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While studying the role of certain metals 
and chelating agents in controlling tissue in- 
jury, we found that zinc salts stabilize ly- 
sosomal membranes in vitro (1, 2) : the rup- 
ture of these particles with the resulting re- 
lease of their enzymes was decreased roughly 
50% by low (millimolar) concentrations of 
zinc. The lysis of cells or subcellular struc- 
tures is frequently attributed to peroxidation 
of the lipid components of their membranes 
(3-5). Thus, one possible explanation of this 
effect of zinc is that i t  interferes in some way 
with peroxidation of unsaturated fatty acids 
in the lysosomal membrane. This hypothesis 
was evaluated in in vivo and in vitro experi- 
ments using carbon tetrachloride to induce 
lipid peroxidation. 

The toxic effects of CC14 in vivo are due to 
the metabolism of this agent by the liver 
microsomal drug oxidizing system to the tri- 
chloromethyl radical CC13 (6). This free 
radical attacks unsaturated lipids in intracel- 
Iular membranes, oxidizing them and causing 
membrane distortion. This process termi- 
nates in cell necrosis ( 7 ) .  Lipid peroxidation 
can also be induced in vitro by incubating 
isolated liver microsomes with CC14 in the 
presence of NADPH or a NADPH- 
generating system (8). We have found that 
zinc prevents or significantly reduces the 
CCL-induced formation of lipid peroxides 
both in vEvo and in vitro. 

Methods. Male rats (Simonson, 200 t 15 
g) fed standard Purina lab chow diet were 
injected sc twice weekly with CC14 at the 
dose 0.1 m1/100 g. Zinc acetate ( 5  my/100 
g) was administered daily by intragastric 
gavage. Control rats were gavaged accordingly 
with saline. Rats were sacrificed by decapita- 
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tion after 20 and 34 days. The livers were 
perfused in situ with 20 ml of ice cold saline 
and homogenized by hand with all-glass ho- 
mogenizers in three volumes of Tris-KC1 
buffer (0.05 M ,  pH 7.4). The homogenates 
were fractionated into mitochondria and mi- 
crosomes by centrifugation: material sedi- 
menting between 800 and 15,OOOg (20 
min-mitochondria-and between 15,000 and 
105,OOOg (60 min)-microsomes-was col- 
lected and resuspended in TrisKCl,  1.5 or 
1 .O ml/g liver. The mitochondrial fraction 
thus obtained includes both mitochondria 
and lysosomes, although the latter are 
present in relatively minor amounts. Howev- 
er, for convenience we will refer to the frac- 
tion as a crude mitochondrial preparation. 
Lipid peroxides were measured in both frac- 
tions by the formation of malonaldehyde 
using the thiobarbituric acid (TBA) method 
(9). The activity of p-glucuronidase was de- 
termined (10) in aliquots of the mitochondri- 
a1 pellet (bound) and supernatant (free en- 
zyme) as a measure of lysosomal membrane 
stability. For in vitro studies, mitochondria 
and microsomes were prepared from rat liver 
and incubated under the conditions described 
in the Tables. The content of thiol groups 
was determined according to Elman (1 1) ? 

and the activity of cytochrome c oxidase by 
the method of Wharton and Tzagoloff ( 12). 

Results. The in vivo administration of 
CCll to rats for 20 days caused a 2- to 4-fold 
increase in the level of lipid peroxides in 
both the mitochondrial and microsomal frac- 
tions of the liver (Table I) ; these changes 
were even more pronounced after treatment 
for 34 days. The mitochondria showed a rela- 
tively much greater formation and/or ac- 
cumulation of these products following CC4, 
even though in control rats the concentra- 
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TABLE I. Effect of Zinc on Lipid Peroxides and p-Glucuronidase Distribution in  Liver Injured by 
ccl4.0 

Group 

Mitochondria and lysosomes 
Microsomes ; 

lipid peroxides Lipid peroxides p-Glucuronidase 
(pmoles/mg prot.) (pmoles/mg prot.) (free, % of total) 

Con t r d 50.2 & 5.42 21.3 0.81 20.1 & 2.3 
Control + Zn (34 days) 30.9 & 5.82c 21.1 2 3.1 - 
CCl, (20 days) 111 & 18.2b 76.3 & 14.4b - 
CC1, + Zn (20 days) - 40.0 & 4.7" - 
CCl, (34 days) 197 & 18.gb 204 &30.4b 43.0 & 4.3b 
CCl, + Zn (34 days) 126 k 17.4" 127 -c 16.2" 30.4 & 5.9 

"The results are presented as mean & SE for four rats in each group. 
bValues significantly different from the controls at p < .01. 
" Values significantly different after zinc treatment at p < .05. 

tion of lipid peroxides was roughly twice as 
great in the microsomes as in the mitochon- 
dria. 

