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Effect of stress, adrenalectomy and changes in glutathione metabolism
on rat kidney metallothionein content: comparison with liver
metallothionein
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Eighteen hours of immobilization stress, accompanied by food and water deprivation, increased liver
metallothionein (MT) but decreased kidney MT levels. Food and water deprivation alone had a significant
effect only on liver MT levels. In contrast, stress and food and water deprivation increased both liver and
kidney lipid peroxidation levels, indicating that the relationship between MT and lipid peroxidation levels (an
index of free radical production) is unclear. Adrenalectomy increased both liver and kidney MT levels in basal
conditions, whereas the administration of corticosterone in the drinking water completely reversed the effect of
adrenalectomy, indicating an inhibitory role of glucocorticoids on MT regulation in both tissues. Changes in
glutathione (GSH) metabolism produced significant effects on kidney MT levels. Thus, the administration of
buthionine sulfoximine, an inhibitor of GSH synthesis, decreased kidney GSH and increased kidney MT
content, suggesting that increased cysteine pools because of decreased GSH synthesis might increase kidney MT
levels through an undetermined mechanism as it appears to be the case in the liver. However, attempts to
increase kidney MT levels by the administration of cysteine or GSH were unsuccesful, in contrast to what is
known for the liver. The present results suggest that there are similarities but also substantial differences

between liver and kidney MT regulation in these experimental conditions.
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Introduction

Metallothionein (MT), a low molecular weight,
cysteine-rich, heavy metal-binding protein, has been
involved in zinc and copper metabolism and in heavy
metal detoxification (Cousins 1985, Bremner 1987,
Kiagi & Kojima 1987, Klaassen & Lehman-McKee-
man 1989). Most of what is known of this protein is
related to the liver and the kidney, but its actual
physiological function(s) remains uncertain. The
induction of liver MT by several stress factors is
well-known (Oh er al. 1978, Sobocinski et al. 1978,
Brady 1981, Hidalgo et al. 1988a, b); the role of liver
MT during stress is not precisely known, although it
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has been suggested that MT might function in
protection against free radicals (Thornalley & Vasak
1985, Thomas et al. 1986; Hidalgo er al. 1988a).
Although the kidney is one of the tissues more
important with regard to some of the putative MT
functions, it is surprising that very few efforts have
been made to establish the influence of stress on
kidney MT levels. Early studies indicate little, if any,
effect of stress on kidney MT (Oh et al. 1978), but
the fact that brain and heart in addition to liver MT
levels are significantly increased by immobilization
stress (Hidalgo er al. 1990a) indicates the need for
more studies on the effect of stress on kidney MT.

On the other hand, we have recently shown that
MT is somchow related to glutathione (GSH)
metabolism in the liver (Hidalgo et al. 1990b); in the
present report we evaluate the putative relationship
of MT and GSH in the kidney by inhibiting GSH
synthesis or degradation.
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Materials and methods

Animals

Adult male Sprague-Dawley rats were used. Rats were
housed in groups of four per cage, under standard
conditions (lights on 07:00-19:00 h, temperature 22 °C,
food and water ad libirum) for at least 1 week before
starting experiments.

Materials

All chemicals were reagent grade. Corticosterone, gluta-
thione, L-buthionine-(S, R)-sulfoximine and AT-125 were
purchased from Sigma (St Louis, MO, USA). 5,5'-Dithio-
bis-(2-nitrobenzoic acid) (DTNB) was purchased from
Fluka AG (Buchs, Switzerland). Laboratory food was
from Panlab (Barcelona, Spain). Rats were from the
breeding facility of the University.

Experiment 1: effect of starvation and immobilization
stress

Rats (350 £+ 35 g body weight) were subjected to 2, 4, 8
and 18 h of immobilization stress (Repcekova & Mikulaj
1977). For immobilization, the animal’s rear and forelimbs
were taped to metal mounts fixed to a board; head motion
was limited by metal loops fixed over the neck area. As
stressed rats have no access to either food or water, other
rats were subjected to food and water deprivation for 4, 8
and 18 h. Another group of rats that were maintained
without any disturbance was killed at the same time as 18 h
stressed or starved rats.

Experiment 2: effect of adrenalectomy and corticosterone
therapy

Rats (280 + 30 g body weight) were bilaterally adrenalec-
tomized (ADX) or sham-ADX under ether anesthesia.
The rats were housed two per cage. ADX rats were
randomly assigned to two experimental groups: (i) ADX,
rats provided with saline to drink, and (ii) ADX +
corticosterone, rats provided with saline containing
100 ugml-! corticosterone. Sham-ADX rats were given
tap water. The hormone solution was freshly prepared
daily. The rats were killed 6 days later.

