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SUMMARY: Metallothionein (MT) is a small, cysteine-rich protein that can act as a free radical scavenger at least in vitro. To test
the hypothesis that MT participates in gastroduodenal cytoprotection, we studied sensitivity to gastroduodenal mucosal injury
caused by ethanol in MT-null mice that have null mutations in MT-I and MT-II genes. MT-null mice and wild-type mice were orally
treated with ethanol (60% or 99.5%, 0.2 ml/mouse). The macroscopic gastric lesion indices were significantly higher in MT-null
mice than in wild-type mice 90 minutes after ethanol treatment. Histopathological examination in ethanol-treated MT-null mice
showed vacuolar degeneration, necrosis of the epithelial cells, and hemorrhage throughout the tunica mucosa. Moreover, the
duodenum also showed morphologic changes, including marked degeneration and coagulative necrosis of the entire villi,
desquamation of the degenerated epithelial cells, and hemorrhage. In contrast, histopathologic changes were less prominent in
the wild-type mice treated with ethanol. MT was not detected either in the stomach or duodenum of MT-null mice, whereas
gastric and duodenal zinc contents were not significantly different between MT-null mice and wild-type mice. These results
provide direct evidence that intrinsic MT plays a cytoprotective role in gastroduodenal mucosal injury caused by ethanol. (Lab
Invest 2000, 80:371–377).

M etallothionein (MT) is an evolutional, highly con-
served, low molecular weight, thiol-rich protein

that does not have aromatic amino acids, histidine, or
disulfide bonds. MT was first identified as a cadmium
(Cd)-binding protein and is found as a major zinc
(Zn)-binding protein in various tissues. Because of its
high sulfhydryl content, MT is thought to harbor broad
functions in the regulation of Zn and copper (Cu)
homeostasis, participation in the acute phase re-
sponse, and detoxification of heavy metals (Hamer,
1986) and also to serve as a scavenger of oxygen-free
radicals (Sato and Bremner, 1993). Previous studies
have suggested that induction of MT by heavy metals
such as Zn and Cd and cytokines induce cytoprotec-
tion against oxidant injury caused by ionizing radiation
(Bakka et al, 1982; Basu and Lazo, 1990), doxorubicin
(Basu and Lazo, 1990; Webber et al, 1988), hydrogen
and organic peroxide (Schwartz et al, 1994), hyperoxia
(Hart et al, 1990), carbon tetrachloride (CCl4) (Schroe-
der and Cousins, 1990), and TNF (Leyshon-Sorland et
al, 1993). These MT-inducing agents, however, are not
specific for MT induction, and cytoprotection may
therefore have been due to other effects of the agents.

In addition, the role of MT constitutively expressed in
virtually all cell types remains to be established.

There are four MT genes in the human and mouse.
MT-I and MT-II are expressed in all tissues and are
considered most important in Zn and Cu homeostasis,
detoxification of heavy metals, and scavenging of free
radicals (Bremner and Beattie, 1990). MT-III and MT-IV
isoforms exist in neural tissue and squamous epithe-
lium, respectively (Masters et al, 1994b; Quaife et al,
1994). Recently, MT-null transgenic mice that are
deficient in MT-I and MT-II were produced by the
gene-targeting technique (Masters et al,
1994a;Michalska and Choo, 1993). Several studies
have shown that MT-null mice have an increased
sensitivity to oxidative stress induced by paraquat
(Sato et al, 1996), ultraviolet (Hanada et al, 1998), or
acetaminophen (Rofe et al, 1998; Zhang et al, 1999;
Liu et al, 1999). In in vitro studies, primary cultured
MT-null cells have also been found to be more sensi-
tive to free radical-inducing substances such as para-
quat and tert-butylhydroperoxide (Lazo et al, 1995;
Zheng et al, 1996).

