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Abstract. The effect of zinc on lipid peroxidation initiated by either femc-nitnlotnacetate, 
t-butyl hydroperoxide, or 3-methylindole was studied using primary monolayer cultures of rat 
liver parenchymal cells. The malondialdehyde content of the cells and culture medium was 
used to estimate the extent of lipid peroxidation. As the zinc concentration of the culture 
medium was increased from 1 to 48 pA4, peroxidation was diminished. Cellular zinc and 
metallothionein levels were proportionally increased by supplemental zinc. Zinc supplementa- 
tion of the medium inhibited NADPH-cytochrome c reductase activity and stimulated glutathi- 
one peroxidase activity. The uptake of iron into the hepatocytes was significantly reduced as the 
level of zinc was raised, suggesting that zinc antagonizes uptake of chelated iron into isolated 
hepatocytes and in this way blocks iron-induced peroxidation. Furthermore, induction of 
metallothionein synthesis by zinc may contribute to the reduction in free radicals. Spectra from 
electron spin resonance studies, using phenylbutylnitrone as a spin-trapping reagent, demon- 
strated that free radical production was inversely related to the zinc concentration of the culture 
medium. Spin trap data suggest that metallothionein added to lysed cells in vitro decreases free 
radical production. Studies using the spin trap, 3,3,5,5-tetramethylpy~oline-N-oxide indicated 
that cumulatively the predominant radical present in the cultures was a phenyl radical with 
hydroperoxide or methylindole. Collectively, our data demonstrate that zinc inhibits free radi- 
cal production and lipid peroxidation in cultured hepatocytes. The mode of action of zinc could 
occur via free radical scavenging by zinc-induced metallothionein and/or by processes related to 
cytochrome P-450 and glutathione peroxidase, since these were also found to be sensitive to 
zinc supplementation levels of the culture medium. 0 1988 Society for Experimental Biology and Medicine. 

There is an increasing body of literature 
which suggests that oxidative damage to cells 
has a role in many pathological conditions 
including carcinogenesis and aging. Prooxi- 
dant conditions caused by reactions related 
to active oxygen and free radical formation 
may lead ultimately to chromosomal dam- 
age and neoplastic growth (1). Specifically, 
activation of dioxygen to superoxide, H202 , 
and hydroxyl radical ( OH) leads to a vari- 
ety of subsequent reactions. These have been 
implicated in numerous deleterious pro- 
cesses including lipid peroxidation and oxi- 
dative damage to DNA and chromosomal 
proteins. For example, iron reacts with hy- 
drogen peroxide to produce hydroxyl radi- 

cals (Fe2+ + H202 + Fe3+ + OH- + o OH). 
The extremely reactive OH then partici- 
pates in a cascade of deleterious events (2). 
Since iron is a nutrient with important physi- 
ological functions, it would be expected that 
its metabolism is highly regulated in order to 
restrict its participation in intracellular reac- 
tion (3). 

A diversity of compounds and conditions 
are known to cause lipid peroxidation in- 
cluding high energy irradiation (4), ozone 
(3, carbon tetrachloride (6, 7), adriamycin 
(S), paraquat (9), iron (2, lo), 3-methylindole 
( 1 l), and t-butyl hydroperoxide (12). These 
compounds generate reactive species within 
cells which could include the hydroxyl radi- 
cal ( 1  3, 14). Cellular functions are subse- 
quently compromised as a result of extensive 
peroxidative damage and 
ity may be diminished (2, 15)* 

Peroxidation of tissue lipids is a common 
finding in animals Of marginal Or deficient 
zinc intake (16, 17). With time this could 
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lead to cellular damage associated with 
aging, cancer, and altered regulatory pro- 
cesses. The effect of zinc may be related to an 
inhibition of NADPH-dependent lipid per- 
oxidation ( 18, 19). Furthermore, the general- 
ized effect of zinc on membrane stabilization 
could be explained on the basis of control of 
peroxidation (20). In addition, high levels of 
dietary zinc fed to rats or the addition of zinc 
to liver homogenates has also been shown to 
inhibit lipid peroxidation ( 17, 2 1). 

