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Abstract—Characteristics of carbon tetrachloride-induced lipid peroxidation of rat liver microsomes
and effect on microsomal enzymes were studies in vitro. Microsomes isolated from well-perfused livers
and washed with EDTA-containing medium exhibited low endogenous lipid peroxidation when incu-
bated in a phosphate buffer (> 0.1 M) in the presence of NADPH, whereas carbon tetrachloride stimu-
lated to a great extent the peroxidation under these conditions. The stimulation was dependent on
the concentration of NADPH, neither NADH nor ascorbic acid being replaced. The stimulatory action
by bromotrichloromethane was more marked than that by carbon tetrachloride, however chloroform
had no stimulatory action. N,N-Diphenyl-p-phenylene diamine. diethyldithiocarbamate and disulfiram
inhibited carbon tetrachloride-induced lipid peroxidation in low concentrations. Inhibitions by thiol
compounds and EDTA were weaker. Ferricyanide, cytochrome ¢ and vitamine K; inhibited the stimu-
lation by carbon tetrachloride while no inhibition was seen with carbon monoxide. An increase in
the degree of carbon tetrachloride-induced lipid peroxidation resulted in a coincidental decrease in
microsomal cytochrome P-450 content accompanying a parallel loss in aminopyrine demethylase ac-
tivity, while NADH-ferricyanide dehydrogenase and NAD(P)H-cytochrome ¢ reductase activities, and
cytochrome bs content remained unaffected. Similar results were obtained when microsomes were perox-
idized with NADPH in combination with ferric chloride and pyrophosphate. Regarding the mechanism
of hepatotoxic action of carbon tetrachloride, these results support the hypothesis of lipid peroxidation.

Lipid peroxidative damage of endoplasmic reticulum
membranes has been postulated to play an important
role in the onset and development of the liver injury
produced by CCl, [1-3].

Experimental evidence supporting this hypothesis
has accumulated: first, peroxidative breakdown of
microsomal membranes in vitro produces not only
chemical alterations in a lipid component [4] but also
enzymic, physical and structural changes in micro-
somes [ 5, 6]; second, CCl, enhances microsomal lipid
peroxidation both in vitro[7,8] and in vivo [9-11];
and third, activities of microsomal membrane-bound
enzymes such as glucose-6-phosphatase and drug oxi-
dizing enzymes decrease early after administration of
CCl,4 [11-15]. Details of the mechanisms invoived in
the process have not however been reported.

In vitro studies are particularly useful for this pur-
pose. In earlier experiments, Comporti et al. [16] and
Ghoshal and Recknagel [17] showed an increased
malonic dialdehyde (MDA) production by CCl, with
liver homogenates and microsome-supernatant frac-
tions, respectively. Later, Glende and Recknagel {7]
demonstrated the requirement of NADPH for the
stimulation by CCl, using microsomes or microsome-
supernatant fractions. Slater and Sawyer [8, 18, 19]
also extensively studied characteristics of the stimula-
tory action of CCl,, using similar fractions. In these
experiments, however, endogenous MDA production,
i.e., with NADPH but without CCl,, was fairly high
and the stimulatory effect of CCl, was not so marked.
Moreover, the presence of a supernatant fraction may
complicate the explanation of the results obtained.

We have developed a simple experimental method,
in which microsomes are the only cellular fraction

and endogenous MDA production is quite low as
compared to the stimulation by CCl,. Under these
conditions, some characteristics of CCly-induced lipid
peroxidation and the effects on microsomal enzymes
were examined.

MATERIALS AND METHODS

Chemicals. Sources of the reagents are as follows:
NADPH, NADH, isocitric dehydrogenase, P-1. Bio-
chemicals, Inc.; 2-thiobarbituric acid, ascorbic acid,
E. Merck AG.; CCl,, CBrCl;, CHCl;, CH,Cl,,
malonaldehyde Bis (diethylacetal)) Tokyo Kasei
Kogyo Co. Ltd.; cytochrome ¢, Sankyo Co. Ltd.
2-Diethylaminoethyl-2,2-diphenylvalerate HC! (SKF-
525A) was kindly provided by Smith Kleine &
French Laboratories. Other reagents were of analyti-
cal grade.

