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Abstract The aim of this study was to assess the effects of
chronic exposure to cadmium (Cd) on the structure and
function of kidneys, as well as to establish the body
burden of Cd at which the changes occur. For this
purpose we have created an experimental model using
rats intoxicated with Cd administered in drinking water
at the concentration of 5 or 50 mg Cd/1 for 6, 12 and 24
weeks. The degree of kidney damage was evaluated
biochemically and histopathologically. Sensitive bio-
markers of Cd-induced proximal tubular injury such as
urinary total N-acetyl-f-p-glucosaminidase (NAG-T)
and its isoenzyme B (NAG-B), and alkaline phosphatase
(ALP) were used. Cd content in the kidney increased
with the level and duration of exposure leading to dose-
and time-dependent structural and functional renal
failure. In rats exposed to 5 mg Cd/l, first symptoms of
injury of the main tubules of long and short nephrons
(structural damage to epithelial cells, increased urinary
activities of NAG-T and NAG-B) were noted after 12
weeks of the experiment. The damage occurred at a low
kidney Cd concentration amounting to 4.08£0.33 pg/g
wet weight (mean +SE) and a urinary concentration of
4.31+£0.28 ug/g creatinine. On exposure to 50 mg Cd/l,
damage to the main tubules (blurred structure of tubular
epithelium, atrophy of brush border, partial fragmen-
tation of cells with release of nuclei into tubular lumen
as well as increased urinary activities of NAG-T, NAG-
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B and ALP) was already evident after 6 weeks with the
kidney Cd concentration of 24.09+1.72 pug/g wet
weight. In rats exposed to 50 mg Cd/l, a lack of regular
contour of glomeruli was noted after 12 weeks, whereas
after 24 weeks thickening of capillary vessels and wid-
ening of filtering space were evident. After 24 weeks
of exposure to Cd, increased urea concentration in
the serum with simultaneous decrease in its level in
the urine, indicating decreased clearance of urea, and
increased excretion of total protein were observed, but
endogenous creatinine clearance remained unaffected.
At the lower exposure, symptoms of structural, but not
functional, damage to the glomeruli were also evident
after 24 weeks of the experiment. Our results provide
evidence that chronic exposure to Cd dose-dependently
damages (structurally and functionally) the whole kid-
ney. The injury affects the main resorptive part (proxi-
mal convoluted tubules and straight tubules) and the
filtering part (glomeruli) of the nephron. But the target
site for Cd action is the main tubule. We hypothesize
that the threshold for Cd effects on the kidney is less
than 4.08 +£0.33 pg/g wet kidney weight and greater than
2.40+0.15 pg/g (at this Cd concentration no symptoms
of kidney damage were noted), and it may be close to the
latter value. A very important finding of this study is
that Cd acts on the whole kidney, especially on the main
tubules, even at relatively low accumulation in this or-
gan. It confirms the hypothesis that humans environ-
mentally exposed to Cd, especially smokers, are at risk
of tubular dysfunction.

Keywords Cadmium - Nephrotoxicity markers -
Kidney structure - Kidney function - Rats

Introduction

Cadmium (Cd) is one of the most toxic heavy metals,
having a very strong ability to accumulate in the living
organisms especially in the kidneys, and an extremely



long biological half-life. The kidney has been considered
the critical organ for Cd toxicity following long-term
exposure in humans and experimental animals (Kjell-
strom 1986; WHO 1992; Hac et al. 1998). Cadmium-
induced kidney injury is characterized first of all by
proximal tubular dysfunction, which is believed to be
irreversible at advanced stages (WHO 1992; Mitsumori
et al. 1998; Roels et al. 1999).

Recent papers show that tubular damage may appear
in environmentally exposed subjects at lower levels of
Cd exposure than previously anticipated and that the
kidney cortex Cd concentration of 50 pg/g that is ac-
cepted as safe for the general population can be too high
(Jarup et al. 2000; Noonan et al. 2002). The level of Cd
above which early effects occur is unknown. Thus, spe-
cial attention has been paid to evaluation of safe levels
of Cd exposure in humans, and to search for sensitive
biomarkers allowing detection of early changes at the
stage when they are still reversible (Mueller et al. 1998;
Jin et al. 1999; Price at al. 1999; Roels et al. 1999).

