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SUMMARY

The cli ect of carbon tetracliloride on lipid peroxidation and protein synthesis has been
stuthed in rat liver. In liver mnicrosomuues, n#{248}correlation could be found in vitro between the

degree of lipid peroxidation amid protein synthesis. Stimulation of peroxidation by CC14,

ultraviolet irra(hat ion, or ascorbic acid, or inhibition of peroxidation by vitamin K, did not
affect the rate of protein syntluesis. Despite large changes in the degree of lipid peroxidation
in vitro, ril)osonies remained bound to nuicrosoiuual inemuibranes.

The admiiinist ration of antioxidant.s in t’ivo, such as N,N’-diphuenyi-p-phenylenediaiuuimie
or a-tocopherol, prevented thue fatty liver and necrosis produced by CCL, but did not

reverse thue inhibition of protein synthesis in liver slices or isolated polyribosomes
derived from such animals. Since the formuuation and release of hepatic hipoproteins involve
nuaiiy steps, including triglyceride synthesis, interaction with apoprotein, and release or
secret ion of hipoproteimi froni tlue liver, it is possible that antioxidants act at somuie stage
other thuan apoprotein synthesis per se.

It is concluded that the (lemonstration of lipid peroxidation in vitro may not always imnply

functional damage to the subcellular conuponent so oxidized. In particular, while CCI4
admimiistered in i’im’o clearly decreases protein synthesis, there may not be a direct relation-
ship between thuis effect amid tile degree of lipid peroxidation.

INTRODUCTION

Until now the pathogenesis of the
induction of fatty livers by carbon tetra-
chloride has not been elucidated. Many
investigators have searched for a single
or major factor to explain the promuounced

increase in hepatic fat accumulation. Hove
was the first investigator to discover the

pro-oxidant effect of CC14 (1). Later,

Gallagher (2) demonstrated that when
animals were first treated by injection with

aiut.ioxidants, the inductiomu of fatty livers
by CCI.I was prevented. Kahish and Di
Luzio confirmed thuese fimudings and sug-

These studies were carried out with support

from The John A. Hartford Foundation, Inc.,

and Grants AM-01392, AM-03014, and AP-4501

from flue National Institutes of Healthu.

gested that increased lipid peroxidation
might be an important factor in the
production of fatty livers both by CCL
and by ethanol (3), perhaps by damaging
the lipid-containing membranes of the
subcellular organehles.

Lysosomes (4) and mitochondria (5)
have been shown to lose both structural
integrity and function when lipid perox-

idation is stimulated. Microsomes are a
subcellular fraction implicated in the
production of fatty livers by CCl.�, and

Smuckler and Benditt have showiu that

protein synthesis in isolated microsomes
is decreased (6). Ghoshal and Recknagel
have demonstrated thuat CC!1 promotes
lipid peroxidation in isolated microsomes
and that the activity of a microsomal

enzyme, glucose 6-phosphatase, is decreased
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during lipid peroxidation in vitro (7) . On
the other hand, we have recently shown
that CCI4 has a marked effect on the
integrity of lysosomal nuembranes without

causing an increase in lipid peroxidation

(8) . In addition we have shown (9) thuat

CCL inhibits synthesis and polyribosonie
formation in the intestinal mucosa, a tissue
which does not peroxidize lipids in vitro

(10). We have therefore attempted to

determine whether or not CC14 diminishes
protein synthesis in the liver by primarily
increasing lipid peroxidation and second-
arily decreasing protein synthesis. The
results suggest that there is no direct

relationship between thue effects of CCI4
on protein synthesis and lipid peroxidation.

A prelimimuary report of this w’ork has

appeared (11).

