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ABSTRACT

Several trace metals have been shown to modify cell injury as
indicated by reduction of observable pathological tissue changes after
metal ion supplementation.

An example of this is zinc ion induced pro

tection against some of the liver injury caused by a single injection of
carbon tetrachloride (CCl^) to male Sprague-Dawley rats.

Carbon tetra

chloride liver injury is associated with membrane labilization as indi
cated by lysosomal and endoplasmic reticulum anomalies.

Depressed

hepatic levels of NADPH are observed during CCl^ poisoning.

Lipid

metabolism is also impaired due to CCl^ administration to animals.
These biochemical manifestations of CCl^ hepatotoxicity were studied in
the presence of zinc ions in order to understand the mechanisms of the
zinc protective effect against CCl^ injury.
The effect of zinc ions on the stability of rat liver lysosomes
was studied.

Zinc was added by several methods;

1) feeding the animals

a high zinc diet, 2) infusion of zinc into the liver in situ through the
portal zein, or 3) by adding zinc to the lysosomal fraction either
before or after isolation of this fraction from rat liver homogenates.
By all techniques, addition of zinc reduced the release of
3-glucuronidase from liver lysosomes, indicating increased stability of
the suborganelles.
The zinc induced protection against CCl^ liver damage was evi
dent in observations made using both light microscopy and electron
x

microscopy.

The increased release of lysosomal 3-glucuronidase observed

in the CCl^ treated rats was significantly reduced by zinc administra
tion.

Also, decreases in microsomal protein synthesis and seromucoid

levels due to the CCl^ treatment were significantly ameliorated by zinc.
Thus, disruption of lysosomal and endoplasmic reticulum membranes, one
of the earliest signs of CCl^ hepatotoxicity, appeared to be inhibited
by pretreating the animals with zinc chloride.
Depressed hepatic levels of NADPH are observed in rats adminis
tered CCl^.

Zinc chloride pretreatment of these rats significantly

increased the NADPH levels in the liver.

Since zinc ions bind NADPH,

then the protective effect of zinc against CCl^ toxicity may be due to
stabilization of the pyridine nucleotide by zinc and the subsequent
prevention of CCl^ induced alterations of biochemical reactions depen
dent upon NADPH,
Zinc chloride pretreatment of CCl^ treated rats significantly
reduced the CCl^ induced hepatic triacylglycerol accumulation.

Concomi

tant with this event is the appearance of elevated levels of newly syn
thesized triacylglycerols in the serum of the CCl^ treated rats given
zinc above that of the CCl^ treated rats.

Hepatic triacylglycerol syn

thesis is unchanged by CCl^ or zinc treatment.

Hepatic phospholipid

levels which are depressed by the CCl^ hepatotoxin are not affected by
zinc treatment.

However, the synthesis of phospholipids in the livers

of rats treated with CCl^ plus zinc is significantly increased.

The

lipid changes induced by CCl^ and zinc dosing of rats are indicative of
alterations in liver membranes thus affecting hepatic liver transport
mechanisms.

xii

On the basis of the data presented, the effects of zinc ions on
CCl^ hepatotoxicity are discussed and applied to understanding the
regulating role of metal ions in tissue injury.

The protective effects

of zinc ions against CCl^ hepatotoxicity suggest a relationship between
the zinc nutritional status of animals exposed to environmental con
taminants, and the expression of the ensuing tissue damage.

CHAPTER 1

INTRODUCTION

Zinc ion supplementation to animals has been shown to improve
inflammatory conditions such as carbon tetrachloride (CCl^) toxicity
(Chvapil et al., 1973; Saldeen, 1969; Cagen and Klaassen, 1979, 1980),
sporidesmin toxicity (Towers, 1977), endotoxemic shock (Snyder and
Walker, 1976), and chemical carcinogenesis (Edwards, 1976).

The

mechanisms of these pathological conditions, as well as the effect of
zinc ions on these conditions, are not yet understood.

Interactions of

zinc at the molecular and cellular level were studied in order to eluci
date the mechanisms by which

zinc ions improve these conditions and

others in which zinc therapy is implied, such as athersclerosis,
arthritis, and sickle cell anemia.
The choice of CCl^ induced hepatotoxicity as an inflammatory
disease model to study the role of zinc ions was based on specific fea
tures of CCl^ hepatotoxicity.

The histopathology of the liver lesion

has been known for a long time and has been described by Cameron and
Karunaratne (1936).

CCl^ reproducibly damages the liver in several

species in a well-defined dose-response behavior.

Also, the lesions

produced are conducive to biochemical study which aids in eludicating
the specific pathways which are involved in the protective mechanisms
due to zinc administration.

1
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The administration of a single dose of CCl^ to animals results
in the hepatic microsomal drug oxidizing system converting CCl^ to a
highly reactive free radical CCl^" or CCl^C^" (Slater, 1979). The free
radical chain reaction causes covalent binding of neighboring cell com
ponents, peroxidative changes in polyunsaturated fatty acids of biomembranes, and the release of diffusable reactive products which results
in cellular disturbances (Slater, 1972, 1975; Recknagel and Glende,
1973).

Results of studies indicate that the site of production of the

free radical metabolite is the smooth endoplasmic reticulum membrane at
the NADPH cytochrome P-450 site; hence, this region

is a primary target

for damage (Smuckler, Arrehenius, and Hultin, 1967). Membrane changes
will then progress to the rough endoplasmic reticulum and cause dissocia
tion of the 80S ribosome (Smuckler and Barker, 1964).

Subsequently,

depression of protein synthesis occurs (Smuckler and Benditt, 1965).
Within 15 minutes of dosing rats with CCl^, there is covalent
binding of CCl^* to hepatic lipids and proteins (Rao and Recknagel,
1969).

Increased lipid peroxidation in the liver is indicated by the

presence of malonaldehyde, a product of lipid peroxidation (Jose and
Slater, 1972) along with diene conjugate absorption of polyunsaturated
fatty acids (Klaassen and Plaa, 1969).

One hour after dosing with CCl^,

there are morphological changes in the liver and decreased microsomal
protein synthesis, as well as decreases in the liver's content of NADPH
(Slater, Sawyer, and Strauli, 1964a).

One to three hours after CCl^

administration, liver damage is seen as loss of activity of several
microsomal enzymes (Smuckler et al., 1967; Slater and Sawyer, 1969) and
an increasing accumulation of liver triacylglycerols (Schotz and
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Recknagel, 1960). Late events such as lysosomal damage due to CCl^ are
evident after 12-18 hours, at which time centrilobular necrosis is
observed.

These events have been studied with respect to the zinc pro

tective effect on CCl^ hepatotoxicity.
The research reported here is concerned with the mechanisms of
attenuating CCl^ hepatotoxicity by zinc ions, but before this can be
understood the process of CCl^ hepatic injury must be elucidated.

Biochemical Mechanisms of CC14 Liver Injury
The variety of mechanisms producing CCl^ liver injury have been
divided into three main categories which will be discussed below.

Enzyme Activation of CCl^ to a More Toxic Form
Evidence that the toxicity of CCl^ depends upon the metabolism
of CCl^ by the liver was presented by Recknagel and Ghoshal (1966).

In

an in vitro system of microsomes, stimulation of lipid peroxidation
occurred which was dependent upon the supply of NADPH (Ghoshal and
Recknagel, 1965). These results indicated that the NADPH cytochrome
P-450 complex was the site of activation of CCl^ to the toxic form.
Evidence for CCl^* being the toxic form of CCl^ poisoning was
indicated by the covalent binding of CCl^" to lipids and proteins
(Gordis, 1969).

Related to this is the finding that covalent binding by

CClg* occurs anaerobically as well as aerobically, but CCl^* induced
lipid peroxidation only occurs in the presence of oxygen (Recknagel,
Hruszkewycz, and Glende, 1976). Lipid peroxidation of tissues results
in the release of low molecular weight lipid hydroperoxides and

unsaturated aldehydes which cause increases in capillary permeability
and platelet aggregation (Slater, 1976; Ugazio et al., 1976).
The half life of CCl^' in the tissue has been determined to be
100 ysec (Slater, 1976).

Due to the high chemical reactivity of CCl^*,

it will be trapped in the environment of the endoplasmic reticulum and
produce breakdown products of lower chemical reactivity from the tissue.
Consequently, protection against CCl^ by free radical scavengers
requires that the scavenger must penetrate to the precise location of
the production of CCl^".
CCl^ hepatotoxicity is similar to chemical carcinogenesis in
that both must be activated to a toxic form.

The weak carcinogenicity

of CCl^ is probably due to a short diffusion radius of CCl^" in the
tissue because of its high chemical reactivity.

This highly reactive

compound cannot diffuse large enough distances to react with DNA to pro
duce carcinogenic changes.

Metabolite or Coenzyme Effects
CCl^ hepatotoxicity produces a 30 percent depletion of the
liver's NADPH content (Slater et al., 1964a).

The decrease of NADPH is

greater than that of NADP+, which is seen as a decrease in the ratio of
+
NADPH/NADP . The effect of CCl^ toxicity on NADPH is maximal at 48
hours after CCl^ dosing and lasts for several days (Slater and Sawyer,
1977).
The sustained decrease of NADPH levels will result in distur
bances of metabolic processes of the liver.

As a consequence of the

altered levels of NADPH, other redox pairs will be affected, such as
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NADH/NAD+ (reduced nicotinamide adenine dinucleotide/oxidized
nicotinamide adenine dinucleotide) and GSH/GSSG (reduced glutathion/
oxidized glutathion).

Since glutathione peroxidase, which is dependent

upon NADPH and GSSG, has an important role in the detoxification
mechanism of lipid peroxides (Little and O'Brien, 1968), then altera
tions in the coenzyme levels will potentiate CCl^ induced lipid
peroxidation.

Membrane Disturbances
CC1, administration to animals causes membrane disturbances
4
which result in hepatocyte alterations of cellular compartmentalization,
changes in content or activity of enzymes, lipid peroxidation, and mem
brane fluidity changes.
Compartmentalization changes of hepatocytes exposed to CCl^ are
indicated by the leakage of liver cell enzymes into the plasma (Schmidt
et al,, 1975).

Cytosol enzymes such as lactate dehydrogenase and

sorbitol dehydrogenase are quickly released after CCl^ administration.
Damage to lysosomes is observed in animals treated with CCl^.

Liver

lysosomes contain hydrolases such as ribonuclease and deoxyribonuclease
as well as lipases and proteases which can damage biologically important
molecules if they are released from the lysosomes (Pitt, 1975).

CCl^

induced lysosomal enzyme leakage will cause intracellular disturbances
which can progress to extracellular damages.
Decreased microsomal protein synthesis is an example of changes
in enzyme activity due to CCl^ induced membrane disturbances.

The site

of production of the CCl^' free radical is the endoplasmic reticulum.
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Membrane disturbances due to the free radical chain reaction will
progress to the rough endoplasmic reticulum, thus accounting for the
decreased levels of protein synthesis.
Centrilobular necrosis after CC1. administration to rats is
4
believed to be due to lipid peroxidation of membranes (Ghoshal and
Recknagel, 1965). Once the free radical CCl^' is formed, lipid peroxi
dation can occur enzymatically by the NADPH microsomal drug oxidizing
system as described by Hochstein and Ernster (19G3) or by the nonenzymatic peroxidation of polyunsaturated fatty acids (Hayano, 1962).
Lipid peroxidation of the endoplasmic reticulum resulting in
decreases in the membrane fluidity (Slater, 1978) may cause impaired
assembly of hepatic lipoproteins (Dianzani, 1978).

Consequently,

hepatic triacylglycerol (TG) transpqrt will be decreased, resulting in
the characteristic fatty liver of CCl^ toxicity.

In addition, CCl^

induced lipid peroxidation decreases the content of polyunsaturated
fatty acids of membranes and micelle formation such as lipoproteins.
This would also contribute to inhibition of TG hepatic transport,

The

resulting reactive aldehydes from the lipid peroxidation can cause
cross-links of thiol and amino groups of proteins (Chio and Tappel,
1969) in membranes, thus altering normal cellular membrane fluidity.

Factors Attenuating CC1& Hepatotoxicity
Several physiological aspects of the liver may affect CCl^
hepatotoxicity.

Changes in liver metabolic processes such as blood

pressure and flow, body temperature, oxygen input, humoral and neural
factors will produce variations in the CCl^ liver injury reactions.
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Procedures that decrease body temperature may have a protective
effect on the liver injury induced by CCl^ administration.

The

decreased body temperature will reduce the rate of metabolism of CCl^ by
the microsomal drug oxidizing system.

Protection against CCl^ by

decreasing body temperature can be accomplished by sectioning the spinal
cord (Calvert and Brody, 1959, 1960) or rapid cooling of the whole
animal (Schlicht, 1970, 1971).
Protection from CCl^ hepatic injury may also be seen by
decreasing absorption of the toxic compound in the animal.

This is seen

when administering SKF-525A along with the orally administered CCl^.
SKF-525A slows absorption of CCl^ from the stomach along with other
effects (Marchand et al., 1971). The administration of Promethazine
seems to have a similar effect (Nadeau and Marchand, 1973) on CCl^
hepatotoxicity.
CCl^ hepatotoxicity involves the metabolic conversion of CCl^ to
the trichloromethyl radical.

Subsequently, the activated species

initiate metabolic disturbances that spread quickly into a network of
secondary and tertiary disturbances.

Some of the early disturbances of

CCl^ tissue damage are illustrated in Figure 1.
Considering the diversification of the metabolic disturbances
that occur, a protective agent will be most beneficial the earlier that
it can stop the metabolic perturbations in the cascade of events.