Animals and isolation of microsomes. Healthy female
rats of Sprague-Dawley strain, 7-8 weeks in age, were
used throughout the experiments. After the animals
had been decapitated, the livers were perfused thor-
oughly in situ through a portal vein with ice-cold
0.15 M KClI solution using a perfusion pump, and a
20%; liver homogenate in 0.15M KCl was prepared.
Mitochondrial supernatant was obtained by centri-
fuging the homogenate at 15000g for 15min. The
supernatant containing no fluffy layer was centrifuged
at 125,000 g for 30 min in order to precipitate micro-
somes, which were then floated off from the glycogen
fraction at the bottom by shaking gently in a small
amount of the fresh suspending medium. The micro-
somal fraction thus obtained was washed with
0.15MKCl-1mM EDTA (pH7.5) and then with
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0.15SM KCl-20mM potassium phosphate (pH 7.5).
The liver perfusion and the EDTA-washing were car-
ried out in order to minimize contamination with iron
compounds as they are known to enhance microsom-
al lipid peroxidation [20, 21]. Final microsomal pre-
cipitates were suspended in the latter medium at a
concentration of 20-30 mg protein/ml. kept in an ice-
cold Thunberg tube under nitrogen and used within
24 hr. All the media were cooled with ice and bubbled
with nitrogen.

Lipid peroxidation. The degree of lipid peroxidation
was estimated by measuring MDA formed in the in-
cubation media. The regular procedure was as fol-
lows. The incubation mixtures containing | mg pro-
tein/ml of microsomes, 200 uM NADPH and 0.1 or
0.2 M potassium phosphate buffer (pH 7.5) in a final
vol. of 2.0ml, with or without CCl,, were prepared
in duplicate in the wusual small test tubes
{15 x 90 mm). CCl, was added directly or as a diluted
solution (1 gl of CCl, per 10ml of the above buffer).
All the solutions or suspensions were handled in an
ice bath. The tubes were capped with silicon rubber
stoppers as soon as CCl, was added, mixed vigor-
ously using a mixer, and then incubated at 37 for
20 min. The reaction was stopped by addition of
2.0ml of 30%, TCA and 0.2 ml of 5 M HCL. MDA was
determined by the thiobarbituric acid method [22
using a molar extinction coeflicient
156 x 10°M~tem ™! (at 535mu) for the colored
product. Malonaldehyde bis (diethylacetal) was used
as a routine standard. Under these conditions, micro-
somes alone or with CCl, produced only a negligible
amount of MDA, MDA production due to NADPH
and the stimulation of MDA production due to CCl,
in the presence of NADPH are referred to as ‘endo-
genous’ and ‘CCl,-induced’, respectively. Endogenous
MDA production had a tendency to increase gradu-
ally with high concentrations of NADPH and also
with longer incubation periods. Any changes of the
procedure are noted in the results section.

Other assays. NAD(P)H-cytochrome ¢ reductase
and NADH-ferricyanide dehydrogenase activities
were measured spectrophotometrically by recording
the optical density change at 550 mu for cytochrome
¢ and at 420 my for ferricyanide as described else-
where [23]. Aminopyrine demethylase activity was
measured virtually according to the method described
by Orrenius [24] except that potassium phosphate
buffer (pH 7.5) was used. Formaldehyde was deter-
mined by the method of Nash [25]. Contents of cyto-
chrome bg and P-450 were determined by the method
of Omura and Sato [26] using a Hitachi 124 spectro-
photometer attached with integrating spheres. Protein
was determined by the method of Lowry et al [27].

RESULTS

Effects of various suspending media on endogenous
and CCls-induced lipid peroxidation of liver micro-
somes. Several investigators[7-9,16-19] have
reported enhancement of MDA production by CCl,
in liver microsomal suspensions in vitro. However,
endogenous MDA production is fairly high as com-
pared with the stimulation by CCl,. Therefore, we
firstly examined whether or not the suspending media
might affect endogenous MDA production as well as
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the stimulation by CCl,. and if so to make attempts
to reduce the former and increase the latter,

As shown in Fig. 1, both endogenous and CCl,-
induced lipid peroxidation were greatly influenced by
using different suspending media. A high endogenous
MDA production was observed with Tris-HClI or gly-
cylglycine buffer as compared with 0.15 M KCl-con-
taining media. while the stimulation by CCl, was not
greatly changed. On the other hand, in potassium or
sodium phosphate buffer endogenous peroxidation
was kept quite low, although the stimulation also
being depressed somewhat. Microsomes isolated from
nonperfused livers and not washed with the EDTA-
containing medium, however, showed a high endo-
genous MDA production even in the phosphate
buffer. It appears roughly that the ratio of CCl,-
induced MDA production to the endogenous one de-
creases as the latter increases.

