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Summary Background: Metallo-
thionein (MT)# synthesis can be
stimulated in many organs not only
by various metals such as cadmium,
zinc, and copper, but also by many
nonmetallic compounds or experi-
mental conditions such as oxidative
stress. The latter lead to the hypothe-
sis that MT is induced in response to
free radicals formed in tissues and
lipid peroxidation.

Aims of the study: Whether the re-
lationship between lipid peroxidation
and MT synthesis is a common phe-
nomenon also valid for lipid peroxi-
dation induced by dietary factors
such as chronic vitamin E inade-
quacy and autoxidation products of
polyenoic fatty acids derived from
thermally oxidized oil was investi-
gated in the present study.

Methods: The relationship be-
tween the induction of metalloth-
ionein isoforms I and II (MT-I and
MT-II) in response to diet-induced
lipid peroxidation using a rat model
system in which lipid peroxidation
was examined in vivo by chronic vit-

amin E inadequacy or by administra-
tion of lipid peroxidation products
from a thermally treated polyenoic-
rich oil with either basal (dietary zinc
concentration: 48 mg/kg; experiment
1) or Zn-stimulated MT levels (di-
etary zinc concentration: 305 mg/kg;
experiment 2) was studied. In both
experiments, growing male rats were
fed diets containing either a fresh or
a thermally treated soybean oil with
deficient or sufficient amounts of vit-
amin E (14 and 11 vs. 648 and
560 mg α-tocopherol equivalents per
kg diet) over 40 days according to a
bifactorial experimental design.
Plasma and liver concentrations of
tocopherols and hepatic levels of
thiobarbituric acid-reactive sub-
stances (TBARS) were measured by
high performance liquid chromatog-
raphy. MT isoform concentrations in
rat liver were isolated and quantified
by ion-exchange high performance
liquid chromatography and atomic
absorption spectrometry.

Results: Irrespective of the zinc
supply, rats receiving inadequate
amounts of vitamin E with the diet
had markedly lower plasma and liver
concentrations of α-tocopherol and
total tocopherols than vitamin E-suf-
ficient rats. ANOVA also revealed an
interaction between the diet factors
vitamin E and oil on tocopherols in
plasma and liver of rats from both ex-
periments. In experiment 1, where
rats received normal amounts of di-
etary zinc, ingestion of the thermally
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treated oil impaired the tocopherol
status compared to the treatment with
the fresh oil, although this effect was
only obvious in the vitamin E-defi-
cient groups. In experiment 2, where
rats received excessive amounts of
zinc, the thermally treated oil did not
contribute to a reduction of the toco-
pherol status in plasma and liver. In
both experiments a significant in-
crease in TBARS level, indicative of
lipid peroxidation, was observed in
the liver at chronic vitamin E inade-
quacy, but no effect of the oil was ob-
served. Here, we show that the di-
etary treatments had some effects on
the synthesis of liver metallothionein
isoforms. In groups, receiving normal
amounts of zinc, there was a signifi-
cant interaction between the dietary
treatments on the levels of MT-I and
MT-II in liver. Chronic vitamin E in-
adequacy which was accompanied by
diminished tocopherol levels in liver
induced the synthesis of MT-I and
MT-II. When vitamin E inadequacy
was combined with the ingestion of a
thermally treated polyenoic acid-rich
oil hepatic levels of MT-I and MT-II
remained low. In experiment 2,
where rats were fed the high zinc
diet, vitamin E inadequacy caused an
increase of hepatic MT-I level just as
in experiment 1, although this MT
stimulating effect was irrespective of
the oil. For MT-II there was a 43%
increase in the vitamin E-deficient
group fed the fresh oil compared to
all the other groups, although this ef-
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Introduction

Metallothioneins (MT) are a class of low-molecular-
weight, cysteine-rich metal-binding proteins that function
in detoxification of heavy metals, zinc and copper home-
ostasis, and in the acute phase response. Recently, studies
have suggested an additional role for MT as a free radical
scavenger, because lipid peroxidation of erythrocyte ghosts
induced by xanthine-xanthine oxidase in the presence of
iron is inhibited by MT (50), and preinduction of MT by
injection of bismuth, zinc or cadmium prevented the lethal
toxicity and lipid peroxidation caused by the anti-cancer
drug, adriamycin (33, 43). MT synthesis can be stimulated
in many organs not only by various metals such as cad-
mium, zinc, and copper, but also by many nonmetallic
compounds such as ethanol, indomethacin, alkylating
agents, chelators, and hormones including glucagon, glu-
cocorticoid hormones, and catecholamines (5, 25) or by ex-
perimental conditions such as food restriction (6). MT is
also induced in cells and tissues of mammals exposed to
radical generating agents or conditions such as producers
of reactive oxygen species like tert-butyl hydroperoxide
(3), the redox cycling agents, paraquat or adriamycin (3,
14, 34, 41), the lipid peroxidation enhancer, cisplatin (3),
glutathione consumers such as diethyl maleate (3), high
oxygen tension (19), X-irradiation (44) and UV-irradiation
(16). In these studies, the liver has been found to be very
responsive to these agents.

