedule.

assessed (Table 5). No differences were observed in these
values but a significant increase in fractional sodium
excretion in Al-treated rats was measured. AP values
relative to inulin excreted in the urine increased (controls
2.24+0.6 IU/mg, Al-treated 5.1£0.5 IU/mg, P <0.05).

Biochemical studies in homogenates of renal cortex

The results are presented in Fig. 1. Data indicated that
both GSH levels and GST activity, with CDNB as
substrate, were significantly decreased by the treatment,
and that a simultaneous and significant increase of LPO
is noted in Al-treated rats.

Effect of aluminum on the accumulation of p-amino-
hippurate in renal cortical slices

Tissue accumulation of PAH, estimated as S/M ratio,
decreased significantly in the Al-treated rats. Values

This study was repeated following the same treatment scheme till
12 weeks with treated rats (n=11) and control rats (n=20). V,,
Urine volume, Wy water balance, [Osm], Urine osmolality, Ey,
urine sodium excretion, Nag sodium balance. Data are expressed
as means +=SEM

Assessment time Group V. (ml/day) W3 (ml/day) [Osm], (mOsm/1) Ena (mmol/day) Nag (mmol/day)

After 6 weeks Control rats 9.63+1.08 23.07+£1.20 2441+ 206 0.34+0.02 0.86 £0.08
Treated rats 10.22+0.46 18.73 £0.46* 2290+ 126 0.57+0.03* 0.60+0.02*

After 12 weeks Control rats 10.29+0.56 17.38+0.57 2373+ 59 0.19+0.01 0.93+0.02
Treated rats 13.03+£0.19* 18.97+1.56 1769 +103* 0.21+£0.04 0.85+0.05

*Statistically different from respective control values (P <0.05)

Table 4 Urine concentration capacity at the end of treatment in
control and aluminum-treated rats under normal hydration and
hydropenic conditions. Treated rats received aluminum lactate
(0.57 mg Al/100 g bodyweight, i.p.) three times per week for 12
weeks. Control rats were injected with sodium lactate following the
same schedule. Normal-hydrated rats were maintained in meta-

bolic cages for 24 h with free access to water and food, urine was
collected during the last 4 h. Hydropenic rats were kept in meta-
bolic cages for 24 h without water and food. Urine was collected
during the last 4 h. Vm Urine volume per minute, U,/ P, urine-
to-plasma osmolality ratio. Data are expressed as means +SEM

Condition Group Vm (pl/min) Urine osmolality (mOsm/I) Uosm/Posm ratio

Normal-hydrated Control rats (n=238) 5.25+1.01 2061 +£200 6.47+0.65
Treated rats (n=9) 4.61+£0.64 1899 £ 134 6.70+0.46

Hydropenic Control rats (n=38) 2.62+0.34 3051 +109 10.38+0.3
Treated rats (n=9) 4.60 +£0.42* 2214 +£65* 7.52+0.20*

*Statistically different from respective control values (P <0.05)

Table 5 Renal functional parameters in control and aluminum-
treated rats measured by clearance techniques. Treated rats (n=9)
received aluminum lactate (0.57 mg Al/100 g bodyweight, i.p.)
three times per week for 12 weeks. Control rats (n= 8) were in-

jected with sodium lactate following the same schedule. GFR
Glomerular filtration rate, C/ PAH p-aminohuppurate clearance,
Vm urine volume per minute, FE fractional excretion, [Osm],
urine osmolality. Data are expressed as means +SEM

GFR (ml/min per 100 gy Cl PAH (ml/min per 100 g) Vm (ul/min) FE H,O0 (%) FE Na (%) [Osm], (mOsm/l)
Control rats  0.814+0.02 2.85+0.23 9.66+1.36 0.30+£0.02 0.13£0.03  1729+92
Treated rats  0.79+0.05 2.76+0.22 11.13+£1.53  0.37+0.06 0.27+£0.04* 1865+116

*Statistically different from control values (P <0.05)
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Fig. 1 Effects of aluminum on the activity of glutathion-S-
transferase (GST), gluthathione (GSH) levels and the levels of
lipid peroxidation (LPO) measured in renal cortical homogenates.
Al-treated rats (n=9) received a solution containing aluminum
lactate during 12 weeks (0.57 mg Al/100 g bodyweight, i.p., three
times per week). Control rats (n=28) were injected with sodium
lactate following the same schedule. Each result is the mean =+
SEM. *P <0.05, compared with control

were: control rats 3.06+£0.02 (n=12), Al-treated rats
2.26+0.04 (n=12), P<0.0001.