Liver cells in primary culture provide a 
particularly useful tool to characterize cellu- 
lar lipid peroxidation and free radical pro- 
duction. The purpose of the experiments de- 
scribed here was to evaluate the effect of zinc 
in the response of liver cells to a variety of 
initiators of free radical formation and per- 
oxidation. Evidence is presented which sug- 
gests that free radicals can be induced in 
monolayer cultures of liver parenchymal 
cells by agents that may have different modes 
of action. Our data suggest that zinc plays a 
role in suppression of free radical formation 
and lipid peroxidation in rat hepatocytes by 
mechanisms which may involve metalloth- 
ionein synthesis, exclusion of extracellular 
iron, and/or changes in the activities of cyto- 
solic or microsomal enzymes. 

Materials and Methods. Materials. Way- 
mouth’s MB 752/ 1 medium and fetal bovine 
serum were obtained from GIBCO (Grant 
Island, NY). Collogenase (type 111) was 
from CooperBiomedical (Malvern, PA). 
He p e s , Te s , N- t - b u t y 1 - a - p h e n y 1 nitro n e 
(PBN), 3,3,5,5-tetramethylpyrroline-N- 
oxide (TMPO), nitrilotriacetic acid (triso- 
dium salt), t-butyl hydroperoxide (t-BHP) 
and 3-methylindole (3MI), calf skin collagen, 
fatty acid-free bovine serum albumin, rabbit 
metallothionein, and insulin were purchased 
from Sigma Chemical Co. (St. Louis, MO). 
59Fe and [3H]leucine were purchased from 
DuPont NEN Products (Boston, MA). 

Hepatocyte monolayer cultures. Hepato- 
cytes were from 150 to 200 g male, Sprague- 
Dawley strain rats (obtained from the Uni- 
versity of Florida colony). They were fed a 
commercial diet (Purina Rat Chow; Ralston 
Purina Co., St. Louis, MO) and tap water ad 
libitum. Preparation of the cells was as de- 
scribed previously (22) with some modifica- 
tions. Briefly, the freshly isolated hepatocytes 

were washed four times and suspended in 
Waymouth’s 752/1 medium (pH 7.4), sup- 
plemented with 15 mM Hepes, 10 mM Tes, 
30 mM NaHC03, 0.5 mM pyruvate, strep- 
tomycin sulfate (100 pg/ml), penicillin G 
( 100 units/ml), gentamycin sulfate (50 
pg/ml), alanine (0.4 pM),  serine (0.5 pM),  
fetal bovine serum (10% w/v), and insulin (1 
pg/ml). Cell viability, as determined by try- 
pan blue exclusion, was greater than 85%. 
Aliquots containing 1 X 1 O6 cells were placed 
on 60-mm culture dishes which had been 
previously coated with 20-40 pg of calf skin 
collagen. After 2 hr, viable parenchymal cells 
remained attached to the dish and formed a 
monolayer, while nonattached cells were re- 
moved with the medium by aspiration. 

Treatment of cultures. Following the at- 
tachment period, the medium was removed 
and fresh Waymouth’s medium was added, 
supplemented as before except that it con- 
tained bovine serum albumin (2 mg/ml) in 
place of fetal bovine serum and insulin was 
omitted. The zinc concentration of the me- 
dium was normally 1 pM. Zinc sulfate was 
added to the medium such that final zinc 
concentrations were 1, 16, 24, 32, or 48 pM 
and in one study 4 and 8 pM. These were 
verified by atomic absorption spectropho- 
tometry (AAS). 