This evidence leads to the hypothesis that MT is in-
duced in response to free radicals formed in tissues and
lipid peroxidation. However, the mechanism of increased
MT accummulation in certain tissues induced by physio-
logical factors and experimental conditions is unclear.
Whether the relationship between lipid peroxidation and
MT synthesis is a common phenomenon also valid for lipid
peroxidation induced by dietary factors such as chronic vi-
tamin E inadequacy and autoxidation products of
polyenoic fatty acids (PUFA) derived from thermally oxi-
dized oil was investigated in the present study. Thermally
oxidized soybean oil was used as dietary fat, because typi-
cal Western diets contain large quantities of oxidized fat

derived from fried foods, and recent studies could demon-
strate that the primary and secondary autoxidation products
of PUFA as a component of fried foods affect the vitamin
E status (12, 13, 27, 28) and promote lipid peroxidation in
tissues (15, 18, 20). In order to avoid differences in food in-
take between groups fed the fresh oil and the thermoxi-
dized oil, because restriction of food intake led to an in-
crease in the concentration of Zn-metallothionein in rat
liver (6), the thermally treated oil used in this study was
only moderately oxidized to preserve its palatability. Addi-
tionally, oils with equalized levels of tocopherols were
used in this study to limit the observed differences to the
action of autoxidation products alone. The antioxidative
status was determined by monitoring the individual toco-
pherols in plasma and liver. The formation of thiobarbituric
acid-reactive substances (TBARS) in liver was measured to
demonstrate the sensitivity of biological lipid structures to
autoxidation under the conditions of the thiorbarbituric
acid assay.

We also considered the possibility that the liver MT re-
sponse to stress may be different in rats with zinc-induced
liver MT because if MT induction by one or both dietary
stress factors is due to lipid peroxidation in liver mem-
branes, animals with much preexisting MT would not be
expected to synthesize more MT in the liver when exposed
to further oxidative stress because MT may scavenge free
radicals prior to the production of hydrogen peroxide in
polyenoic-rich membranes of liver cells. Therefore, we
carried out a second experiment in which liver MT was si-
multaneously induced by a high dietary zinc administra-
tion. Two major isoforms of MT are found in most verte-
brate tissues and are designated as MT-I and MT-II (25). It
is known that the relative proportions of the isoproteins de-
pend on the particular stimulus, although the physiological
significance of this variation is still unknown. To further
elucidate the relationship between tissue levels of MT iso-
forms and dietary-induced oxidative stress, we used a sen-
sitive method based on ion-exchange high performance liq-
uid chromatography and atomic absorption spectrometry
for determination of non-stimulated and stimulated metal-
lothionein isoform (MT) levels in rat liver (36), which was

fect was not statistically significant.
The liver MT isoform response to
stress was similar in rats with basal
MT levels and Zn-induced liver MT
levels. The failing effect of the ther-
mally treated oil on MT levels which
were stimulated by vitamin E defi-
ciency in experiment 2 was possibly
due to the low oxidation grade of the
thermally treated oil.

Conclusion: The present results
are strongly indicative of an apparent
induction of MT isoform synthesis in
response to an impaired antioxidant
defence system in the lipid regions of
liver cells induced by vitamin E inad-
equacy. In contrast, thermally treated
polyenoic-rich oils with a certain oxi-
dation grade seem to restrain the in-
duction of MT isoform synthesis un-
der the present experimental
conditions.

Key words Vitamin E inadequacy –
thermally treated soybean oil – 
metallothionein isoforms – liver – rat

Abbreviations 
GSH-Px = glutathione peroxidase;
MT = metallothionein; PUFA =
polyenoic fatty acids; TBARS= thio-
barbituric acid-reactive substances;
Teq = tocopherol equivalents.
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used as the target organ, because the liver is one of the most
important tissues with regard to some of the putative MT
functions.

