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Effect of superoxide dismutase, allopurinol and glucocorticoids on liver
and lung metallothionein induction by endotoxin in the rat
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Liver and lung metallothionein (MT) levels were increased by endotoxin. The administration of superoxide
dismutase (SOD) or allopurinel (ALLQ) before (30—60 min) or after (24-32 h} the endotoxin treatment either
increased or did not affect the effect of endotoxin on MT levels, depending on the particular treatment and
tissue. SOD and ALLO also increased liver and lung MT levels in control rats. In contrast, liver MT levels
tended to be decreased by the glucocorticoid prednisolone (PRED) when administered before the endotoxin and
were significantly decreased when it was administered after endotoxin. The effect of PRED on lung MT levels
was completely different, since it decreased the effect of endotoxin when injected before the lipopolysaccharide,
but increased it when injected after the endotoxin. Liver lipid peroxidation, as measured by thiobarbituric acid
reactants (TBARs), increased after endotoxin in the liver but not in the lung, an effect even potentiated in some
cases by the antioxidants studied. As expected, tissue MT and TBARSs could not be correlated.
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Introduction

Metallothionein (MT) is a low molecular weight,
heavy metal-binding protein. The MT gene is
induced directly by heavy metals such as zinc,
cadmium and copper, and by glucocorticoids (Kégi
& Kojima 1987). Factors that initiate the inflammat-
ory response, such as turpentine oil or endotoxin
lipopolysaccharide, arc also known ta induce liver
MT synthesis (Sobocinski er al. 1978, Suzuki &
Yamamura 1980, Sobocinski & Canterbury 1982).
MT induction by endotoxin does not involve either
heavy metals or glucocorticoids (Durnam et al.
1984). Certain cytokines are released during the
inflammatory response initiated by endotoxin, which
might be the ones rcsponsible for MT induction
during endotoxin shock. This is suggested, in the
first place, because several cytokines are known to

induce MT synthesis (DiSilvestro & Cousins 1984,
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Cousins & Leinart 1988, De eral. 1990, Schroeder &
Cousins 1690) and, in the second place, because low
cytokine-producing (C3H/Hej) mice were less re-
sponsive to endotoxin than normal mice (Maitani er
al. 1986, De et al. 1990, Liu et al. 1991).

On the other hand, it is well known that free
radical production is increased during the endotoxin
shock (Hammond ef al. 1985, Brigham & Meyrick
1986). Because MT appears to be a geod antioxidant
in vitro (Thornalley & Vasak 1985, Thomas et al.
1986) and possibly in vivo in some circumstances
(Bakka er «f. 1982, Shiraishi et a/. 1983, Hidalgo et
al. 1988a, Bauman ef al. 1991, Martins er af. 1991),
the possibility exists that MT induction by endotoxin
is related to free radical processes. Therefore, the
aim of the present work was to study the effect of the
antioxidants (Halliwell & Gutteridge 1989) superox-
ide dismutase (SOD) and allopurinol (ALLO) on
the MT response to endotoxin. The effect of
glucocorticoids was also studied, because these
hormones can act as antioxidants (Baud & Ardaillou
1986, Hall er al. 1988) in addition to their well
known antiinflammatory activity. While this manu-
script was in preparation, a report from Min er al.
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(1992a) demonstrated that glucocorticoids decrease
the liver MT response to endotoxin in mice, which is
relevant for the present results.

Materials and methods

Animals

Male Sprague-Dawley rats approximately 3 months old
were maintained under standard conditions (lights on from
07.00 1o 19.00 h, 22°C, food and water ad libitum) and
housed in groups of four per cage.

Reagents

Endotoxin (lipopolysaccharide from Escherichia coli
0127:B8), ALLO and Tris were purchased from Sigma (St
Louis, MQ). Prednisolone (PRED) was from Upjohn
{Alcala de Henares, Spain), and SOD from Laboratorios
Andrémaco (Barcelona, Spain). Cadmium, zinc, mercapto-
ethanol and malondialdehyde were purchased from Merck
(Darmstadt, Germany). Thiobarbituric acid (TBA) and
sodium azide were purchased from Fluka AG (Buchs,
Switzerland). The other reagents were of analytical grade.
Laboratory food was from Panlab (Barcelona, Spain).