After incubation for 18 hr, the cells were 
washed as described previously (22) and 
fresh medium containing ferric nitrilotriace- 
tic acid (FeNTA 10 pM)  and ascorbic acid 
(10 pM)  was added (10). The FeNTA was 
prepared as described by White and Jacobs 
(2 3). Alternatively, fresh medium containing 
either t-BHP (2 mM) or 3MI (8 mM) was 
added (24) that had been supplemented with 
zinc. Aliquots of the medium were removed 
and cells harvested at various time intervals 
for 2 hr. For some experiments, the cells were 
lysed by homogenization (Polytron with P 1 0 
generator). Alternatively, a solution of 0.2% 
SDS in 0.2 MNaOH was added for 1 hr to 
hydrolyze cellular components (22). For iron 
uptake studies, the medium was supple- 
mented with 59Fe (20 p/Ci plate). The cells 
were washed with EDTA-containing buffer 
(22), harvested, and 59Fe uptake measured 
with a gamma spectrometer. For leucine in- 
corporation studies, [ 3H]leucine was added 
to the medium ( 1.5 microcurie per dish) for 1 
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hr. The cells were then washed and protein 
was precipitated by 10% trichloroacetic acid 
to measure incorporation into leucine (25). 

Electron spin resonance studies. Spin trap- 
ping experiments were started after the cells 
had been in culture for 18 hr. PBN was 
added to serum-free mdium at 0.1 M and the 
cells were incubated for an additional 1 hr 
(1 1). This spin trap was extracted from the 
cultures with n-hexane (1: 1, v/v). The hex- 
ane extract was purged and concentrated to 2 
ml with N2 and transferred to a quartz tube 
under anaerobic conditions. For in vitro 
studies, cells were harvested and lysed by ho- 
mogenization (as described above) before 
TMPO (0.4 M )  was added. In some cases, 
rabbit liver metallothionein was also added 
at a concentration of 0.25 pM. The TMPO- 
containing homogenates were incubated in 
capped tubes at 37°C for 30 min. Spectra 
were obtained under aerobic conditions 
using a quartz flat cell. 

Spectral intensity and hyperfine splitting 
characteristics of spin trap adducts were de- 
termined at room temperature with a Bruker 
ER 200D-SRC electron magnetic resonance 
spectrometer operated under the following 
conditions: microwave frequency, 9.4 GHz; 
incident power, 20 mW; modulation fre- 
quency, 100 kHz; field intensity, 1 G; and a 
time constant of 500 msec. 

Analytical procedures. Malondialdehyde 
(MDA) concentrations of the medium were 
measured as thiobarbituric acid (TBA)-reac- 
tive substances (26). Absorbance was read at 
two wavelengths 520 and 532 nm (27) using 
a MDA-TBA complex as a standard (28). 
Zinc content of the cells were measured by 
AAS after the cells were digested with 0.2 M 
NaOH (containing 0.2% SDS). Metallothi- 
onein was measured by the lo9Cd binding 
method (29). Total cell protein concentra- 
tions (30) and activities of cytochrome c re- 
ductase (3 l), glutathione peroxidase (32), 
and lactate dehydrogenase (33) were mea- 
sured spectrophotometrically. Glutathione 
peroxidase activity was calculated as the de- 
crease in glutathione concentration ex- 
pressed as units per milligram protein (one 
unit = 1 % substrate disappearance/min) 
(34). Differences between treatment means 
were evaluated using analysis of variance and 
Duncan's multiple range test (35). 

Results. The production of malondialde- 
hyde in the cell cultures over a 2 hr period 
was taken to be an index of lipid peroxida- 
tion. The concentrations of zinc added to the 
medium were chosen because previous ex- 
periments (22) have shown that zinc in the 
micromolar range produced changes in cel- 
lular zinc exchange and total zinc content of 
cultured rat hepatocytes. At concentrations 
of 32 and 48 pM Zn, the production of ma- 
londialdehyde (MDA; TBA reactive-prod- 
ucts) in the presence of FeNTA and ascorbic 
acid and significantly reduced as compared 
to lower zinc concentrations (Table I). 