Materials and methods

Animals and diets

In experiment 1 forty male SPF Sprague-Dawley rats
(WIGA GmbH, Sulzfeld, Germany) with an average body
weight of 51.1 (±0.8 g, SEM) were divided into four groups
of ten each and were fed semisynthetic diets with 48 mg
zinc/kg (analyzed value) based on the AIN–93 formulation
(40) with low (E–, 13.8 mg/kg DM) or high levels (E+,
648 mg/kg DM) of α-tocopherol equivalents containing ei-
ther fresh soybean oil (FO) or thermally oxidized soybean
oil (OO) in amounts of 100 g/kg diet for 40 days. In ex-
periment 2, liver MT was simultaneously induced by zinc
administration during the last 8 days of the experiment.
Forty male SPF Sprague-Dawley rats (WIGA GmbH,
Sulzfeld, Germany) with an average body weight of 53.4
(±0.8 g, SEM) received 36 mg zinc/kg diet (analyzed
value) for the first 31 days of the experiment and 305 mg
zinc/kg (analyzed value) from day 32 to day 40 of the ex-
periment. As in experiment 1, the rats were divided into
four groups of ten each and were fed similar diets as in ex-
periment 1 with either deficient or adequate amounts of di-
etary vitamin E (E–, 11.2 mg/kg DM; E+, 560 mg/kg DM)
and with fresh or thermally oxidized soybean oil for 40
days. The semisynthetic diets used in both experiments
consisted of (in g/kg) casein (200), corn starch (320), su-
crose (287), fresh/thermoxidized soybean oil (100), miner-
als (40), fiber (30), vitamins (20), coconut oil (16.7), DL-
methionine (2), and choline chloride (1). The diets were
stored at +4oC during the experimental period. The ther-
moxidized oil used in both experiments was prepared by
heating fresh soybean oil for 22 h at a constant temperature
of 130oC. Throughout the heating process, air was bubbled
through the oil for 8 h. The extent of peroxidation was de-
termined by assaying the peroxide value (1), the fatty acid
composition of the diet lipids (47), and the concentrations
of individual tocopherols (2). The heat treatment caused a
considerable loss of individual tocopherols and a moderate
but concomitant increase of the peroxide value (Table 1).
Prior to inclusion in the diet, the oils were standardized to
an identical vitamin E activity with all-rac-α-tocopheryl
acetate (considering that the biopotency of all-rac-α-toco-
pheryl acetate is 67% of that of α-tocopherol). The oils
were included in the diet either in this form or after sup-
plementation with all-rac-α-tocopheryl acetate. For further
induction of peroxidation, and for preparation of diets that
could be offered in defined portions, dietary components
were mixed with water, homogenized, and dried at a tem-
perature of 40oC for 4 days. During the drying procedure,
the peroxide values of the dietary oils moderately increased

(Table 2). The tocopherol concentrations of the diets are
presented in Table 2. For assessing the peroxide values,
aliquots of the diets were analysed at different times within
the experimental period. Average peroxide values of the
diet lipids are also shown in Table 2. The fatty acid com-
position of the diets with the thermoxidized soybean oil in
experiment 1 and 2 was not clearly different from those
with fresh soybean oil. The diet lipids used for both exper-
iments consisted of about 60 mol % of polyenoic acids,
linoleate (18:2 n–6) and linolenate (18:3 n–3) and 24 mol
% of monoenoic fatty acids such as 16:1 n–9 and 18:1 n–9.
The fatty acid composition of the diets with the thermally
treated soybean oil was characterized by a 1.7% lower pro-
portion of polyenoic fatty acids than the fatty acid compo-
sition of the diets with the fresh soybean oil. The fatty acid
composition and tocopherol concentrations of the diets
were not altered during storage at a temperature of 4oC.

Table 1 Characteristics of the dietary oils used in experiments 1 
and 2

experiment 1 experiment 2

fresh oxidized fresh oxidized 
oil oil oil oil

Tocopherols (mg/kg)
α-tocopherol 46.8 8.0 106 75.7
γ-tocopherol 585 40 622 386
δ-tocopherol 266 164 231 187
D-α-Teq1 before 113 17 175 120
alignment
All-rac-α-tocopherol – 143 – 82
acetate
D-α-Teq after alignment 113 113 175 175

Peroxide value (meq O2/kg) 4.0 23.0 4.1 26.1

1 Teq = Tocopherol equivalents

Table 2 Analyzed concentrations of tocopherols and peroxide val-
ues of the diets used in experiments 1 and 2

fresh oil thermoxidized oil

Vit E– Vit E+ Vit E– Vit E+

Experiment 1
α-Tocopherol (mg/kg) 7.1 623 13.2 665
γ-Tocopherol (mg/kg) 58.0 58.0 3.8 3.8
δ-Tocopherol (mg/kg) 27.0 27.0 13.6 13.6
Peroxides (meq O2/kg lipid) 9.4 9.6 74 75
Experiment 2
α-Tocopherol (mg/kg) 5.9 571 5.8 539
γ-Tocopherol (mg/kg) 60.4 59.2 37.1 33.0
δ-Tocopherol (mg/kg) 23.0 33.0 10.0 12.3
Peroxides (meq O2/kg lipid) 15.6 14.4 76 80
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The rats in experiments 1 and 2 were housed individu-
ally in a controlled environment, in Macrolon cages
(Becker GmbH, Castrop-Ruxel, Germany), in a room
maintained at 24oC with a humidity of 60%. All rats were
kept under conditions of controlled lighting with a daily
12-h light:dark cycle. Food and water were provided ad li-
bitum. Care and treatment of the rats followed recom-
mended guidelines (35). At the end of the experimental pe-
riod of 40 days, 12 h after the last feeding, rats from both
experiments were killed by decapitation after light anes-
thesia with diethyl ether.

Analytical determinations

Blood for determination of plasma concentrations of zinc,
individual tocopherols, glutathione peroxidase, and thiols
was collected into heparinized tubes (Sarstedt, Nümbrecht,
Germany). The livers were promptly excised for determi-
nation of MT, tocopherols and TBARS. Liver samples used
for MT analysis were immediately processed. Plasma and
liver samples used for other measurements were stored at
–80oC until analyzed.