Experiment 3: inhibition of GSH synthesis by buthionine
sulfoximine (BSO)

Rats (279 £ 50 g body weight were treated twice (at 10 and
18 h) with BSO (2 mmol kg~1) or saline (NaCl) and were
killed 24 h after the first injection. Other rats were treated
in the same manner, but for 2 days, and were killed 48 h
after the first injection.

Experiment 4: effect of GSH and AT-125 administration

Rats (242 *+ 14 g body weight were assigned to four
experimental groups: (i) NaCl, rats that were treated only
with saline and killed at the same time as the other groups;
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(ii) AT-125, rats that were treated (i.p.) with the irrevers-
ible inhibitor of gamma glutamyl transpeptidase (GGT),
AT-125 (15 mgkg1), at 10 h and with saline at 11, 15 and
19 h, and that were killed 24 h after the AT-125 injection;
(iif) GSH, rats that were treated (i.p.) with saline at 10 h
and with GSH (100 mgkg~1) at 11, 15 and 19 h, and that
were killed 24 h after the saline injection; and (iv) AT-125
+ GSH, rats that were treated (i.p.) with AT-125
(15 mgkg~1) at 10 h and with GSH (100 mgkg~!) at 11, 15
and 19 h, and that were killed 24 h after the AT-125
injection.

Experiment 5: effect of cysteine administration

The rats (410 + 43 g body weight) were randomly assigned
to four experimental groups: (i) NaCl, rats that were
injected daily (i.p.) with saline for 4 days; (ii) GSH, rats
that were injected daily (i.p.) with GSH (100 mgkg~1,
about 0.325 mmolkg~!) for 4 days; (iii) cysteine 1, rats
that were injected daily (i.p.) with cysteine (25 mgkg-1,
about 0.206 mmol kg~1) for 4 days; and (iv) cysteine 2, rats
that were injected daily (i.p.) with cysteine (50 mgkg-1,
about 0.412 mmol kg~!) for 4 days. Some rats received a
single cysteine injection (50 mgkg~!). All rats were killed
24 h after the last injection.

Assays

Rats were killed by decapitation in a room adjacent to the
animal quarters. Kidney and liver were immediately
removed and frozen at —85°C in a Revco ultrafreezer.
After their thawing liver and kidney were homogenized (2
and 3 v/w, respectively) in ice-cold 10 mM Tris-HCI, pH
8.2, containing 0.25 M sucrose, 2 mMm 2-mercaptoethanol,
10 mMm sodium azide and 0.1 mm phenylmethylsulfonyl
fluoride (PMSF) and centrifuged at 50000 X g (30 min,
4°C) in a Kontron Centrikon H-401 high-speed cen-
trifugue. The supernatants were stored in aliquots at
—20 °C until the assays were done. Tissue MT levels were
measured by a cadmium-saturation method as detailed
elsewhere (Hidalgo er al. 1988b), measuring also copper in
the samples since cadmium cannot displace the former
from MT. In Experiment 2, MT levels were measured by a
radioimmunoassay (RIA) developed in our laboratory;
briefly, polyclonal antibodies were raised in rabbits against
rat Cd7-MT2 that were used in a double antibody RIA.
The assay was performed using the following components
and volumes in each tube assay: 300 ul of Tris—gelatine
buffer (50 mm Tris—-HCl, 0.1% gelatine, 0.1% sodium
azide, pH 8.0), 100 ul of unknown or standard and 50 ul of
first antibody solution, which contains 0.05M EDTA,
2.5% of normal rabbit serum and 1:640 dilution of rabbit
antiserum (final antibody dilution used in the assay tubes
was 1:6400), and then the assay tubes were incubated for
48 h at 4 °C. The tracer was then added (50 nl of iodinated
MT-2, about 200 pg of MT or 15000 c.p.m.) and further
incubated at 4 °C. The second antibody solution (100 ul of
1:9 diluted goat anti-rabbit antibody in Tris—gelatine
buffer) was added 8 h later and the tubes were incubated
overnight at 4 °C. The assay tubes were then centrifuged at