Uptake of 59Fe in the presence of FeNTA 
and ascorbic acid was significantly reduced 
at zinc concentrations of 16 pM or above 
(Table 11). Iron uptake at 32 and 48 pMzinc 
was lower than the other zinc supplemental 
levels. Since 59Fe exchanges rapidly with iron 
in the NTA complex, 59Fe uptake can be 
equated with an increase in total cellular 
iron. Incorporation of [3H]leucine into 
TCA-precipitable proteins over a 2 hr time 
period was not affected by the zinc concen- 
tration of the medium (Table 11). Therefore, 
it is unlikely that the differences in MDA 
production could be attributed to a toxic ef- 
fect of zinc. Lactate dehydrogenase activity 
of the medium after incubation with iron 
and zinc averaged 0.25 units/mg protein 
(data not shown). No differences in activity 

TABLE I. SUPPRESSION BY ZINC OF 

INDUCED IN HEPATOCYTES BY IRON 
MALONDIALDEHYDE FORMATION 

Malondialdehyde (ng/mg protein) 
Minutes 

[zn''] 
( P W  30 60 90 120 

1 12+ 10" 2 0 k  10" 2 8 k  5" 3 4 k  8" 
16 1 6 k  10" 24-t  6' 2 8 k  6" 3 0 a  12" 
24 l o +  6"~'  1 6 k  8" 23-t  12" 26-t  6' 
32 3 +  5' 3 +  3' 4 +  2' 7 +  5' 
48 nd nd 3 a  2' 11 a 12' 

Note. Monolayer cultures of hepatocytes were incu- 
bated for 18 hr with serum-free medium containing 
varying concentrations of zinc. Ferric nitrilotriacetic 
acid and ascorbic acid (both at 10 pM)  were added for an 
additional 2 hr of incubation. Means k SD are shown (n 
= 6). Means with a different superscript letter are signifi- 
cantly different (P < 0.05). Also, nd = not detectable. 
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TABLE 11. INCORPORATION OF ['HILEUCINE INTO 
PROTEIN AND 59Fe UPTAKE BY HEPATOCYTE 

CULTURES IN THE PRESENCE OF ZINC 

[Zn2+] Leucine incorporation Fe uptake 
(ILM) (ng/mg protein) (ng/mg protein) 

1 456 f 101 108 f 7" 
16 465 f. 62 37 f 3' 
24 387f. 58 31 f .2 '  
32 385 f 113 22 f 4d 
48 453 k 109 22 f 2d 

Note. Monolayer cultures of hepatocytes were incu- 
bated for 18 hr with serum-free medium containing 
varying concentrations of zinc prior to Fe uptake or 
leucine incorporation experiments. Ferric nitrilotriace- 
tic acid and ascorbic acid (both at 10 pM) alone with 
59Fe (1 pCi/plate) were added for a 2 hr uptake period. 
[ 'Hlleucine incorporation into cell proteins precipitable 
in 10% TCA were measured as a 2 hr pulse labeling. 
Means f SD are shown (n  = 6). Means with a different 
superscript letter are significantly different (P < 0.05). 

were found among cells incubated with vary- 
ing concentrations of zinc. Therefore, it is 
likely that the plasma membrane was intact 
for the duration of the experiments. 

Zinc is known to be a primary inductor of 
metallothionein. As the zinc concentration 
in the medium was raised from 1 to 48 pM, 
so the metallothionein concentrations rose 
from 0.14 to 1 .O 1 mA4, an increase of 7.5- 
fold at 48 pA4 Zn, suggesting an increase in 
expression of the gene (Table 111). The cellu- 
lar zinc concentration increased as the zinc 
concentration of the medium was raised 
(Table 111). Metallothionein and cellular zinc 
levels are directly related but the magnitude 
of metallothionein induction is greater. 
These increases occur at lower zinc concen- 
trations than needed to produce a significant 
reduction in malondialdehyde content of the 
hepatocyte cultures. 

Electron spin resonance (ESR) spectra of 
the hexane extracts of cells incubated with 
zinc, FeNTA, and ascorbic acid for 1 hr in 
the presence of the spin-trap PBN showed 
that cultures with higher levels of supple- 
mental zinc had proportionally less free radi- 
cals trapped (Fig. 1). This is based on reduc- 
tion in signal amplitude. The reduction in 
PBN adducts was reduced to control (no 
iron) levels at 48 pM Zn. Other spin traps 

when added to the hepatocyte cultures gave 
similar evidence of free radical suppression. 