Effects of pH and concentration of phosphate
buffer on MDA production are shown in Figs 2 and
3. Optimum pH for CCl,-induced MDA production
was about 7.0, whereas the endogenous was not much
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Fig. 1. Effect of suspending media on endogenous and
CCl,-induced malonic dialdehyde (MDA) production in
liver microsomes. Microsomes (1 mg protein/ml) suspended
in various buffers (pH 7.5) were incubated with or without
CCly {0.5 ul/ml) in the presence of 200 uM NADPH. Ex-
perimental details are given in the methods section. CCl,-
induced MDA production: MDA production in the
absence of CCl, (endogenous) was subtracted from the
MDA production in the presence of CCl,. Each column
represents the mean + S.EM. (bar} of 4 experiments. (*):
Liver perfusion and EDTA-washing were omitted from the
isolation procedure (2 experiments).
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Fig. 2. Fffect of pH on endogenous and CCly-induced

malonic dialdehyde (MDA) production in microsomes.

Microsomes were suspended in 0.15M potassium phos-

phate buffer of different pH. Other conditions are as de-

scribed for Fig. 1. Each column represents the mean
+ S.E.M. (bar) of 4 experiments.

altered by changing pH. Concentration of the buffer
greatly affected both endogenous and CCly-induced
MDA production: both increased in low buffer con-
centrations and then decreased in higher concen-
trations, in which the former was much suppressed,
and optimum concentration for the former (50 mM)
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was always lower than that for the latter (75 mM).
These different sensitivities to the changes of pH and

An teatinn aof nh Iyt b 3
concentration of phosphate buffer indicate that mech-

anisms involved in both peroxidation are different.
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Fig. 3. Effect of the concentration of potassium phosphate
taffar inld 7 8) on endagsenous and OO induced malanic

buffer {(pH 7.5) on endogenous and CCl,-induced malonic

dialdehyde (MDA) production in microsomes. Experimen-

tal conditions are as described for Fig. 1. Each column
represents the mean + S.E.M. (bar) of 4 experiments.
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Fig. 4. Effect of NADPH concentration on the time-course of endogenous and CCl,-induced malonic

Microsomes (1 mg protein/ml) suspended in

0.15 M KC1-25 mM Tris-HCl (pH 7.5) or 0.1 M potassium phosphate buffer (pH 7.5) were incubated

with or without CCl, (0.5 ul/ml) in the presence of a different amount of NADPH. CCls-induced

MDA production does not include the endogenous. NADPH-generating system contained 2.5mM

picotinamide, 5 mM MgCl,, 10 mM isocitrate and 0.1 mg/mi of isocitrate dehydrogenase. Each point
represents the mean + S.E.M. (bar) of 3 experiments.
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Fig. 5. Comparison of the effects of some halogenated

methanes on malonic dialdehyde (MDA) production in

microsomes. Experimental details are given in the Methods

section. 0.1 M potassium phosphate buffer was used. Endo-

genous values are not subtracted. Each point represents
the mean + S.E.M. (bar) of 3 to 4 experiments.

NADPH requirement for the stimulation of lipid per-
oxidation by CCl,. Figure 4 shows a time-course of
endogenous and CCl,-induced MDA production in
different media with various concentrations of
NADPH. Consistent with the above data. endo-
genous MDA production increased remarkably in
0.15M KCI-25 mM Tris-HCI buffer (pH 7.5) with in-
creasing NADPH concentration and prolonged incu-
bation time, whereas it remained quite low in 0.1 M
potassium phosphate buffer (pH 7.5). The stimulation
by CCl, was dependent on the concentration of
NADPH: the dependency was more distinct with
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0.1 M potassium phosphate buffer. A decreased rate
of MDA production with time may be due to con-
sumption of NADPH as (1) MDA production in-
creased almost linearly in the presence of NADPH-
generating system, (2) additional NADPH restored
the initial rate, and (3) the oxidation of NADPH,
measured spectrophotometrically by recording the
optical density change at 340 my, was nearly com-
pleted at 20 min with 200 uM NADPH (hardly
affected by the presence or absence of CCl,) (not
shown).