The nephrotoxicity of Cd has been extensively studied
and widely reported in occupationally (Kahan et al. 1992;
Bernard etal. 1995; Jarup et al. 2000) and environmentally
(Jinet al. 1999; Price et al. 1999; Jarup et al. 2000) exposed
human subjects, as well as in various experimental models
(Aughey et al. 1984; Nordberget al. 1994; Mitsumoriet al.
1998; Ohta et al. 2000). However, reports concerning the
simultaneous assessment of the structure and function of
this organ and Cd accumulation are rare. Moreover, there
are some discrepancies regarding levels of exposure and
the kidney Cd concentrations at which kidneys are injured
as well as regarding the severity of damage (Aughey et al.
1984; Uriu et al. 2000). There is still too little knowledge
on kidney status in conditions of low-level long-term
exposure.

Therefore, we have created an experimental model
using rats chronically treated with Cd at relatively low
and relatively high levels in which we have assessed the
effect of Cd on the structure and function of the kidney.
The degree of damage to the kidney was evaluated
biochemically, histopathologically and histoenzymati-
cally. The biochemical and histopathological results
have been reported in the first part of the paper while the
histoenzymatic results appear in the second part.

Materials and methods

Experimental protocol

The study was carried out on 108 inbred male 2-month-old Wistar
rats of initial body weight 180-200 g. The animals were housed in
conventional conditions at a temperature of 22+ 1°C, with a rela-
tive humidity of 50+10% and a 12-h/12-h light/dark cycle. They
had unlimited access to drinking water (redistilled water or aqueous
solutions of CdCl,) and rat chow (LSM dry diet; Fodder Manu-
factures, Motycz, Poland). Cd concentration in the diet was
assessed in our laboratory to be 0.211 mg/kg.

The rats were allocated randomly to the three experimental
groups of 36 animals each. Two groups received aqueous solu-
tions of CdCl, at the concentration of 5 or 50 mg Cd/l as the only
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drinking fluid. Control rats drank redistilled water (uncontami-
nated with Cd). To assess Cd intake, 24-h consumption of
drinking water was measured during the whole course of the ex-
periment. After 24-h urine collection in metabolic cages and
overnight fasting, 12 animals of each group were killed under
anaesthesia with Vetbutal (pentobarbital sodium and pentobar-
bital 5:1, 30 mg/kg body weight, i.p.) at 6, 12 and 24 weeks of the
experiment. Blood was collected (with and without anticoagulant)
from the heart, and both kidneys were removed. The kidneys were
washed thoroughly in ice-cold physiological saline (0.9% NacCl),
weighed and cut into a few pieces, which were assigned to Cd
analysis, biochemical and morphological studies. In the serum,
concentrations of creatinine, total protein and urea were mea-
sured. Cd, creatinine, total protein and urea concentrations were
determined in the urine, as well as total N-acetyl-f-p-glucosa-
minidase (NAG-T) and its isoenzyme B (NAG-B), and alkaline
phosphatase (ALP) activities. In the whole blood, Cd concentra-
tion was assayed as well.

The study was approved by the Local Ethics Committee for
animal experiments in Bialystok. The research complied with the
current laws of Poland, and procedures involving the animals and
their care conformed to the institutional guidelines, in compliance
with national and international laws and Guidelines for the Use of
Animals in Biomedical Research (Giles 1987).

Chemicals

For chemical and biochemical examinations, ultra-pure water
received from water purification Milli-Q system (Millipore Corpo-
ration, Milford, MA, USA) was used. All reagents and chemicals
were of analytical grade purity or higher. For Cd analysis, trace
pure nitric acid (HNO3; Merck, Darmstadt, Germany) and a stock
of atomic absorption standard solution of Cd (Sigma, St. Louis,
MO, USA) were used.

Estimation of Cd concentration in the blood, kidney and urine

The whole blood collected in heparinized tubes was wet-digested
with HNOs. Slices of the kidneys were dry-mineralized in an elec-
tric oven and the ash was dissolved in 1 M HNOj;. Urine samples,
without mineralization, were diluted with ultra-pure water.
Cd concentration was determined by flameless atomic absorption
spectrometry method (atomic absorption spectrophotometer model
Z-5000; Hitachi, Tokyo, Japan) with electrothermal atomization in
a graphite cuvette according to the manufacturer’s recommenda-
tion with our own modification. The cathode lamp of Cd (Photron,
Narre Warren, Australia) was operated under standard conditions
using its respective resonance line of 228.8 nm. The detection limit
was 0.08 pg Cd/l. Internal quality control was employed to keep
the measurement process reliable.