Experiment 1 treatment with SOD, ALLO and PRED
before endotoxin

In this experiment, some rats were pretreated with SOD (5
or 25 mgkg!, s.c.), ALLO (25 or 250 mgkg~', oral) or
PRED (5 or 25 mgkg™!, s.c.} before treating them with
endotexin (1 mgkg~!, i.v. into the tail vein). SOD and
PRED were administered 30 min before endotoxin,
whereas ALLO was administered 60 min before endo-
toxin. All rats were killed 24 h after the endotoxin
administration. Some rats were treated with SOD, ALLO
and PRED alone to identify the effect of these factors by
themselves. Control rats received saline. These rats were
killed along with the endotoxin-treated rats.

Experiment 2: treatment with SOD, ALLO and PRED
dafter endotoxin

The rats were injected i.v. with endotoxin (1 mg/kg).
Twenty four hours later, some rats received SOD, ALLO
or PRED at the doses stated in Experiment 1, once or
twice (in this case 8 h apart). All the rats were killed 48 h
after the endotoxin administration. Control rats received
saline.

Assays

Rats were killed by decapitation. The trunk blood was
collected in plastic tubes maintained at 4 °C and cen-
trifuged at the same temperature to obtain the serum,
which was stored at —80°C. Lungs and livers were
immediately removed and frozen at —80 °C. Homogenates
and cytosols were prepared essentially as previously
described (Hidalgo et al. 1988a). Lipid peroxidation in the
tissues was assessed by measuring malondialdehyde forma-
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tion, using the TBA assay (Uchiyama & Mihara 1978).
Lipid peroxidation in the serum was assessed by fluoresc-
ence as described by Yagi (1984). MT levels were
measured with a cadmium-saturation method previously
described (Hidalgo er af. 1988b). Cadmium and zinc were
measured by atomic absorption spectrophotometry. Re-
sults were analyzed with the Student’s #-test (for two
means) or with one-way ANOVA followed by the SNK
test.

Results
Experiment [

Figure 1 shows liver MT levels. Endotoxin increased
them significantly in all cases regardless of the
additional treatments (previous administration of
SOD, ALLO or PRED); however, rats treated with
ALLO (250 mg kg™ 1) plus endotoxin had higher MT
levels than those treated with endotoxin alone. The
other SOD, ALLO and PRED treatments did not
modify the effect of endotoxin. When these factors
were given to rats not treated with endotoxin, only
ALLQ had a significant effect, increasing liver MT
levels (see Figure 1 for significances).

Figure 2 shows lung MT levels. Again, endotoxin
increased lung MT levels regardless of the additional
treatment; in agreement with the results for liver
MT, the administration of ALLO to endotoxin-tre-
ated rats further increased lung MT levels, as was
the case in rats not treated with endotoxin. Whereas
liver MT levels induced by endotoxin only tended to
be decreased by the previous administration of -
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Figure 1. Effect of the previous administration of SOD,
ALLO and PRED on endotoxin-induced changes of liver
MT levels. The rats were treated 30 min (SOD and PRED,
s.c.) or 60 min {ALLQ, oral) before the endotoxin (End,
shaded bars, 1 mg/kg, i.v.) injection and were killed 24 h
later. Some rats received SOD, ALLO and PRED alone
(open bars). Control rats received saline (Sal). Results are
means * SE (n = 4-6). & P < 0.05 versus saline rats.
* P < 0.05 versus endotoxin rats.
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Figure 2. Effect of the previous administration of SOD,
ALLO and PRED on endotoxin-induced changes of lung
MT levels. For further details, see legend of Figure 1.
Results are means + SE (2 = 4-6). 4 P < 0.05 versus
saline rats. * P <0 (1.05 versus endotoxin rats.

PRED, there was a significant reduction in the case
of lung MT.