Alternatively, oxygen-free radicals are involved in
the process of formation of gastric mucosal lesions
that are induced by a variety of ulcerogenic stimuli
such as ischemia-reperfusion (Perry et al, 1986), sev-
eral kinds of stress (Ito and Guth, 1985; Yoshikawa et
al, 1986; 1987), and ethanol (Pihan et al, 1987), and
antioxidants can afford gastric cytoprotection. In ad-
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dition, it has been reported that intravenous adminis-
tration of MT-II (2.5 mg/kg, 1.0 mg/kg, iv) suppresses
the formation of water-immersion stress-induced and
HCl-ethanol-induced gastric mucosal lesions in rats
(Mimura et al, 1988). However, the role of constitu-
tively expressed MT in gastric cytoprotection against
ulcerogenic stimuli has not yet been elucidated. Our
study was undertaken to examine the cytoprotective
role of intrinsic MT in ethanol-induced gastroduodenal
lesions using mice lacking MT-I and MT-II genes.

Results

MT and Zinc Concentrations

As shown in Table 1, MT protein in the stomach and
duodenum was 14.9 6 6.5 (mg/g tissue) and 6.59 6
1.0 (mg/g tissue), respectively, in control wild-type
mice. MT protein in the gastroduodenum was at the
detection limit (, 0.2 mg/g tissue) in MT-null mice.
Moreover, MT protein was not detected either in the
liver or kidney of MT-null mice. Zn contents in the
stomach, duodenum, liver, and kidney were not sig-
nificantly different between MT-null mice and wild-
type mice.

Gastroduodenal Lesions

As shown in Figure 1, the gastric lesion indices in
MT-null mice and wild-type mice were 53.5 6 18.8
mm and 10.4 6 5.3 mm, respectively, at 90 minutes
after 99.5% ethanol treatment. Those in MT-null mice
and wild-type mice were 23.0 6 11.5 mm and 5.4 6
6.3 mm, respectively, 90 minutes after 60% ethanol
treatment. Ethanol-induced gastroduodenal injury was
more severe in MT-null mice than in wild-type mice.
The gastric mucosal injury in the lower portion of the
stomach was dependent on the concentration of eth-
anol in both strains of mice. Compared with 99.5%
ethanol-treated wild-type mice (Fig. 2B), MT-null mice
treated in the same way showed a more severe degree
of vacuolar degeneration and necrosis of the epithelial
cells and hemorrhage throughout the tunica mucosa
(Fig. 2D).

The duodenum in 99.5% ethanol-treated MT-null
mice showed morphologic changes, including marked
degeneration and coagulative necrosis of the entire
villi (Fig. 3, E and F). Desquamation of the degenerated
epithelial cells and hemorrhage were also observed in
the lesions (Fig. 3, E and F). In comparison, his-

topathologic changes were less prominent in the wild-
type mice treated with ethanol (Fig. 3, B and C).

Discussion

This study demonstrated that oral administration of
ethanol caused significantly more severe gastroduo-
denal mucosal injury in MT-null mice than in wild-type
mice. MT-I and MT-II proteins were not detected in the
stomach and duodenum of MT-null mice, whereas
gastroduodenal Zn contents were not significantly
different between MT-null mice and wild-type mice.

Oxygen-free radicals and lipid peroxidation have
been reported to participate in the formation of gastric
mucosal lesions caused by a variety of ulcerogenic
stimuli, such as ischemia-reperfusion (Perry et al,
1986) and several kinds of stress (Ito and Guth, 1985;
Yoshikawa et al, 1986; 1987). They have been impli-
cated in the pathogenesis of ethanol-induced gastric
mucosal injury as well (Pihan et al, 1987), because two
enzymatic antioxidants, superoxide dismutase, and
catalase reduced the gastric mucosal injury. In our
study, oral administration of ethanol caused more
severe gastroduodenal lesions in mice with a null
mutation of MT-I and MT-II genes than in wild-type
mice. To our knowledge, this would be the first pub-
lished demonstration that intrinsic MT plays a cyto-

Table 1. MT and Zn Concentrations in Tissues of MT–Null Mice and Wild–Type Mice

Tissues

MT (mg/g tissue) Zn (mg/g tissue)

Wild–type MT-null Wild–type MT-null

Stomach 14.9 6 6.5 , 0.2 12.5 6 1.3 10.8 6 2.2
Duodenum 6.59 6 1.01 , 0.2 12.4 6 1.5 11.2 6 2.4
Liver 15.8 6 5.0 , 0.2 21.2 6 2.6 18.8 6 3.4
Kidney 7.16 6 2.51 , 0.2 16.4 6 2.5 14.6 6 4.1

The values are mean 6 SD for five mice.