The plasma concentration of zinc was measured directly
by its absorbance at 213.9 nm by aspirating a dilute solu-
tion (1:5) into the flame of the atomic absorption spec-
trophotometer (model 5100, Perkin-Elmer, Überlingen,
Germany). The zinc concentration of each sample was cal-
culated from standard curves using various dilutions of
zinc standard solutions (1000 ± 2 mg/l, Merck, Darmstadt,
Germany). The specimens were analyzed in duplicate, and
the coefficient of variation for duplicate analysis was typi-
cally below 2%.

The concentrations of individual tocopherols in the di-
ets, plasma, and liver were determined by high perfor-
mance liquid chromatography (2). Liver homogenate and
plasma samples were saponified with sodium hydroxide in
the presence of pyrogallol as an antioxidant. Individual to-
copherols extracted with n-hexane were separated on a
LiChrosorb Si 60 column (5 µm particle size, 250 mm
length, 4 mm internal diameter, Merck) with a n-hexane
and 1,4 dioxane-mixture (94:6, v/v) as an eluent (isocrati-
cally) and detected by fluorescence (excitation wavelength:
295 nm, emission wavelength: 320 nm).

The formation of TBARS in the liver was measured by
high-performance liquid chromatography (17). Therefore,
liver homogenates were mixed with 1 mL thiobarbituric
acid reagent (0.4% solution of TBA in 0.1 M HCl, pH 1)
and 50 µL of a 0.5% solution of butylated hydroxytoluene
(in ethanol, absolute) (49). This mixture was heated for 45
min at 100oC. TBARS were extracted with n-butanol and
injected into the HPLC system. TBARS were separated us-
ing a LiChrosorb RP–18 Cartridge (5 µm particle size,
250 mm length, 4 mm internal diameter, Merck). A wa-
ter/acetonitrol mixture (80:20, v/v) was used as mobile
phase (isocratically); the fluorescence was measured at an

excitation wavelength of 515 nm and an emission wave-
length of 553 nm. 1,1,3,3 tetramethoxypropane was used as
internal standard.

The concentration of extractable liver lipids needed for
the expression of liver tocopherols and liver TBARS as
nmol/g lipids, were measured gravimetrically by extraction
of the liver lipids with hexane/isopropanol (3:2, v/v)
overnight. The weight of residue obtained after exhaustive
lipid extraction of a 1 g aliquot of the liver, followed by
evaporation of the solvent, provided the measure of lipid
content. Fat analyses were run in duplicate.

The determination of total thiol groups in plasma (from
protein and glutathione) was done by a spectrophotometric
method (21). The normalization of total thiol groups for to-
tal protein was done to even out possible differences in
plasma protein content. The concentration of plasma pro-
tein was determined by a standard procedure using an au-
toanalyzer (model 704, Hitachi, Tokyo, Japan) and a kit
reagent (Boehringer, Mannheim, Germany, ref. 1553836).
The activity of glutathione peroxidase (GSH-Px) in plasma
was determined by a spectrophotometric method (38). Pro-
tein in plasma aliquot used for the GSH-Px determination
was measured by a method of Smith et al. (46) using bicin-
choninic acid, and bovine serum albumin as a standard.

Metallothionein isoform levels in rat liver were isolated
and quantified by ion-exchange high performance liquid
chromatography and atomic absorption spectrometry
(AAS) using a method of Klaassen and Lehman-McKee-
man (26) which was modified in several steps (36). There-
fore, fresh rat liver was homogenized with three volumes
10 mM Tris-HCl, pH 7.4 (sparkled with N2), followed by
two centrifugation steps at 10 000 × g (20 min) and 114 000
× g (1h). The resulting supernatant was portioned in 1 mL
quantities and mixed with 50 µL of 1000 mg Cd/L CdCl2
solution to achieve complete cadmium saturation of metal-
lothionein. The mixture was then heat-treated for 2 min in
a 80°C water bath and chilled immediately in ice water.
Following a further centrifugation at 13 000 × g (5 min) and
membrane filtration (0.22 µm), a 500 µL aliquot was ap-
plied to an ion-exchange column and MT-I and MT-II were
separated by a HPLC elution procedure. A Merck L–6200
high-performance liquid chromatograph consisting of one
single L–6200 intelligent pump and a Rheodyne 7125 in-
jector equipped with a 1000 µL sample loop was used for
MT analysis. MT separations were achieved on a tentacle
anion-exchange column (Fractogel EMD DEAE- 650 (S),
20–40 µm; 70 mm × 10 mm I. D., Merck). Gradient elution
was performed using 20 mM Tris-HCl, pH 7.4 (buffer A)
and 200 mM Tris-HCl, pH 7.4 (buffer B). MT-I and MT-II
were eluted with a linear gradient from 0 to 60% B in 18
min at a flow rate of 1 mL/min. For regeneration the col-
umn was rinsed for 7 min with 1 M NaCl and then for 25
min with buffer A. All solutions were saturated with nitro-
gen. According to this elution procedure MT-I and MT-II
were eluted at concentrations of 55 and 90 mM Tris-HCl
buffer, respectively. The column efflux was collected with
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a Gilson M 201 fraction collector (Abimed, Langenfeld,
Germany) in 1 mL fractions.