Table 1 shows body weight gain, liver cytosolic
zine, liver and lung TBA reactants (TBARs}, and
serum TBARs. Endotoxin decreased body weight
gain regardless of the previous treatments, although
the administration of SOD (25 mgkg ') further
decreased it. PRED (25mgkg™!) was the only
tactor with a significant effect on body weight gain in
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rats not treated with endotoxin. In contrast, littie
cffects were seen in liver and lung weights, since
only in rats trcated with ALLO and endotoxin a
significant decrease of liver weight was observed
(not shown). Liver cytosolic zinc levels were in-
creased by endotoxin in most cascs. Rats treated
with endotoxin plus ALLO (50 mgkg™') or PRED
(Smgkg™') had higher liver TBARs levels than
those treated with endotoxin alone. The other SOD,
ALLOQO and PRED treatments did not modify the
effect of endotoxin. In contrast, lung TBARs levels
were not affected by endotoxin. Scrum TBARs
levels were only slightly affected by the diffcrent
treatments.

Experiment 2

Figure 3 shows liver MT levels. Endotoxin increased
liver MT regardless of the additional treatments
(SOD, ALLO or PRED, one or two doses at two
different concentrations, given one day after the
endotoxin injection). However, the effect of endo-
toxin was reduced by the administration of PRED
(25 mgkg™!, one or two doses).

Figurc 4 shows lung MT levels. In contrast to liver
MT, lung MT levels were further increased by SOD,
ALLO and PRED when given to endotoxin-treated
rats.

Table 2 shows body weight gain, liver cytosolic
zinc, liver and lung TBARs, and serum TBARs.

Table 1. Effect of the previous admunistration of SOD, ALLO and PRED on endotoxin-induced changes of some

physiological variables

Body weight Liver Liver Lung Serum
gain cytosolic zine TBARs TBARs TBARs
(gday™!) (ngg™) (nmolg™) (nmolg™1) (M)
Control
saline 1.9£1.5 18.1 + 0.9 68.7 + 8.2 953 +3.8 1.14 % 0.05
SOD S 4.0£2.7 187+ 18 52.0 £ 0.1 98.0 2.6 1.17 £ 0.08
SOD 25 ~0.7x24 19.9+0.9 59.0 2.5 102.0£6.7 111 +0.02
ALLO 50 1.6 1.9 208+03 67.0 £ 8.2 100.0 + 4.3 1.20 + 0.07
ALLO 250 ~43£26 2.0+ 1.4’ 78.0 £ 11.0 112.1 £3.67 1.37 + 0,057
PRED 5 ~2.5+0.8 17.8 0.5 80.0 £ 10.5 89.3 +9.9 1.09 + 0.05
PRED 25 ~8.1+ 1.9 187 +0.5 86.0 = 16.0 105.5+3.7 1.17 +0.07
Endotoxin .
+ saline -26.0=17"  22%12' 122.7 + 10.57 927%4.1 1.18 + 0.04
+SOD5 —g2zx22t 232210 1200+ 1157 101322 1.34 £ 0.08
+S0D 25 -35.0x29%  240zx08" 1553 £ 15.27 873 +5.8 1.38 + 0.067
+ ALLO 50 ~n4x11t 235208 164.0 + 5,67 1003 £33 1.26 +£0.09
+ALLO250  -184x38"  252x07 12531397 98.5 £ 3.8 1.46 0,14
+ PRED S 2492147 27210 168.7 + 7.7> 942 £ 3.8 1.25 4 0.10
+ PRED 25 —253x13t 21118 129.3 + 6.2 81.3+8.2 1.37 +0.10

Data are means + SE (n =4-6). The doses stated are mgkg '. TP at least < 0.05 versus control, saline rats. *P < 0.05 versus

endotoxin + saline rats.
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Figure 3. Effect of SOD, ALLO and PRED on endo-
toxin-induced changes of liver MT levels when adminis-
tered 24 h after the endotoxin. The rats received one or
two (8 h apart) doses and were Killed 48 h after the
endotoxin injection. Control rats received saline (Sal).
Results are means + SE (r = 4-6). & P < 0.05 versus

saline rats. * P < 0.05 versus endotoxin rats.