EXPERIMENTAL PROCEDURES

Materials. N,N’-Diphenyl-p-phenylene-

diamine was obtained from Eastman
Organic Chemicals. a-Tocopherol acetate
(vitamin E) and CC!4 were products of

Fisher Scientific Company. Menadione

sodium bisulfite, a synthetic analogue of
vitamin K, was purchased from Abbott
Laboratories. Thiobarbituric acid was

purchased from Sigma Chemical Company.
Uniformly labeled L-leucine-14C was a

product of New England Nuclear Corpo-
ration. Sprague-Dawley rats (CD strain)
were purchased from Charles River Labo-

ratories.
Methods. Rat livers were homogenized

in a Dounce homogenizer in medium con-

taming 0.25 M sucrose, 0.06 M Tris-HC1 at
pH 7.8, 0.025 M KCI, and 0.005 M MgCl2.
Mitochondria were removed by centrif-

ugation at 10,000 X g for 10 mm, and
microsomes were isolated at 105,000 X g
for 90 mm. The microsomal pellet was
washed once and resuspended in 0.1 volume
of homogenizing medium. Polyrihosomes

were isolated by the method of Wettstein

et at. (12). Sucrose gradients were made
by the method of Britten and Roberts (13).

Lipid peroxidation was measured by the
thiobarbituric acid reaction (14) with the
modification of Fortney and Lynn (15) to
avoid interference by sucrose. Amino acid
incorporation studies were performed in

vitro ni a fimual volume of 3 1111 containilug

2 mg of microsomal protein, 2 nig of post-

microsomal supernatant protein, 750 p.moies

of sucrose, 150 j�moles of Tris-HC1 (pH
7.8), 6 .p.moles of ATP, 0.6 �mole of GTP,

30 j�moles of creatimue phosphate, 100 j.�g of

creatine phosphokinase, 30 �nuoles of

MgCl2, 180 p.moles of KC1, 0.12 �.tC of L-

leucine-14C (20 �.tC/j.tmole), and 0.3 1�mole

of each of the other 19 L-amino acids.
Incubations were performed at 37#{176}with

constant shaking. Protein was precipitated
and analyzed as previously described (8).

Lipid peroxidation in vitro was per-
formed under ultraviolet light with a wave-
length of 3600 A. The light source was 10
cm from the incubating mediuni, and the
flasks were shaken and oxygenated during

the experiments. N,N’-Diphenyl-p-phenyl-

enediamine and a-tocopherol were adnuinis-
tered to animals intraperitoneally according
to the schedule of Di Luzio and Costales
(16), except that the final dose, given 2 hr

before beginning the experiment, was
omitted. Control rats received corn oil
intraperitoneally. Rats were fasted only
overnight before being killed. CCL was
given via stomach tube to unanesthetized

rats in the amount of 0.125 nul 100 g of

body weight, mixed witiu an equal volume
of mineral oih. Control rats received mineral
oil alone.

Liver triglycerides were nueasu red accord-

ing to Van Handel and Zilversmit (17),
and plasma free fatty acids by the method
of Dole (18). Protein content of micro-
somnes and ribosonues w’as measured by the

nuethod of Lowry et a!. (19)

RESULTS

Studies on isolated microsoines. By the
careful selection of concentrations of micro-
somes and supernatant fraction, it was pos-

sible to achieve linear kinetics for lipid

peroxidation in vitro as nueasured by the
thiobarbituric acid reaction. Figure 1 shows

that peroxidation of microsomal lipids
proceeds in the absence of any added pro-
oxidants. When lipid peroxidation was

increased slightly by CCI, or markedly
by ascorbic acid, no change in tiue incor-
poration of L-leucine-14C into protein was

noted. In addition, when peroxidation was
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Fio. 1. The effect of pro-oxidarits and antioxidants

on protein synthesis and lipid peroxidation in liver

microsonus

Micr()sonies were incubated as described in

Methods. Ascorbic acid and menadione were added

to a fiuial coiuceiit rat ion of 1(Y4 M and 3 X 10� M,

resiiertivelv. The concentration of Cd4 was 1 �il/nul

of inctibat ion medium. Protein synthesis and lipid

peroxidat ion were assayed as described in Methods.

completely preveiuted by the addition of
vitamin K, leucilue incorporation was un-

affected (Fig. 1).
In art attempt to stimulate lipid per-

oxidation maxinually, the microsomes were
subjected to ultraviolet irradiation. Figure
2 shows thuat, despite a 4-fold increase in

thiobarbituric acid-reacting material after
ultraviolet irradiation, there was no change
noted in incorporation of L-leucine-14C
into proteimu. The increase in lipid per-

oxidation was confirmed by extracting
lipids and measuring difference in spectra
at 232 m1� (20). These experiments show

that marked changes in lipid peroxidatioiu
of microsomes in vitro do not alter the rate
of protein synthesis.