4000 r.p.m. for 60 min, the supernatants aspirated and the
pellets counted in a gamma counter. Typical standard
curves were plotted using Logit-log data transformation
where Q is log MT competitor (in pg) and Z = log
(100Y/(1- Y)), where Y is the fraction of antigen bound.
The antibody cross-reacted equally with the two MT
isoforms (see Figure 3). Lipid peroxidation was assessed
by measuring malondialdehyde formation, using the thio-
barbituric acid (TBA) assay (Uchiyama & Mihara 1978).
Approximate kidney GSH levels were assessed by measur-
ing total non-protein, acid-soluble thiol content by reac-
tion with DTNB (Ellman 1959) since most of the cytosolic
thiol content is GSH (Meister 1988); actual kidney GSH
levels could not be measured because kidneys were not
homogenized in acid immediately after their dissection
(because they had to be used for MT measurements).
which is necessary to obtain reliable measurements of
GSH given the high content of GGT in the kidney
(Anderson 1987). A Kontron Uvikon 810 double-beam
spectrophotometer was used in the above techniques.
Zinc, copper and cadmium levels were measured by
atomic absorption spectrophotometry with a Perkin-Elmer
370-A spectrophotometer. All samples to be statistically
compared were processed in the same assay to avoid
inter-assay variations.

Statistical analysis

When two means were compared Student’s f-test or the
Mann—-Whitney U-test were used. When more than two
means were compared one- or two-way analysis of
variance (ANOVA) was used. Appropriate individual
comparisons between means were done with the Student—
Newman-Keuls and Duncan'’s test (set at & = 0.05). Data
were subjected to logarithmic transformation where neces-
sary to achieve homogeneity of variances.

Results

Experiment 1: effect of starvation and
immobilization stress

Figure 1 shows the effect of food and water
deprivation (starvation) alone or accompanied by
immobilization stress on liver MT and kidney MT.
As expected, liver MT levels were increased by 18 h
of starvation (P < 0.05), and strongly increased by
immobilization stress in a time-dependent manner
(P < 0.001). In contrast, kidney MT levels were
significantly decreased after 18 h of stress (P <
0.05).

Figure 2 shows liver and kidney lipid peroxidation
levels, which were increased significantly (P < 0.05)
by 18 h of starvation or stress.

Table 1 shows serum zinc and liver and kidney
cytosolic zinc levels. Serum zinc levels were signifi-
cantly decreased by stress in a time-dependent
manner (P < 0.001). Liver cytosolic zinc levels were
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Figure 1. Effect of food and water deprivation alone or
accompanied by immobilization stress on liver and kidney
MT levels. Values are means + SE (n = 5). Rats were
killed after no disturbance (control, O), 4, 8 or 18 h of
food and water deprivation (starvation, O), or 2, 4, 8 or
18 h of food and water deprivation plus immobilization
stress (stress, A). Results were analyzed with one-way or
two-way ANOVA. When significant (see Results), the
differences between appropriate groups were analyzed
with the Student’s ¢-test or the Duncan procedure. * P at
least below 0.05 versus control rats. 4 P < 0.05 versus
control and stressed rats.

increased by starvation and further by immobiliza-
tion stress in a time-dependent manner (P < 0.001).
In contrast, kidney cytosolic zinc levels were not
significantly altered by either starvation or stress.

Experiment 2: effect of adrenalectomy and
corticosterone therapy

Figure 3 shows typical standard curves for the two
rat MT isoforms, MT-I and MT-II, obtained with the
RIA developed in our laboratory and used for
measuring MT levels of this experiment. The poly-
clonal antibodies cross-reacted equally with the two
isoforms. Serial dilutions of tissues paralleled the
response of the standard curve (not shown).

Figure 4 shows the effect of adrenalectomy and
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Figure 2. Effect of food and water deprivation alone or
accompanied by immobilization stress on liver and kidney
lipid peroxidation levels as measured by thiobarbituric
acid reactivity (TBARs). For other details, see legend to
Figure 1. * P versus control rats.

corticosterone therapy in the drinking water on liver
and kidney MT levels, as measured 6 days after the
surgical procedure. As expected, liver MT levels
were increased by ADX (P < 0.05), an effect
reversed by corticosterone (P < 0.05). The same
results were obtained for kidney MT (P < 0.05 in
both cases).

Experiment 3: inhibition of GSH synthesis by BSO

Figure 5 shows kidney MT and GSH. The admini-
stration of BSO increased MT (P < 0.05) and
decreased GSH levels (P < 0.05) after 1 or 2 days of
treatment.