A typical ESR spectrum from the spin trap 
TMPO indicating free radical production is 
shown in Fig. 2a. TMPO was added to cells 
cultured in the presence of FeNTA and 
ascorbate showed evidence of free radical 
formation based on pronounced signal in- 
tensity. In order to examine the effect of me- 
tallothionein added in vitro, cells were first 
cultured for 18 hr with 1 or 32 pMZn. It was 
observed that the addition of rabbit metal- 
lothionein to lysed cells, which had been 
previously incubated with 1 pM zinc, de- 
creased the amount of the signal generated 
by addition of iron (Fig. 2b vs 2d). This was 
observed under conditions when bovine 
serum albumin (2 mg/ml) was also present in 
abundance. However, when the cells had 
been previously incubated with 32 pA4 Zn, 
the addition of this small amount of metal- 
lothionein had no effect on the amplitude of 
the spectra (Fig. 2c vs 2e). Similar results 
were obtained with unpure rat metallothi- 
onein. 

In order to examine the specificity of the 
effect on peroxidation, organic inducers of 
peroxidation were examined as well. As 
shown in Tables IV and V, the concentration 

TABLE 111. METALLOTHIONEIN CONCENTRATION OF 
HEPATOCYTES FOLLOWING INCUBATION WITH ZINC 

[zn"] Metallothionein Cellular Zn 
( P W  (mfw 

1 0.14 f 0.04" 1.08 f 0.04" 
4 0.14 f 0.01" 0.84 f 0.04" 
8 0.13 f 0.00" 0.96 f 0.04" 

16 0.32 f 0.05' 1.56 f 0.08' 
24 0.32 f. 0.07' 1.88 k 0.04' 
32 0.54 f 0.07' 2.00 f 0.04' 
48 1.01 k 0.12d 2.60 k 0.12d 

Note. Monolayer cultures of hepatocytes were incu- 
bated for 18 hr with serum-free medium containing 
varying concentrations of zinc. Metallothionein and 
zinc was measured by the Cd(I1) binding method and 
atomic absorption spectrophotometry, respectively, 
after 18 hr in culture. Molar concentration of metallo- 
thionein was based on cell H 2 0  content of 2.5 pl/mg cell 
protein. Cells from two plates were pooled for each indi- 
vidual measurement. Means k SD are shown ( n  = 4 for 
MT and 3 for Zn). Means with a different superscript 
letter are significantly different (P < 0.05). 
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(No Iron) 

1pM Zn 

l 6 p M  f n  

24pM Zn 

48pM Zn 

FIG. 1. ESR spectra from hepatocyte cultures which 
had been incubated for 18 hr with 1 ,  16, 24, or 48 pM 
Zn. The cells were then incubated with PBN and iron 
NTA for 1 hr. 

of MDA in the presence of either 3MI or 
t-BHP also increased with time, but de- 
creased as the zinc concentration was in- 
creased from 1 to 48 pA4. After 60 rnin the 
concentration of MDA in the presence of 
t-BHP when zinc was 32 or 48 pMwas signif- 
icantly less than when the zinc concentration 
was 1, 16, or 24 pA4 (Table IV). After 2 hr, 
however, all cells cultured with supplemental 
zinc had significantly less MDA than the 
control (1 pM basal level). In the presence of 
3M1, the production of MDA by 90 to 120 
min is proportional to supplemental zinc 
levels (Table V). In the presence of 16 pM 
Zn, however, significant decreases in MDA 
were seen. Greater variation was encoun- 
tered repeatedly in experiments with 3MI or 
FeNTA. 