The effect of CCL on lipid peroxidation
amid protein synthesis was next investigated.
Although CC14 increased peroxidation imu
microsomal lipids in vitro only to a small
and somewhat inconsistent extent (Fig. 1),
when it was conubined with ultraviolet ir-

MINUTES

Fin. 2. The effect of ultraviolet irradiation on

protein synthesis and lipid peroxidation in liver

microsomes

Incubation and assays were 1)�rfornu#{128}ulas described

in Methods.

radiatiomu a strong pro-oxidant effect was

obtained. Table 1 reveals that the additioiu

of CCL alone, in increasing amounts,
caused a slight increase in lipid peroxida-
tion of isolated microsomes, but had no
effect on incorporation of leucine into

protein. Ultraviolet irradiation, in the
presence of CCL, caused a larger increase
in lipid peroxidation, more than twice that
seen with ultraviolet light alone. However,
the amount of peroxidation was dependent

on the dose of CCL added. In spite of the
marked increase in peroxidation, the extent
of protein synthesis by the microsomes
remained unchanged (Table 1).

Since microsomes are composed of menu-

branes and ribosomes, the fact that iiu-
creased lipid peroxidation did not affect
protein synthesis in vitro suggested that the
ribosomes were preserved intact during per-

oxidation. It seemed possible, however, that
increased lipid peroxidation might disrupt
the bond between ribosomes and membrane,
thus affectitug the anatomical integrity of
thue microsonues. Microsomes were therefore
incubated in the presence and absence of

ultraviolet irradiation and subjected to dis-
continuous sucrose gradient eentrifugation
according to Henshaw et a!. (21). Figure 3A
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TUBE NUMBER

FIG. 3. The effect of ultraviolet irradiation on sucrose density gradient patterns of liver microsomes

Discontinuous sucrose gradients were prepared according to Flenshaw et al. (2fl. One milligram of iuui-

crosomal protein was added to the gradient in A and B, and both gradients were centrifuged in a Spinco

SW 25-L rotor at 63,580 x g for 2 hr. Tlue bottom of each tube was punctured and the effluent was collected.

The tubes were analyzed at 260 m� in A; 0.5 ml of each fraction from gradient B was used as the source of

ribosomes for incorporation of L-leUcine-’4C in vitro as described in Methods. After incubation for 30 mm at

37#{176},the protein was precipitated with 5% trichloracetic acid. One milligram of carrier albumin was added,

and the protein wa.s isolated and assayed for radioactivity as previously describe(l (8). The arrow at tube

S indicates the interface between 50% and 30% sucrose.

TUBE NUMBER

1’IG. 4. The effect of (‘Cl4 and afltiOxi(!(lfltS on sucrose density gradient patterns of liver polyriho.somes

.V,N’-Diphenyl-p-phenylenediamine (DPPD), a-tocopherol, and (1(14 were administered according to

the schedule in Table 2. Animals were killed 1 hr after CC14 was given. Approximately 1 mg of ribosomal

protein was added to a 15-30% linear sucrose gradient and centrifuged at 63,580 X g for 2 hr at 4#{176}.Single
ribosomes migrated to tube 21; double ribosomes, to tubes 1� and 19. The tubes were punctured, and the

effluent passed through a continuous recording cell in a Gilford model 200() spectrophotonseter and analyzed

at 260 m�o.
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TABLE 1
Effect of CC14 on rat liver microsomes

Microsomes were isolated from rats fasted overnight as described in Methods. The CC14 was added to the

medium and dispersed with vigorous shaking before addition of the microsomes. Lipid peroxidation was

stimulated by ultraviolet light as described in Methods. All incubations were perfornued for 20 mm. The

figures are the nuean (If three separate flasks ± standard deviation.