Simultaneous treatment with zinc acetate 
caused a striking reduction in CC14-induced 
peroxidation. The concentration of malonal- 
dehyde (TBA-reactive product) in both frac- 
tions was approximately half of that present 
in animals receiving CCl4 alone (Table I).  
When control rats were given zinc for 34 
days the lipid peroxide content of liver mito- 
chrondria was unchanged while that of the 
microsomes was significantly lower than in 
the controls. 

Changes in the distribution of the ly- 
sosomal enzyme P-glucuronidase paralleled 
the changes in the lipid peroxide content of 
the mitochondrial-lysosomal fraction. Carbon 
tetrachloride increased the proportion of free 
P-glucuronidase, while simultaneous treat- 
ment with zinc caused a considerable (al- 
though not statistically significant) decrease 
in the amount of free enzyme. Indeed, the 
amount of free p-glucuronidase showed a 
close and significant correlation to the lipid 
peroxide content of the liver ( r  = 0.89, p > 
.01) . These results in vivo are reminiscent of 
the dramatic stabilization of lysosomes by 
zinc in vitro ( 1,2).  

This effect of zinc on lipid peroxidation 
was studied further using two different model 
systems: liver microsomes stimulated by 
CC14 in vitro and mitochondria exposed to 
high concentrations of oxygen. When micro- 
soma were isolated from normal tissue and 

incubated at  37" in the presence of the cofac- 
tors and substances essential for activity of 
the drug oxidizing enzymes (NADPH, glu- 
cose-6-PO4, Mg2+, nicotinamide) there was a 
50% increase in lipid peroxides (Table 11). 
Carbon tetrachloride stimulated peroxi da tion 
2-fold. Both the endogenous as well as the 
CC14-induced peroxidation of lipids were 
markedly inhibited by 0.01 to 0.1 m2M zinc 
chloride. There was no apparent correlation 
between changes in lipid peroxides and thiol 
groups: incubation at  37" caused a slight 
decrease in the thiol content, but CCl, had 
no further effect. The highest concentration 
of zinc tested (1.0 m7M) caused a slight but 
reproducible decrease in total thiol groups. Al- 
though lower concentrations of zinc (0.01 to 
0.1 mM) were equally as effective in prevent- 
ing CC14-induced peroxidation, they did not 
affect the sulfhydryl content. 

Mitochondria prepared from the livers of 
normal rats contained significant amounts of 
endogenous lipid peroxides (Table 111). In- 
cubating these particles a t  37" in the 
presence of O2 caused a 100% increase in the 
peroxide content. In  contrast to the results of 
the previous experiments, zinc (0.01 to 1.0 
m7M) did not decrease peroxidation of mito- 
chondrial lipids, but instead enhanced this 
reaction in a manner that was concentration 
dependent. When the mitochondria were kept 
cold rather than incubated at  37", zinlc was 
without any effect. The increase in lipid 
peroxidation caused by 1 mM zinc parallels 
an inhibition in the activity of cytochrome c 
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TABLE 11. Effect of Zinc Lipid Peroxidation and Thiol Groups Content in Liver Microsomes 
in Vitro." 

Sample 
SH-groups 

Lipid peroxides (nmoles/ml) (nequiv/ml) 
~~ 

Control, 0" 
Control, 37" 
Zn2+, 1 mM 

0.1 mM 
0.01 mM 

CCI,, 5 @l/ml 
Zn2+, 1 mM + CCI,, 5 ,.J/nil 

0.1 mM + CCl,, 5 p l / d  
0.01 mM + CCl,, 5 pl/ml 

3.20 
4.69 
3.26 
3.60 
3.40 
6.80 
5.21 
5.51 
5.45 

485 
425 
385 
410 
420 
420 
380 
403 
420 

" A  microsomal fraction was prepared and resuspended 1:l (w/v) in Tris-KC1 buffer (0.05 
M ,  pH 7.4). Samples containing 2 ml of suspension (18 mg protein/ml), 1 ml of the cofac- 
tors for the microsomal oxidizing enzymes (NADPH, 0.2 mM; glucose-6-phosphate, 2 mM; 
MgSO, 5 mM; and nicotinamide, 20 mM) plus 1 ml of zinc chloride in Tris-EC1 buffer were 
incubated at 37" for 30 min. Samples containing both zinc and CCl, were pretreated with 
ZnC1, for 10 min at 20" before the addition of CCl,. 

oxidase. The level of thiol groups was de- 
creased upon incubation at  37O, but was ele- 
vated by 1 mM zinc. Thus these two sys- 
tems, i.e., microsomes incubated with CCl4 
and mitochondria incubated with 02, respond 
quite differently to zinc salts regarding the 
peroxidation of lipids and oxidation of thiol 
groups. 