Effect of aluminum on the kinetics of p-aminohippurate
uptake in renal cortical slices

The kinetics of PAH uptake as a function of PAH
concentration in the incubation medium, under either
O, or N, is presented in Fig. 2. The rate of uptake
under the aerobic condition was nonlinear and higher
than the linear PAH uptake under the anaerobic con-
dition. As shown in the figure, the presence of alumi-
num in the tissue inhibited only the aerobic PAH
uptake. Figure 2 also shows the resulting points ob-
tained when the linear component was subtracted from
the nonlinear function. The points approached a stable
value that was decreased by the presence of aluminum.
The values calculated from these curves indicating the
effect of aluminum on aerobic PAH uptake were: V.«
(umol/15 min per g wet tissue) in control rats
0.25+£0.01 (n=12), and in Al-treated rats 0.10£0.01
(n=12), P<0.001; and K, (uM) in control rats
97.2413, and in Al-treated rats 89.8+17 (n indicating
the number of rats used, with each point on the curve
being the mean +SEM of four to six values).
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Fig. 2 Effect of aluminum on the rate of p-aminohippurate (PAH)
uptake by rat renal cortical slices. Al-treated rats (n=12) received a
solution containing aluminum lactate during 3 months (0.57 mg
Al/100 g bodyweight, i.p., three times per week). Control rats
(n=12) were injected with sodium lactate following the same
schedule. Solid circles represent the results from control slices
incubated under 95% 0O,/5% CO,. Each point represent the
mean = SEM of 4-6 experiments, and the line is the regression fit to
the Michaelis Menten equation. Solid squares represent the results
from control slices incubated under 100% N,. Each point is the
mean+SEM of 4-6 experiments, and the line is the linear
regression. Subtraction of the values corresponding to the linear
component from the nonlinear component at the same PAH
concentration in control preparations is described with the solid line
without symbols. Open circles represent the results from Al-treated
slices incubated under 95% 0O,/5% CO,. Each point is the
mean + SEM of six experiments, and the line is the regression fit
to the Michaelis-Menten equation. Open squares represent the
results from Al-treated slices incubated under 100% N,. Each point
is the mean+SEM of six experiments, and the line is the linear
regression. Subtraction of the values corresponding to the linear
component from the nonlinear component at the same PAH
concentration in Al-treated preparations is described with the
dashed line without symbols

Effect of aluminum on cellular functional parameters

Table 6 indicates that the slices from Al-treated rats did
not exhibit significant changes in the parameters repre-
senting general cell function compared with controls.

Discussion

Aluminum is a widely distributed metal to which all
humans are continuously exposed. Although aluminum
is present in only trace amounts in most biological sys-
tems, this cation accumulates in certain disease states
such as end-stage renal disease (Quarles 1991; Cucarella
et al. 1998). Such accumulation is implicated in the
pathogenesis of suppressed parathyroid hormone secre-
tion, bone disease, anemia, and of the central nervous
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Table 6 Effect of chronic treatment with aluminum on water and
electrolytes content in rat renal slices. Treated rats received a
solution containing aluminum lactate (0.57 mg Al/100 g body-

weight, i.p.) three times per week for 3 months. Control rats were
injected with sodium lactate following the same schedule. Each
result is the mean +SEM

Parameter Control rats (n=12) Treated rats (n=12)
Total tissue water (% of wet weight) 79.80+£0.27 80.30+0.23

Inulin space (ml/g wet weight) 0.31£0.002 0.31£0.23
Intracellular sodium (mEq/1) 52.80+1.60 52.05+£1.67
Intracellular potassium (mEq/l) 71.70£4.10 74.37+3.42

system in end-stage renal failure (Quarles 1991; Lin et al.
1996). Aluminum is excreted by the kidneys (Sutherland
and Greger 1998). It has also been reported that the
renal cortex has the ability to accumulate aluminum
against a concentration gradient and that the capacity
for accumulation is high (Cacini and Yokel 1988).

Our work shows that several changes may occur in
renal function after prolonged exposure of rats but
without a marked renal failure, other than a higher
excretion rate of proteins, in spite of the large amount of
aluminum measured in renal tissue. Moreover, we could
detect renal alterations by using balance-studies of
sodium and water, and by the urine concentrating
capacity, without changes in systemic parameters. It is
remarkable that these failures were observed under
stress conditions or during balance experiments, sug-
gesting actual targets in different renal segments, and
indicating that tubular transport systems could be
affected in Al-induced nephrotoxicity. Furthermore,
previous works from our laboratory demonstrated
changes in renal handling of calcium and inorganic
phosphate, without changes in GFR, and in fractional
excretion of water. These results were observed together
with a diminution in nephrogenic excretion of cAMP
(Mahieu and Calvo 1998).