Treat nuent

Amount of

CC14 added

Thiobarbituric

acid reaction

i.-Leucine-’4C

incorporat ion

,�l/rng protein 0D535/15 mm cpm/mg protein

(‘arbon tetrachihoride 0

0.4
1
2

0 116 ± 0.014

0165 ± 0.013

0168 ± 0.019
0195 ± 0.007

703 ± 34

722 ± 25
770 ± 47

701 ± 29

Carbon tetrachloride + 0 0.297 ± 0.016 712 ± 25

ultraviolet irradiation 04

1

2

0.475 ± 0.017

0.573 ± 0.017

0.706±0.019

780 ± 14

771 ± 41

762±16

ribosomes, suggesting that ribosomes re-
mained attached to membrane during
lipid peroxidation in vitro. When identical
fractions froln a duplicate gradient were

used as the source of ribosonues for protein
synthesis in vitro, no differemuce was noted
in the distribution of labeled protein be-
tween comutrol and ultraviolet-treated micro-
somes (Fig. 3B). In both preparations there

was a large peak of protein synthesis as-
sociated with membrane-bound ribosomes,
and no shift of this activity to the free
ribosomes (tube 18) was noted as a result

of ultraviolet light treatment. Thus,
presumably the ribosomes remaining after
ultraviolet irradiation are functionally
unchanged, whether bound to membrane
or not. No structural differences were
observed whien the treated and untreated
microsonues were examined with the

electron microscope. Thus, both the struc-
ture and functiomu of the microsomes ap-
peared to remain intact during extensive
lipid peroxidation.

Use of antioxidants in vivo. In view of

the lack of correlation in vitro between
lipid peroxidation and protein synthesis,
studies were performed in vivo, since much

of the evidence in favor of lipid peroxida-
tion as a mecluamuism for liver injury has
been based on the use of antioxidants in
vimo. Rats were treated witlu eitluer �-

tocopheroh acetate or N,N’-diphenyl-p-

phenylenediamine intraperitoneally for 48
hr prior to receiving CCL (0.125 ml/100 g

of body weight). Figure 4 shows that when
rats were killed 1 hr after administration of

CCL, ribosomes were found largely in the

form of single and double ribosomes. This

TAmE 2
Effect of antioxidants in vito on inhibition of protein

synthesis 1 hr after CC!4 administration

N,N’-Diphenyl-p-phenylenediamine (DPPD) sus-

pended in corn oil (160 mg/mI) and a-tocopherol

acetate dissolved in corn oil (25 mg/ml) were

injected intraperitoneallv 48 and 24 lur prior to

death in doses of 60 mg and 10 mg, respectively, per

100 g of body weight. Control animals received

corn oil alone. After overnight fasting, CCI4 (0.125

ml/100 g of body weight) was given by stonsach

tube 1 hr before death in the groups indicated.

Polyribosomes were isolated and tested for ability

to incorporate leitcine as described in Methods. Each

trs’atment group consisted of three rats.

Prior

treat nuent

of aninuahs CCl1

m.-Leurine-’4C

incorporation Inhibit ion

None 1)

+

(Jflfl/IIUJ protein

17,050

1,810 5th

DPPI) I)

+

21 .000

2,43() 85

a-Tocophierol U

+

18, 160

2,160 ss
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TABLE 3
Effect of antioxidants in vivo on CC!4-indueed liver injury

N,N’-Diphenyl-p-phenylenediamine (DPPD) was administered as iii Table 2. Nembutal (32 mg/l00 g of

body weight) was given just before the experiment, and animals were exsanguinated via the aorta. This

blood was centrifuged in a tube containing heparin, and the supernatant plasma was used for free fatty acid

determinations. The liver was removed, amid portions were saved for triglyceride determination. The rest of

the liver was homogenized, and Ixilyribosomes were isolated and treated as in Table 2. TIme number of

animals in each treatment group is given in parentheses.