Serum and urinary markers of renal toxicity

The activities of NAG-T and NAG-B (EC 3.2.1.52) in urine were
determined colourimetrically according to the method of Zwierz
et al. (1981), wusing p-nitrophenyl-N-acetyl-f-p-glucosamide
(Sigma) as substrate. ALP (EC 3.1.3.1) activity was measured
colourimetrically by a kinetic method (based on liberation of
p-nitrophenol from p-nitrophenyl phosphate), using a commer-
cially available diagnostic test (POCh, Gliwice, Poland). The
concentrations of creatinine and urea in serum and urine were
determined colourimetrically using a diagnostic laboratory test
(POCh). Creatinine clearance was calculated in order to evaluate
the glomerular filtration rate. The concentration of total protein
was estimated according to the method of Lowry et al. (1951)
with bovine albumin (Sigma) as a standard. All colourimetrical
determinations were made using a Hitachi U-3010 spectropho-
tometer.
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Histopathological studies

Slices of the kidneys of five rats from each experimental group were
fixed in Carnoy’s fluid or in Grander’s fluid. The slices fixed in
Carnoy’s fluid were embedded in paraffin, cut into 5-pm sections
and routinely stained with hematoxylin and eosin (H+E). The
slices fixed in Grander’s fluid were subjected to periodic acid-Schiff
(PAS) reaction, performed by the method of McManus-Mowry as
described by Pearse (1972). The reaction was pereformed to show
the vessels and membranes of Bowman’s capsule of glomeruli as
well as the brush border and basement membranes of particular
sections of nephrons.

All specimens were photographed under a Polyvar-Reichert
light microscope.

Statistical analysis

Experimental groups were compared using a one-way analysis of
variance (ANOVA) by the Kruskal-Wallis ranks test. A linear
Pearson’s correlation analysis was performed to evaluate the rela-
tionship between Cd concentrations and the biochemical parame-
ters in serum and urine. P-values <0.05 were considered
significant. Statistical tests were performed using Statistica version
5.0 (StatSoft, Tulsa, OK, USA).

Results
Consumption of drinking water and Cd intake

The addition of Cd to the drinking water diminished
fluid consumption in a concentration-dependent manner
during the whole experiment (Fig. 1). Average Cd in-
take, calculated on the basis of fluid consumption, was
157.6+1.4 ng/24 h (range 320.5-678.4 pg/kg body
weight per 24 h) for 5 mg Cd/l, and 913.6 £9.0 pg/24 h
(range 1963.9-4487.0 pg/kg body weight per 24 h) for
50 mg Cd/l.

Body weight gain and kidney weight
During the experiment an increase in the body weight of
all the rats was noted. The rats treated with 5 mg Cd/1

reached the weights of the control. Exposure to 50 mg
Cd/l resulted in a reduction in body weight gain after 6
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weeks (by 7%, P<0.05) and 12 weeks (by 22%,
P<0.001), but the effect was no further observed after
24 weeks of the experiment. Kidney weight and relative
kidney weight (kidney weight expressed as a percentage
of body weight) were not changed by any treatment,
except for a slight increase (by 8%, P<0.01) in the re-
lative kidney weight in the rats treated with 50 mg Cd/I
for 12 weeks, which was caused by the decrease in body
weight gain (data not shown).

Cd concentration in the blood, kidney and urine

The administration of Cd resulted in a marked dose- and
time-dependent increase in its concentration in the blood
(Fig. 2), kidney (Fig. 3) and urine (Fig. 4). The kidney Cd
concentration in the rats exposed to 5 mg Cd/l was 61, 87
and 187 times higher (P < 0.001) compared with thatin the
respective control group after 6, 12 and 24 weeks, re-
spectively. In the animals treated with 50 mg Cd/l, the
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Fig. 2 Cd concentration in blood (ug/l) of rats exposed to Cd (0, 5
or 50 mg/l water) for up to 24 weeks. Each bar represents mean
+ SE of 12 animals. Statistically significant differences: *P <0.05 in
comparison with appropriate control; TP <0.05 for comparison of
5 and 50 mg Cd/l at the same period of exposure; *P <0.05 for
comparison of 6 and 24 weeks of exposure at the same level;
“P<0.05 for comparison of 12 and 24 weeks of exposure at the
same level