Primary Mechanisms of Protection
Protective techniques at the primary level of disturbances
during CCl^ hepatotoxicity should decrease the damaging effects of

8

CC1,

metabolic
activation

CCI3' + CI

CC13* + R-SH

*• RS*, R-S-CC13, CHC13

CC13* + protein, unsaturated lipid

CC13" + polyunsatured lipid

covalent
binding

primary
disturbances

lipid
peroxidation

Lipid
peroxidation

membrane damage (lysosomes,
endoplasmic reticulum)
enzyme inactivation
aldehyde and peroxide products

secondary
disturbances

Aldehydes
and lipid
peroxidation

increased capillary permeability
increased platelet aggregation
protein cross-linking
reaction with -SH
decreased DNA synthesis
decreased enzyme activities

tertiary
disturbances

Figure 1.

Outline of Sequence of Events that Follows the Metabolism of
CCI4 to a Reactive Free Radical in Liver Endoplasmic
Reticulum.

Taken from Slater (1978, p. 746).

transient intermediates produced by the metabolic activation of CCl^ by
the NADPH microsomal drug oxidizing system.

This may be achieved by

inhibiting the NADPH dependent system prior to the site of activation of
CCl^.

Difficulties that may arise by using inhibitors of the drug

oxidizing system may be modifications of the membrane structure and
fluidity of the endoplasmic reticulum.
Many inhibitors of the NADPH drug oxidizing system are very
toxic to the animals, such as thiol group inhibitors and carbon
monoxide.

Zinc ions, though, which are relatively nontoxic to animals,

have been shown to inhibit NADPH oxidation and this reaction results in
the inhibition of the drug oxidizing system by microsomes (Chvapil et
al., 1975; Chvapil et al., 1976).

Concomitantly, zinc administration to

CCl^ injured rats reduced the hepatic injury in these rats (Chvapil et
al., 1973; Saldeen, 1969; Cagen and Klaassen, 1979, 1980).
The mechanism of the inhibitory effect of zinc on the NADPH
microsomal drug oxidizing system may be the binding of zinc to NADPH
(Ludwig et al., 1980), thereby making the complex more resistant to
enzymatic electron loss or hindering the formation of the enzyme sub
strate intermediates.
Another technique in which the primary disturbances of CCl^
hepatotoxicity may be decreased is by the use of free radical scavengers
in the CC1, dosed animals.
4

Problems that arise from the use of free

radical scavengers in vivo may not be evident when tested in vitro.
One of the difficulties of a free radical scavenger in vivo is
that it must be relatively nontoxic to the animal at levels that still
allow it to be active as a scavenger.

The free radical scavenger must
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also be present for the length of time that CCl^ is present in the body,
which is 18-24 hours.

Another factor which determines the efficacy of

free radical scavengers on CCl^ hepatotoxicity is the ability of the
scavenger to diffuse to the site of the production of the CCl^'.

Since

CC13* is highly reactive, the free radical scavenger must be present at
the right site, at the right time, and in the right concentration.

Secondary Mechanisms of Protection
The major biochemical event in the endoplasmic reticulum after
the activation of CCl^ to CCl^* is the initiation and propagation of
lipid peroxidation (Recknagel and Glende, 1973). Lipid peroxidation
causes disturbances in the lipid components, thus producing membrane
labilization.

Lysosomal and endoplasmic reticulum disruption are

examples.
Reduction of lipid peroxidation which will result in attenuation
of CCl^ toxicity may be obtained by inhibition of the lipid peroxidation
process, replenishment of the altered polyunsaturated fatty acids, and
disposal of the toxic products.
Lipid peroxidation may be decreased by limiting the concentra
tion of the substrates of lipid peroxidation, polyunsautrated fatty
acids, and C^.

Another, more feasible, way of limiting lipid peroxida

tion in the animal is by using free radical scavengers to reduce the
propagation of the free radical chain reaction.

Stabilizing hepatocyte

membranes which will reduce CCl^ induced lipid peroxidation will limit
the CC1, toxic effects.

The presence of zinc ions in the vicinity of
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polyunsaturated fatty acids reduced CCl^ induced formation of lipid
peroxides both in vivo and in vitro (Chvapil, Ryan, and Zukoski, 1972d).
Another secondary disturbance of CCl^ hepatotoxicity involves
the electrophillic nature of CCl^*, which results in interaction of
CClg" with nucleotides in the endoplasmic reticulum (Slater and Jose,
1969; Slater, 1972).

The reduction of NADPH levels, probably in the

centrilobular zone (Slater, Strauli, and Sawyer, 1964b), is one of the
earliest changes produced by CCl^ administration.

Methods by which

reduction of coenzymes may be prevented will result in amelioration of
CCl^ hepatotoxicity.

Mechanisms of Zinc Ions Attenuating
CCl^ Hepatotoxicity
While the nutritional importance of zinc ions has been related
to the effect of this metal on various metalloenzymes, Dr. Milos
Chvapil, University of Arizona, and this researcher have presented a
concept of zinc ions as modulating biological activities of cells such
as hepatocytes (Figure 2).

The metal ion effect on the plasma membrane

will ultimately affect the activity of the cell.

Several properties

that are seen at the plasma membrane level will also be evident at the
lysosomal membrane level, thus affecting cell activity during the
inflammatory reaction of CCl^ administration.

Two principal reactions

have been proposed in order to discuss the possible mechanisms of the
effect of zinc ions on cells:

1) zinc interaction with lipid components

of the biomembranes, and 2) zinc interaction with proteins.
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Figure 2.

Proposed Mechanisms by which Metal Ions May Be Affecting the
Cell Functions.

Because the membrane is a lipid bilayer, studies of zinc ion
interactions with phospholipids or with model membrane systems may
elucidate the observed effect of zinc ions on membrane properties.
Divalent cations have a high affinity for phosphate moieties
(Hogfeldt and Martell, 1971; Ludwig et al., 1980), which has an effect
on phospholipid monolayer properties. Phosphatidylserine and
phosphatidic acid monolayers (which have two anionic groups above
pH 7.0) have a greater decrease in area with divalent cation additions
than does phosphatidylcholine (Chapman, 1975). Phospholipid monolayers
are packed closer together in a more rigid structure than the monolayer
without divalent cation additions.

Since this result appears to be a

consequence of the negative charge of the monolayer, then this explana
tion can be applied to the lysosomal membrane.

Pappu and coworkers

(1978) have characterized the lysosomal membrane and observed that there
is predominantly an electronegative charge of the membrane due mainly to
the sialic acid residues.
The surface potential of a monolayer depends upon the ionic
structure of the molecules.

Additions of cations to phospholipid mono

layers cause an increase in surface potential (Shah and Schulman, 1965)
by allowing charged moieties to be in close proximity to each other.
Shah (1970) has proposed a model of this interaction as:

r
C
V~N+

++

C.R

pV )
N+S

/

/

c

Ca--«P
N+

P
N+

RaCau.-P
R+
N+
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(represented here as calcium ions with lecithin of different degrees of
unsaturation).

This occurrence may result in a stabilizing effect on

the membrane by decreasing the membrane permeability to substrates of
hydrolases.
The phase transition of phospholipid monolayers, which is a
measurement of the hydrocarbon chain melting, was studied by Chapman
•j-

^

• |•[

(1975) and Chapman et al. (1970). It was shown that Na , K , Ca , and
|
|
Mg
increased the phase transitions. Consequently, metal ions are
maintaining the order of the molecules for a longer period of time
during a temperature rise.

This phenomenon may account for the forma

tion of black membranes prepared from egg lecithin and cholesterol.

The

addition of CaCl^ increased the resistance of the membranes (Ohkei,
1969).
The addition of HgC^ and ZnC^ increased the transition temper
ature of liposomes of phosphatidylcholine (Chapman et al., 1970).
Results of studies have shown that the increase in the phase transition
temperature is more evident with charged phospholipid bilayers than with
uncharged phospholipids.

McDonald, Singh, and Baer (1976) have shown

that high transition temperatures are associated with a low or nonexis
tent electrical charge in phosphotidylserine bilayers and low transition
temperatures are a result of ionization of the molecules.

This agrees

with Chapman and coworkers (1970), who concluded that the raising of the
transition temperature by metal ions corresponds to the association con
stant of the metals binding to the phosphate moieties of the phospho
lipids.

They also observed that structural breaking of membranes is

related to a decrease in the phase transition temperature.
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Fusion of membranes, associated with structural instability,
occurs after an increase in the membrane fluidity.

An increase in

fusion of phosphatidylserine bilayers occurred with the symmetrical distribution of Ca

J |

| j

, Mg

||

, and Mn

(Bleisbatt and Ohkei, 1976) (no change

occurred with phosphatidylcholine).

Since it has been shown that these

cations increase stability of the bilayer, there appears to be a contra
diction.

Results of nuclear magnetic resonance studies (Hauser,

Phillips, and Barrat, 1975) have shown that divalent cations cause a
water exclusion effect with phospholipid polar groups.

This will result

in the divalent bilayer complex being hydrophobic; therefore, a high
aggregation state (or fusion) of the bilayers will occur in the aqueous
media.
The second part of the mechanisms of the effects of zinc ions on
cells deals with the interactions of zinc ions with cellular proteins
such as metallothionein (MTN).

Metallothionein is a small molecular

weight metal binding protein which appears to play a role in regulating
nonspecific binding of metal ions.

The synthesis of the metal binding
||
protein is induced by several metals which it subsequently binds: Zn ,
|
|
|
|
Cu , and Cd
(Cherian and Goyer, 1978; Bremner et al., 1978; Squibb

and Cousins, 1977; Cherian, 1977).

Consequently, the apparent regula

tory role of metals on cellular functions appears to be mediated by MTN.
It has also been proposed that MTN may play a role in sequestering toxic
compounds in the cell (Cagen and Klaassen, 1979, 1980), thus accounting
for the zinc protective effect against CCl^ hepatotoxicity.
Metal ions may be interacting with the membrane protein,
calmodulin, thus regulating membrane function.

Calcium (Cheung, 1980),
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by way of calmodulin, stimulates endocytosis and exocytosis which will
affect the release of lysosomal enzymes during the inflammatory process.
Brewer and coworkers (1979) have shown that zinc competes with calcium
for binding to calmodulin.

Thus, the inhibitory effect of zinc ions on

cells (Chvapil et al., 1972a; Chvapil et al., 1977a; Chvapil et al.,
1977b) may be due to the interaction between zinc and calcium for
calmodulin on the membrane.
Sulfur moieties of proteins in the lipid bilayer may be exposed
to the external surface of the membrane.

The ability of metal ions to

bind thiol groups, thus forming stable mercaptides, was suggested as the
mechanism by which zinc ions stabilized neurotubules of rat brain
(Nicholson and Veldstar, 1972).
Phospholipase A, which hydrolyzes both fatty acids at the 1 and
2 positions of phospholipids, was found associated with the lysosomal
membrane (Rahman, Verhagen, and Wiel, 1970).

This enzyme may facilitate

the initial binding of the lysosomes to engulfed particles or other sub
cellular organelles which contain phospholipids.

The fusion subse

quently results in the release of lysosomal enzymes.

Rahman and

coworkers (1970) have shown that phospholipase A at physiological pH is
||

Ca

dependent.

Due to the antagonistic relationship of Zn

||

to Ca

J |

,

||

an inhibitory effect of Zn

on phospholipase A can be expected.

Indeed, this has been shown by Wells (1974) with phospholipase A^.
Results of studies have shown that alterations are seen in the
lysosomal membrane during NADPH mixed function oxidase activity (Fong et
al., 1973; Chen and McCay, 1972; Lucier and McDaniel, 1972). Hochstein
and Ernster (1972) have shown a NADPH dependent lipid peroxidation
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system generated by the microsomal electron transport chain.

Non-

enzymatic lipid peroxidation has also been indicated CHayano, 1962).
Lipid peroxidation resulted in labilization of the lysosomal membranes
(Table 1) as determined by g-glucuronidase release, but the portion of
||

the membrane with Zn

bound was not released by the lipid peroxidation.

NADPH oxidation and drug oxidation in liver microsomes is
inhibited by zinc ions (Chvapil et al., 1975; Chvapil et al., 1976). In
addition, depressed levels of NADPH due to CCl^ hepatotoxicity are
increased after zinc supplementation.

This may be a consequence of the

formation of the binuclear complex Z^-NADPH (Ludwig et al., 1980).
||

Recent reports of studies have also shown that Cu

||

,. Mn

|[

, and Zn

(Werringloer et al., 1979; Drummond and Kappan, 1979) reduced the
activity of the microsomal electron transport chain in liver microsomes.
The possible mechanisms by which zinc ions may be modulating
biological activities of hepatocytes may be indicative of the protective
effect of zinc ions against CCl^ hepatotoxicity.
in this paper is concerned with this effect.

The research presented

This has been approached

by studying four different biochemical characteristics of CCl^ hepato
toxicity in the presence of zinc ions.
First of all, membrane stabilization which is greatly affected
by CCl^ administration has been considered.

CCl^ hepatotoxicity has

been associated with lysosomal labilization (Slater and Greenbaum,
1965); therefore, the effect of zinc ions on the stability of rat liver
lysosomes was studied.
The second model studied to elucidate the zinc effect on CCl,
4
hepatotoxicity was the structural and functional integrity of hepatic
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Table 1.

Release of 3-Glucuronidase from Liver Lysosomes During the
Production of Lipid Peroxides [as Measured by Malonaldehyde
(MDA)] and Release of 65zinc.