Table 2 shows kidney cytosolic zinc and lipid
peroxidation. The inhibition of the synthesis of GSH
by BSO increased the lipid peroxidation in the
kidney (P < 0.05) after 2 days of treatment. The
cytosolic zinc was slightly increased by the admini-
stration of BSO after 1 day of treatment (P < 0.05),
but after 2 days the difference did not reach
statistical significance.
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Table 1. Effect of food and water deprivation (starvation)
alone or accompanied by immobilization stress on serum
zinc and liver and kidney cytosolic zinc.

Serum Liver Kidney
zinc zinc zinc
(ngml~!) (ugg™) (ngg™)
2h
stress 1.86 = 0.1 25+17 14708
4h
starvation 1.97+0.2 21.3+05 13.3x0.9
stress 1.53+0.1 255+1.12 149+1.3
8h
starvation 1.87 £ 0.1 25207 165%+1.0
stress 1.00 £0.12 304052 17.4+£0.3
18h
control 1.77 £ 0.1 20612 13.7x0.3
starvation 1.76 £ 0.1 229+1.0 144105
stress 1.28 £ 0.22 324+142 13.1%0.5

Values are mean + SE (n = 5). Rats were subjected to 2, 4, 8 and
18 h of immobilization stress; other rats were subjected to food
and water deprivation for 4, 8 and 18 h. Some rats remained in the
animal room without any disturbance until they were killed
(control). Results were analyzed with one- or two-way ANOVA.
When significant (see Results), the differences between appropri-
ate groups were analyzed with Student’s t-test or the Duncan
procedure.

2 P at least below 0.05 versus control or starved rats.

Experiment 4: effect of GSH and AT-125
administration

Table 3 shows the MT, GSH, cytosolic zinc and lipid
peroxidation in the kidney. The administration of
GSH and AT-125, alone or combined, did not affect
kidney MT, GSH, cytosolic zinc or lipid peroxida-
tion compared with controls. However, the MT

Figure 3. Logit-log regressions for radioimmunoassay
ussing MT-1 (O) and MT-2 (O) inhibitory curves with
standards ranging from 100 to 50000 pg per tube. The two
isoforms show identical behavior.
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Figure 4. Effect of adrenalectomy and corticosterone
therapy on liver and kidney MT. Values are means + SE
(n = 6-7). Rats were either adrenalectomized (ADX) or
sham-ADX. Steroid treatment was started the day of
surgery, supplying it in the drinking fluid (100 pgml-!
corticosterone). Rats were killed 6 days after surgery.

* P < 0.05 versus sham-ADX rats. O, sham; &, ADX; O,
ADX + corticosterone.
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Figure 5. Effect of BSO treatment on kidney MT and
kidney non-protein total thiols (GSH) in rats. Values are
means * SE (n = 7-8). Some rats were treated twice (at
10 and 18 h) with BSO (2 mmol kg~!) or saline (NaCl) and
were killed 24 h after the first injection. Other rats were
treated in the same manner, but for 2 days, and were killed
48 h after the first injection. * P < 0.05 versus NaCl rats.
[, Saline; N, BSO.
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Table 2. Effect of BSO on kidney cytosolic zinc and TBA
reactants (lipid peroxidation)

Zinc Lipid
(ngg™) peroxidation
(nmol g~1)
24h
NaCl 12.8£03 136.9 £ 5.6
BSO 142 £0.42 128.6 £ 8.7
48h
NaCl 1571 1.0 140.1 £ 3.0
BSO 16.1 £0.8 164.6 = 5.52

Values are means & SE (n = 7-8). Some rats were treated twice
(at 10 and 18 h) with BSO (2 mmolkg~') or saline (NaCl) and
were killed 24 h after the first injection. Other rats were treated in
the same manner, but for 2 days, and were killed 48 h after the
first injection.

@ P <0.05 versus respective NaCl rats.

Table 3. Effect of glutathione and AT-125, alone and
combined, on kidney MT, non-protein thiols (GSH),
cytosolic zinc and lipid peroxidation

MT GSH Zinc Lipid
(ngg™)  (umolg~!) (ugg™')  peroxidation
(nmolg~1)

NaCl 37.8+3.1 3.60+0.1 12.45+0.5 161.0+10.2
AT-125 46.3+3.12415+0.2 12.92+1.1 164.5 +8.8
GSH 324+2.3 3.85*0.1 13.88+0.4 156.6 8.7
GSH 38.6+2.3 391+0.1 13.46+0.8 172.3+5.3
+AT-125"

Values are means = SE (n = 6-8). At 10 h the rats were treated
with either AT-125 (15 mgkg~?) or saline (NaCl), and at 11, 15
and 19 h they were treated with either GSH (100 mgkg') or
saline. The rats were killed 24 h after the AT-125 administration.