The quantitation of the MT isoforms was based on the
peak height of cadmium detection by AAS at a wavelength
of 228.8 nm (model 5100, Perkin-Elmer). To generate cal-
ibration curves cadmium saturated MT-I and MT-II stan-
dards were applied to anion-exchange HPLC, eluted, sep-
arated, and fractionated as described above until each
fraction was measured for cadmium content by AAS. The
total cadmium content of the fractions corresponding to
MT-I and MT-II was plotted against the different concen-
trations of MT injected on the column and linear regression
analysis performed to determine the type of relationship.
For sample analysis, a 500 µL aliquot of the filtered sample
was injected into the anion-exchange column, the MT iso-
forms were eluted in the manner described and collected
for cadmium analysis by AAS. The MT concentration of
the liver sample results from the final cadmium content of
the MT-I or MT-II fractions, the linear regression of the
standard curves, sample weight, dilution, and recovery of
the method. The concentrations of MT-I and MT-II were
calculated by the following regression equations:
MT-I (µg/0.5 mL) = 0.0413 × (ng Cd/0.5 mL) + 0.210
MT-II (µg/0.5 mL) = 0.0403 × (ng Cd/0.5 mL) + 0.067
The validation of this method, which was carried out by the
standard addition method, revealed a good linear relation-
ship of MT-I and MT-II with regression coefficients of R2

= 0.986 and 1.00, respectively. The recovery obtained was
96% (MT-I) and 110% (MT-II). The reproducibility of five
preparations of fresh liver provided relative standard devi-

ations of 9.6% for MT-I and 11.6% for MT-II. The detec-
tion limit was 2.0 µg/g liver for MT-I and 1.3 µg/g liver for
MT-II.

Statistics

Treatment effects were evaluated by ANOVA with the fac-
tors diet fat, vitamin E supply and their interaction. For sta-
tistical significant F-values (P < 0.05), means were com-
pared by the Fisher’s multiple range test. Data in the
present text are expressed as means ± SEM. Data were sub-
jected to logarithmic transformation where necessary to
achieve homogeneity of variances.

Results

Experiment 1: without Zn stimulation

The daily feed intake and weight gain did not differ be-
tween the groups in experiment 1 where rats received nor-
mal amounts of dietary zinc (feed intake: FO,E–: 17.7 ±
0.6 g/d; FO,E+: 18.1 ± 0.3 g/d; OO,E–: 18.1 ± 0.6 g/d;
OO,E+: 18.2 ± 0.4 g/d; weight gain: FO,E–: 7.97 ±
0.26 g/d; FO,E+: 7.98 ± 0.17 g/d; OO,E–: 8.23 ± 0.23 g/d;
OO,E+: 8.33 ± 0.20 g/d). There were also no differences in
the plasma concentration of zinc between the groups (Table
3). Rats receiving inadequate amounts of vitamin E with
the diet had markedly lower plasma and liver levels of α-

Table 3 Effect of vitamin E and thermoxidized oil on oxidative/antioxidative balance and concentrations of hepatic metallothionein iso-
forms of rats fed adequate amounts of dietary zinc (experiment 1)1

fresh oil thermoxidized oil ANOVA

Vit E– Vit E+ Vit E– Vit E+ oil Vit E oil × vit E

Plasma tocopherols (µmol/L)
α-tocopherol 2.75 ± 0.21a 38.1 ± 2.4c 5.24 ± 0.31b 42.8 ± 1.1c 0.00 0.00 0.00
γ-tocopherol 5.99 ± 0.52 n. d.2 0.06 ± 0.01 n. d. - - -
δ-tocopherol 0.37 ± 0.04 n. d. 0.04 ± 0.01 n. d. - - -
Total tocopherols 9.11 ± 0.69b 38.1 ± 2.4c 5.30 ± 0.32a 42.8 ± 1.1c 0.00 0.00 0.00

Plasma zinc (µmol/L) 20.6 ± 0.7 20.6 ± 0.5 19.0 ± 0.4 19.8 ± 0.8 0.07 0.92 0.83
Liver tocopherols (nmol/g lipids)
α-tocopherol 99.1 ± 11.4a 2997 ±193c 251 ± 11b 2597 ±159c 0.00 0.00 0.00
γ-tocopherol 221 ± 18 n. d. n. d. n. d. - - -
δ-tocopherol 14.8 ± 1.6 n. d. n. d. n. d. - - -
Total tocopherols 335 ± 27b 2997 ±193c 251 ± 11a 2597 ±159c 0.06 0.00 0.00