The liver lysosomal-rich pellet of 25,000 x g centrifugation was incu
bated in 0.1 M acetate buffer, 0.250 M sucrose at 37° for 60 minutes.
At 15-minute intervals, samples were removed and assayed for
3-glucuronidase, malonaldehyde, and ^^zinc release. The lysosomalrich fraction was labelled with ^^zinc by intraperitoneally injecting
the rats with 2 yCi ^^zinc 24 hours before the animals were killed.
3-glucuronidase activity was measured by the method of Fishman,
Springer, and Brunetti (1948). Malonaldehyde was measured by the
method of Bernheim, Bernheim, and Wilbur (1948).

MDA
(OD^^ /sample)

g-Glucuronidase Released
(OD,-^,./sample)

0

30

62

100

15

155

97

104

30

220

102

111

45

350

140

125

60

500

150

138

Time
(min)

q

^Zinc Released
(cpm/sample)
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lysosomal and endoplasmic reticulum membranes in rats treated with CCl^
and zinc.
Thirdly, changes in hepatic nucleotide concentrations were
studied in rats given CCl^.

Zinc ion additions were given to these

animals.
The last model studied in this research of CCl^ altered bio
chemical reactions was hepatic lipid transport of rats treated with CCl^
and zinc.

Impaired lipid transport, which manifests itself as fatty

liver in the rat, is closely associated with membrane disturbances of
the liver.

CHAPTER 2

REVERSIBLE STABILIZATION OF LIVER LYSOSOMES BY ZINC IONS

Hepatotoxicity induced by carbon tetrachloride (CCl^) administra
tion or by endotoxin has been associated with lysosomal labilization
(Slater and Greenbaum, 1965; Snyder and Walker, 1976). Results of
several studies have shown that addition of zinc ion to the diet of rats
treated with CCl^ protected against the toxic effects of the CCl^
(Voight and Saldeen, 1965; Chvapil et al., 1973; Saldeen, 1969). Snyder
and Walker (1976) showed that the mortality rate of endotoxin treated
mice was reduced by supplementing the diet with zinc ion.

Since CCl^

and endotoxin toxicity are related to lysosomal labilization and since
zinc ion supplementation reduces these toxicities, zinc ions may be
stabilizing the lysosomes in vivo.

This assumption was also supported

by findings that zinc ions and other metals stabilized the liver lyso
somes in vitro (Chvapil, Ryan, and Brada, 1972b; Chvapil, Ryan, and
Zukoski, 1972c; Chvapil et al., 1972d).

These results led to a concept

that zinc is one of the factors contributing to the stability of biomembranes (Chvapil et al., 1972a; Chvapil, 1973). Recent studies con
cerning the inhibitory effect of zinc ions on red blood cell lysis
(Avigad and Bernheimer, 1976, 1978; Takeda, Osigo, and Miwatani, 1977)
and the direct identification of zinc ions in erythrocyte ghosts
(Chvapil et al., 1979) further support this hypothesis.
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Evidence is presented in this study that enzyme and total pro
tein release from zinc treated lysosomes is decreased, regardless of the
mode of administration of zinc ions to the liver lysosomes.

Materials and Methods

Animals
Young adult Sprague-Dawley rats (125-175 g) of both sexes were
used in all experiments.

Rats fed a high zinc diet received 2000 ppm

zinc in the form of zinc oxide, while the control animals were fed a
diet containing 40 ppm zinc (Nutritional Biochemicals, Cleveland, Ohio).
The detailed composition of the diets has been presented elsewhere
(Chvapil et al., 1974).

Lysosomal Preparations
The liver lysosomal suspension was prepared from rats anesthe
tized with 0.1 ml (intramuscularly) of Innovar Vet., injectable, 5002
(Pitman-Moore).
ture.

They were restrained and exsanguinated by cardiac punc

The liver was infused with 25 ml of ice-cold saline with or with

out 100 yM ZnC^ (pH 6.9) through the portal vein.

Excess fluid was

drained through the transected superior vena cava.

The liver was

removed, weighed, and homogenized in five volumes of 0.01 M
N-2-hydroxylethylpiperazine-N'-2-ethanesulfonic acid (Hepes) buffer,
pH 7.2 at 4° with or without ZnC^The liver was homogenized in a Potter-Elvehjem, all glass
homogenizer with pestle clearance of 0.2 mm.

Five passes were consis

tently made with the mortar and pestle to reduce variations in the

degree of lysosomal disruption.

The material sedimenting between

800 x g and 25,000 x g was resuspended in 0.01 M Hepes buffer, pH 7.2
with or without ZnCl^-

This material will be referred to as the lyso

somal suspension even though mitochondria, peroxisomes, and ruptured
membranes were present.

The 25,000 x g supernatant contains the

released components of the disrupted lysosomes.

Enzyme Assays
The release of g-glucuronidase and total proteins from the lyso
somal suspension was determined from the 25,000 x g supernatant of the
lysosomal suspension (treated or untreated).

g-glucuronidase was

assayed by the method of Fishman and coworkers (1948) and one yg of
phenolphthalein which is released per mg of wet weight of liver is
expressed as one enzyme unit.

The total protein was measured by the

method of Lowry and coworkers (1951) with bovine serum albumin as the
standard.
The stability of lysosomes in vivo was determined by the dis
tribution of g-glucuronidase activity between the 25,000 x g supernatant
fraction (free enzyme) of the lysosomal suspension and the total lyso
somal g-glucuronidase activity.

Total g-glucuronidase activity is con

sidered to be that of free enzyme plus the enzyme retained by the intact
lysosomes (bound enzyme).

The enzyme activity retained by the intact

lysosomes was determined by treating the lysosomal suspension with 0.1%
Triton X-100 for five minutes at 25°, centrifuging at 25,000 x g, and
measuring the amount of released enzyme into the supernatant.
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Liver lysosomes were partially purified by using density equili
bration in a sucrose-water gradient according to the method of Beaufay
(1962).

The concentration range of 0.25-0.5 M sucrose was used in the

sucrose density gradient.

The fraction of organelles at 1.22 sucrose

density was removed and analyzed as shown in Table 2.

The studies by

Beaufay et al. (1959) indicate that this fraction has increased activity
of lysosomal enzymes over that of the lysosomal suspension.

Lysosomes

were disrupted by five-fold freezing-thawing and the lysosomal pellets
were washed with Hepes buffer.

Zinc content was determined in a Perkin-

Elmer Atomic Absorption Spectrophotometer Model 305 after digestion of
the sample in nitric acid-hydrogen peroxide (Chvapil and Owen, 1977).
Lysis of lysosomes during the homogenization or centrifugation
process was measured by assaying the amount of released B-glucuronidase
activity in the 25,000 x g supernatant of the liver lysosomal suspension.
Stability of isolated lysosomal suspensions was estimated from
the amount of 3-glucuronidase and total protein released from a lyso
somal suspension

after disruption of the lysosomal membrane by auto

lysis, Triton X-100, freeze-thawing, sonication, and combinations of
these techniques.
Autolysis of the lysosomal membrane was estimated by incubating
the lysosomal suspension at 37° for 30 minutes in 0.01 M Hepes buffer,
pH 7.2 (Sawant, Desai, and Tappel, 1964). The lysosomes were lysed with
0.1% Triton X-100 by incubating the lysosomal suspension for five
minutes at 25°.

Freeze-thawing (3 times) and sonicating (3 times for 15

seconds at 50% capacity of a Biosonik II Instrument-Bronwill) the lyso
somal suspension were also used.

Released lysosomal components by all
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Table 2.

Effect of ZnC^ on Partially Purified g-Glucuronidase.

Released g-Glucuronidase Activity
(ODsso/hr/mg liver)
1
Incubation Medium

11
Control (no Zn )

2

|
|
350 yM Zn

Lysosomal suspension

0.356 ± 0.04

0.206

+

0.02

Lysosomal suspension + partially
purified g-glucuronidase

0.494 ± 0.06

0.348

+

0.03

Partially purified
g-glucuronidase

0.148 + 0.01

0.146

+

0.01

"'"Samples were incubated for 30 min at 37° in 0.01 M Hepes buffer,
pH 7.2, in the presence or absence of 350 yM ZnCl .
2
Released g-glucuronidase activity was measured in the 25,000 x g
supernatant. Values are the average of three independent analyses.

of these lysing techniques in the presence and absence of ZnCl^ were
measured by centrifuging the treated lysosomal suspension at 25,000 x g
for 20 minutes at 4° and assaying the supernatant for g-glucuronidase
activity and total protein.
Partial purification of ^-glucuronidase was performed by pre
paring the liver lysosomal suspension and lysing the membranes with 0.1%
Triton X-100 for five minutes at 25°.

The lysosomal suspension was

centrifuged at 25,000 x g for 20 minutes at 4°. The supernatant was
used as a partially purified 3-glucuronidase preparation.

Transmission Electron Microscopy
Lysosomes were prepared for electron microscopy by centrifuging
the lysosomal suspensions for 20 minutes at 25,000 x g or 60 minutes at
105,000 x g at 4°.
activity.

The supernatant was assayed for 3-glucuronidase

The pellet was immersed in Karnovsky's fixative for 24-48

hours at room temperature (Karnovsky, 1975).

Samples were treated for

one hour with cacodylate-buffered 2% osmium tetroxide and washed with
0.144 M sodium cacodylate buffer.

After rinsing the samples in dis

tilled water, they were dehydrated in graded alcohol and embedded in
Epon-Araldisc resin.

Dehydrated specimens, 1 V, were prepared for elec

tron microscopy using conventional techniques.
with a Hitachi HU-12 electron microscope.

Observations were made
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Results

The Effect of Zn** and Triton X-100 on
Partially Purified 3-Glucuronidase
Tests were made to determine whether the effect of zinc ions on
lysosomes is related to lysosomal membrane integrity or to interference
of the metal ion with the assays of 3-glucuronidase.
Partially purified 3-glucuronidase was prepared from the liver
lysosomal suspension and assayed in the presence of 0.1-5.0 mM ZnCl^
and/or 0.02-1.0% Triton X-100.

The activity of the partially purified

3-glucuronidase was not affected by these treatments.

A modification of

this experiment is shown in Table 2, where either lysosomes or par
tially purified enzymes or a combination of both were intubated at
350 JJM zinc ion.

In the presence of Zn

| j

, the release of 3-glucuronidase

from the lysosomal suspension was significantly inhibited, while there
was no effect by zinc ion on the partially purified enzyme which was
added to the lysosomal suspension.

The Effect of Dietary Supplementation
of Zn"1-1" on Partially Purified Lysosomes
and Lysosomal Suspensions
Sprague-Dawley male rats, initial body weight 145 + 15 g, were
fed either a control diet (40 ppm zinc oxide) or a diet containing
2000 ppm zinc.

They were maintained on these diets for six weeks.

At

sacrifice, the body weight in both groups was similar and there were no
changes in the wet weight of the livers.

However, the livers of rats

fed the high zinc diet showed a significantly higher zinc content in

27

intact partially purified lysosomes and in partially purified lysosomal
membranes (Table 3).
Supplementation of zinc ion to the diet of rats did not change
the total release of 3-glucuronidase from the liver lysosomal suspension
as compared to the control fed rats (Table 3).

There was, however, a

significant decrease of free 3-glucuronidase from the lysosomal suspen
sion of the rats fed the high zinc diet.

The Effect of a Zinc-Saline Liver Perfusion
on Lysosomal Suspension
The liver perfusion by a 100 yM ZnC^ saline solution through
the portal vein has the same effect on 3-glucuronidase release from the
lysosomal suspension as that seen for dietary zinc supplementation
(Table 4). Due to the perfusion of the liver by zinc solution, only
half of the 3-glucuronidase activity was released as compared to the
saline perfused liver.

Furthermore, only 20% of the enzyme activity was

recovered after treating the lysosomal suspension with 0.1% Triton X-100.
The total recovered activity of the enzyme in the zinc perfused liver
amounted to less than 50% of the control liver lysosomal 3-glucuronidase
activity.

The total protein released from the incubated lysosomal sus-

pension prepared from the Zn

[ |

treated liver showed the same decrease as

the activity of the released 3-glucuronidase (Table 4).

Consequently,

if the activity of 3-glucuronidase is expressed per mg protein released
from the lysosomal suspension, then the decreased release of
3-glucuronidase from the zinc perfused liver is not seen.

28

Table 3.

Fragility and Zinc Content on Liver Lysosomes of Rats Fed a
Diet with High Zinc Content.

Control"'"
(40 ppm Zn)

High Zinc"*"
(2000 ppm Zn)

Zinc content^:
Partially purified intact
lysosomes (yg/mg protein)

0.147 ± 0.009

**

0.236 ± 0.02

Partially purified lysosomal
membranes (yg/mg protein)

0.168 ± 0.009

**

0.254 ± 0.009

2
Activity of g-glucuronidase :
Total (enzyme units/hr)

5.38 ± 1.24

Free (in % of total activity)

25.3 ± 5.3

4.95 ± 1.14
*

16.3 ± 3.8

"'"There were five rats in each group which were fed the indicated diets
ad lib. for six weeks. The final body weight of the rats was
approximately 270 g.
^Variability is given by X ± SD: * = p < 0.05; ** = p < 0.001.

Table 4. Effect of In Situ Perfusion of the Rat Liver by Zn
Liver Lysosomes.1

-Glucuronidase Activity"
(enzyme units/hr)

II

on the Fragility of

Protein Released"
(yg/mg liver/hr)

Free

Bound

In
Supernate

From Triton
Treated Pellet

Saline (control)

1.54 ± 0.20

2.30 ± 0.28

110.0

94.2

Saline + 0.1 mM ZnCl,

0.91 ± 0.07

0.51 ± 0.06

68.9

19.3

Perfusion Medium

One representative perfusion experiment from a total of three that were conducted
is presented. Each value is the average of three analyses.
^Twenty-five ml of the solution were infused through the portal vein.
*Free ^-glucuronidase and protein were assayed in the 25,000 x g supernate. Bound
enzyme and protein were determined after 0.1% Triton X-100 treatment of the
pellet.