2 P < 0.05 versus GSH rats.

levels of the GSH- and AT-125-treated rats differed
significantly (P < 0.05).

Experiment 5: effect of the administration of
cysteine

Table 4 shows the effect of the administration of
cysteine and GSH on kidney MT and lipid peroxida-
tion. There was no significant effect of the treat-
ments on any of the variables.

. Discussion

As expected (Hidalgo et al. 1988a, b, 1990a, b), liver
MT levels were increased by immobilization stress,
an effect clearly higher than that of food and water
deprivation alone which per se increases liver MT
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Table 4. Effect of glutathione and cysteine administration
on kidney MT and lipid peroxidation

MT Lipid
(ugg™) peroxidation
(nmol g~1)
NaCl 11.0x 1.6 269 = 11.0
Glutathione 13.0+1.6 289 £ 8.7
(100 mgkg—1)
Cysteine 1 11.4+0.8 270 £ 10.2
(25 mgkg )
Cysteine 2 120+ 0.8 284 = 12.7
(50 mgkg™!)
Cysteine 2 10.4£0.8 267 £ 10.6
(acute)

Values are means * SE (n = 6-7). Rats were injected for 4 days
with saline (NaCl), GSH (100 mgkg~!, about 0.325 mmol kg '),
cysteine 1 (25 mgkg~!, about 0.206 mmolkg~!) or cysteine 2
(50 mgkg~!, about 0.412 mmolkg~'). Some rats received a single
injection of cysteine 2 [cysteine 2 (acute)]. The rats were killed
24 h after the last injection.

levels (Bremner & Davies 1975), indicating a spe-
cific effect of stress on liver MT levels. Surprisingly,
the opposite effect was seen in kidney MT levels of
18 h stressed rats. This was confirmed in a second,
separate experiment (not shown).

To establish whether the observed differences
between liver and kidney MT responses to stress
might be related to free radical processes, we
measured the lipid peroxidation levels, which are
known to be consistently increased in the liver, by
either stress or starvation (Hidalgo et al. 1988a,
1990b). This was confirmed in the present studies,
suggesting that stress-induced MT synthesis might be
related to lipid peroxidation in the sense that the
latter reflects free radical processes. Indeed, basal
MT levels are higher in the kidney than in the liver,
which might have to do with the higher lipid
peroxidation levels of the former tissue. In addition,
BSO (see below) increased both kidney lipid peroxi-
dation and MT levels after 2 days of treatment.
However, the results do not support such a relation
as a general rule. Thus, kidney lipid peroxidation
levels were increased by 18h of stress, although to a
lower extent than in the liver, whereas kidney MT
levels decreased, clearly not supporting a direct
relationship between MT and lipid peroxidation in
the kidney, as appears to be the case in the liver
(Hidalgo er al. 1988a, 1990b, Sato & Sasaki 1991).

The present results cannot be explained either by
changes in zinc metabolism. Serum zinc levels are
decreased by stress, whereas liver cytosolic zinc
levels are increased, suggesting the liver uptake of
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zinc from the serum; given the role of MT in zinc
metabolism (Kigi & Kojima 1987), some effect of
zinc on liver MT synthesis might be expected. In
contrast to the liver, kidney zinc levels were not
altered by stress, suggesting that a role of zinc on the
observed changes in kidney MT levels during stress
is unlikely. We have to keep in mind, however, that
the amount of zinc in MT compared with the total
cytosolic zinc is small and therefore that changes in
MT levels (in these experiments) may not be
reflected in total zinc levels.