Zinc also decreased the numbers of free 
radicals trapped by the spin-trap PBN in the 
Dresence of either 3MI or t-BHP. as can be 

seen from the first derivative ESR spectra 
shown in Fig. 3. The amplitude of the peak 
of the nitroxide moiety of the PBN adduct 
generated in the presence of either t-BHP or 
3MI decreased as the zinc concentration in 
the culture medium was increased. Since the 
protein concentration in culture plates did 
vary over the range of the zinc concentra- 
tions needed to detect suppression, the am- 
plitude of the nitroxide peak was assumed to 

FIG. 2. ESR spectra from hepatocyte cultures which 
had been incubated for 18 hr with either 1 or 32 pM Zn 
and then were treated as indicated below. (a) Incubated 
with TMPO and iron NTA and ascorbate (each 10 pM) 
for an additional 30 min. (b and d) After incubation with 
1 pM Zn, cells were lysed and cellular material including 
medium was incubated for 30 rnin at 37°C with 10 pM 
Fe and TMPO; (d) also contained 1 pM zinc-metallothi- 
onein for the 30 rnin incubation. (c and e) After incuba- 
tion with 32 pM Zn, the cells were lysed and cellular 
material including medium was incubated for 30 rnin 
with 10 pM Fe and TMPO. (e) Also contained 1 pM 

, ~ . -  - -. - . zinc-metallothionein for the 30 rnin incubation. 
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TABLE IV. SUPPRESSION BY ZINC OF 
MALONDIALDEHY DE FORMATION 

INDUCED IN HEPATKYTES INCUBATED 
WITH t-BUTYL HYDROPEROXIDE 

Malondialdehyde (ng/mg protein) 
Incubation time (min) 

[zn2+] 
(PM) 30 60 90 120 

1 8 7 + 4 1 "  178+75" 197-t 30" 278+ 119" 
16 59 2 25",' 115 ? 22'9' 161 + 86'*'vc 191 2 44' 
24 8 6 2 4 0 "  142?22"rb 177249",' 1 6 8 2  47' 
32 19+  15' 8 2 +  19' 105+22' 152+ 69' 
48 4 4 +  52".' 8 0 +  19' 124+66'3' 1 3 6 2  27' 

Note. Monolayer cultures of hepatocytes were incu- 
bated for 18 hr in serum free medium containing varying 
concentrations of zinc. t-Butyl hydroperoxide ( 1  mM) 
was added for an additional 2 hr of incubation. Means 
f SD, are shown (n = 6) .  Means with a different super- 
script letter are significantly different (P < 0.05). 

be proportional to the number of free radi- 
cals trapped. 

No data concerning the type of radicals 
present in the cell cultures were possible 
using PBN as the spin trap. However, by 
using TMPO and through comparison with 
known ESR spectra, it was possible to iden- 
tify that by 30 min after induction of peroxi- 
dation, the phenyl radical was the predomi- 
nant TMPO adduct present in the cell cul- 
tures (Fig. 4). This was produced whether 
the free radicals were generated by t-BHP 
or 3MI. 

Clearly the mechanism of free radical sup- 
pression induced by t-BHP or 3MI could be 
different. Free radical scavening by metal- 
lothionein could be a central factor contrib- 
uting to the effect, however. As shown above, 
the addition of zinc to the culture medium 
resulted in proportional increase in metal- 
lothionein concentration up to 7.5-fold at 48 
pM Zn. However, raising the zinc concen- 
tration above basal levels also significantly 
increased the activity of the cytosolic enzyme 
glutathione peroxide (GPx) while it signifi- 
cantly decreased the activity of the micro- 
soma1 enzyme NADPH-cytochrome c re- 
ductase (Table VI). Thus, at 16 pM Zn and 
above, GPx activity was approximately twice 
that seen at 1 ppm Zn. In contrast, the activ- 
ity of NADPH-glutathione c-reductase was 
decreased by 2.5-fold as the zinc level was 

raised from 1 to 16 pA4 and was almost 5- 
fold lower at 48 pA4 Zn. This suggests the 
suppressive effect of zinc could be operative 
at many cellular levels. 