Time of

death Treat meat
Liver

triglycerides
Plasma free

fatty acids

L-Leucine-14C

incorporation

Inhibition of

leucitie

incorporation

cpnh/,ng

poli�ribo.somal

hr mg/g liver ,iEq/l prclein %

4 Noise (8)

CCI4 (6)

DPPD (6)
DPPD + CCI4 (6)

8.4

137

7.7

8.0

252 ± 26

23S ± 55

236 ± 59

205 ± 16

17,800

9,740

20,720

12,750

4S

39

24 None (4)

CC14 (4)

DI�PD (4)

DPPD + Cd4 (4)

11.5

44.6

10.4

18.9

302 ± 43

205 ± 25

305 ± 34

230 ± 18

16,250

l1,94()

22, 350

16,930

27

24

pattern was not altered by prior treatment

with antioxidants. Furthermore, the prior
injection with antioxidants did not reverse

the inhibition of protein synthesis noted in
liver polyribosomes isolated after treatment

of the rats with CCL. Table 2 shows that
protein synthesis by isolated polyribosonues

was decreased to about 10% of control
levels by treatment with CCL, and this
was not significantly altered by prior treat-
ment with either N,N’-diphenyl-p-phenyl-
enediamine or a-tocopherol.

When animals were killed 4 and 24 hr
after CCL administration, lesser degrees
of inhibition (25-40%) of protein synthesis
were noted (Table 3), as measured by

leucine incorporation. However, even this
smaller inhibition was not reversed by

treatment with N,N’-diphenyl-p-phenyl-
enediamine.

Similar results were obtained when
protein synthesis was measured in liver

slices from the same animals. Although
N,N’-diphenyl-p-phenylenediamine did not

reverse the effect of CCL on protein
synthesis, it prevented almost completely
the formation of a fatty liver. Table 3
shows that liver triglycerides were nearly

normal 4 hr after CCL administration in

animals that had first been treated with
N,N’-diphenyl-p-phenylenediamine. The

striking increase in liver triglycerides at 24
hr was diminished 75% by prior treatment

with this amutioxidant. No consistent change
in plasma free fatty acids was noted, sug-

gesting that the antioxidant did not act by
changing plasma free fatty acid concen-
trations.

DISCUSSION

Di Luzio and Costales have recently

presented evidence that antioxidants given

intraperitoneally prevent the induction of
fatty livers by CCL (16). Our results
confirm this finding. In addition, luowever,
Crafton and Di Luzio have shown that
antioxidamuts restore the ability of thue liver

to release triglycerides after CC14 adminis-
tration, and on this basis suggested that
lipoprotein synthesis is restored by the
antioxidants (22). The data presented
above show that N,N’-diphenyl-p-phenyl-

enediamine does not protect against the

CC14-induced inhibition of protein syn-
thesis, yet almost completely prevents the
formation of a fatty liver. Since hipo-
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proteins constitute a very small percentage

of total liver protein, it is possible that
lipoprotein synthesis could have been
selectively protected by this antioxidant,
but the evidence presented above suggests

muo definite relationship in vivo between
inhil)ition of protein synthesis and lipid
peroxidation after CC14 administratioru.

rilue lack of correlation between the
degree of lipid peroxidation amud protein
synthesis in isolated microsonues is in

agreement with this conclusion. The use of
the thiobarbituric acid method to measure

tIm total extent of peloxidatioli in vitro
seemuus justified, since it correlates well with
other methods of measuring peroxidation

(23). Isolated cell preparations were chosen
because of the knowmu difficulty of measur-

hug peroxidation in vivo (24). The lack of
correlation in vitro between increased lipid
peroxidation caused by CCL and the
alterations in protein synthesis can be
explained in at least three ways. (a) The

products of lipid peroxidation nuight act
on other subcellular organelles (e.g., lyso-
somes) not present in isolated microsomal
preparations, and these might then affect
the microsomes in the intact cell. Thus, an

effect on protein synthesis would not be
apparent in isolated cellular fractions. (b)
The decrease in protein symuthesis after