There is a third factor that can be discussed as
being responsible for the effect of stress on MT
levels, the adrenocortical hormones glucocorticoids.
It is well known that these hormones control the MT
gene (Karin et al. 1980, Mayo & Palmiter 1981) and
that their secretion is increased by stress (Hidalgo er
al. 1986). Therefore, it is classically assumed that
these hormones mediate the effect on MT levels.
However, there is some uncertainity about the
physiological role of these hormones (see Hidalgo ez
al. 1988b, 1991, 1992 and references therein). In the
present report we observe again that ADX increases
liver MT levels and that corticosterone reverses that
effect. The results for kidney MT levels were in total
agreement with those of the liver, suggesting that
glucocorticoids would have an inhibitory role on
kidney MT regulation in basal conditions. In prin-
ciple, these hormones should not be responsible for
the effect of stress on kidney MT levels, since it is
known that they increase kidney MT mRNA levels
(Hager & Palmiter 1981, Nebes er al. 1988).
Although we have no explanation for the differences
between liver and kidney MT responses to stress, it
is noteworthy to realize that other factors have a
similar effect. Thus, it has been described that the
tumor necrosis factor (TNF) increases liver MT and
decreases kidney MT (Grimble & Bremner 1989).
This supports the assumption that MT might be an
acute-phase protein (Bremner & Beattie 1990).

It is known that stress decreases liver GSH levels,
which might have a effect on MT levels (for further
discussion, see Hidalgo er al. 1990b). Unfortunately,
we could not measure GSH levels in Experiment 1.
We did study the putative relationship between MT
and GSH in the kidney in other experiments. To this
end, we used the administration of BSO because it
decreases GSH synthesis (Meister 1988) and that of
AT-125 because it decreases GSH degradation
(Reed et al. 1980). As expected, the administration
of BSO decreased kidney GSH levels. In contrast,
BSO increased kidney MT levels. These results are
consistent with those obtained in the liver (Hidalgo
et al. 1990b); furthermore, the administration of



cysteine or GSH also increases liver MT levels.
Unfortunately, attempts to increase kidney MT
levels by the administration of cysteine or GSH were
unsuccesful. This suggests that the administered
cysteine and the amino acid constituents of GSH
(GSH is not effectively transported into most tis-
sues, but is subjected to extracellular breakdown)
enter into the liver preferently to the kidney. The
fact that liver MT levels were increased by BSO,
GSH and cysteine led us to suggest that hepatic MT
levels are elevated by increased cysteine pools and
that MT, GSH and cysteine are somehow inter-rel-
ated (Hidalgo er al. 1990b). The results obtained for
kidney MT with BSO might lead to the same
conclusion. Several reports also suggest such a
possibility; thus, it has been demonstrated that
cysteine-treated rats have higher liver MT levels
than control rats (Dudley & Klaassen 1984),
whereas Kang er al. (1989) and Suzuki & Cherian
(1990) have shown that MT levels in cultured human
carcinoma cells are increased by BSO in a dose-res-
ponse manner, and that BSO-treated rats have
higher liver and kidney MT levels when injected with
cisplatin compared with rats treated with cisplatin
alone, respectively. Previously, other authors also
considered a relationship between MT and GSH to
be feasible in some circumstances (Wong & Klaas-
sen 1981, Kawata & Suzuki 1983).

In this regard, it would be important that the
opposite, i.e. decreased cysteine pools, led to
decreased MT levels. However, the published
literature does not allow us to reach a significant
conclusion. First, it is important to realize that there
are two sulfhydryl sources for MT synthesis, cysteine
and methionine (which is converted to cysteine
through the cystathionine pathway) (Stein er al.
1987). When the cystathionine pathway is inhibited
in rat primary hepatocyte cultures, MT levels in-
duced by zinc tend to decrease if cysteine is the only
sulfhydryl source in the culture medium and signifi-
cantly decrease if it is methionine or if there are no
sulfhydryls in the culture medium (Stein ez al. 1987).
In agreement, Gallant & Cherian (1989) showed
that the inhibition of the cystathionine pathway
decreased liver MT levels in newborn rats.
However, Houghton & Cherian (1991) did not find a
significant effect in adult rats even at much higher
doses. Second, when the dietary intake of sulf-
hydryls is manipulated, conflicting results are again
observed. Gallant & Cherian (1989) and Taniguchi
& Cherian (1990) reported that rats fed with
sulfhydryl-deficient diets do not modify liver MT
levels. In contrast, Sendelbach ez al. (1990) demons-
trated that rats fed with diets deficient in sulthydryls
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actually had higher liver MT levels than control rats.