The Effect of Zn

II

on Lysosomal Preparation

The presence of zinc ions during the mechanical homogenization
of the liver resulted in a decreased release of free g-glucuronidase
from the lysosomal suspension in a concentration related manner
(Figure 3).

The addition of 0.1% Triton X-100 to the suspension pre

pared from the zinc treated liver resulted in an increased release of
bound g-glucuronidase activity.

The Effect of Zinc Ions on the Autolysis of
Isolated Liver Lysosomal Suspension
A liver lysosomal suspension incubated at 37° for 30 minutes in
the presence of ZnC^ had decreased release of g-glucuronidase activity
as compared to the control sample.

Lysosomal suspensions treated with

100 viM ZnC^ had g-glucuronidase release inhibited by 47% (Figure 4).
||

The 350 yM Zn

treated lysosomes released only 17% of the

g-glucuronidase activity of the control sample.
|
j
The Effect of Zn
on Methods of Lysing
Liver Lysosomal Suspensions
As indicated in Table 5, four different methods to lyse lyso
somes were tested.

The combination of autolysis, detergent, and phos

phate washings was the most efficient method to disrupt the lysosomes.
Repetitive freeze-thawing (3 times) was the least efficient. In every
||
situation, however, the presence of Zn
in the medium inhibited
g-glucuronidase release.
Triton X-100 treatments of liver lysosomal suspensions obtained
from in situ perfusion of the liver with zinc ion did not release as
much g-glucuronidase as the control liver lysosomal suspensions
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Effect of Zn
on 3-Glucuronidase Release During Isolation of
Liver Lysosomes.

For each concentration of ZnCl2» 1 g of rat liver was homogenized in
five volumes of 0.01 M Hepes buffer, pH 7.2, with ZnCl2 present as shown
in the figure. The free 3-glucuronidase activity was assayed in the
25,000 x g supernatant of the homogenate. The bound g-glucuronidase was
assayed in the 25,000 x g supernatant after Triton X-100 treatment of
the lysosomal suspension. The data presented here are one representa
tive experiment out of four that were conducted. Each value is the
mean ± standard deviation of triplicate assays.
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Figure 4. Inhibition of 3-Glucuronidase Release from Isolated Liver
Lysosomes by Zn"*^.
Liver lysosomal suspensions were incubated for 30 minutes, 37°, in
0.01 M Hepes buffer, pH 7.2, with ZnCl2 present as shown in the figure,
g-glucuronidase activity was assayed in the 25,000 x g supernatant and
% inhibition is based on the amount of g-glucuronidase release of the
control lysosomal suspension (no Zn"*^"). Each value is the mean ±
standard deviation of four to six independent experiments at each con
centration of Zn++.

Table 5.

++
1
The Effect of Zn
on Methods of Lysing Lysosomes.

Lysosomes were incubated for 30 min, 37°, in the presence of ZnCl£
in 0.01 M Hepes buffer, pH 7.2, prior to the addition of the
lysing agents.

Method of Lysis

Released g-Glucuronidase Activity
(enzyme units/hr)
|
|
|
|
Control (no Zn )
Zn

Autolysis + Triton + phosphate

2.02

+

0.10

1.09

+

0.II2

Autolysis + Triton + phosphate

2.02

+

0.10

1.82

+

0.233

Triton X-100

1.44

+

0.13

0.97

+

0.133

Sonication

1.20

+

0.14

0.66

+

0.063

Freeze-thaw

0.42

+

0.04

0.12

+

0.013

Representative experimental data of three experiments that were
performed.
2
350 yM ZnCl„ were used.
3
113 yM Zndl^ were used.
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(Table 4). Isolated lysosomes incubated in the presence of 233 yM
ZnCl2 and 0.1% Triton X-100 released only 28.5% of the g-glucuronidase
activity of the control lysosomes (Figure 5).

The Reversibility of the Stabilizing Effect
of Zinc Ions on Lysosomal Suspensions
Avigad and Bernheimer (1978) showed that the protecting effect
of zinc ions on erythrocyte lysis was reversible by histidine washings.
It was decided to wash the zinc treated lysosomal suspension with 0.1 M
phosphate buffer, pH 7.2, since phosphate binds zinc ions (Hogfeldt and
Martell, 1971).

Three hundred fifty yM ZnC^ were added to a liver

lysosomal suspension.

The lysosomal pellet remaining after Triton X-100

treatment of the lysosomal suspension was washed in phosphate buffer and
incubated once more with Triton X-100.

Phosphate washings increased the

g-glucuronidase release in the zinc treated lysosomal suspension by
58.8% (Table 6), as compared to the control sample.

It can be seen that

the phosphate washings with Triton X-100 released 10% of the Zn
the pellet and 20% of the total g-glucuronidase activity.

|
j
from

There is
||

still 44.5% g-glucuronidase that is not released from the Zn
lysosome as compared to the control sample.

treated

The remaining

g-glucuronidase activity may be released by more washings with phosphate
buffer and an increased incubation time in the phosphate medium.

Electron Microscopy of Isolated
Lysosomal Suspensions
Electron microscopy (EM) of the isolated lysosomal suspension
was performed to observe changes that might explain the effect of zinc
ions on the lysosomal suspension during autolysis and Triton X-100
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2.8-1
. Control

Zn* * (233yM)

Triton X-100 %

Figure 5. Protective Effect of Zn
Liver Lysosomes.

II

on Triton X-100 Induced Lysis of

Liver lysosomal suspensions were incubated for 30 minutes, 37°, in 0.1 M
Hepes buffer, pH 7,2, in the absence (control) or presence of 223 yM
ZnCl2» The suspension was centrifuged for 20 minutes at 25,000 x g.
The pellet was treated for five minutes at 25° with Triton X-100 at the
concentrations shown in the figure, g-glucuronidase activity was deter
mined in the 25,000 x g supernatant.

Table 6. Effect of Zn

II

1
on Lysosomal Lysis and Its Reversibility by Phosphate Washings.

Released g-Glucuronidase
Activity
(enzyme units/hr)

4
Zn4* Content

Control
(no Zn++)

350 yM Zn*"*"

3
Zn Effect
(in % of control)

2.20 ± 0.20

0.60 ± 0.05

-27.3

Hepes buffer + Triton X-100"*

0.71 ± 0.07

0.50 ± 0.05

-70.4

0.077

0.775

Hepes buffer + Triton X-100
+phosphate washings^

0.17 ± 0.02

0.27 ± 0.02

+58.8

0.032

0.700

Sequential Treatment of
Lysosomes^
Hepes buffer

2

Control
-

350 yM Zn"1"1"
-

The average value of four independent experiments is presented.
2
The lysosomal suspension was incubated for 30 min at 37° in the given media in the absence
(control) or presence of 350 yM ZnC^- The activity of the released g-glucuronidase was assayed in
the 25,000 x g supernatant.
3

Negative and positive signs indicate inhibition and stimulation (respectively) of the release of
3-glucuronidase in Zri^ treated lysosomes as compared to controls.
4
,,
The residual lysosomal pellet after appropriate treatment was digested and assayed for Zn"1-1"
content.
"*The 25,000 x g pellet after Hepes buffer incubation was treated with 0.1% Triton X-100 for 5
minutes at 25°. The 25,000 x g supernatant was assayed for B-glucuronidase.
^The 25,000 x g pellet after Triton X-100 treatment was washed with 0.1 M phosphate buffer, pH 7.2,
for 5 minutes and centrifuged for 20 minutes at 25,000 x g. The pellet was treated with 0.1%
Triton X-100 and the released g-glucuronidase activity was assayed in the 25,000 x g supernatant.
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treatments.

The control lysosomal suspension as seen in Figure 6B was

incubated at 37° for 30 minutes and have only membrane and debris that
is pelletable at 25,000 x g (Figure 6A).
sample of the lysosomal suspension

An aliquot of the control

treated with 350 yM ZnC^ and incu

bated at 37° for 30 minutes have intact organelles present as seen in
Figure 6D.

The organelles were verified as lysosomes by determining

g-glucuronidase activity in the supernatant of the EM samples.

The

3-glucuronidase release from the control sample seen in Figure 6A was
1.519 enzyme units/hr, while that of the Zn

j |

treated sample in

Figure 6D was 0.308 enzyme units/hr.
Triton X-100 treatment of the control lysosomal pellet after the
incubation procedure showed complete lysis of the organelles
(Figure 6C). This was verified as lysosomal lysis because the super
natant of the EM sample had 3.09 enzyme units/hr of 3-glucuronidase
released.

The lysosomal pellet incubated with 350 yM ZnC^ and treated

with Triton X-100 showed some intact organelles (Figure 6E) remaining.
The remaining organelles were referred to as lysosomes since the super
natant of the EM sample of Figure 6E had only 0.324 enzyme units/hr of
g-glucuronidase activity.

Discussion
While the nutritional importance of zinc ion has been related to
the effect of this metal on various metalloenzymes, a concept of zinc as
a stabilizer of biomembranes has been presented (Chvapil et al., 1972a;
Chvapil, 1973). The present study is in support of the view that zinc
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Figure 6.

Electron Micrographs of the 25,000 x g or 105,000 x g Pellet
of the Lysosomal Suspension.

Magnification is 6,800 times. A)
25,000 x g pellet of control lysosomes incubated for 30 minutes, 37°, in 0.01 M Hepes buffer, pH 7.4.
B) 25,000 x g pellet of control lysosomes from the liver lysosomal suspension prepared as described in the Methods section. C) 105,000 x g
pellet of control lysosomes after incubation at 37°, 30 minutes, and
0.1% Triton X-100 treatment. D) 25,000 x g pellet of lysosomes incubated at 37°, 30 minutes, in the presence of 350 ~ M ZnCl2. E)
25,000 x
g pellet of lysosomes incubated at 37°, 30 minutes, in the presence of
350 ~ M ZnCl2 and treated with 0.1% Triton X-100.
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ion is one of those factors contributing to the structural integrity of
lysosomal membranes.
||

The actual mechanism of stabilization of membranes by Zn
unknown.

is

The postulated membrane related effect is supported only by
||

indirect evidence.

The stabilizing effect of Zn

on lysosomes was

described as a membrane phenomenon since nonsaturated complexes of
8-hydroxyquinoline and zinc ion (1:1, 1:2), which do not penetrate the
biological membranes, were stabilizing lysosomes as well as the zinc ion
alone (Chvapil et al., 1972b).
All studies on metal-lysosomal interactions are subject to
several methodological difficulties.

The liver lysosomal suspension

used as the experimental model is rather impure, contaminated with mito
chondria and peroxisomes.

The presence of proteins and other metal

complexing agents (buffer) (Hanlon, Watt, and Westhead, 1966; Collier,
1979) interferes with the actual effect of the metal on the lysosome.
The binding of the metal to membrane constituents may be rather weak and
the metal may be sequestered during the preparation of the lysosome.
Also, when evaluating lysosomal integrity, there was found to be a large
variability of data from varibus animals or from experiments conducted
on different days.

Therefore, instead of pooling all of the data, in

some instances, "representative data" are shown in the tables and
figures.

Finally, in view of inhibition of many enzymes by heavy metals

(Fernley, 1962), evidence must be presented that the tested metal
affects the lysosome directly and does not interfere with the activity
of the enzyme used as the marker of the lysosomal lysis.

It has been

shown that 350 pM zinc ion did not affect the activity of partially
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purified g-glucuronidase.

This agrees with previous experience

(Chvapil, 1972b). Mercuric, silver, and cupric ions are, however,
inhibitory to the enzyme at concentrations less than 1 mM (Fernley,
1962).
Stabilization of liver lysosomes by zinc ion was achieved in
this study by the tested forms of zinc supplementation.

Hence, dietary

supply, infusion of zinc saline into the liver, addition of zinc ions
into the homogenization medium or to the isolated lysosomal suspension
all resulted in less release of g-glucuronidase into the medium.

The

zinc effect induced by infusion of zinc-saline into the liver and addi
tion of zinc ion

to the isolated lysosomal suspension was manifested

irrespective of the method used to labilize the lysosomes.

The lyso

somal labilizing factors tested were mechanical disruption during
homogenization, autolysis, lysis by detergent, by sonication, and by
freeze-thawing.
The dramatic increase in bound enzyme of the liver sample
homogenized in ZnC^ indicates a higher resistance of the lysosomes to
the mechanical homogenizing force.

As a consequence, there is a higher

yield of intact lysosomes being recovered.

This finding is supported by

the work of Warren, Glick, and Nass (1966), in which intact plasma mem
branes were removed from animal cells with ZnCl^ treatment.

Also,

Burger, Fujii, and Hanahan (1968) have shown that bovine erythrocyte
membranes are less stable than human erythrocyte membranes as a conse
quence of a lowered divalent cation concentration.
This study shows that increased zinc content was detected in the
partially purified lysosomes and lysosomal membranes from zinc
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supplemented rats. Washing the lysosomes in phosphate buffer decreased
|
|
the Zn
induced lysosomal stability, indicating that the zinc ion
effect is evident only when the zinc ion is present.
It has been shown that the lysis of lysosomes in 0.1% Triton
X-100 is 96% complete (Ugazio and Pani, 1963).