Fig. 1 Consumption of
drinking water of rats exposed
to Cd (0, 5 or 50 mg/l water)
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Fig. 3 Cd concentration in kidney (pg/g wet weight) of rats
exposed to Cd (0, 5 or 50 mg/l water) for up to 24 weeks. Each
bar represents mean + SE of 12 animals. Statistically significant
differences: *P<0.05 in comparison with appropriate control;
TP <0.05 for comparison of 5 and 50 mg Cd/1 at the same period of
exposure; *P < 0.05 for comparison of 6 and 12 weeks of exposure
at the same level; P <0.05 for comparison of 6 and 24 weeks of
exposure at the same level; TP <0.05 for comparison of 12 and 24
weeks of exposure at the same level

30
0 Control

950 O SmgCdi *
5 50 mgCdll

20

—o—

24 weeks

6 weeks 12 weeks

Fig. 4 Cd concentration in urine (pg/g creatinine) of rats exposed
to Cd (0, 5 or 50 mg/l water) for up to 24 weeks. Each bar
represents mean = SE of 12 animals. Statistically significant
differences: *P<0.05 in comparison with appropriate control;
P<0.05 for comparison of 5 and 50 mg Cd/1 at the same period of
exposure; *P<0.05 for comparison of 6 and 24 weeks of exposure
at the same level; TP <0.05 for comparison of 12 and 24 weeks of
exposure at the same level

increase in the kidney Cd concentration was 617, 943 and
1154 times higher after 6, 12 and 24 weeks of the experi-
ment, respectively. In control rats an increase in Cd con-
centration in the kidney was also observed (Fig. 3).
High correlation coefficients were noted between Cd
concentrations in the blood, kidney and urine (Table 1).

Serum and urinary markers of renal toxicity

The administration of 5 mg Cd/l for 6 weeks had no
effect on the urinary NAG-T and NAG-B activities
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Table 1 Correlation coefficients between Cd concentration in
kidney and urine and markers of renal toxicity (NAG-T total N-
acetyl-f-p-glucosaminidase;NAG-B N-acetyl-f-p-glucosaminidase
isoenzyme B; ALP alkaline phosphatase)

Marker Assay Cd kidney Cd urine
cd Blood 0.7914" 0.8146"
Urine 0.8644" -
NAG-T Urine 0.7744" 0.7612°
NAG-B Urine 0.6255" 0.6462"
ALP Urine 0.3248" 0.3589"
Total protein Urine 0.3938 0.4155°
Urea Serum 0.3898" 0.3964"
Urine -0.3519° -0.1890%
Creatinine Serum -0.0562° -0.1703"
Clearance -0.0670° 0.0901%

*P<0.001,"P=0.001,"P < 0.05,°P>0.05

(Fig. 5). However, after 12 and 24 weeks increases in
NAG-T (by 41%, P<0.05 and 95%, P <0.001, respec-
tively; Fig. 5) and NAG-B (by 71%, P <0.05 and 104%,
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Fig. 5§ Total N-acetyl-f-p-glucosaminidase (NAG-T) and isoen-
zyme NAG-B activities in urine (IU/1) of rats exposed to Cd (0, 5 or
50 mg/l water) for up to 24 weeks. Each bar represents mean + SE
of 12 animals. Statistically significant differences: *P <0.05 in
comparison with appropriate control; TP <0.05 for comparison of
5 and 50 mg Cd/l at the same period of exposure; P <0.05 for
comparison of 6 and 12 weeks of exposure at the same level;
8P <0.05 for comparison of 6 and 24 weeks of exposure at the same
level; TP <0.05 for comparison of 12 and 24 weeks of exposure at
the same level
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P <0.001, respectively; Fig. 5) activities were noted in
comparison to the respective control groups. On expo-
sure to 50 mg Cd/l, increases in NAG-T and NAG-B
activities (by 244% and 113%, respectively, P<0.001)
were already observed after 6 weeks, but longer term Cd
administration did not cause further increase in their
excretion (Fig. 5).