From the above comments, however, it cannot be
said that liver and kidney GSH and MT levels are
directly linked. Firstly, it is clear that all of the
cysteine ‘released’ in the kidney in the present report
by the BSO treatment (about 1.5 umolg ™! kidney)
has not gone to MT (which has consumed less than
25 nmolg ™! cysteine). The same can be said for the
liver (Hidalgo erf al. 1990b). Secondly, the renal (or
hepatic) turnover of GSH and MT are quite differ-
ent (minutes for GSH, hours for MT). Thirdly, MT
and especially GSH are continuously secreted,
especially in the liver. In addition, it must be pointed
out that it is unclear how increased cysteine levels
can increase MT levels, a protein transcriptionally
regulated. On the basis of these problems, it will be
useful to study the relationship between MT, GSH
and cysteine in a more controlled system such as
cultured primary hepatocytes.

The present resuits suggest that there are similari-
ties but also substantial differences between liver
and kidney MT regulation. Since the kidney is an
important target of cadmium and other metals (Kégi
& Kojima 1987), the observed changes in kidney MT
levels might have relevance for the toxicity of such
metals in some circumstances, i.e. after severe stress
or decreased GSH synthesis.

Acknowledgments

These studies were supported in part by a grant of
the FIS 90/0065-2-D and of DGICYT PB91-0489.
The authors acknowledge the help of Angeles
Bldnquez in some experiments.

References

Anderson ME. 1987 Tissue glutathione. In: Greenwald,
RD, ed. Handbook of Methods for Oxygen Radical
Research. Boca Raton, FL: CRC Press.

Brady FO. 1981 Synthesis of rat hepatic zinc thionein in
response to the stress of sham operation. Life Sci 28,
1647-1654.

Bremner I. 1987 Interactions between metallothionein and
trace elements. Progr Food Nutr Sci 11, 1-37.

Bremner I, Beattie JH. 1990 Metallothionein and the trace
minerals. Annu Rev Nutr 10, 63-83.

Bremner I, Davies NT. 1975 The induction of metallothio-
nein in rat liver by zinc injection and restriction of food
intake. Biochem J 149, 733-738.

Cousins RJ. 1985 Absorption, transport and hepatic
metabolism of copper and zinc: special reference to
metallothionein and ceruloplasmin. Physiol Rev 65,
238-309.

Dudley R, Klaassen CD. 1984 Changes in hepatic gluta-

BioMetals Vol 6 1993 177



M. Giralt et al.

thione concentration modify cadmium-induced hepato-
toxicity. Toxicol App! Pharmacol 72, 530-538.

Ellman GL. 1959 Tissue sulfhydryl groups. Arch Biochem
Biophys 82,70-77.

Gallant KR, Cherian MG. 1989 Metabolic changes in
glutathione and metallothionein in newborn rat liver. J
Pharmacol Exp Ther 249, 631-637.

Grimble RF, Bremner I. 1989 Tumour necrosis factor «
enhances hepatic metallothionein-I content but reduces
that of the kidney. Proc Nutr Soc 48, 64A.

Hager LH, Palmiter RD. 1981 Transcriptional regulation
of mouse liver metallothionein-I gene by glucocorti-
coids. Nature 291, 340-342.

Hidalgo J, Armario A, Flos R, Dingman A, Garvey JS.
1986 The influence of restraint stress in rats on
metallothionein production and corticosterone and glu-
cagon secretion. Life Sci 39, 611-616.

Hidalgo J, Campmany L, Borras M, Garvey JS, Armario
A. 1988a Metallothionein response to stress in rats: role
in free radical scavenging. Am J Physiol 255,
E518-E524.

Hidalgo J, Giralt M, Garvey JS, Armario A. 1988b
Physiological role of glucocorticoids on rat serum and
liver metallothionein in basal and stress conditions. Am
J Physiol 254, E71-E78.

Hidalgo J, Borras M, Garvey JS, Armario A. 1990a Liver,
brain and heart metallothionein induction by stress. J
Neurochem 55, 651-654.

Hidalgo J, Garvey JS, Armario A. 1990b On the metallo-
thionein, glutathione and cysteine relationship in rat
liver. J Pharmacol Exp Ther 255, 554-564.

Hidalgo J, Giralt M, Garvey JS, Armario A. 1991 Effect
of morphine administration on rat liver metallothionein
and zinc metabolism. J Pharmacol Exp Ther 259,
274-278.

Hidalgo J, Rhee SJ, Huang PC, Garvey JS. 1992 Differen-
tial effect of adrenalectomy on rat liver metallothionein
mRNA levels in basal and stress conditions. Horm
Metab Res, 24, 233-236.

Houghton CB, Cherian MG. 1991 Effects of inhibition of
cystathionase activity on glutathione and metallothio-
nein levels in the adult rat. J Biochem Toxicol 6,
221-228.