Figure 1.
Ethanol-induced gastric lesions in MT-null mice and wild-type mice. The values
are mean 6 SD seven mice. *Significantly different from the saline group (p ,
0.005). #p , 0.01.
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protective role against acute gastroduodenal lesions
induced by ethanol and that it may act as an antioxi-
dant in the gastroduodenal mucosa in vivo.

MT is a ubiquitous protein that forms high affinity
complexes with an assortment of heavy metals, in-
cluding mercury, Cd, silver, and biologically essential
metals like Zn and Cu (Hamer, 1986). It is generally
agreed that MT plays a protective role against heavy
metal toxicity and a regulatory role in Zn and Cu
homeostasis in living organisms. However, it is not
likely that these two roles are the exclusive functions
of MT for two reasons. First, heavy metals such as Cd
and mercury are not always present in the environ-
ment at high concentrations. Second, MT can be
induced by nonmetal inducers, such as cytokines and
drugs. Cytokines, such as IL-1, IL-6, and TNF-a, are
effective inducers of MT under experimental and dis-
ease conditions like partial hepatectomy, lipopolysac-
charide administration, and inflammation. Drugs such
as cisplatin, acetaminophen, indomethacin cephalori-
dine, and adriamycin, which are known to generate
oxygen-free radicals, are responsible for MT induction
in various tissues as well (Basu and Lazo, 1990; Karin,
1985). Moreover, the rich cysteine content and the
ubiquitous cellular and phylogenic distribution of MT
imply other important physiological functions.

There is some circumstantial evidence for the role of
MT as an antioxidant. First, various physical and
chemical stimuli associated with oxidative stress in-
crease MT gene expression. X-irradiation (Koropatnick

et al, 1989), hyperoxia (Veness-Meehan et al, 1991),
and restraint (Bauman et al, 1991) result in tissue-
specific increases in oxygen-free radicals and mRNA
expression for MT. Xenobiotics such as paraquat
(Hidalgo et al, 1988) and CCl4 (De et al, 1990) and
anticancer drugs such as doxorubicin (Basu and Lazo,
1990; Bauman et al, 1991) have similar effects in vivo.
These stimuli, however, can cause an inflammatory
response, including the production of cytokines, such
as interleukin-1, interleukin-6, TNF-a, and
interferon-g, which can increase MT gene expression
(De et al, 1990; Hamer, 1986; Karin, 1985; Schroeder
and Cousins, 1990). Thus, it remains controversial
whether oxygen-free radicals per se or secondary
cytokines affect MT expression in vivo. Second, MT
induction with heavy metals or cytokines reduces cell
sensitivity to oxidative stresses caused by irradiation
(Bakka et al, 1982; Basu and Lazo, 1990), peroxides
(Schwartz et al, 1994), hyperoxia (Hart et al, 1990),
CCl4 (Schroeder and Cousins, 1990), and TNF-a
(Leyshon-Sorland et al, 1993). However, heavy metals
and cytokines are promiscuous transcriptional activa-
tors, and Cd or Zn pretreatment can produce an
H2O2-resistant cell as a result of activating non-MT
antioxidants (Chubatsu et al, 1992).