However, this study has

shown that zinc treated lysosomes were more resistant to Triton X-100
||

disruption than control lysosomes and only 70% lysis of the 100 uM Zn
||
treated lysosomes was achieved. The higher resistance of Zn
treated
lysosomes to lysis was demonstrated by biochemical methods as well as by
electron microscopy.

CHAPTER 3

PROTECTIVE EFFECT OF ZINC ON LIVER MEMBRANE DISRUPTION
DURING CC1, HEPATOTOXICITY
4
When carbon tetrachloride (CCl^) is administered to animals, it
is metabolized by the microsomal drug oxidizing system to the toxic
CCl^" radical.

This free radical causes peroxidative changes in poly

unsaturated fatty acid constituents of various biomembranes (Slater,
1975; Recknagel and Glende, 1973).

Results of studies indicate that the

site of production of the free radical metabolite is the smooth endo
plasmic reticulum membrane at NADPH cytochrome P-450; hence, this region
is a primary target of damage (Smuckler et al., 1967).

Membrane changes

will then progress to the rough endoplasmic reticulum membrane and cause
dissociation of the 80S ribosome (Smuckler and Barker, 1964). Subse
quently, depression of protein synthesis occurs (Smuckler and Benditt,
1965).
Various agents, in particular zinc, have been shown to protect
against CCl^ induced hepatotoxicity (Chvapil et al., 1973; Saldeen,
1969; Cagen and Klaassen, 1979, 1980; Carlson, 1975; Suarez and Bhonsle,
1976).

Disruption of membranes in CCl^ liver injury and results of

studies showing that zinc ions are one of the factors stabilizing bio
membranes (Chvapil et al., 1972a; Chvapil, 1973) indicate a possible
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mechanism by which zinc ions are protecting against CCl^ toxicity.

This

report details the results of studies which support this view.

Materials and Methods
Male Sprague-Dawley rats, 200-225 g body weight, were used.
They had free access to food (standard Purina laboratory show) and tap
water.

The rats on high levels of zinc were injected intraperitoneally

(i.p.) with 2 mg of ZnC^ per 100 g body weight each day for three con
secutive days.

The control animals were treated similarly with saline

of the same ionic strength as the zinc solution.

The CCl^ treated rats

were given intraperitoneal injections of 0.3 ml of CCl^ (which was
diluted 1:2 with mineral oil) per 100 g body weight 12 hours after the
last dose of ZnC^. The rats not receiving CCl^ were injected with a
comparable dose of mineral oil (i.p.).
Seventeen hours after the CCl^ or mineral oil injection, the
rats were anesthetized intramuscularly with 0.1 ml of Innovar Vet
(Pitman-Moore).
puncture.

They were restrained and exsanguinated by cardiac

The livers were removed and weighed.

Zinc analyses:

Dry samples of the liver were digested in 6 N

nitric acid (130°, 3 hours) and analyzed for zinc with a Perkin-Elmer
Atomic Absorption Spectrophotometer, Model 305.

Serum was diluted 5-10

times and assayed directly for zinc.
Histology; Liver samples were immediately fixed in a 10%
buffered formalin solution for light microscopy.

The tissues were sec

tioned in paraffin and stained with standard Mason's trichrome, and
periodic acid Shiff (PAS).

For transmission electron microscopy, the liver samples were
immersed in Karnovsky's fixative for 24-48 hours at room temperature
(Karnovsky, 1975).

Samples were treated for 1 hour

with cacodylate-

buffered 2% osmium tetroxide and washed with 0.144 M sodium cacodylate
buffer.

After rinsing with distilled water, the samples were dehydrated

in graded alcohol and embedded in Epon-Araldisc resin.

Dehydrated

specimens, 1 p in width, were prepared for electron microscopy using
conventional techniques.

Observations were made with a Hitachi HU-12

electron microscope.
Serum analysis:

Serum glutamic-oxalacetic transaminase (SGOT)

(Henry, 1967) and seromucoid levels (Winzler, 1955) were measured.
Total serum protein was determined from the refractive index of the
serum.
Determination of the stability of lysosomes: Portions of the
liver were homogenized (1:5 w/v) in cold 0.01 M Tris-HCl buffer, pH 7.4,
with a motor-driven Potter-Elvehjem homogenizer.

^-glucuronidase

activity of the 25,000 x g lysosomal rich pellet (bound enzyme) and the
3-glucuronidase activity in the supernatant (free enzyme) were used as
an indication of lysosomal stability.
the method of Fishman et al. (1948).

B-glucuronidase was assayed by
Total protein was measured in each

fraction by the method of Lowry and coworkers (1951).
Microsomal analyses:

The microsomal pellet was prepared from

the homogenized liver by differential centrifugation as described pre
viously (Chvapil et al., 1972d).

The pellet was overlaid with 0.1 M

phosphate buffer, pH 7.4 (1 ml/1 g original liver).

Analysis of

cytochrome P-450 was performed on the pellet by the method of Omura and
Sato (1967). Total protein on the pellet was determined (Lowry et al.,
1951).
Protein synthesis:

The rats were injected i.p. with 20 pCi of

"^C-acetate (New England Nuclear) 1 hour before they were killed.

The

lipids were extracted from the serum by the Folch method (Folch et al.,
1951).

The pellet remaining after the lipid extraction was used to

determine the amount of proteins synthesized from the
pellet was dissolved in 2 N NaOH.

14
C-acetate.

The

14
C was counted in a Beckman LS-250

liquid scintillation system.
The synthesis of proteins found in the liver microsomes was
determined on the pellet remaining after the lipid extraction of the
microsomal pellet.

The pellet was dissolved in 2 N NaOH and precipi-

tated with 10 N TCA.

14
C was determined in the TCA pellet.

Results

Zinc in Serum and Liver
Administration of zinc to rats for three consecutive days sig~
nificatly increased the zinc levels in the serum and liver tissue
(Table 7), The same was found in the group of rats receiving CCl^ and
zinc.

There is a tendency for the CCl^ injured rats to obtain a higher
||

level of zinc (317 yg Zn
per g dry liver) than the control zinc
||
treated rats (225 yg Zn
per g dry liver).
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Table 7.

Zinc Content of Liver and Serum of Rats Treated with CCI4
and Zinc.

Treatment"'"

No. of
Rats

Serum
(yg Zn^/lOO

ml)1

Liver
|
1
2
Cug Zn /g dry weight)

Control

7

116

+

17.5

110 ± 14.7

Zinc

7

245

+

59.03

225 ± 89.2

CCI4

7

172

+

49.1

110

+

5.3

CC1. + zinc
4

7

279

+

49.03

317

+

98.7

Zinc treated animals were given 2 mg ZnCl2/100 g body weight intraperitoneally for three consecutive days prior to the CCI4 dose.
CCI4 treated animals were given 0.3 ml CCI4 (diluted 1:2 with
mineral oil) per 100 g body weight intraperitoneally 17 hours prior
to sacrifice.
2Values are expressed as mean ± standard deviation.
3

Significantly different from the control and CCI4 treated group at
95% level.

47

Histology
There was no detectable difference in the morphology of liver
samples between the zinc treated rats and the control rats.

Livers from

animals receiving CCl^ uniformly revealed diffuse centrilobular necrosis
surrounded by a zone of hepatocytes showing hydropic degeneration of the
cytoplasm and nuclear pyknosis (Figures 7A and 7B).

In the central

areas, some cells showed karyloysis and scattered reactive polymorpho
nuclear leukocytes and congestion of the sinusoids.

Periodic acid

Shiff stains revealed diffuse depletion of glycogen in 75% of the
animals.
Liver sections taken from rats given CCl^ and zinc revealed
similar, but less severe damage.
centrilobular necrosis.

Only 50% of the animals' livers showed

The remaining animals of this group revealed

hydropic degeneration of the centrilobular hepatocytes (Figures 7C and
7D). PAS stains showed depletion of glycogen only in the centrilobular
areas with preservation of staining in the peripheral hepatocytes in all
of the animals.

There was no evidence of liver fibrosis by trichrome

stains in any animal groups.
Transmission electron microscopy done on random liver sections
of the CCl^ groups confirmed the above impressions.

These ranged from

sublethal findings of slight mitochondrial swelling, depletion of cyto
plasmic glycogen, focal dilatations of the endoplasmic reticulum with
loss of attached ribosomes, and accumulation of lipid.

More severely

damaged cells centrally located showed increased mitochondrial swelling,
release of nuclear chromatin, and greatly distended and distorted endo
plasmic reticulum devoid of ribosomes.
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Figure 7.

Light Micrographs of Hepatic Tissue Taken from Rats.

A) Light micrograph of hepatic tissue taken from a rat treated with
carbon tetrachloride. Note extensive central lobular necrotic area surrounded by mid-zonal cells showing hydropic degeneration. PAS x 360.
B) High-power light micrograph of central portion of hepatic lobule from
rat treated with carbon tetrachloride. Note cellular necrosis with
cells having pyknotic nuclei and mononuclear inflammatory cell response.
At the periphery of the necrotic area are cells showing hydropic
degeneration. PAS x 3,400.
C) Light micrograph section of liver taken
from rat treated with zinc and carbon tetrachloride. Note central
lobular area of degenerative change. Note lack of frank necrosis and
inflammatory cellular response. PAS x 360. D) High-power light micrograph taken from central lobular region of liver in rat treated with
zinc and carbon tetrachloride. Note the hydropic degenerative changes
of the central lobular cells. PAS x 3,400.
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Serum Analyses
Seromucoid levels were significantly decreased in the CCl^
treated rats as compared to the control and zinc treated rats (Table 8).
The administration of zinc to the animals prior to the CCl^ dose sig
nificantly raised the content of seromucoid.
SGOT levels were increased 10-fold in the CCl^ injured animals
(Table 8). There was no effect of zinc treatment observed on the SGOT
levels of the zinc and CCl^ treated animals when they were sacrificed 17
hours after the CCl^ injection.

Cagen and Klaassen (1979), however,

showed a decrease in the SGOT levels in the zinc and CCl^ treated
animals when they were sacrificed 24 hours after the CCl^ injection.

Lysosomal Stability
A significant increase was found .in the amount of free
3-glucuronidase in the CCl^ treated rats as compared to the control
rats (Table 9). The zinc administration to the CCl^ injured rats sig
nificantly decreased the amount of lysosomal 3-glucuronidase release.
The percentage of free/total 3-glucuronidase in this group was com
parable to the values of the control group.

Synthesis of Serum Proteins
Total protein in the serum showed no changes with the CCl^
and/or zinc ion

treatments (Table 10).

protein synthesized from the injected

The amount of radioactive serum

14
C-acetate was significantly

increased in the zinc group and the CCl^ group.

The CCl^ rats treated

with zinc had an increase in radioactive serum proteins when compared to
the zinc or CCl^ groups.

I

J

Table 8. Effect of Zn
on SGOT and Seromucoid
Levels in Normal and CCl^ Injured Rats.

Control

210 ±

30

Zinc

217 ±

41

Seromucoid
(mg/100 ml serum %)
43.7 ± 3.2
1+

SGOT2

h-1

Treatment"*"

1.5

cci4

2553 ± 6303

31.6 ± 1.43

CCl, + zinc
4

2459 ± 9004

34.9 ± 1.34

^"Animals were treated with zinc and CCI4 as indicated
in Table 7. Each group consisted of 7 rats.
2
Units/I serum.
3

Significantly different from the control group at
95% level.
4
Significantly different from the control grup and
CCl^ group at 95% level.

Table 9. Effect of Zinc on the Distribution of 3-Glucuronidase in Normal and
CCl^ Injured Rat Livers.

^-Glucuronidase
(nmoles phenolphthalein released/hr mg protein)
1
Treatment

Bound

Free

2
Free/Total%

Control

7.50

+

1.8

1.73

+

0.3

19.4

+

6.3

Zinc

9.15

+

1.7

1.59

+

0.2

16.6 +

5.4

cci4

8.50 + 3.3

4.40

+

1.03

36.1

+

14.2

CCl, + zinc

8.41

2.56

+

0.54

20.0

+

4.0

+

3.3

"'"Animals were treated with zinc and CCI4 as indicated in Table 7. Each group
consisted of 7 rats.
2
Free g-glucuronidase activity/total (free + bound) (^-glucuronidase
activity x 100.
3

Significantly different from the control group at the 95% level.

4

Significantly different from the control group and CCl, group at the 95%
level.

Table 10. Effect of Zinc on Total Serum Proteins and
Synthesis of Serum Proteins of Normal and CCI4
Injured Rats.

Treatment'''

Protein
(mg protein/ml)

Protein Synthesis
14
( C DPM/mg protein)

Control

5.6

+

0.2

510

+

76

Zinc

5.5

+

0.2

687

+

742

cci4

5.5

+

0.4

673

+

802

CC1, + zinc

5.5

+

0.1

877

+

1583

"^Animals were treated with zinc and CCI4 as indicated in
Table 7. Each group consisted of 7 rats.
2
Significantly different from control group at 95% level.
3

Significantly different from control group and CCI4
group at 95% level.
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Measurements on the Liver Microsomal Fraction
Zinc treatment of the rats did not change the total microsomal
protein (Table 11). However, total protein showed a decrease after CCl^
administration and this decrease was not affected by the zinc treatment.
Similarly, the radioactive protein synthesized in the CCl^ treated
animals was also decreased, but in this case zinc treatment along with
the CCl^ injection significantly increased the amount of radioactive
protein.
CCl^ injured rats showed a significant decrease in the amount of
cytochrome P-450 (Table 11). The CCl^ treated animals which had been
given zinc injections had cytochrome P-450 levels which amounted to 25%
of the control value, while the CCl^ treated animals had only 18% of the
control value.