CC14 treatment nuight not be mediated via

lipid peroxidation. This possibility is sug-

gested by the fact that the breakdown of
polyribosomes, seen within the first hour
after CC1.1 in vivo. is unaffected by
administration of antioxidants (Fig. 4).
Since CC14-induced polyribosome break-
down does not occur in isolated micro-

somes (6), it is not possible to investigate
the effect of antioxidants in vitro on this
parameter. (c) It is possible that the
protein, once formed, would be altered by
products of lipid peroxidation (25). Such
an effect would not be detected by the
types of assays used in this study. There

would then be less functional lipoprotein
available for secretion of triglycerides, and

a fatty liver would ensue. However, this
last possibility would not explain the
breakdown of polyribosomes and decrease
in protein synthesis seen after CCL treat-
111(1st (6)

In view of the fact that protein synthesis

remains depressed after feeding of CCL
whereas fatty liver formation is prevented
by antioxidants (Table 3) , it is possible
that antioxidant$ act at sites other than
nuicrosomes or polyribosornes. After the
apoprotein 1)ortion of lipoproteimus is
formed, it must interact with lipid to form
lipoproteins, which are then transported
through the endoplasmic reticulum to the

Golgi apparatus and released into the
bloodstream. Antioxidants might act on any
one of these steps and thus prevent a fatty
liver, while not affecting protein synthesis
per se. In additiomu, it is conceivable that

these compounds might also exert their
effect by a mechanism not related to their
antioxidant property.

Further evidence supports the lack of
correlation between protein synthesis and
lipid peroxidation in the production of a
fatty liver. Krone (26) found that a-

tocopherol given orally, although able to
correct a deficiency of this vitamin, gave
no protection against CC14-mediated liver

injury. Recently, McLean has confirmed
that a single oral dose of a-tocopherol given
to rats before Cd4 does not protect against

formation of fatty livers (27). He has
suggested that the protection afforded by
intraperitoneal inj ection of antioxidants
may he unrelated to their antioxidant
properties, since oral administration of
a-tocopherol is ineffective. However, it is un-
clear whether a-tocopherol was in fact ab-
sorbed in these latter experiments. Anti-

oxidants have been reported to prevent the
production of fatty livers by ethanol (3),
but ethanol luas been shown not to affect

protein synthesis (28), and the release of
lipid from fatty livers after moderate doses
of ethuanol is normal. Furthernuore, although
the presence of CC11 in the intestine causes

inhibition of protein synthesis and break-
down of polyribosomes, lipid peroxidation
is not increased by such treatment (9).

Other experiments point out the lack of
direct correlation between lipid peroxida-
tion and other cellular functions. Gram and

Fouts have shown that a-tocopherol de-
creases microsomal lipid peroxidation but
has no effect on microsomal drug metab-
olisnu (29). Tluese authors concluded that
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peroxides are not responsible for the in-
activation of drug-metabolizing enzymes.

Rutin, which is a more potent antioxidant
than a-tocopherol, was noted by Sharma
and Murti to decrease the formation of

peroxides in lysosomes in vitro, but not to
prevent the release of acid phosphatase
from the lysosomes (30).

Carbon tetrachloride clearly has multiple
sites of action within the cells: it inhibits
the functions of microsomes (6), mito-

chondria (31), and lysosonues (8). The
formation of a fatty liver begins after
many of these cellular organelles have been
affected. Thus, induction of fatty livers by

CCL is undoubtedly a very complex
process. The results obtained by use of

antioxidants in vivo suggest that lipid

peroxidation may be one factor in produc-
ing a fatty liver. However, it is uncertain
whether information obtained in whole
animals, involving multiple processes, can
be translated into a single biochemical
lesion. Conversely, the lack of correlation

in isolated cell fractions between lipid
peroxidation and protein synthesis is not

absolute evidence against some relationship

in vivo.
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