Liver TBARS (nmol/g lipids) 2012 ±300b 759 ± 44a 1760 ±286b 716 ± 86a 0.49 0.00 0.63
Liver metallothionein (µg/g)
Metallothionein-I 6.6 ± 0.9b 4.1 ± 0.5a 3.2 ± 0.3a 4.0 ± 0.4a 0.01 0.16 0.01
Metallothionein-II 4.0 ± 0.6b 2.3 ± 0.4a 2.3 ± 0.2a 2.5 ± 0.2a 0.06 0.09 0.03
Total metallothionein 10.7 ± 0.5b 6.4 ± 0.8a 5.5 ± 0.5a 6.5 ± 0.5a 0.01 0.10 0.01

1Data are represented as means ± SEM, n = 10; 2n. d., not detectable; a,b,cValues without a common superscript letter are significantly dif-
ferent at P < 0.05 (Fisher’s multiple range test)
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tocopherol and total tocopherols than rats fed excessive
amounts of vitamin E (Table 3). ANOVA revealed that the
oil also effected levels of tocopherols in plasma and liver,
although significant differences were only obvious in
groups fed inadequate amounts of vitamin E. Vitamin E-in-
adequate rats receiving the thermoxidized oil had lower
concentrations of total tocopherols in plasma and liver than
vitamin E-inadequate rats fed the fresh oil. Liver concen-
trations of γ and δ-tocopherol were detectable only in the
group fed the vitamin E-deficient diet with fresh oil. Liver
levels of TBARS were raised significantly by vitamin E in-
adequacy, but no effect of the oil was observed (Table 3).
MT isoforms were detectable in all rat livers. ANOVA re-
vealed a significant interaction between the diet factors fat
and vitamin E. Individual comparisons between means in-
dicated that chronic vitamin E inadequacy significantly in-
creased the hepatic MT-I and MT-II levels, but only in rats
fed the fresh oil, not in the rats fed the thermally treated oil.
The increase of MT-I levels in the vitamin E-deficient
group with fresh oil was about 75% and that of MT-II lev-
els 68% compared to all the other treatment groups. In the
vitamin E-deficient group fed the thermoxidized oil, the
MT levels were reduced by 52% compared to the vitamin
E-deficient group fed the fresh oil.

Experiment 2: Zn stimulation

The daily feed intake did not differ between the groups in
experiment 2 where rats received excessive amounts of di-

etary zinc during the last 8 days of the experiment (FO,E-:
19.2 ± 0.6 g/d; FO,E+: 18.4 ± 0.4 g/d; OO,E–: 18.8 ±
0.6 g/d; OO,E+: 18.7 ± 0.6 g/d). Daily weight gain also was
similar in these groups (FO,E–: 8.73 ± 0.34 g/d; FO,E+:
8.13 ± 0.19 g/d; OO,E–: 8.47 ± 0.35 g/d; OO,E+: 8.38 ±
0.30 g/d). There were no differences in the plasma concen-
tration of zinc between the groups (Table 4). Vitamin E in-
adequacy significantly diminished the levels of α-toco-
pherol and total tocopherols in plasma and liver relative to
a high vitamin E supply (Table 4). Under conditions of
chronic vitamin E inadequacy, rats fed the thermoxidized
oil had similar concentrations of total tocopherols in
plasma and even higher concentrations of total tocopherols
in liver than rats fed the fresh oil. The plasma activity of
glutathione peroxidase and the thiol density of plasma pro-
teins were not influenced by the dietary treatments. When
vitamin E, a natural antioxidant, was given to the rats ex-
cessively, the TBARS value was decreased significantly
compared with the vitamin E deficient group, but no effect
of the oil was observed (Table 4). Animals fed the high zinc
diet in the last 8 days of the experiment had higher liver lev-
els of MT-I and MT-II than rats from experiment 1 fed nor-
mal amounts of zinc. Individual comparisons between
means indicated that vitamin E-deficient rats had signifi-
cantly higher hepatic MT-I levels by 53 and 82% than rats
fed excessive amounts of vitamin E with either fresh or
thermoxidized oil. Level of MT-II was increased by 43%
in the vitamin E-deficient group fed the fresh oil compared
to all the other groups, although this effect was not statisti-
cally significant.

Table 4 Effect of vitamin E supply and thermoxidized oil on oxidative/antioxidative balance and concentrations of hepatic metallothionein
isoforms of rats fed excessive amounts of zinc (experiment 2)1

fresh oil thermoxidized oil ANOVA

Vit E– Vit E+ Vit E– Vit E+ oil Vit E oil × vit E

Plasma tocopherols (µmol/L)
α-tocopherol 2.70 ± 0.28a 42.8 ± 1.9c 4.13 ± 0.22b 43.6 ± 3.3c 0.00 0.00 0.00
γ-tocopherol 2.21 ± 0.25d 0.16 ± 0.01b 0.30 ± 0.03c 0.03 ± 0.01a 0.00 0.00 0.73
Total tocopherols 4.91 ± 0.48a 42.9 ± 1.9b 4.43 ± 0.23a 43.6 ± 3.3b 0.67 0.00 0.68