Discussion
The protective effect of zinc against CCl^ hepatotoxicity has
been documented by several investigators (Chvapil et al., 1973; Saldeen,
1969; Cagen and Klaassen, 1979, 1980). Possibly related to the results
of these studies is the report from New Zealand in which zinc sulfate
protects farm animals against the hepatotoxin sporidesmin, which is pro
duced by a fungus in the feed (Towers, 1977). The sporidesmin liver
toxicity which is ameleriorated by zinc supplementation indicates the
importance of zinc ions in maintaining normal liver function which is
compromised by hepatotoxins.
Several mechanisms for the protective effect of zinc on CCl^
injured livers have been postulated.

These include the interaction of

II
Table 11. Effect of Zn
on Measurements of the Microsomal Fraction from Livers of
Rats Treated with CC1..
4
^
Treatment

Microsomal Protein
(mg/g protein)

Protein Synthesis
( C DPM/mg protein)

Cytochrome P-450
(nmoles/mg protein)

Control

13.59

+

1.34

140.0

+

10.3

0.523 ± 0.081

Zinc

12.28

+

4.29

157.0

+

33.3

0.443 £ 0.107

CC1,
4

5.42

+

0.422

CC1, + zinc
4

5.83

+

1.232

79.5 + 20.82
119.1

+

34.0

0.094 ± 0.0032 (18.0%)3
0.129 ± 0.0052 (24.7%)3

^Animals were treated with zinc and CCI4 as indicated in Table 7.
sisted of 7 rats.
2
Significantly different from control group at 95% level.
3

Test group value/control group value x 100.

Each group con
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zinc with NADPH to form the binuclear complex Zn^-NADPH (Ludwig et al.,
1980).

This may result in inhibition of the function of the NADPH

dependent microsomal drug oxidizing system (Chvapil et al., 1975;
Chvapil et al., 1976) which is necessary for the formation of the toxic
CClg* radical (Slater, 1975; Recknagel and Glende, 1973). The inhibiting
effect of zinc on lipid peroxidation of the liver may represent another
mechanism (Chvapil et al., 1972d; Chvapil et al., 1973). Recently,
investigators have hypothesized that a possible mechanism may be the
zinc stimulated synthesis of metallothionein which subsequently
sequesters toxic metabolies of CCl^.

Finally, zinc ions may be one of

those factors contributing to the structural integrity of biomembranes,
thus affording the tissue cells protection against CCl^ hepatotoxicity
(Chvapil, 1973; Chvapil et al., 1972c; Ludwig and Chvapil, 1980).
The results of this study indicate that the addition of zinc to
the CCl^ treated animals tended to normalize the tested parameters of
the subcellular organelles of the hepatocytes.
Microsomal protein synthesis is decreased during CCl^ toxicity
and restored to near normal activity by zinc supplementation to the
animals.

This occurrence may be mediated by zinc metalloenzymes that

are necessary for protein synthesis (Poiesz, Seal, and Loeb, 1974).
However, if this were the primary effect of zinc, we should see a sig
nificant increase in protein synthesis in the animals that were treated
with zinc only.

Since this is not the case (Table 11), we conclude that

zinc helps to maintain the cellular structural integrity controlling the
protein synthesis machinery.
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Recently, Cagen and Klaassen (1979, 1980) suggested that a
possible mechanism by which zinc protects against CCl^ hepatotoxicity is
by the zinc stimulated synthesis of metallothionein which subsequently
sequesters toxic metabolites of CCl^.

The results of the present study

indicate that zinc ions help to maintain the synthesis of proteins, some
of which may contribute to cellular repair, thus allowing the system to
preserve its normal structural integrity after CCl^ administration.

CHAPTER 4

CHANGES IN LIVER NUCLEOTIDE CONCENTRATIONS DUE TO
CC1, AND ZINC ADMINISTRATION
4
The administration of a single dose of CCl^ to rats results in
the hepatic microsomal drug oxidizing system converting CCl^ to a
highly reactive free radical, CCl^'.

The free radical chain reaction

causes covalent binding of neighboring cell components, peroxidative
changes in polyunsaturated fatty acids of biomembranes, and the release
of diffusable reactive products which result in cellular disturbances
(Slater, 1972, 1975; Recknagel and Glende, 1973). The accumulation of
fat in,the liver is detectable at 6 hours and hepatic necrosis is evi
dent by 12 hours after CCl^ administration (Slater et al., 1964b).
Lysosomal damage, as determined by enzyme release, is also evident by
12-18 hours (Slater, 1978).
Within one hour of the CCl^ administration, hepatic NADPH levels
are depressed (Slater et al., 1964a).

Many of the biochemical reactions

that are altered by CCl^ poisoning are associated with nicotinamide
adenine dinucleotides:

lipid metabolism (Schotz and Recknagel, 1960;

Robinson and Seakins, 1962; Maling, Frank, and Horning, 1962; Rees and
Shotlander, 1963), nucleic acid metabolism (Smuckler and Benditt, 1963),
and detoxification reactions (Neubert and Maibauer, 1959).

57

58

The mechanism for the depressed NADPH levels is not fully under
stood.

It seems likely that CCl^" may directly attack the NADPH used in

the endoplasmic reticulum which is in close proximity to the site of
production of the free radical (suggested by Slater, 1978).

The pro

posed mechanism is that of a H* abstraction from NADPH by CCl^", thus
forming CHCl^ and the free radical NADP".
dimer (NADP)^.

The NADP* may then form a

Analogous to this situation are experiments in which

free radicals are produced by pulse radiolysis of NADP+.

Results of

these studies indicate the presence of (NADP)?, thus supporting the
NADPH loss observed during CCl^ poisoning (Land and Swallow, 1968).
Another suggested mechanism for the depressed levels of NADPH seen in
these studies is the direct substitution of CCl^* into the nicotinamide
ring with the concomitant release of phosphoadenosine diphosphate ribose
(Schoental, 1976).
The protective effect of zinc against CCl^ hepatotoxicity has
been documented by several investigators (Chvapil et al., 1973; Saldeen,
1969; Cagen and Klaassen, 1979, 1980). Zinc ions are known to bind to
NADPH but not to NADH (Ludwig et al., 1980); therefore, the protective
effect of zinc against CCl^ injured liver may be due to the formation of
the Z^-NADPH complex, thereby protecting NADPH from CCl^" attack.

Evi

dence for this hypothesis is presented in this paper.

Materials and Methods
Male Sprague-Dawley rats weighing 200-225 g were used.
free access to food (standard Purina rat chow) and tap water.

They had
The rats

were injected intraperitoneally (i.p.) with 2 mg of ZnC^ per 100 g body
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weight each day for three consecutive days.

The control rats were

treated similarly with saline of the same ionic strength as the zinc
solution.

CCl^ injury was produced in the rats by injecting i.p. 0.3 ml

of CCl^ (diluted 1:2 with mineral oil) per 100 g body weight 12 hours
after the last dose of ZnCl^-

The rats not receiving CCl^ were injected

i.p. with a comparable dose of mineral oil.
Seventeen hours

after the CCl^ or mineral oil injection, the

rats were anesthetized intramuscularly with 0.1 ml of Innovar Vet
(Pitman-Moore).
ture.

They were restrained and exsanguinated by cardiac punc

The livers were quickly removed and approximately 1.0 g samples

4were analyzed for NADP and NADPH by the method of Slater, Sawyer, and
Strauli (1964c).
Portions of the liver were homogenized in cold 0.01 M Tris-HCl
[tris-(hydroxymethyl) aminomethane, hydrochloride] buffer, pH 7.4
(1:5 w/v) with a motor-driven Potter-Elvehjem homogenizer.
(3-glucuronidase activity in the supernatant of the 25,000 x g centrifugation was used as an indication of lysosomal stability.

3-glucuronidase

activity was assayed by the method of Fishman and coworkers (1948).

One

nmole of phenolphthalein which is released during 1 hour incubation
(37°) of the liver homogenate fraction is expressed as one enzyme unit.
Total protein was measured in this fraction of the liver homogenate
(Lowry et al., 1951).
To determine liver triacylglycerols (TG), the liver lipids were
extracted by adding 10 ml of chloroform-methanol (2:1) Folch reagent to
1.0-1.5 g of liver (Folch et al., 1951).
30 sec with a polytron homogenizer.

The tissue was homogenized for

The homogenizer was rinsed 2 times
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with 10 ml of the chloroform-methanol for 15-25 sec.

The washings and

original homogenate were mixed in a 35 ml glass-stoppered centrifuge
tube and left at room temperature for 16-20 hours.
centrifuged for 15 min at 800 x g.

The homogenate was

The resulting supernatant was dried

by adding 1-3 g of anhydrous sodium sulfate and leaving it at room
temperature for more than 1 hour.
The liver TG were determined on an aliquot of dried lipid
extract of the liver as described by Biggs, Erikson, and Moorhead
(1977).

TG were extracted again with heptane.

Hydrolysis of the TG was

done with 28 mM sodium methoxide in isopropanol.

Splitting of glycerol

into formaldehyde was done by periodate and the color development by
reacting formaldehyde formed with ammonium acetate-buffered acetylacetone and determining absorption at 410 nm.
Statistical significance of the different treatments of the four
groups of rats was determined by Duncan's New Multiple Range Statistical
analysis (Duncan, 1955).

Results
Liver lysosomal disruption was found to be inversely propor
tional to the amount of NADPH in the liver (Figure 8). The release of
lysosomal 3-glucuronidase was increasing in the rat livers as the NADPH
levels were decreasing.

The correlation coefficient of the least

squares analysis of the data was -0.628 with an F value of 15.6512,
indicating significance at p < 0.001.
The accumulation of fat in the liver, as measured by triacylglycerol accumulation, showed the same relationship to the NADPH liver
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levels as did lysosomal disruption (Figure 9). Least squares analysis
of TG versus NADPH had a correlation coefficient of -0.806 with an F
value of 42.57, indicating significance at p < 0.001.
The levels of NADP+ and NADPH in rat liver after dosing with
ZnCl„ or CC1, mineral oil mixture are shown in Table 12.
2
4

The administra-

tion of ZnCl2 to the rats had no effect on the content of reduced or
oxidized nicotinamide adenine dinucleotide phosphate in the liver.

How

ever, CCl^ administration to the rats significantly decreased the con
tent of NADPH as well as NADP+.

Since both NADPH and NADP+ were

decreased, then the ratio was not significantly affected by the CCl^
treatment.
Rats pretreated with zinc prior to CCl^ administration had
increased hepatic NADPH levels above that of rats treated with CCl^
alone, while having no effect on NADP+ levels (Table 12). The total
hepatic nicotinamide nucleotide levels also increased in CCl^ and zinc
treated rats above that of rats given only CCl^.
to increased levels of NADPH and not NADP+.

This difference is due

The CCl. treatment induced
4

a greater decrease in NADPH levels rather than in NADP+ levels of the
livers of the CCl^ injured rats.

The zinc administration also reduced

g-glucuronidase release and triacylglycerol accumulation of the liver as
a function of the NADPH concentration (Figures 8 and 9).

Discussion
Changes in hepatic concentrations of NADPH are part of the
necrogenic chain of events in CCl^ (Slater et al., 1964b). Increased
' lipid levels are also known to contribute to hepatotoxicity.

The
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Table 12. Reduced and Oxidized Nicotinamide-Adenine Dinucleotide Phosphate in Rat Livers
after CCl, and Zinc Administration,
4

Treatment"'"

No, of
Rats

NADPH

NADP+

2
(jjg/g liver)

2
Cyg/g liver)

Total NADPH + NADP+
(yg/g liver)

NADPH:NADP+
Ratio

Control

6

182,1

+

28.9

15.6

+

2.3

197.8

+

27.5

12.0

+

3.3

Zinc

7

194.5

+

21.0

13.1

+

3.3

209.5

+

23.9

14.3

+

4.4

cci4

10

102.1

+

19.9a

10.6

+

2.2a

112.7

+

20.1a

10.1

+

2.5

CCl. + zinc
4

11

127.3

+

25.3b

11,7

+

2.8a

140.2

+

25.4b

12.2

+

4.1

Animals were administered CCI4 and ZnCl2 intraperitoneally as detailed in the Methods
section. Seventeen hours after the CCI4 dose, the animals were killed by exsanguination,
livers removed and assayed for NADP+ and NADPH as given in the Methods section.
2
Values are expressed as yg of coenzyme/g wet weight of liver. Variability is given as the
mean ± standard deviation, a and b indicate that the groups are significantly different
from the control group at the 95% level.

mechanism of this effect is unknown but may be associated with increased
hepatic lipid peroxidation by CCl^.

Large doses of Phenergen

[N"^-(2-dimethylamino-n-propyl) phenolthiazine hydrochloride] prevent or
delay the appearance of liver necrosis after CCl^ administration (Rees
and Spector, 1961), possibly by preventing decreases in NADPH which are
observed during CCl^ toxicity (Slater et al., 1964b).
The role of pyridine nucleotide metabolism in liver injury is
illustrated by the results of administration of nicotinamide to rats
prior to the CCl^ insult which decreases CCl^ induced liver necrosis
(Gibb and Brody, 1976). Since nicotinamide increases the liver's NAD+
and NADPH levels (Kaplan, 1968), it may prevent the NADPH levels from
dropping below some critical level during CCl^ injury.

The nicotinamide

protective effect is postulated to be due to ^Cl^* reacting with
nicotinamide rather than with NADPH (Slater, 1978; Schoental, 1976).
The hepatic lesions of CCl^ are a consequence of altered bio
chemical reactions, some of which are associated with NADPH.