The stimulation by CCl,; required NADPH as
reported by other workers (7.8); neither NADH nor
ascorbic acid could be replaced. In the following ex-
periments, 0.1 or 0.2 M potassium phosphate buffer
(pH 7.5) was used in order to keep the endogenous
as low as possible.

Comparison of the stimulatory effects of some hulo-
genated merhanes. CCly, CHCIl; and CBrCls, all of
which produce hepatic dysfunction in vive [1, 11, 28],
were compared for their ability to stimulate micro-
somal lipid peroxidation in vitro (Fig. 5). The stimu-
lation of MDA production by CCl, was obvious at
a concentration as low as 0.01 ul CCl,/mg microsom-
al protein, increased linearly with increasing logarith-
mic concentrations, and reached a maximum at 1.0 ul
CCly/mg protein, approximately 10 times the endo-
genous MDA production. Thus, the stimulation by
CCl, was quite apparent as compared with that
reported by Slater and Sawyer [8]. CBrCl;, whose
hepatotoxic action is stronger than that of CCl, (28),
had a more powerful stimulatory effect than CCl,
which is in accordance with their report [8]. How-
ever, no stimulatory effect was observed with CHCl;.
The stimulation may not be simply due to the solvent
action, as CH,Cl, and CHCl; as well as ethanol and
acetone (not shown) were ineffective,

Inhibition of CCly-induced lipid peroxidation by
some antioxidants and radioprotectors. Compounds
that have an antioxidative, radioprotective or chelat-
ing action have been reported to ameliorate or pro-
tect against the liver damage produced by
CCl, [1.29-31] and also to inhibit lipid peroxidation
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Fig. 6. Comparison of the effects of various inhibitors on CCl,-induced malonic dialdehyde (MDA)

production in microsomes. Experimental details are given in the Methods section. 0.2 M potassium

phosphate buffer was used. Inhibitors: (A) N.N-diphenyl-p-phenylenediamine, (B) diethyldithiocarba-

mate, (C) disulfiram, (D) EDTA, (E) glutathione, (F) dithiothreitol, (G) cysteamine, (H) penicillamine.
Each point represents the mean of 2 experiments with the range (bar).
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Table 1. Effect of various substances interacting with NADPH-dependent electron transport system on CCl,-induced
malonic dialdehyde (MDA) production in microsomes*

Inhibition of
CCl,-induced

Inhibition of
CCl,-induced

Conc MDA production Conc MDA production
Substances M) (%) Substances M) (%)
p-Chloromercuric 10°° 0 Aminopyrine 1074 43- 47
benzoate 107 99-100 1073 T4~ 76
Ferricyanide 1.7 x 1074 19- 22 5x 1073 100
33 x 1074 100 SKF-525A 107% 61- 70
Cytochrome ¢ 25 x 1073 24— 55 1073 88-100
5x107° 67- 80 2 x 1073 96-100
1074 94-100 CO -20-0
Vitamin K3 12 x 1077 67- 88 CO + amino- 5x 1073 96-100
12 x 107¢ 95-100 pyrine

* Experimental procedures are given in the Methods section. Potassium phosphate buffer (0.2 M) was used. Carbon
monoxide was directly bubbled into the microsomal suspension for 30sec through a fine capillary. Results are given

as the ranges of 2 to 3 experiments.