The generation of MT-null mice provides a more
direct and simple experimental model with which the
role of MT as a member of the intracellular antioxidant
network can be examined (Hanada et al, 1998; Lazo et
al, 1995; Liu et al, 1999; Rofe et al, 1998; Sato et al,

Figure 2.
Histopathological changes in the gastric mucosa of MT-null mice and wild-type mice 90 minutes after the 99.5% ethanol injection. A, Untreated wild-type mice; B,
99.5%-ethanol-treated wild-type mice; C, Untreated MT-null mice; and D, 99.5%-ethanol-treated MT-null mice. Bar 5 20 mm.
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1996; Zhang et al, 1999; Zheng et al, 1996). Lazo et al
(1995) have shown that embryonic cells from trans-
genic mice with target disruption of MT-I and MT-II
genes expressed no detectable MT either constitu-
tively or after treatment with Cd, in contrast to cultured
cells that were wild-type or heterozygous for the loss
of the MT genes. MT-null cells were most sensitive to
the cytotoxic effects of Cd, a membrane-permeable
oxidant tert-butylhydroperoxide, and of a redox-
cycling toxin, paraquat. No marked differences have
been seen among the wild-type, heterozygous, or
MT-null cells in glutathione levels or in the activity of
either Cu, Zn-superoxide dismutase, glutathione per-
oxidase, or catalase. Glutathione levels in the stomach
were not significantly different between MT-null mice

and wild-type mice in our experiment (data not
shown). Some reports have recently shown that MT-
null mice are more susceptible than wild-type mice to
acetaminophen hepatotoxicity caused by N-acetyl-p-
benzoquinone imine, a reactive intermediate formed
when acetaminophen is oxidized via the cytochrome
P450 pathway, and that MT has an hepatoprotective,
presumably antioxidant function (Liu et al, 1999); Rofe
et al, 1998; Zhang et al, 1999). In addition, Kang et al
(1997) have reported that transgenic mice in which
MT-II was overexpressed in the heart exhibited a
significant resistance to in vivo doxorubicin-induced
cardiac toxicity as compared with normal controls.
Doxorubicin has been suggested to increase the for-
mation of reactive oxygen species in the heart, result-

Figure 3.
Histopathological changes in the duodenal mucosa of MT-null mice and wild-type mice 90 minutes after the 99.5% ethanol injection. A, Untreated wild-type mice
(Bar 5 80 mm); B, 99.5%-ethanol-treated wild-type mice (Bar 5 80 mm); C, 99.5%-ethanol-treated wild-type mice (Bar 5 20 mm); D, Untreated MT-null mice (Bar 5
80 mm); E, 99.5%-ethanol-treated MT-null mice (Bar 5 80 mm); and F, 99.5%-ethanol-treated MT-null mice (Bar 5 20 mm).
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ing in lipid peroxidation and consequently causing
doxorubicin-caused cardiomyopathy (Olson et al,
1988). Antioxidants such as N-acetylcysteine (Powell
and McCay, 1988), vitamin E, superoxide dismutase
(Hida et al, 1995), and catalase (Myers et al, 1977)
decreased the severity of doxorubicin-induced oxida-
tive damage. Judging from these reports and the
results of our study, MT is thought to play a cytopro-
tective role against oxidative injury in various types of
cells and organs, including the gastrointestinal tract,
liver, and heart and to function as an antioxidant. In
addition, constitutive MT levels affect the sensitivity of
the mammalian gastrointestinal tract to oxidative
stress. A striking finding was that starvation of MT-null
mice for 48 hours caused mild gastric mucosal injury
without ethanol treatment. It is possible that starvation
may be a stress and subsequently an ulcerogenic
stimulus in MT-null mice.

The mechanism by which MT acts as an antioxidant
is unclear, although it can scavenge phenoxyl radicals
in vivo as determined by electron spin resonance
(Schwartz et al, 1994). MT itself can act as a scaven-
ger for hydroxyl radicals and superoxide anion in vitro
(Sato and Bremner, 1993). The cysteine residues of
MT might serve as an expendable target for reactive
oxygen species. Alternatively, the primary determinant
of MT protection is the release of its associated metal,
Zn, and the subsequent uptake of Zn by the mem-
brane (Thomas et al, 1986), because Zn protects
against lipid peroxidation and thereby stabilizes mem-
branes (Chavapil et al, 1972). Another possibility is
that MT chelates iron or otherwise mediates its con-
version into a form that is not active as a Fenton
reactant. The formation of an iron-MT complex in vitro
has been described elsewhere (Good and Vasak,
1986).