Exposure to 5 and 50 mg Cd/1 for 6 and 12 weeks had
no effect on the total protein and urea concentrations in
the serum and urine. Creatinine concentration in the
serum and creatinine clearance were also unchanged,
while the urinary activity of ALP significantly increased
(P <0.05), but only in the group receiving 50 mg Cd/I
(data not shown). In the rats exposed to 5 mg Cd/l for
24 weeks the concentrations of total protein and urea in
the serum and urine were unchanged, while the urinary
activity of ALP increased (by 22%, P<0.01; Table 2).
In the animals intoxicated with 50 mg Cd/I for 24 weeks,
a significant increase was observed in the concentration
of total protein (by 51%, P<0.001), and in the urinary
ALP activity (by 71%, P<0.001) (Table 2). The con-
centration of urea in the serum increased (by 38%,
P <0.001), while that in the urine decreased (by 26%,
P <0.001; Table 2). Serum creatinine concentration and
creatinine clearance were not changed by any treatment
(Table 2).

High positive correlations between Cd concentration
in the kidney or urine, and the urinary NAG-T, NAG-B
and ALP activities were noted (Table 1). The concen-
tration of urea in the serum, as well as total protein
urinary excretion, also positively correlated with Cd

concentration in the kidney or in urine, while for the
urinary urea levels a negative correlation was observed
(Table 1).

Kidney histopathology

The kidneys of all control rats had a normal structure of
cortex (Fig. 6A) and medulla. After 6 weeks of the ex-
periment no structural lesions were evident with expo-
sure to 5 mg Cd/l. After exposure to 50 mg Cd/l for 6
weeks, a blurred structure of tubular epithelium, atro-
phy of brush border, and partial fragmentation of cells
with release of nuclei into tubular lumen were noted in
the main tubules (formed by proximal convoluted tu-
bules and straight tubules). Cytoplasm of the tubular
cells had micro- and medium-granular forms. The
damaged tubules were located in the cortex as well as in
the circummedullary region. In the main tubules of rats
intoxicated with 5 mg Cd/l for 12 weeks, structural
damage to the epithelial cells (degenerative changes)
occurred, whereas in the animals treated with the higher
Cd level the injury became more prominent than after 6
weeks. At both levels of the exposure, practically in the
whole region of the kidney cortex, we observed oedema,
interruption of borders of lining epithelial cells, and the
presence of acidophilic micro-granular mass as well as
nuclei of epithelial cells released into tubular lumen.
Most of the main tubules revealed a lack of regular
contour and a similar picture was observed in the
glomeruli of rats exposed to 50 mg Cd/l. The remaining

Table 2 Biochemical tests of

kidney function in rats exposed Marker Assay Exposure for 24 weeks

to Cd in drinking water at

concentrations 0%" 5 or 50 mg Control 5 mg Cd/l 50 mg Cd/l

Cd/1 for 24 weeks. Each value is - T

mean +SE of 12 animals (4LP ~ ALP ' Urine (IU/1) 3.92+0.35 4.77+0.37* 6.70 £0.49*

alkaline phosphatase) Total protein Serum (g/100 ml) 8.99+0.26 8.82+£0.31 8.59+0.16

B o o Urine (mg/mg creatinine) 6.43+0.21 7.12+£0.53 9.73 +0.52%"
P <0.05, statistically signifi- Urea Serum (mg/100 ml) 40.34+1.16 44.45+1.55 55.76 + 1.49%*"

cant in comparison with control Urine (mg/mg creatinine) 34.70+1.37 35.78+1.17 25.73 +£1.53*"

"P<0.05, statistically signifi- Creatinine Serum (mg/100 ml) 1.105+0.026 1.094 +0.030 1.043+0.026

cant in comparison with 5 mg Clearance (ml/min) 0.933+£0.050 0.926 £0.022 0.976 £0.037

Cd/1 group

Fig. 6A—C Histopathological
evaluation of the effect of Cd on
rat kidney. A Normal structure
of tubules (arrows) and
glomeruli (barbed arrows) in
kidney cortex in control. B
Damaged kidney structure in
rats exposed to 5 mg Cd/I for 24
weeks. C Kidney structure after
exposure to 50 mg Cd/l for 24
weeks. The damage to the renal
tubules is more serious than at
5 mg Cd/l (H&E, x460)




tubules (i.e. distal convoluted tubules, connecting tu-
bules and papillary ducts) had no, or only marginal,
structural changes. After 24 weeks of exposure to both
Cd levels, dose-dependent damage to the whole nephron
was observed (Fig. 6B, C). The injury affected mainly
the major resorptive part (proximal convoluted tubules
and straight tubules) and the filtering part (glomeruli) of
the nephron, and became less advanced further away
from these sections. The structural damage to the tu-
bules was of similar type and location but was more
advanced, dose-dependently, than after 12 weeks of the
exposure. Necrosis of epithelial cells and apoptotic-like
changes were evident in the proximal convoluted tubules
and straight tubules. Thickened capillary vessels and
widened filtering spaces were observed in the renal
glomeruli. The damage to the glomeruli was more pro-
nounced in the rats exposed to 50 mg Cd/I than in those
receiving 5 mg Cd/l.