Endotoxin decreased body gain and increased liver
cytosolic zinc, with no effect in general of the
additional treatments. Liver and lung weights were
not altered (not shown). Liver TBARs were in-
creased in general by endotoxin, with no clear
effects of either SOD, ALLO or PRED, whereas
lung TBARs were not affected by any treatment.
PRED increased serum TBARs when administered
to endotoxin-treated rats in all cases, whereas SQD
and ALLO did it only in some cases.
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Figure 4. Effect of SOD, ALLO and PRED on endo-
toxin-induced changes of lung MT levels when adminis-
tered 24 h after the endotoxin. The rats received one or
two (8 h apart) doses and were killed 48 h after the
endotoxin injection. Control rats received saline (Sal).
Results are means + SE (n = 4-6). &£ P < (.05 versus
saline rats. * P <2 0.05 versus endotoxin rats.

Discussion

As stated above, endotoxin causes the release of
both cytokines and free radicals, both of which may
be related to MT induction by this lipopolysac-
charide. The contribution of the latter has not been
previously studied.

Endotoxin increased liver MT and also liver
TBAR levels, suggesting that liver MT induction by

Table 2. Effect of the administration of SOD, ALLO and PRED 24 h after the endotoxin injection

Body weight Liver Liver Lung Serum
gain cytosolic zinc TBARs TBARs TBARs
(g2 days™1) (ugg™") (nmotg-1) (nmolg-1) (un)
Control 10.1 + 1.0 19.0+04 68.7 7.7 88.3 + 10.0 101 =0.02
Endotoxin —18.6+2.5 24+1.17 1013 +6.7" 100.7 4.3 0.97 + 0.03
One dose
SOD 5 -143+ 6.0 22.5+0.71 104.7 + 19.7 90.5 + 3.4 1.22 + 0.097
SOD 25 -162+1.77 22.4 + 0.87 136.7 +23.11 97.3 £3.7 1.00 + 0.04
ALLO S0 ~7.7£8.6, 2.7 + 0.8t 148.2 + 30,57 96.8 £ 3.4 1.08 + 0.05
ALLO 250 —331.9+95" 231+ 1.9 162.7 = 25.5T 942 + 3.3 1.15 +0.08
PRED 5 —2.0+23 215+1.1f 120.2 + 14.7T 756+ 115 1.17 £ 0.05™
PRED 25 -20.1 %327 21.5+0.8" 138.7 + 24.0F 80.6+2.9 1.14 + 0,05
Two doses
SOD 5 —243+217 23.5+0.7" 132.8 + 19.97 96.4+2.8 1.07 +0.04
SOD 25 —2n8+41t 27+03" 91.3 + 8.0 93.1+134 1.05 + 0.02
ALLO 50 -17.3 =35t 236+1.5" 104.8 + 21.3 93.6 + 3.4 1.02 = 0.04
ALLO 250 —27.4 = 4.27f 252207 121.5 + 10.01 87.3+5.1 1.30 + 0.037*
PRED 5 -16.9 +3.27 21.1 + 0.7 118.4 + 26 67 82.4+ 6.3 1.24 + 0.117
PRED 25 —28.1+7.47 20.1+ 1.1 117.6 +19.47 80.7 + 6.6 1.25+ 0.1t

Data are means + SE (n = 4-6). The doses stated are mg kg .. 1P at least < 0.05 versus control rats. * P < 0.0S versus endotoxin rats.
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endotoxin might be related to free radical processes.
An increase of TBARSs (an index of lipid peroxida-
tion) levels is usually considered a reflection of
increased free radical production (Aust 1983), al-
though it must be acknowledged that, in tissues,
TBA may measure more than lipid peroxidation
(Janero & Burghardt 1989). It is now clear,
however, that MT levels are not directly related to
lipid peroxidation levels in the liver (Hidalgo et al.
1988a, 1990, Sato & Sasaki 1991, Min ez 4l. 1992b),
which is also clear in the present study.