Discussion. We had previoulsy shown that 
zinc salts stabilize the membranes of isolated 
lysosomes at  acid pH ( 1 ,  2 ) .  The present 
study extends this observation to show that 
administering zinc to intact rats reduces 
membrane damage caused by injecting CC14: 
the level of lipid peroxides in liver micro- 
somes and mitochondria is significantly re- 
duced, and the stability of lysosomes (judged 
by the distribution of P-glucuronidase) is 
increased. Furthermore, zinc decreases both 
endogenous as well as CC14-induced perox- 
idation in microsomes in vitro. 

The failure of zinc to decrease lipid perox- 
idation in mitochondria in vitro was rather 
unexpected but may be explained in several 
ways. The system used (incubating mito- 
chondria in the presence of oxygen) is not 
directly analogous to that used in the experi- 
ments described in Tables T and IT. 
However, the fact that CC14 must be metabo- 
lized by microsomes to the actual toxic pro- 
duct precludes using this agent to induce 

membrane damage in isolated mitochondria. 
Molecular oxygen is known to oxidize mem- 
brane lipids (13);  thus this sytem could 
provide a sensitive alternative to *cc13 dam- 
age. The fact that zinc increased rather than 
decreased 02-induced peroxidation suggests 
to us that zinc may protect mitochondria in 
vivo by an indirect method. Zinc might inter- 
fere with initiation or propagation of 
CCl3-induced peroxidation in the micro- 
somes, with the metabolism of CC14 to 
*cc13, or with a secondary generation of 
peroxidation in mitochondria or other cellular 
components. In  this connection it is interest- 
ing to note that 0.1 mM zinc inhibits reduc- 
tion of dichlorophenolindophenol by liver mi- 
crosomes in vitro, indicating that this metal 
may interfere with the normal flow of elec- 
trons (unpublished results). 

Alternatively, the increased peroxidation 
caused by 1 mM zinc may reflect either a 
specific toxic effect on mitochondria, or may 
be due to too great a concentration of zinc. 
Low concentrations of zinc ( M )  inhibit 
respiratory activity (14) and induce rapid 
swelling ( 15) in mitochondria, suggesting a 
specific effect on functional activity rather 
than on structural integrity. It is possible 
that extremely low concentrations of zinc 
should be used in testing for increased stabil- 
ity of mitochondria1 membranes or decreased 
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TABLE 111. Effect of Zinc on Some Fnnctions of Tiver Mitochondria.” 

Sample 
SH-groups Cytochrome c Lipid peroxides 

( pmoles/ml) (nequiv/ml) oxidase (K/min/mg) 

Control, Oo, no 0, 

Control, O”, 0, 

Control, 37”, 0, 

+ 0.1 mM Zn2’ 

+ 1 mM Zn2+ 
+ 0.1 mM Zn2+ 
+ 0.01 mM Znz+ 

1.47 

1.69 
1.70 

3.79 
8.74 
4.64 
4.06 

336 

342 
350 

226 
320 
240 
230 

- 

I 

6.45 
4.09 
4.74 
- 

_ _ _ ~  

a The mitochondria1 fraction was suspended 1:1.5 in 0.9% NaC1-0.01 M sodium acetate, p H  
5.0, or for the determination of eytochrome c oxidase, in Tris-KC1, p H  7.4. Samples were 
treated with ZnCl,, bubbled with oxygen (95% 0,, 5% CO,) for 5 see, adjusted to 4 ml and 
incubated at 37” for 30 min. 

lipid peroxidation. We have observed a bi- 
modal response to zinc in vivo: low doses 
protect rats but higher doses enhance liver in- 
jury and lipid peroxidation (16). Thus in 
this case micromolar rather than millimolar 
levels may prevent peroxidation. 

Although zinc reduces peroxidation of mi- 
crosomal lipids, i t  does not prevent oxidation 
of protein thiol groups. We are unable to 
explain the fact that 1 mild zinc decreases the 
number of detectable thiol groups in micro- 
somes but increases them in mitochondria. 

We conclude that one of various possible 
mechanisms by which zinc stabilizes a vari- 
ety of biomembranes (excluding mitochondri- 
al) both in vivo and in vitro is related to the 
inhibition of peroxidation of membrane lip- 
ids. 

The authors greatly appreciate the excellent tech- 
nical assistance of Miss Rochelle Ulrich. 
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