Plasma zinc (µmol/L) 20.9 ± 1.0 23.4 ± 0.8 23.1 ± 0.8 21.1 ± 0.6 0.87 0.34 0.28
Plasma GSH-Px2 92.7 ± 3.0 96.8 ± 3.0 91.5 ± 2.9 90.8 ± 2.1 0.20 0.55 0.39
Plasma thiols (µmol/ g protein) 2.55 ± 0.21 2.93 ± 0.27 2.66 ± 0.07 2.74 ± 0.05 0.81 0.20 0.40
Liver tocopherols (nmol/g lipids)
α-tocopherol 53.8 ± 5.3a 4943 ±408c 118 ± 8b 4792 ±417c 0.00 0.00 0.00
γ-tocopherol 35.8 ± 3.5d 16.8 ± 1.7c 5.8 ± 0.6b 2.8 ± 1.0a 0.00 0.00 0.20
Total tocopherols 89.6 ± 7.9a 4959 ±409c 124 ± 8b 4795 ±417c 0.18 0.00 0.00

Liver TBARS (nmol/g lipids) 1167 ±134b 259 ± 11a 1023 ±184b 296 ± 15a 0.71 0.00 0.14
Liver metallothionein (µg/g)
Metallothionein-I 9.5 ± 1.6b 6.2 ± 0.6a 8.2 ± 1.6b 4.5 ± 0.7a 0.25 0.01 0.88
Metallothionein-II 7.6 ± 1.5 5.3 ± 0.7 5.4 ± 1.1 5.2 ± 1.1 0.34 0.28 0.38
Total metallothionein 17.1 ± 3.1b 11.4 ± 1.1a 12.7 ± 2.4b 9.1 ± 1.7a 0.15 0.04 0.66
1Data are represented as means ± SEM, n = 10; 2One unit of GSH-Px (glutathione peroxidase) is defined as one µmol NADPH oxidized per
min per g protein; a,b,c,dValues without a common superscript letter are significantly different at P < 0.05 (Fisher’s multiple range test)
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Discussion

We studied the induction of MT-I and MT-II in response to
dietary-induced lipid peroxidation using a rat model sys-
tem in which lipid peroxidation was induced in vivo by
chronic vitamin E inadequacy or by administration of lipid
peroxidation products from a thermally treated polyenoic-
rich oil with either basal or Zn-stimulated MT levels. In or-
der to diminish vitamin E storage in liver, because the bio-
logical half-life of hepatic vitamin E has been shown to be
10 days (23), both experiments were extended to 40 days.

The increase of TBARS value in the liver as an expres-
sion of an enhanced sensitivity of hepatic lipid structures
to autoxidation under the conditions of the thiobarbituric
acid assay indicates an acceleration of lipid peroxidation in
this tissue after chronic vitamin E inadequacy which con-
firms previous reports on the effect of chronic vitamin E
depletion on lipid peroxidation (15, 37, 52). From the pre-
sent data it is obvious that the administration of a moder-
ately oxidized soybean oil over an experimental period of
40 days did not contribute to an enhanced lipid peroxida-
tion in liver. If lipid peroxidation is a factor involved in MT
synthesis only rats depleted of vitamin E are expected to
synthesize more MT, but not those fed the thermoxidized
oil. In order to comply this theory, it was necessary to de-
tect small levels of MT isoforms as they occur in untreated
animals. The high sensitivity of the HPLC/AAS assay used
in this study to measure MT isoform levels permits the de-
tection of subtle changes that otherwise would be ignored.

Here, we show that MT-I and MT-II levels were elevated
as much as 50–80% in rats fed the vitamin E-deficient diet.
It was remarkable that this effect only occurred in the vit-
amin E-deficient group fed the fresh oil but not in the group
fed the thermally treated oil. The reason for MT suppres-
sion in vitamin E-deficient rats fed the thermally treated oil
is completely unknown. We suppose that special com-
pounds in the thermally oxidized oil such as cyclic
monomeric acids might well have a crucial impact on the
magnitude of the stress-induced MT synthesis and on the
type of response. The failing effect of the thermally treated
oil on MT synthesis in experiment 2, therefore, was possi-
bly due to the low oxidation grade of polyenoic-rich oil, ac-
companied by the relatively high γ-tocopherol concentra-
tion of the soybean oil, which failed to diminish the vitamin
E status of the rats. Since induction of metallothionein syn-
thesis is mediated by transcription factors which require
heavy metals such as zinc for binding, it is also possible
that thermally oxidized oils make zinc less available for the
thionein molecule. Consequently, further studies will be
needed to better understand the mechanism by which ther-
mally treated oils inhibit MT synthesis.