Although Zn is known as an important defense
element in the stomach (Cho et al, 1987), Zn contents
in the stomach were not significantly different between
wild-type mice and MT-null mice in our experiments.
Because reactive oxygen species, however, could
exchange or replace Zn from MT (Maret, 1994), it is
possible that the released Zn may stabilize the biolog-
ical membranes (Chavapil et al, 1972; Thomas et al,
1986) or act as an antioxidant (Bray and Bettger,
1990).

In conclusion, intrinsic MT participates in gastrodu-
odenal cytoprotection against ethanol, presumably as
an antioxidant. MT induction may have therapeutic
efficacy for gastroduodenal injury induced by oxida-
tive stress.

Materials and Methods

Animals

MT-null mice whose MT-I and MT-II genes had null
mutations and wild-type mice were kindly provided by
Dr. A. Choo (Murdoch Institute for Research into Birth
Defects, Royal Children’s Hospital, Parkville, Australia)
(Michalska and Choo, 1993). Both kinds of mice were
originally from a mixed genetic background of OLA129

and C57BL6 strains. These mice were routinely bred in
the vivarium of the National Institute for Environmental
Studies (Tsukuba, Japan), reproducing normally and
displaying no overt abnormality in physical state and
behavior.

MT-null mice and wild-type mice were housed in
cages in ventilated animal rooms with controlled tem-
perature (23 6 1° C) and relative humidity (55 6 10%)
and a 12-hour light-dark cycle. They were maintained
on standard laboratory chow and tap water ad libitum
and received humane care throughout the experiment
according to the guidelines of the National Institute for
Environmental Studies.

Treatment

Eight-week-old male MT-null mice and wild-type mice
were randomized into control and experimental
groups, respectively. The groups of mice (5 mice in
each group) were deprived of food for 48 hours in
stainless steel cages with wire mesh floors to prevent
coprophagy but allowed free access to water up to the
commencement of the experiments. Animals were
orally treated with ethanol (60% or 99.5%, 0.2 ml/
mouse). Ninety minutes after ethanol treatment, the
animals were killed with exsanguination under ether
anesthesia. The stomach and duodenum were re-
moved to evaluate ethanol-induced gastroduodenal
lesions. In previous reports using 90% or absolute
ethanol, mucosal injury was evaluated 60 minutes
after ethanol administration (Bhandare et al, 1990;
Melchiorri et al, 1997; Tsuji et al, 1993). Because we
used 60% ethanol as well as 99.5% ethanol, a longer
duration (90 minutes) than that used in the previous
reports was selected before we observed the tissues
for mucosal injury.

Histochemical Staining

To perform histochemical evaluation of the gastrodu-
odenal lesions, the stomach and duodenum were cut
in half along the lesser curvature. One piece was fixed
in 10% buffered formalin (pH 7.4) and embedded in
paraffin. Sections of 5 mm thickness were routinely
processed with hematoxylin and eosin stain.

Analysis

The stomach was opened along the greater curvature.
The length of the gastric mucosal lesions was mea-
sured in each mouse. The sum of the lesion length per
stomach was used as a lesion index. The amount of
MT and Zn in tissues was determined by using radio-
immunoassay (Tohyama and Shaikh, 1981) as modi-
fied by Nishimura et al (1989) and inductively-coupled
plasma emission spectrometry (ICP; model ICAP-750,
Nippon-Jarrel-Ash, Tokyo, Japan) after digestion with
a concentrated acid mixture (HNO3: HClO4 5 1:3
[v/v]).

Statistics

The data are presented as the means 6 SD. Differ-
ences in the lesion index and in the contents of MT
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and Zn among groups of mice were determined using
ANOVA (Statview; Abacus Concepts, Inc., Berkeley,
California). If differences among groups were signifi-
cant (p , 0.05), Fisher’s protected least significant
difference test or Scheffe’s F test was used to distin-
guish between pairs of groups.
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