The

present study has shown that zinc administration to rats partially pre
vents the depressed hepatic levels of NADPH due to CCl^ poisoning.
Centrilobular necrosis and fat levels in livers of rats treated with
CC1, are also decreased after zinc administration.
4

As NADPH levels are

partially maintained by zinc treatment, then lysosomal disruption and
triacylglycerol accumulation due to CCl^ toxicity are also decreased, as
indicated by Figures 8 and 9, which illustrate the correlation between
these events and NADPH levels.
These findings suggest that one of the mechanisms for the zinc
protective effect against CCl^ hepatotoxicity may be the interaction of
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zinc with NADPH to form the binuclear complex Z^-NADPH.

The formation

of Z^-NADPH, which has a binding constant of 10^'may protect the
pyridine nucleotide molecule from attack by CCl^" after CCl^ administra
tion.

This is further supported by the fact that NADP+ loss is equal in

both the CCl^ plus zinc dosed rats and CCl^ treated rats.

The binding

of zinc to NADPH may also account for the observed inhibition of the
NADPH microsomal drug oxidizing system by zinc (Chvapil et al., 1975;
Chvapil et al., 1976).

The production of the toxic CCl^* is dependent

upon the drug oxidizing system (Slater, 1972, 1975; Recknagel and
Glende, 1973).
Evidence has previously been presented indicating that zinc ions
bind at the monophosphate and diphosphate moieties of NADPH, thus
forming a ten-membered ring (Ludwig et al., 1980).

The three-

dimensional model of this molecule indicates that the atoms of the ring
are in alternating planes, thus reducing the stress on the molecule.
The formation of the Z^-NADPH ring restricts the rotation of both the
adenine and nicotinamide groups.

The rotational restriction may par

tially protect the pyridine nucleotide from attack by CCl^".

Thus, the

results of these studies suggest that the formation of Z^-NADPH is
protecting some of the vital hepatic biochemical reactions by inhibiting
the loss of hepatic NADPH during CCl^ toxicity.

CHAPTER 5

PROTECTIVE EFFECT OF ZINC AGAINST CHANGES IN HEPATIC
LIPID TRANSPORT INDUCED BY CCl^ ADMINISTRATION

CCl^ administration to animals causes peroxidative changes in
polyunsaturated fatty acids of biomembranes (Slater, 1975; Recknagel and
Glende, 1973).

The initiating substrate of CCl^ induced lipid peroxida

tion is the highly reactive product CCl^' formed by the liver microsomal
drug oxidizing system.

The presence of CCl-j* results in damages to

hepatocyte suborganelles such as endoplasmic reticulum (Smuckler and
Benditt, 1965), mitochondria (Artizzu and Dianzani, 1962), and lysosomes
(Slater, 1972).
Liver toxicity due to CCl^ administration to animals is seen as
centrilobular necrosis and fatty liver.

The mechanisms by which CCl^

produces these changes does not involve one unique disturbance.

CCl^

induced fatty liver has been attributed to the excess of nonesterified
fatty acids due to increased lipolysis from the stressful effects of
CCl^ administration (Calvert and Brody, 1958). Damage to mitochondria
results in decreases in fatty acid oxidation and loss of soluble
coenzymes (Dianzani, 1978).

Endoplasmic reticulum damages decreases

protein synthesis (Smuckler and Benditt, 1965; Ludwig et al., submitted
to Toxicology and Applied Pharmacology).

However, most of these changes

occur much later than the onset of triacylglycerol (TG) accumulation.
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Decreases in lipoprotein secretion after CCl^ treatment coincides with
the initial liver TG accumulation (Dianzani, 1978).
Membrane structural integrity has an important role in the
secretion and formation of lipoproteins.

Synthesis of the apo-

lipoprotein and assembly of the lipoprotein requires an intact endo
plasmic reticulum.

Release of the lipoproteins from the hepatocytes

depends upon the presence of adequately functioning plasma membranes.
Zinc ion pretreatment to rats has been shown to protect against
some of the liver injury induced by a single injection of CCl^ (Chvapil
et al., 1973; Cagen and Klaassen, 1979, 1980; Saldeen, 1969).

CCl^

induced hepatic TG accumulation is significantly decreased after zinc
pretreatment.

The mechanism of this effect may be related to the

finding that zinc ions prevent CCl^ induced lipid peroxidation in vivo
and in vitro (Chvapil et al., 1972d),

Consequently, zinc ions are indi

cated as one of the factors stabilizing membranes (Chvapil et al.,
1972a; Chvapil, 1973; Ludwig and Chvapil, 1980).
The initial event contributing to the liver TG accumulation may
be CCl^ induced lipid peroxidative damage of membranes possibly causing
impaired lipoprotein secretion (Recknagel and Ghoshal, 1966).

Main

tenance of the fatty liver appears to be related to damaged endoplasmic
reticulum and mitochondria which affects lipoprotein secretion and
formation (Dianzani, 1978).

Since zinc ions have been indicated as one

of the factors stabilizing biomembranes, then the effect of zinc
administration on lipid metabolism during CCl^ hepatotoxicity was
studied.

Materials and Methods
Rats used were Sprague-Dawley males (200-225 g body weight).
They had free access to food (standard Purina laboratory chow) and tap
water.

The rats on high levels of zinc were injected intraperitoneally

(i.p.) with 2 mg of ZnCl^ per 100 g body weight each day for three con
secutive days.

The control animals were injected with a comparable dose

of saline of the same ionic strength.

The CCl^ treated rats were given

i.p. injections of 0.3 ml of CCl^ (which was diluted 1:2 with mineral
oil) per 100 g body weight 12 hours after the last dose of ZnC^.

The

rats not receiving CCl^ were injected with a comparable dose of mineral
oil (i.p.).
Seventeen hours after the CCl^ or mineral oil injections, the
rats were anesthetized intramuscularly with 0.1 ml of Innovar Vet
(Pitman-Moore).
ture,
tubes.

They were restrained and exsanguinated by cardiac punc

Blood was collected without an anticoagulant present in the
The livers were removed and weighed.
The rats were injected i.p. with 20 yCi of

14
C-acetate (New

England Nuclear) one hour before they were killed.

Lipid Analyses
Liver lipids were extracted by adding 10 ml of chloroformmethanol (.2;1) Folch reagent to 1,0-1.5 g of liver (Folch et al., 1951).
The tissue was homogenized for 30 sec with a polytron homogenizer.

The

homogenizer was rinsed 2 times with 10 ml of the chloroform-methanol for
15-25 sec,

The washings and original homogenate were mixed in a 35 ml

glass-stoppered centrifuge tube and left at room temperature for 16-20
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hours.

The homogenate was centrifuged for 15 min at 800 x g. The

resulting supernatant was dried by adding 1-3 g of anhydrous sodium sul
fate and leaving it at room temperature for more than one hour.
One ml of serum was added to 20 ml of Folch reagent mixed
thoroughly and treated in the same manner as the tissue homogenate.

All

lipid analyses were done on aliquots of these extracts.
TG measurements of the liver and serum were determined on the
lipid extracts of the tissues as described by Biggs and coworkers
(1977).

The extraction procedure used heptane.

Hydrolysis of the

acylglycerols was done with 0.1 M NaOH in isopropanol.

Splitting of

glycerol into formaldehyde was done by periodate, and the color develop
ment by reacting the formaldehyde formed with ammonium acetate-buffered
acetylacetone.
Liver phospholipids were determined on a dried 0.3 ml aliquot
of the liver Folch extract.

The method used (Raheja et al., 1973) does

not require the prior digestion of phospholipids (PL).
Thin layer chromatographic (TLC) separation of lipid classes was
performed on 5 ml aliquots of the Folch tissue and serum extract which
were dried at 60-70° under a ^ stream.

Cholesterol, cholesterol

palmitate, triolein, diheptadecanoyl-lecithin, and stearic acid were
added as carrier to the extract to visualize the various components of
the silica G plates.

The solvent system contained petroleum ether,

ether, and glacial acetic acid (82:16:12).

The lipid spots on the TLC

plates were stained by a 0.2% solution of 2,7 dichlorofluoresceinethanol spray reagent.
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Specific activity (SA) of TG and PL was determined from the TG
and PL spots on the TLC plates which were scraped off into scintillation
vials.

To each vial, 2 ml of glacial acetic acid were added and 10 ml

of P0P0P-PP0 toluene solution [3 g/1 of PPO (2,5-diphenyloxazole) and
150 mg/1 of POPOP (1,4-bis-2-(methyl-5-phenyloxazolyl)-benzene)]. The
vials were mixed and the amount of radioactivity in each vial determined
on a Beckman LS-250 liquid scintillation counting system.
of quench for each sample was determined by using
as the internal standard.

The amount

14
C-toluene solution

The amount of the TG and PL found in each

Folch extract was related to the amount of radioactivity obtained from
the TLC, thus the SA was calculated.
The total amount of radioactivity incorporated into PL and TG
per g liver was determined.

Microsomal Analyses
Portions of the liver were homogenized (1:5 w/v) in cold 0.01 M
Tris-HCl buffer, pH 7.4, with a motor-driven Potter-Elvehjem homogenizer.
The 105,000 x g microsomal pellet was prepared from the homogenized
liver by differential centrifugation as described previously (Chvapil et
al., 1972d).

Total protein was measured in the microsomal pellet by the

method of Lowry and coworkers (1951). The lipids were extracted from
the microsomal pellet by the Folch method as described for the liver and
serum.
Microsomal cholesterol levels were determined on the lipid
extract by the method of Zak (1965). a 0.3 ml dried Folch microsomal
extract was used.
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Microsomal proteins synthesized from the

14

C-acetate was deter

mined on the pellet remaining after lipid extraction.

The pellet was

dissolved in 2 N NaOH and precipitated with 10 N TCA.

14
C was deter

mined in the TCA pellet.
Statistical significance of the different treatments of the four
groups of rats was determined by Duncan's New Multiple Range Statistical
analysis (Duncan, 1955).

Results

TG Transport
Impaired secretion of lipoproteins by the CCl^ damaged hepatocytes is indicated by the decrease in newly synthesized TG being trans
ported from the liver to the serum (Table 13).

This is further substan

tiated by'the accumulation of TG in the liver of the CCl^ injured rats.
Zinc treatment to the CCl^ injured rats significantly decreases liver
TG accumulation which is reflected in newly formed TG being transported
to the serum

as well as total serum TG.

Even though the total amount of TG distributed between the serum
and liver does not change due to CCl^, the percentage of TG in the serum
as a function of liver TG plus serum TG is significantly decreased by
CCl^ administration (Table 13).

Again, this indicates that CCl^ impairs

lipoprotein secretion which is improved by zinc administration to the
animal.

Table 13. Triacylglycerol Levels in Liver and Serum of CCl^ and Zinc Treated Rats.

Liver TG
Treatment

(mg/g liver)'

Serum TG

Total Incorporation of
C into Serum TG

(mg/100 ml serum)'

(DPM/10d ml serum x 10 ^)^

Control

2.16 ±

0.80

68.17 ± 19.7

148.7 ±

Zinc

2.11 ±

0.99

94.67 ± 11.17

185.1 ± 121.8

CC1,

20.21 ± 10.95"

CCl, + zinc
4

12.22 ±

6.37^

82.43 ± 35.21
113.5

± 37.96^

76.9

(Serum TG/Liver
TG + Serum TG)
x 100
(%)
97.2 ±

1.1

98.0 ± 1.2

36.3 ±

15.3:

77.1 ± 17.0"

96.9 ±

48.2

92.7 ±

5.3

Zinc treated rats were given 2 mg ZnCl2/100 g body weight intraperitoneally for three consecutive
days prior to the CCI4 dose. CCI4 treated rats were given 0.3 ml CCI4 (diluted 1:2 with mineral
oil) per 100 g body weight intraperitoneally 17 hours prior to sacrifice. Each group consisted of
7 rats.
"Values are expressed as mean ± standard deviation.
^Significantly different from the control group at the 95% level.
Significantly different from the control and CCl^ groups at the 95% level.
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Liver TG Synthesis

The TG hepatic accumulation observed in the CCl^ injured rats is
not a consequence of increased TG synthesis of the liver (Table 14).
The SA of the CCl^ and CCl^ plus zinc groups suggests a decrease in the

TG synthesis, but considering the pool size of the liver TG after CCl^
treatment the total amount of

14
C incorporated into liver TG is not

affected.

Liver PL and Microsomal Proteins
Liver PL and microsomal proteins are decreased by the CCl^
treatment to rats (Table 15).

Even though zinc administration to these

animals did not significantly increase the PL and protein levels, the
incorporation of

14
C into these molecules was significantly increased by

the zinc additions as indicated by the SA.

The total amount of

14
C

incorporated into PL by the zinc plus CCl^ rats was not significantly
increased statistically due to the decrease in the pool size of PL; how
ever, the tendency for increased PL synthesis by zinc is still indicated.
Formation of a functional lipoprotein requires PL and proteins
in the form of the apolipoprotein.

Although zinc treatment does not

increase the depressed levels of proteins and PL at 17 hours after CCl^
administration, it may be initiating the cellular repair process as
indicated by the increased synthesis of proteins and PL,
Fatty liver, as evidenced by TG hepatic accumulation, is
inversely proportional to protein synthesis (Figure 10). Protein syn
thesis is increased by zinc administration to the CCl^ dosed rats, thus
causing increased movement of TG from the CCl^ injured liver.

The

Table 14. Effect of Zinc on Liver Triacylglycerol Synthesis of CCl^ Dosed
Rats.