However, the present results strongly suggest an inter-
relationship between dietary vitamin E supply, lipid perox-
idation, and MT. Our work confirms previous data from Hi-
dalgo et al. (19) who reported that pretreatment with
vitamin E reduced both lipid peroxidation and the induc-

tion of liver metallothionein synthesis in stressed rats. It is
an interesting aspect that the vitamin E-related effect in the
study of Hidalgo et al. (19) was even higher in rats treated
acutely with this vitamin, suggesting that a partial meta-
bolic adaptation to the excess of vitamin E was present in
the chronically treated animals. Thus, it is possible that MT
induction by vitamin E depletion is only a temporary
process which is mainly present at the beginning of the vi-
tamin E storage emptying. In contrast, data from another
study indicated that enhanced lipid peroxidation in liver is
not necessary for induction of metallothionein synthesis by
carbon tetrachloride or paraquat, because an increase in he-
patic concentration of MT was observed in the carbon
tetrachloride-treated and paraquat-treated rats, but this was
not affected by pretreatment with vitamin E (42). It was, on
the contrary, suggested that superoxide or other radicals are
essential for metallothionein synthesis and the develop-
ment of toxicity, but accelerated lipid peroxidation is not
directly linked with the induction. Thus, the effect of lipid
peroxidation on MT synthesis remains a subject of some
controversy. 

However, this is one of the first studies showing that di-
etary factors alone, without adding any other stress factor
such as an prooxidans, are sufficient stimuli for changes in
MT isoform synthesis. Vitamin E is a powerful antioxidant
in the lipid matrix where it is located that protects tissue
lipids from free radical attack because active oxygen
species are continually produced in tissues by the action of
the mitochondrial electron transport system (9), and of
NADPH oxidase (51) in leukocytes and macrophages un-
der normal physiologic conditions. Recent results show
that vitamin E can directly regulate hydrogen peroxide pro-
duction in mitochondria and suggest that the overproduc-
tion of mitochondrial reactive oxygen species is the first
event leading to the tissue damage observed in vitamin E
deficiency syndromes (11). Disruption of mitochondrial
ultrastructure is one of the earliest pathologic events dur-
ing vitamin E depletion. It is also evident that lipid perox-
idation reactions destroy the biological membranes in
which they occur. Plasma membranes of cells as well as in-
tracellular membranes lose their ultrastructural architec-
ture, leading to changes in fluidity and permeability (7, 8,
45). Lipid peroxidation also inactivates a number of mem-
branal enzymes and protein receptors (22, 32). From this
study it cannot be consequently concluded that MT syn-
thesis was induced directly by lipid peroxidation or by sec-
ondary processes such as those mentioned above.

Another aspect of this study was to test the MT response
to vitamin E depletion and lipid peroxidation in rats treated
with high amounts of dietary zinc. As expected, the liver
MT levels were greatly increased by Zn administration.
The short time of zinc administration was chosen because
it is known that chronic administration of high zinc diets
may reduce both the body zinc levels as well as the MT lev-
els as a consequence of homeostatic control (24,39,53). Zn
stimulation increased the MT-I level by 66% and the MT-
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II levels by 115% compared to the rats fed normal amounts
of zinc. The stronger reaction of MT-II compared to MT-I
observed in this study is a typical phenomenon observed
with zinc stimulation (10). It was an interesting result of
this study that the liver MT response to oxidative stress was
nearly the same for animals fed excessive and normal
amounts of dietary zinc. Here, we show that induction of
liver MT by vitamin E inadequacy is not affected by pre-
existing zinc induced MT levels.

A possible explanation for the increased MT in liver of
vitamin E-depleted rats fed the fresh soybean oil could be
that zinc derived from these tissues that were damaged by
free radicals and peroxides could accumulate in the liver,
thus stimulating the induction of MT synthesis. Thomas et
al. (50) have demonstrated that Zn-metallothionein, the
physiologically prevalent form of metallothionein, is an ef-
ficient antagonist of cell-damaging lipid peroxidation. Mo-
bilization of zinc from MT by an oxidative reaction may ei-
ther constitute a general pathway by which zinc is
distributed in the cell or tissues may be restricted to condi-
tions of stress where zinc is needed in antioxidant defence
systems (4, 29, 30). Although TBARS levels are known to

be a relative unspecific measure for lipid peroxidation, it is
possible that the lower hepatic TBARS levels observed in
experiment 2 may be due to the high dietary zinc, although
this would be in contrast to results from Markant and Pal-
lauf (31) and Hidalgo et al. (19), who found no significant
reduction in liver lipid peroxidation levels of Zn-treated
rats compared to non-treated animals.

It can be concluded from this study that a dietary-in-
duced shift in the prooxidant/antioxidant balance in favor
of the former may induce the production of MT isoforms
in liver. The liver MT response to stress was similar in rats
with basal MT levels and Zn-induced liver MT levels. Al-
though it is known that the iso-MTs differ in their amino
acid composition and isoelectric point there is little infor-
mation regarding physiological significance of MT-I or
MT-II. Further investigations are required to establish the
exact stimuli by which MT synthesis is increased or de-
creased. Although an extrapolation of these findings from
rats to humans might be complex, it cannot be excluded
that diet-induced changes of the radical defence mecha-
nism may have some influence on MT regulation in the
liver.
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