In control rats a positive carmine diffuse PAS reac-
tion was located in the renal glomeruli, walls of blood
vessels, brush border and basement membranes of
tubules of particular nephrons (Fig. 7A). Circumme-
dullary nephrons were characterized by especially well-
saturated brush borders. On the surfaces of the epithelial
cells of the distal convoluted tubules, PAS reaction was
minimal. A similar picture was observed in the thick and
collecting tubules and papillary ducts. In the rats ex-
posed to 5 and 50 mg Cd/I for 6 weeks, a marked in-
crease in the carmine product of the reaction was noted
in the brush border of the proximal convoluted tubules,
straight tubules and renal glomeruli. In the rats intoxi-
cated with 50 mg Cd/l, a focal loss of PAS reaction was
found in the brush border of some main tubules. After
exposure to 5 and 50 mg Cd/I for 12 weeks, a consid-
erable decrease in the intensity of colour reaction or even
its total fade were evident in the brush border of the
epithelial cells in the majority of the main tubules. In the
renal glomeruli, the intensity of PAS reaction was sim-
ilar to that observed after 6 weeks. The intensity, char-
acter and location of PAS reactions after 24 weeks
(Fig. 7B, C) of the experiment resembled those noted in
the corresponding groups after 12 weeks.

Fig. 7A—C Effect of Cd on
periodic acid-Schiff reaction in
the kidney. A Strong positive
reaction in control. B, C
Attenuated reaction or even its
total loss in rats exposed to 5
and 50 mg Cd/l for 24 weeks,
respectively (x460; arrows
proximal convoluted tubule,
barbed arrows glomerule)
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Discussion

The aim of the present study was to assess early changes
in the structure and function of the kidney in rats
chronically exposed to Cd as well as to determine the
body burden of Cd at which they occurred. The degree
of kidney damage was evaluated biochemically and
histopathologically. Sensitive biomarkers of Cd-induced
proximal tubular injury such as urinary NAG-T and its
isoenzyme B (NAG-B), and ALP were measured.

In the rats intoxicated with 5 and 50 mg Cd/l, the
body burden of Cd, reflected in its urinary concentra-
tion and accumulation in the kidney, increased with the
level and duration of treatment. In this paper we have
presented the urinary Cd excretion and measured in
urine biochemical indicators of kidney status only after
6, 12 and 24 weeks of exposure (i.e. periods of exposure
after which blood and kidneys were removed for bio-
chemical or histopathological examination), but in the
rats exposed for 24 weeks these variables were moni-
tored during the whole experiment (once a week). Cd
concentration in the urine (recognized as the best
indicator of exposure to this metal) of rats exposed to
5 mg Cd/l ranged from 2.26 to 10.97 pg/g creatinine,
and in those exposed to 50 mg Cd/l ranged from 8.10
to 26.76 ng/g creatinine, depending on time-point of
measurement during the 24-week period of exposure.
After 24 weeks of exposure to 50 mg Cd/lI, Cd con-
centration in urine was relatively high, but it most
probably resulted from its increased loss by damaged
kidneys. Between the 13th and 22nd week of exposure,
the urinary Cd concentrations were markedly lower
than after 24 weeks. When the kidney damage occurs,
increased urinary excretion of Cd is observed at the
same time. Indeed, in the rats exposed to 50 mg Cd/l a
gradual increase in Cd excretion occurred from the
18th week. The enhanced wurinary Cd excretion
most probably was a cause of the decrease in the
blood concentration of the metal that was noted in
these animals between the 12th and 24th week of the

exposure.
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Since Cd concentrations in the blood, kidney and
urine of rats continuously intoxicated with Cd are
comparable with levels reported by some authors in
humans exposed environmentally or occupationally to
Cd, including smokers (Koyama et al. 1992; WHO 1992;
Bem et al. 1993; Chalkley et al. 1998; Rydzewski et al.
1998; dell’Omo et al. 1999; Khassouani et al. 2000), we
think that our experimental model can reflect the situ-
ation of exposure to Cd that may take place in human
life.