Liver TG
Treatment"'"

2
(mg/g liver)

Liver TG Synthesis

Total Incorporation
of 14C into Liver TG

(DPM/mg TG x 10~3)2

(DPM/g liver x 10 3)^

Control

2.16 ±

0.80

8.79 ± 4.89

19.82 ± 17.20

Zinc

2.11 ±

0.99

7.99 ± 1.97

15.40 ±

8.78

cci4

20.21 ± 10.953

1.16 ± 0.723

22.68 ± 13.06

CCl^ + zinc

12.22 ±

2.03 ± 1.503

15.25 ±

6.37

Animals were treated with zinc and CCI4 as indicated in Table 13.
group consisted of 7 rats.
2
Values are expressed as mean ± standard deviation.
3

Significantly different from the control group at the 95% level.

8.30

Each

Table 15. Effect of Zinc on Liver Phospholipids and Microsomal Proteins of CCl^ Injured Rats.

Liver PL
1
Treatment

2
(mg/g liver)

Liver PL
Synthesis
(DPM/mg PL
3 2
x 10 )

Total
Incorporation
of -^C into
Liver PL
(DPM/g liver
- 3 2
x 10 )

Microsomal
Proteins
2
(mg/g liver)

Microsomal
Protein Synthesis
2
(DPM/mg protein)

Control

34.5 ± 4.8

1.49

+

0.8

44.26

+

25.02

13.59

+

1.34

140.0 ± 10.3

Zinc

32.9 ± 3.4

1.41

+

0.4

45.67

+

13.61

12.28

+

4.29

157.0 ± 33.3

CCl.
4

29.6 ± 2.83

1.63

+

0.4

47.72

+

8.21

5.42

+

0.423

79.5

+

20.83

CCl, + zinc
4

27.4 ± 2.03

2.27

+

0.53

55.94

+

24.49

5.83

+

1.233

119.1

+

34.0

"'"Animals were treated with zinc and CCI4 as indicated in Table 13.
rats.
Values are expressed as mean ± standard deviation.
3

Significantly different from the control group at the 95% level.

Each group consisted of 7
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CCII+ZINC

MICROSOMAL PROTEIN SYNTHESIS (I4C DPI^/MG PROTEIN)

Figure 10. Least Squares Analysis (p < .05) of Hepatic Triacylglycerol
Levels as a Function of Liver Microsomal Protein Synthesis
of Rats Treated with CC1, and Zinc.
4
Arrows indicate mean values of microsomal protein synthesis for each
group. • = CCI4; o = CCI4 + zinc; g = control; g = zinc.
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correlation coefficient of the least squares analysis of liver TG versus
protein synthesis was -0.430 with an F value of 5.44, indicating sig
nificance at p < 0.05.
Neither CCl^ nor zinc treatment of rats affected the hepatic
microsomal cholesterol levels.

Discussion

Zinc administration to rats protects against some of the liver
injury produced by CCl^ (Chvapil et al., 1973; Cagen and Klaassen,
1979, 1980; Saldeen, 1969), as well as other hepatotoxins such as
sporidesmin (Towers, 1977).

Centrilobular necrosis and fat accumulation

in liver of rats treated with CC1, have been shown to be decreased after
4
zinc administration.

The liver damages induced by CCl^ administration

are a consequence of several metabolic disturbances.

Formation and secretion of a functional lipoprotein by hepatocytes is necessary for transport of TG out of the liver.

CCl^ induced

fatty liver may initially be due to damage of the lipoprotein (Comporti
and Beneditti, 1973; Dianzani, 1978).

The free radical chain reaction

of CCl^ induced lipid peroxidation may also damage the endoplasmic
reticulum membrane which is thought to be the site of lipoprotein
assembly (Mahey et al., 1970; Scanu, 1972).

Lipid peroxidation of

microtubule , may account for TG liver accumulation by inhibiting lipo
protein secretion of the hepatocytes.
Several mechanisms for the protective effect of zinc against
CCl^ hepatic injury have been postulated.

These include the interaction

of zinc with NADPH to form Z^-NADPH (Ludwig et al., 1980).

The

formation of Z^-NADPH may account for the observed inhibition of the
NADPH mixed function oxidase system by zinc (Chvapil et al., 1975;
Chvapil et al., 1976) which is necessary for the formation of the toxic
CC13" radical.

In addition, the binding of zinc to NADPH may result in

resistance of the coenzyme to CCl^' attack after CCl^ administration
(Ludwig, Chvapil, and Eskelson, submitted to Biochemistry Journal).
Consequently, perturbations in liver biochemical reactions dependent
upon NADPH during CCl^ toxicity may be ameleriorated by zinc treatment.
The inhibiting effect of zinc on lipid peroxidation of the liver may
represent another mechanism (Chvapil et al,, 1972b; Chvapil et al.,
1973).

Zinc ions may maintain the structural and functional integrity

of biomembranes, thus affording the tissue cells protection against CCl^
hepatotoxicity.
The initial onset of hepatic TG accumulation due to CCl^ injury
of rats coincides with lipid peroxidative damage to membranes.

The pro

tective effect of zinc on CCl^ induced fatty liver appears to be related
to the maintenance of membrane components, thus facilitating TG mobili
zation from liver to serum (Table 13) by lipoprotein secretion.

In

addition, zinc administration to the CCl^ treated rats improves liver
microsomal protein synthesis and phospholipid synthesis (Table 15),
suggesting increased formation of lipoproteins in order to move TG from
the liver which are elevated by the lipolytic action of CCl^ administra
tion.

Increased PL and protein synthesis levels after zinc treatment

may also reflect initiation of the repair process of the livers of CCl^
injured rats.

Since zinc administration to the rats alone did not

increase PL synthesis, protein synthesis or TG synthesis, then it

appears that zinc is involved in reactions to maintain membrane
stability which is threatened by exposure of the tissue to a noxious
agent.

CHAPTER 6

GENERAL CONCLUSIONS

The studies detailed in this dissertation were performed for two
reasons.

One purpose of these experiments was to unravel the physio

logical and biochemical mechanisms involved in the reaction of living
cells to a relatively simple compound, carbon tetrachloride.

This work

is an expression of medical research which was described by Claude
Bernard (Stoner and Magee, 1957): Poisons can be used as agents for the
destruction of life or as means of curing diseases; but besides these
two uses well known to everyone, there is a third which particularly
interests the physiologist.

For him, a poison becomes an instrument

which dissociates and analyzes the most delicate phenomena of the living
machine, and, by studying attentively the mechansim of death due to
different poisons, he comes to know by an indirect way the physiological
mechanisms of life.
The' other purpose of these experiments was to understand the
mechanisms of the zinc protective effect against CCl^ hepatotoxicity.
Zinc ion was chosen for study because:

1) zinc is one of the least

toxic trace elements, and 2) the increase of zinc in tissues (liver and
serum) needed to produce the required protecting effect against CCl^
injury is rather small.
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The results of these studies suggest that zinc ion supplementa
tion to animals exposed to noxious agents such as CCl^ as well as
chemical carcinogens may protect the animal from the expression of the
ensuing tissue damage such as cancer.
Some of the foreign compounds administered to animals are
metabolized by the liver microsomal drug oxidizing system (also called
mixed function oxidases or MFO) to form a biologically inactive form.
The system is therefore called a drug detoxifying system.

However, many

initially inert compounds such as CCl^ are metabolized to chemically
reactive intermediates during this process of "detoxification."

These

highly reactive intermediates can then interact with tissue macromolecules (i.e., DNA, protein, lipids).

It is this interaction with

cellular constituents that results in tissue damage.

Thus, detoxifica

tion is rather an activation, and the concept of inactivation by MFO in
these cases is rather false.
The liver protective effect of zinc ions seems to be specific
for hepatotoxins produced by the microsomal drug oxidizing system.

This

work and that of others indicate that zinc supplementation protects the
liver against sporidesmin toxicity, acute alcoholic hepatitis, and CCl^
hepatotoxicity.

However, there was no protective effect by zinc against

hepatotoxins that are not metabolized by the NADPH dependent drug
oxidizing system such as ethionine and silica particles.

This finding

strongly indicates that the primary mechanism of the zinc protective
effect against CCl^ hepatotoxicity is by inhibition of the NADPH depen
dent drug oxidizing system.
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It appears that the crucial effect of the inhibition of MFO by
zinc ion is the interaction of zinc with NADPH to form the binuclear
complex.

Supporting this is the finding that increased hepatic levels

of NADPH are observed in rats treated with zinc and CCl^.

This binding

results in reduced activity of the MFO as indicated by inhibition of
aniline hydroxylase and ethylmorphine N-demethylase by zinc (Chvapil et
al., 1976; Chvapil et al., 1975).

It is possible that the other

reported effects of zinc on the CCl^ damaged liver such as stabilization
of lysosomes (Chvapil et al., 1972c; Ludwig and Chvapil, 1980) or the
effect on lipid peroxidation (Chvapil et al., 1972d) may be secondary
effects related to the primary inhibition of the microsomal drug
oxidizing system.
The microsomal drug oxidizing system is involved in formation of
lipid peroxides (dependent upon NADPH) and in the formation of active
forms of oxygen, such as singlet oxygen or superoxide anion.

These

forms of oxygen will ultimately initiate lipid peroxidation unless they
are quenched by compounds such as glutathion peroxidase or superoxide
dismutase.

Most, and perhaps all, of the chemical carcinogens are

either strong electrophillic reactants initially (primary) or are con
verted in vivo into potent electrophillic reactants (secondary).

The

involvement of the liver MFO in the formation of an active form of a
carcinogen has been documented.

The major targets of interaction of

active carcinogens with cell constituents have been identified as pro
tein, RNA, and DNA involving covalent bond formation.

The extent of the

ultimate carcinogenesis is covalent binding of the macromolecules.
Since activation of some chemical carcinogens by MFO is a prerequisite
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process of carcinogenesis, it has been suggested that inhibiting activation might prevent carcinogenesis.

An example of secondary carcinogens are metabolites called
aflatoxins (AF) which are produced by toxigenic strains of the fungus
Aspergillus flavus and often found as contaminants of animal feeds.
AFB

1

was shown to be hepatotoxic and carcinogenic.

In fact, AFB

1

is now

considered to be the most potent heptocarcinogen discovered so far, and
if the dosage is adequate it is capable of causing a 100% incidence of
hepatomas in rats (Madhaven and Gopalan, 1968}.

AFB

1

has been found in

human foods, particularly in tropical and subtropical regions.

The

results of epidemiologic studies relate a high incidence of heptocellular carcinoma to AFB

1

in these areas (Peers and Linsell, 1973).

Approximately 10% of the administered AFB
to liver proteins and nucleic acids.
incubating AFB

1

1

is covalently bound

The same result is obtained when

with liver microsomes and NADPH.

identified as a possible carcinogenic metabolite.

AFB -2,3-epoxide was
1
Mild acid hydrolysis

of the DNA and RNA adducts formed a derivative which was identified as
2,3-dihydro-2,3-dihydroaflatoxin B •
1
the metabolism of AFB
posal to block AFB

1

1

Thus, the involvement of MFO in

is well-documented, which substantiates the pro-

metabolism with zinc ions.

The studies detailed in this dissertation on cc1

4

hepatotoxicity

and the mechanisms by which zinc ions improve this condition began with
the finding that NADPH dependent MFO are competitively inhibited by ztnc
ions.

cc1

4

is converted to the trichloromethyl free radical (CC1 ") by
3

the microsomal NADPH dependent MFO and it is assumed that CC1 ' is the
3
actual hepatotoxic

spe~ies,
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To elucidate the mechanisms by which zinc ions inhibit the NADPH
dependent MFO, the possibility that zinc ions may be binding to the
substrate of the MFO, NADPH, was investigated.

Evidence has been

presented indicating that zinc ions form a binuclear complex with NADPH
with a formation constant of 10^"The structure of this complex has
been postulated (Ludwig et al., 1980).

Supporting the formation of this

complex in vivo is the finding that depressed hepatic levels of NADPH in
CCl^ poisoned rats were increased by zinc administration to these
animals.
The electrophillic CCl^* produced by the MFO during CCl^ hepatotoxicity interacts with the polyunsaturated fatty acids of the biomembranes, thus inducing lipid peroxidative membrane changes.

Since a

NADPH oxidation linked lipid peroxidation system has been identified in
liver microsomes, it has been suggested that the process of lipid
peroxidation and of drug oxidation depends on the same microsomal elec
tron transport chain.

To further understand the mechanisms of zinc ions

protecting against CCl^ hepatotoxicity, the interaction of zinc ions
with biomembranes was studied.
Results of these studies indicate that zinc ions render the
membranes less susceptible to labilization due to CCl^ toxicity.

This

was shown in lysosomal, and smooth and rough endoplasmic reticulum
membranes.
The primary mechanism of the zinc effect on CCl^ toxicity is due
to the inhibiting effect of zinc ions on the microsomal drug oxidizing
system converting CCl^ to the free radical CCl^", thus suggesting a
similar zinc protective effect against secondary carcinogens.

As a

consequence of the inhibition of MFO and through interconnecting path
ways of NADPH linked lipid peroxidation with the MFO, the zinc ions are
also interacting with the polyunsaturated fatty acids of the membranes,
thus making them more resistant to peroxidative deterioration. In con
clusion, dietary adequate levels of zinc ions that will maintain normal
cellular function will give maximum protection against contaminating
agents in the environment such as CCl^, AFB^, and others..

In contrast,

low dietary levels of zinc or even marginally low levels of zinc, which
have been reported in the United States in school-age children, may be a
contributing factor to the increasing risk of tissue damage due to
environmental contaminants.
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