in vitro [ 19, 22, 32, 33]. Some were tested to determine
if they inhibit CCl -induced lipid peroxidation (Fig.
6). N,N-Diphenyl-p-phenylenediamine, a powerful
free radical scavenger, inhibited it at extremely low
concentrations. Diethyldithiocarbamate, a radiopro-
tector, and interestingly its dimer disulfiram, which
have a strong protective effect in vivo [31], were also
strong inhibitors in vitro. The former had no effect
on microsomal aminopyrine demethylase activity at
the concentrations that inhibited the lipid peroxida-
tion. Their strong iron-chelating as well as radiopro-
tective action may contribute to the inhibition. Inhibi-
tions by thiol compounds such as gluthathione, dith-
iothreitol, cysteamine and penicillamine were rather
weak. Inhibition by EDTA was apparent at low con-
centrations but not complete even at 1072 M.
Effects of some substances that interact with
NADPH-dependent microsomal electron transfer chain
on CCl-induced lipid peroxidation. CCl, is considered
to be converted to more toxic free radicals on the
NADPH-dependent  electron  transport sys-
tem [7, 8, 18] in which flavoprotein and cytochrome
P-450 are involved. The exact site of activation, how-
ever, is still not clear. Slater and Sawyer [18] carried
out extensive work on this point by using microsomal
suspensions although in their experiment the stimu-
lation of MDA production by CCl, is quite low as
compared with the endogenous. We attempted a simi-
lar type of experiment. Table 1 (left) shows the inhibi-
tion at a flavoprotein step. p-Chloromercuric benzo-
ate—a SH-inhibitor of the flavoprotein enzyme—,
cytochrome ¢ and ferricyanide—artificial electron
acceptors at the flavoprotein level—, and Vitamin
K;—a stimulator of microsomal NADPH oxidation
by the flavoprotein [34]—were all inhibitory.
Inhibitions at cytochrome P-450 level are also
shown in Table 1 (right). Aminopyrine—its oxidative
N-demethylation is coupled with this heme-protein—
and SKF-525A—a competitive inhibitor for the bind-
ing of drug to heme-protein—were inhibitory at
rather high concentrations. On the contrary, carbon
monoxide treatment, which inhibited aminopyrine de-
methylase activity by 91 per cent (our own data), was
not at all inhibitory. Furthermore, the inhibition by
aminopyrine was observed even after the treatment
of microsomes with carbon monoxide, suggesting that

it may not be coupled with the demethylation process
or rather may be a non-specific inhibition of lipid
peroxidation.

Effects of CCly-induced lipid peroxidation on micro-
somal enzyme activities and heme-protein contents.
Some liver microsomal enzymes have been reported
to be most susceptible to the administration of CCl,
in rats and the enzymic changes of microsomes are
considered to be due to a lipid peroxidative break-
down of microsomal membranes produced by
CCl, [1-3, 11-15]. Therefore, this point was checked
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Fig. 7. Effect of CCl, on the enzyme activities of electron
transport systems and heme-protein contents in liver
microsomes. Microsomes (20 mg protein) were incubated
with various amounts of CCl, in 10 ml of 0.2 M potassium
phosphate buffer (pH 7.5) for 20 min at 37°. One ml of
the suspension was then assayed for malonic dialdehyde
(MDA). No appreciable amount of MDA was formed
under these conditions. The remainder was cooled and cen-
trifuged at 127,000 g for 1 hr and the sediment suspended
in 0.1 M potassium phosphate buffer (pH 7.5) for the
enzyme assays. Neither enzyme activities nor heme-pro-
teins were detectable in the supernatant.
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Fig. 8. Effect of CCl,s-induced lipid peroxidation on the
enzyme activities of electron transport systems and heme-
protein contents in liver microsomes. Microsomes (20 mg
protein) were incubated with various concentrations of
NADPH in the presence or absence of CCly (3 ul) in 10 m]
of 0.2 M potassium phosphate buffer (pH 7.5). After incu-
bation for 20min at 37, 1ml of the suspension was
assayed for malonic dialdehyde (MDA). CCl,-induced
MDA production (the endogenous was subtracted) was 0.
4.3. 7.6, 11.1 and 15.5 (nmoles MDA /mg microsomal pro-
tein) for 0, 50, 100, 200 and 400 uM NADPH. respectively.
The remainder was cooled and centrifuged at 127.000 g
for | hr. The resulting sediment was suspended in 0.1 M
potassium phosphate buffer (pH 7.5) and assayed for
enzyme activities and heme-protein contents. Neither
enzyme activities nor heme-proteins could be recovered in
the supernatant.

in the in vitro experimental system in which endo-
genous lipid peroxidation is so low that its effect on
microsomes may be almost neglected. Typical experi-
mental data are presented in Figs. 7, 8 and 9.

Figure 7 shows a direct effect of CCl, on micro-
somal enzymes. Aminopyrine demethylase activity
and cytochrome P-450 content decreased markedly
as the amount of CCl, increased, whereas NADPH-
cytochrome ¢ reductase activity was less susceptible.
The decrease in cytochrome P-450 content was
accompanied by an increase in P-420. NADH-cyto-
chrome ¢ reductase activity also decreased consider-
ably, however, cytochrome b; content showed no
change when calculated from dithionite-reduced dif-
ference spectra. NADH-ferricyanide dehydrogenase
was fairly resistant to CCl,.