The rats exposed to 50 mg Cd/1 developed a stronger
aversion to drinking than those that received 5 mg Cd/I
because water containing the higher Cd concentration
had a bad taste. In interpreting the results from rats
exposed to 50 mg Cd/l, it has to be taken into consid-
eration that Cd could cause dehydration (as a result of
aversion to drinking), which in turn would mask a real
influence on Cd concentrations and the biochemical
parameters in the serum (blood) and urine. On the basis
of results obtained, it is difficult to recognize whether
and to what extent the reduced water intake influenced
the measured variables. To minimize this effect, the
urinary concentrations of Cd, total protein and urea
have been expressed in calculation relative to creatinine
concentration.

The excretion of Cd via kidneys and its accumulation
in this organ resulted in structural and functional dam-
age to the whole kidney. The injury was dose- and time-
dependent, and localized mainly in the main resorptive
part (proximal convoluted tubules and straight tubules)
and in the filtering part (glomeruli) of the nephron.

Cadmium-induced nephrotoxicity is thought to be
caused by the release of Cd>* ions from the extracellular
Cd-metallothionein complex (Cd-Mt). After absorp-
tion, Cd is transported by the blood initially in the form
bound to high molecular weight proteins, especially al-
bumin. The Cd bound to albumin is taken up predom-
inantly by the liver where Cd>" ions are released from
albumin and induce synthesis of low molecular weight
protein — metallothionein (Mt). Mt binds and retains
Cd*>" ions in the liver. A small quantity of Cd—Mt is
released into the blood from hepatocytes, and is effi-
ciently transported through the glomerular membrane to
the tubular fluid in the kidney. Next the Cd-Mt complex
is taken up from the tubular filtrate by pinocytotic ves-
icles in the brush border of the proximal tubular cells,
and is transported into lysosomes where it is degraded.
The free Cd>" ions released are transported to the cy-
toplasm where they induce synthesis of Mt molecules,
which bind and retain Cd in the kidney for a very long
time. Part of the Cd-Mt complexes of tubular fluid is
degraded in tubular lumen before reabsorption. Cd**
ions, released into tubular lumen, are responsible for
damage to the membrane proteins of renal tubular cells
(Kjellstrom 1986; Nordberg et al. 1994).

The increased urinary excretion of cytotoxicity
marker enzymes such as NAG-T, NAG-B and ALP
indicate the tubular Cd toxicity. ALP originates from
the brush border, while NAG is located mainly in

lysosomes of proximal tubular epithelial cells. NAG-T is
present in the kidney and urine as two major isoenzymes
— isoenzyme A (NAG-A), which reflects an increased
lysosomal activity, and isoenzyme B (NAG-B), which is
the lesional form of NAG. Isoenzyme A resides in the
soluble intralysosomal compartment, and is released
into urine by exocytosis during the physiological turn-
over of the cells. NAG-B is an intralysosomal mem-
brane-bound enzyme, which is released into urine when
disruption of lysosomal membranes occurs. NAG-T and
especially NAG-B were reported as highly sensitive in-
dicators of Cd tubular toxicity, and thus they were rec-
ommended for the biological monitoring of exposure to
this heavy metal (Bernard et al. 1995; Mueller et al.
1998; Jin et al. 1999; Price et al. 1999). The Cd-induced
increase in NAG-T and NAG-B urinary activities con-
siderably preceded the occurrence of changes in other
biochemical markers of kidney status. Moreover, we
noted high positive correlations between the urinary
NAG-T and NAG-B activities and the urinary, as well
as the kidney, Cd concentrations. On exposure to 5 mg
Cd/l, increased urinary NAG-T and NAG-B activities
were observed after 12 weeks, while at the higher ex-
posure level increased activities were already evident
after the first week (data not shown). At both levels of
exposure, all of the biochemical variables describing
kidney status measured in the serum and/or urine were
unchanged at the time when an increase in the urinary
activities of NAG-T and NAG-B had been first noted.
The large increase in the urinary NAG-T activity with
simultaneous modest elevation that of NAG-B suggests
that the Cd-induced increase in NAG-T was caused by
isoenzymes other than NAG-B, apparently NAG-A. It
can result from an increased lysosomal activity and
leakage of NAG-A and other NAG isoenzymes by
damaged lysosomal membranes. This phenomenon will
be taken into account in our future studies.