Discussion. Substances which reacted with 
TBA (malondialdehyde) are assumed to be 
proportional to the extent of lipid peroxida- 
tion. Although the TBA method is not totally 
specific, it is an accepted index of peroxida- 
tion (2, 36). Furthermore, the generation of 
free radicals produced under identical condi- 
tions in these experiments was similarly re- 
duced, which suggests that the TBA-MDA 
method was a valid estimate of peroxidation. 

Iron loading of liver cells has been shown 
to stimulate malondialdehyde production 
previously ( 10). This could involve Fenton's 
chemistry where Fe2+ and H202 generate free 
radicals which then react with polyunsatu- 
rated fatty acids. An end product of this reac- 
tion is malondialdehyde (2). The FeNTA 
complex was chosen to ensure availability of 
the iron at physiological pH. Interestingly, 
increased supplemental zinc decreased iron 
uptake into the cells, suggesting a common 
mechanism for chelated iron/zinc uptake. 
Whether the reduction of malondialdehyde 
produced by zinc was a direct effect, at least 
in part, of reduced cellular iron concentra- 
tion is unknown. 

It was also shown that as the supplemental 
zinc concentration was raised, the metallo- 
thionein concentration increased. Further- 

TABLE V. SUPPRESSION BY ZINC OF 
MALONDIALDEHYDE FORMATION IN HEPATOCYTES 

INCUBATED WITH 3-METHYLINDOLE 

Malondialdehyde (ng/mg protein) 
Incubation time (min) 

[Zn2+] 
( P W  30 60 90 120 

1 13+  5" 17+  4" 17-e 6" 7 2 +  8" 
16 7 f  7" l o &  7"~' 12-C 7'7' 6 9 +  10"" 
24 7 - t  5" 13+  8" 12f  6"9' 55+21b7'  
32 l o +  1 1 "  13+  10" 9 2  lo",' 44+11 '  
48 nd 3 +  2' 5 +  4' 1 0 + l l d  

Note. Monolayer cultures of hepatocytes were incu- 
bated for 18 hr in serum-free medium containing vary- 
ing concentrations of zinc. 3-Methylindole (8 mM) was 
added for an additional 2 hr of incubation. Means f SD 
are shown (n  = 6) .  Means with a different superscript 
letter are significantly different (P < 0.05). Also, nd 
= not detectable. 
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FIG. 3. ESR spectra of PBN from cell cultures which 
had been incubated for 18 hr with either 1 ,  4, 8, 16, 24, 
32, or 48 pLMzinc, (a) through (g), respectively. The cells 
were then incubated for 1 hr with PBN and either t-butyl 
hydroperoxide (TBHP) or 3-methylindole (3MI) as in- 
dicated. Control spectra of PBN are also shown: medium 
plus either t-butyl hydroperoxide (h) or 3-methylindole 
(h) and cells with medium containing PBN only (i) 
(center field 3320 G, scan width shown approximately 
50 G). 

more, metallothionein added to cultures 
containing a far greater concentration of al- 
bumin also reduced free radical formation. 
Therefore, it is tempting to speculate that the 
induced metallothionein levels also had a 
role in the scavenging free radicals generated. 
Recently, Thornalley and Vasak (37) showed 
that metallothionein has properties that sug- 
gest it could act as a free radical scavenger. 
Using a Fenton-type reaction (i.e., Fe2+ 
+ H202) and the xanthine/xanthine oxidase 
reaction to generate oxygen radicals, they 
demonstrated that, based on comparison of 

rate constants, metallothionein was particu- 
larly effective in quenching hydroxyl radicals 
compared to superoxide ions. They found 
that these radicals caused metal loss from the 
protein and thiolate oxidation. It was pro- 
posed that glutathione would regenerate re- 
duced sulfhydryl groups of metallothionein 
for subsequent rebinding of metals. 

Girotti et al. (38) have observed with an in 
vitro system using erythrocyte membranes 
that Zn2+ inhibited peroxidation generated 
by the xanthine/xanthine oxidase system. 
They reasoned initially that Zn2+ interfered 
with redox cycling of iron by competing for 
membrane binding sites. It was subsequently 
shown that metallothionein added to this in 
vitro system reduced iron-mediated mem- 
brane peroxidation (39). Thus it seems likely 
that the antioxidant activity of metallothi- 
onein and reduced uptake of iron into hepa- 
tocytes may have contributed to the reduc- 
tion in free radicals trapped and the reduc- 
tion of malondialdehyde produced. 