Kigi JHR, Kojima Y , eds. 1987 Metallothionein II.
Basel; Birkhéduser Verlag.

Kang YJ, Clapper JA, Enger MD. 1989 Enhanced
cadmium cytotoxicity in A549 cells with reduced gluta-
thione levels is due to neither enhanced cadmium
accumulation nor reduced metallothionein synthesis.
Cell Biol Toxicol 5,249-259.

Karin M, Andersen RD, Slater E, Smith K, Herschamn
HR. 1980 Metallothionein mRNA induction in HeLa
cells in response to zinc or dexamethasone is a primary
induction response. Nature 286, 295-297.

Kawata M, Suzuki KT. 1983 Relation between metal and
glutathione concentrations in mouse liver after cad-
mium, zinc or copper loading. Toxicol Lett 15, 131-137.

Klaassen CD, Lehman-McKeeman LD. 1989 Induction of
metallothionein. J Am Coll Med 8, 1315-1321.

178 BioMetals Vol 6 1993

Mayo KE, Palmiter RD. 1981 Glucocorticoid regulation of
metallothionein-I mRNA synthesis in cultured mouse
cells. J Biol Chem 256, 2621-2624.

Meister A. 1988 Glutathione metabolism and its selective
modification. J Biol Chem 263, 17205-17208.

Nebes VL, Defranco D, Morris M. 1988 Cyclic AMP
induces metallothionein gene expression in rat hepato-
cytes but not in rat kidney. Biochem J 255,741-743.

Oh SH, Deagen JT, Whanger PD, Weswig PH. 1978
Biological function of metallothionein. V. Its induction
by various stresses. Am J Physiol 234, E282-E285.

Reed DJ, Ellis WW, Meck RA. 1980 The inhibition of
7-glutamyl transpeptidase and glutathione metabolism
of isolated rat kidney cells by r-(as, 5s)-a-amino-3-
chloro-4, 5-dihydro-isoxazoleacetic acid (AT-125; NSC-
163501). Biochim Biophys Res Commun 94, 1273-
1277.

Repcekova D, Mikulaj L. 1977 Plasma testosterone of rats
subjected to immobilization stress and/or HCG admini-
stration. Horm Res 8, 51-57.

Sato M, Sasaki M. 1991 Enhanced lipid peroxidation is not
necessary for induction of metallothionein-I by oxidat-
ive stress. Chem -Biol Interact 78, 143-154.

Sendelbach LE, White CA, Howell S, Gregus Z, Klaassen
CD. 1990 Effect of sulfhydryl-deficient diets on hepatic
metallothionein, glutathione, and adenosine 3’-phos-
phate 5'-phosphosulfate (PAPS) levels in rats. Toxicol
Appl Pharmacol 102, 259-267.

Sobocinski PZ, Canterbury WJ, Mapes CA, Dinterman
RE. 1978 Involvement of hepatic metallothioneins in
hypozincemia associated with bacterial infection. Am J
Physiol 234, E399-E406.

Stein AF, Bracken WM, Klaassen CD. 1987 Utilization of
methionine as a sulfhydryl source for metallothionein
synthesis in rat primary hepatocyte cultures. Toxicol
Appl Pharmacol 87,276-283.

Suzuki CAM, Cherian MG. 1950 The interactions of
cis-diammine dichloroplatinum with metallothionein
and glutathione in rat liver and kidney. Toxicology 64,
113-127.

Taniguchi M, Cherian MG. 1990 Ontogenic changes in
hepatic glutathione and metallothionein in rats and the
effect of a low-sulphur-containing diet. Br J Nutr 63,
97-103.

Thomas JP, Bachowski GJ, Girotti AW. 1986 Inhibition of
cell membrane lipid peroxidation by cadmium and
zinc-metallothioneins. Biochem Biophys Acta 884,
448-461.

Thornalley PJ, Vasak M. 1985 Possible role for metallo-
thionein in protection against radiation-induced oxidat-
ive stress. Kinetics and mechanism of its reaction with
superoxide and hydroxyl radicals. Biochim Biophys
Acta 827, 36-44.

Uchiyama M, Mihara M. 1978 Determination of malonal-
dehyde precursor in tissues by thiobarbituric acid test.
Anal Biochem 86,271-278.

Wong KL, Klaassen CD. 1981 Relationship between liver
and kidney levels of glutathione and metallothionein in
rats. Toxicology 19, 39-47.