The PAS reaction demonstrates substances involved
in the creation of the structure of biological membranes,
including glycoproteins and glycosaminoglycans. The
reaction stains the structures connected with adhesive-
ness and tightness of membranes such as capillary loops,
brush borders of the main tubules and basement mem-
branes. The focal decrease in the intensity of PAS re-
action that was evident in the brush border of the main
tubules of some rats exposed to 50 mg Cd/l for 6 weeks
could indicate damage to the reabsorptive surface of
epithelial cells. The marked decrease in the product of
PAS reaction, or even its total lack, observed in the
brush border of tubular epithelial cells after 12 and 24
weeks of exposure to 5 and 50 mg Cd/l reflects serious
impairment of reabsorptive processes in the main tu-
bules, or cessation of the mechanisms of active trans-
port.

The main tubules, due to their high reabsorptive ac-
tivity, are especially sensitive to injury under Cd influ-
ence (Kjellstrom 1986). The early effects of Cd action on
the proximal convoluted tubules and straight tubules
were observed at relatively low kidney accumulation



(2.69-6.94 ng/g wet weight) and urinary concentration
(3.22-5.93 pg/g creatinine) of Cd. This suggests that Cd
can affect kidneys even at relatively low accumulation
levels, and that the kidney cortex Cd concentration (the
ratio of Cd concentration in the kidney cortex to its
concentration in the whole kidney is about 1.25) of
50 pg/g, which is accepted as safe for the general pop-
ulation, can be too high and should be revised. Degen-
erative changes in proximal tubular epithelial cells at low
Cd exposure have recently been reported by Uriu et al.
(2000). On the basis of results obtained, we hypothesize
that the threshold for the kidney effects of Cd is less than
4.08+£0.33 ng/g wet kidney weight and higher than
2.40£0.15 pg/g (at this Cd concentration no changes
were noted in the kidney structure and biochemical in-
dicators of kidney status, including NAG-T and NAG-B
activities), and it may be close to the latter value.

In the rats intoxicated with 50 mg Cd/l, the damage
to the main tubules was considerably prominent and
occurred earlier than in the rats exposed to 5 mg Cd/l.
Moreover, with exposure to 50 mg Cd/l symptoms of
the structural and functional glomerular damage oc-
curred. However, this effect of Cd was observed at
markedly higher kidney Cd concentrations than those at
which tubular injury took place.

The increased serum urea concentration with the si-
multaneous decrease in its urinary level (indicating its
decreased clearance), and the enhanced urinary excre-
tion of total protein, together with the structural
changes observed on exposure to 50 mg Cd/l, show
glomerular functional disturbances in spite of creatinine
clearance being unaffected. The enhancement in the
urinary total protein concentration could partially result
from decreased reabsorption of low molecular weight
proteins by injured tubules. The glomerular structural
damage was also revealed in the rats exposed to 5 mg
Cd/l, but in these animals there was no evidence of
functional disturbances.

In our experiment, the rats exposed to 50 mg Cd/1 for
24 weeks had less serious kidney damage than in the
study by Aughey et al. (1984) at the same level and
duration of exposure. Those authors observed early
pathological changes around weeks 4-6 of treatment
with Cd. After 12 weeks signs of tubular necrosis, in-
terstitial fibrosis and glomerular epithelial cells hyper-
trophy were present in small areas of the cortex, whereas
after 24 weeks the renal cortex showed clear evidence of
tubulo-interstitial nephritis at the concentration of 60 pg
Cd/g wet weight (Aughey et al. 1984).

In conclusion, chronic intoxication with Cd results in
damage to the whole kidney, the main tubules being the
target for Cd action. Severity of renal toxicity increases
with Cd accumulation in the kidney, which depends on the
level and duration of exposure. A very important finding
of this study is that Cd affects the kidney, especially the
main tubules, even at relatively low accumulation levels in
this organ. Our results confirm the hypothesis that hu-
mans environmentally exposed to Cd, especially smokers,
are at risk of tubular dysfunction. Moreover, they seem to
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suggest that the critical Cd concentrations in the kidney
cortex that are accepted for the general population (50 pg/
g) and occupationally exposed subjects (200 pg/g) are too
high and should be revised.
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