It has been reported that zinc inhibits mi- 
crosomal NADPH oxidation and NADPH- 
dependent cytochrome c reductase activity 
(19, 40). Zinc binding to NADPH may ex- 
plain zinc's mode of action in inhibiting 
NADPH-dependent cytochrome c reductase 
activity observed in the hepatocyte cultures 
in the present experiments. Kubow et al. (1 1) 
have proposed that 3MI is metabolized by 
the cytochrome P-450 complex which gener- 
ates a 3MI radical. By inhibiting microsomal 
cytochrome c reductase, when the zinc con- 
centration is 16 pA4 or above, 3MI radical 
formation would be reduced. Thus it seems 
likely in the case of 3M1, that zinc, by in- 
hibiting the formation of the 3MI radical in 
the microsomes, would subsequently reduce 
subsequent lipid peroxidation. 

t-Butyl hydroperoxide is a substrate for 
GPx (24). As the zinc concentration was in- 
creased, so the activity of this selenoenzyme 
was also increased and then by implication, 
the concentration of t-BHP would be more 
rapidly lowered. Thus, as was seen, at the 
higher zinc concentrations, the concentra- 
tion of MDA, and the number of free radi- 
cals trapped was reduced in the presence of 
t-BHP, these reductions being due to the 
rapid removal of intracellular t-BHP at the 
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FIG. 4. ESR spectra obtained from cell cultures which had been incubated for 18 hr with either 1 or 32 
pM zinc. t-Butyl hydroperoxide was added and the cells were then incubated for 30 min with the spin trap 
TMPO (center field 3450 G, scan width shown approximately 100 G). 

highest zinc concentrations. To our knowl- 
edge, the increase in GPx activity by zinc is a 
novel finding. It is in contrast to zinc defi- 
ciency, which does not affect activity of the 
enzyme (41). 

Collectively the data presented suggest 
that zinc suppresses lipid peroxidation by af- 
fecting many different cellular functions: de- 
crease in iron uptake, concentration of me- 
tallothionein, and the activity of NADPH 
cytochrome c reductase and glutathione per- 

TABLE VI. EFFECT OF SUPPLEMENTAL ZINC ON 
GLUTATHIONE PEROXIDASE AND NADPH- 

CYTOCHRONIC c REDUCTASE 
ACTIVITIES IN HEPATOCYTES 

oxidase. At present it is difficult to establish if 
one of these functions is dominant, however, 
it seems likely that depending on the initiator 
used, one of these mechanisms would be 
dominant, the other mechanisms playing a 
secondary one. In the present experiments, 
the phenyl radical may be the predominant 
radical after 30 min incubation of cells with 
3MI or t-BHP. Phenylalanine and tyrosine 
residues of cell proteins or from the culture 
medium could be the source of these radi- 
cals. Further studies using other promoters 
of lipid peroxidation, shorter time courses, 
and other spin trapping models will be 
needed to shed more light on the mecha- 
nisms by which zinc, directly or indirectly, 
exerts antioxidant properties in cells. 

Glutathione NADPH-cytochrome 
peroxidase c reductase 

[zn2+] (units/mg (nmoles/mg 
(P*M) protein/min) protein/min) 

1 16 f 4",' 85 f 15" 
4 12 f 2b 53 k 6'3' 
8 22 & 2"J 63 f 15",' 

16 32 k 2"' 34 k 
24 25 _+ 1 ',' 37 k 
32 30 k 4"' 29 & 16c*d 
48 32 & 5d 18 f 17d 

Note. Monolayer cultures of hepatocytes were incu- 
bated for 20 hr in serum-free medium containing vary- 
ing concentrations of zinc. Means & SD are shown ( n  
= 6). Means with a different superscript letter are signifi- 
cantly different (P < 0.05). 
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