Our data indicated no differences in GFR nor in the
renal blood flow. On the other hand, we described a
higher excretion of proteins together with a higher
alkaline phosphatase activity in urine, compared with
control samples. The higher activity of alkaline phos-
phatase could be indicative that proximal tubular cells
are loosing apical brush border membranes. It has been
reported as a chronic cytotoxic renal effect of Al in
kidney using light and electron microscopy. These
results indicated atrophy of some tubules, interstitial
fibrosis, and some glomerules that were undergoing
partial sclerosis (Somova et al. 1997).

To gain insight of further changes in transport sys-
tems in renal proximal cells we studied the effects of
aluminum on PAH transport using renal cortical slices
obtained from rats treated in vivo. This transport system
is energetically uphill and is accomplished by tertiary
active process. Substrate entry across the basolateral
membrane is driven by indirect coupling to the sodium
gradient maintained by Na—-K-ATPase. Luminal exit
across the brush border membrane is presumed to occur
via anion exchange and/or facilitated diffusion (Sweet
et al. 2001). It has been pointed out that tubular lumens
are collapsed in slices of renal cortical tissue (Wedden

and Vyas 1978), and thus transport events observed in
this preparation would reflect preponderantly processes
localized at the basolateral cell membrane (Foulkes
1971; Tune and Burg 1971). Therefore, accumulation of
PAH in renal slices could reflect the rate of active
transport from medium to cell and passive efflux from
cell to medium at the basolateral cell membrane, and/or
alterations in the metabolic machinery of the tubular
cells that assures the active transport systems.

PAH transport as measured with the S/M ratio, an
indicator of its steady-state accumulation, was dimin-
ished by the presence of aluminum in renal slices. The
study of the kinetics data indicated a decrease in the
aerobic and saturable transport of PAH without
changes in the apparent affinity of PAH for the carrier
system. Since no modification in total water content,
inulin space, or ionic distribution could be observed,
we can assume that the tubular cells’ membrane per-
meability remained unaffected. This fact could explain
why the anaerobic component is maintained in the
presence of N, atmosphere, and is not affected by
aluminum. Thus, we might conclude that aluminum
affected active PAH transport in basolateral mem-
branes or the cellular regulation of the system. In this
connection, we have found no changes in PAH clear-
ance, which was used as a measure of cortical renal
flow. Our interpretation of these contradictory results is
that they could be due to the maintained affinity of the
transport system as observed in vitro experiments sta-
ted above. The PAH concentration adjusted in plasma
to assure a maximal arterio-venous PAH extraction
(100 uM), and thus simplified the PAH clearance
determination, could be low enough to maintain a
proper uptake by renal tubules.

Certain work indicated that metabolism is an
important intracellular event associated with the renal
disposition of anionic xenobiotics. Both phase 1 and
phase II reactions of biotransformations are present in
kidneys (Lohr et al. 1998). Among these reactions the
formation and degradation of glutathione S-conjugates
is well developed in renal cells (Commandeur et al.
1995). Renal tissue obtained from aluminum-treated
rats presented a diminution in GST activity using
CDNB as subtrate, together with diminution in GSH,
and an increase in LPO. Although aluminum has not
been described as a metal that reacts with GSH and
decreases free GSH in tissue, like mercury has (Girardi
and Elias 1991), the increase of LPO could indicate an
increase of oxidation reactions levels. This oxidative



increment could promote the diminished GSH level,
and also could modify the activity of the proteins in
membrane (i.e., OTA) or cytosol (i.e., GST). It has
been reported that acute intraperitoneal administration
of aluminum induces a temporal diminution of GSH
in liver, increases hemooxygenase activity with reduc-
tion of cytochrome P450 and, later, an increase in
LPO (Jeffery et al. 1996). Other authors indicated that
aluminum accumulation in liver was accompanied by
a decreased GSH level and in a decrease in glutathione
peroxidase (El-Maraghy et al. 2001), while, in adult
mice, exposure to aluminum was proved to inhibit
o-aminolevulinate dehydratase activity of kidneys
(Schetinger et al. 1999). Data described in this work do
not allow us to determine the order of development of
the events studied. The different results have indicated
that aluminum could affect cellular metabolism by
promoting oxidative stress and, thus, could promote
alterations in renal proximal cells.

We conclude that chronic accumulation of alumi-
num might induce nephrotoxicity without important
changes in global renal function but by modifying the
cellular regulation of renal functions such as transport
and metabolism. The identification of the actual target
of aluminum in renal tissue is under study in our
laboratory.
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