The results found for SOD and ALLQO were quite
surprising. Both are well known antioxidants, SOD
causing the dismutation of the superoxide radical,
and ALLO causing the inhibition of xanthine oxi-
dase and therefore decreasing superoxide and hy-
droxyl radical formation and scavenging the latter
and myeloperoxidase-derived oxidant HOCL
through oxypurinol formation (Halliwell & Gut-
teridge 1989). However, neither SOD nor ALLO
decreased the effect of endotoxin on liver TBARs
regardless of the pattern of treatment. Furthermore,
ALLO potentiated it significantly in some cases,
which does not scem to be due to different food
intakes (Hidalgo er al. 1988a) as suggested by the
body weight losses observed. The glucocorticoid
PRED, similarly, did not reduce the effect of
endotoxin on liver TBARS levels and even potenti-
ated il in some cases. These hormones are potent
antioxidants in a number of pathological processes
(Baud & Ardaillou 1986, Hall e al. 1988), but their
effects on liver TBARSs in different situations remain
conflicting (Hidalgo er af. 1991). Although we have
no explanation for these unexpected effects of SOD,
ALLQO and PRED on liver TBARs, the conclusion is
clear that liver MT and TBARs levels are not
directly correlated. The results are even more
evident for the lung, since lung TBARSs were mostly
unaffected by any of the treatmerts including
endotoxin, whereas lung MT levels were clearly
increased.

SOD and PRED tended to decrease the effect of
endotoxin on liver MT levels when administered
before endotoxin, although it was not statistically
significant. ALLO, in contrast, further increased
liver MT levels, likely through a ditferent mechan-
ism, since ALLO had a significant effect on its own
in control rats. The results for PRED are in
agrecment with those of Min ef al. (1992a), since
they found a slight but significant effect in mice with
the same dose of PRED; as might be expected, they
also found that dexamethasone was more potent
than PRED. Perhaps the effect of PRED was not
statistically significant in our experiment because we
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administered PRED 30 min before the endotoxin,
whereas Min e al. (1992a) injected it 6 h before.
Also, the dose of endotoxin we used was twice that
used by those authors. The present results extend
those of Min et al. (1992a) because we found that
PRED significantly reduced the effect of endotoxin
on lung MT levels. Therefore, it seems that gluco-
corticoids, in spite of the fact that they are direct
inducers of the MT gene (Mayo & Palmiter 1681),
decrease the effect of endotoxin on tissue MT levels
when administered previously to it, at least in the
liver and lung. Min et al. (19922a) have proposed that
this effect is caused by the glucocorticoid-induced
inhibition of cytokines release, since cytokines are
well-known MT inducers (DiSilvestro & Cousins
1984, Cousins & Leinart 1988, De er al. 1990,
Schroeder & Cousins 1990). Given the absence of
any effect of the antioxidants SOD and ALLO (and
even the additive effect of ALLO with endotoxin),
that hypothesis is reasonable.

The effect of PRED is not limited to administra-
tion of the hormone previous to the endotoxin
injection. In rats treated with PRED 24 h after the
endotoxin, a significant decrease was also observed
in liver MT levels, indicating that even well after the
processes engaged by endotoxin have started (pre-
sumably cvtokines release and action), glucocorti-
coids are still effective in decreasing their effects on
liver MT levels. However, the situation is com-
pletely different for lung MT. Glucocorticoids, but
also the antiexidants SOD and ALLQO, not only did
not decrease the effect of endotoxin when adminis-
tered 24 h after the lipopolysaccharide, but potenti-
ated it. Whereas this effect may be explained in the
case of SOD and ALLO because they had a
significant effect on lung MT levels on their own,
and therefore producing an additive effect, no
explanation is obvious for glucocorticoids.

In sum, the present results suggest that although it
is clear that cytokines induced tissue MT synthesis in
many tissues, including the liver and the lung (De ez
al. 1990), it is also clear that other factors such as
glucocorticoids may modulate, positively or nega-
tively depending on the tissue, the MT regulation.
Further work is clearly needed to establish the
mechanism(s) through which these effects are taking
place.
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