Effects of CCls-induced lipid peroxidation on
microsomal enzymes were examined in the presence
of 3 ul of CCl,/20 mg protein which has a minimum
direct effect as shown in Fig. 7. In Fig. 8, the enzyme
activities or heme-protein contents were plotted
against the different levels of lipid peroxidation pro-
duced by changing NADPH concentration. Cyto-
chrome P-450 content together with aminopyrine de-
methylase activity decreased specifically as a degree
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of lipid peroxidation progressed. In this case, how-
ever, a conversion of cytochrome P-450 to P-420 did
not occur. The other enzymes tested were rather re-
sistant to lipid peroxidation. Similar results were
obtained when the CClg-independent lipid peroxida-
tion system was used (Fig. 9).

These in vitro data suggest that a decrease in cyto-
chrome P-450 content and drug metabolizing activity
in vivo may be partly due to the lipid peroxidative
action of CCl,.

DISCUSSION

Microsomes, isolated from well-perfused rat livers
and washed with a medium containing EDTA, exhi-
bited low lipid peroxidative activities when incubated
in a phosphate buffer in the presence of NADPH,
while CCl, markedly stimulated the lipid peroxida-
tion under these conditions. Compared with other in-
vestigators’ methods in which a supernatant fraction
was required [7-9,17] or CCly was diffused into a
microsomal suspension [8. 18, 19], the present method
is simple and the stimulation by CCl, is quite appar-
ent even at very low concentrations.

It is interesting that in the present studies, endo-
genous lipid peroxidation was enhanced in lower con-
centrations (25-75 mM) of phosphate buffer and then
became suppressed in higher concentrations (more
than 0.1 M). Wills [32] also observed increment of
peroxidation with phosphate ion and suggested that
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Fig. 9. Effect of NADPH-dependent lipid peroxidation on
the enzyme activities of electron transport systems and
heme-protein contents in liver microsomes. Microsomes
(20 mg protein) were incubated with various concentrations
of NADPH in the presence of 20 uM ferric chloride and
0.2mM pyrophosphate in 10ml of 0.15M KCI-25mM
Tris-HC1 buffer (pH 7.5). After incubation at 37° for
10 min, the same procedure as that described for Fig. 8
was applied. MDA production due to NADPH was 4.4,
9.8, 13.6 and 17.4 (nmoles MDA/mg microsomal protein)
for 4, 10, 20 and 30 uM NADPH, respectively.
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active compounds {ormed from iron compounds and
phosphate ion might be responsible for the increased
lipid peroxidation [21.32]. As,
preparations, contamination or absorption of iron
compounds originated from blood components and
other cellular fractions is considered to be i‘ieg'ugium
membrane-bound intrinsic iron could be activated in
low phosphate ion concentration or even masked
with excess phosphaie lon, thus resuiiing in the
enhanced or suppressed peroxidation, respectively.
CCi,-induced peroxidation also had a optimum phos-
phate ion concentration, which was higher than that
of the endogenous. The difference in optimum con-
centration and pH of phosphate buffer between endo-
genous and CCig-induced peroxidation may indicate
that each peroxidation process is different.

It is also noteworthy that an increase in endo-
genous lipid peroxidation did not always accompany
a parallel increase in CCl,-induced peroxidation or
rather a ratio of CCl,-induced to endogenous peroxi-
dation decreased as the endogenous increased when
compared in various suspending media. A similar
tendency has been reported in different microsomal
preparations by Slater and Sawyer [8). By way of
explanation, in normal microsomes, it is considered
that lipid peroxidation and drug hydroxylating
process compete with each other for NADPH-
cytochrome P-450 reductase, a flavoprotein, in the
NADPH-dependent electron transport Sys-
tem [ 35, 36]. Therefore, an increase in the former ac-
tivity may reduce an electron flow to the latter pro-
cess involving cytochrome P-450. Accordingly, as will
be discussed later, if metabolic conversion of CCl,
to free radicals is coupled with this heme-protein and
free radical products are essentially responsible for
the stimulation of lipid peroxidation [1-3], then the
reduced electron flow to cytochrome P-450 would
conseguently decrease CCl,-induced lipid peroxida-
tion.

The following discussions concern the activation of
CCl, to free radicals, the site of the activation and
the functional alterations of microsomes due to lipid
peroxidation. '

F':rcﬂu it is ger\pra"y considered that hepatot

action of CCl, is initiated by its free radical metab-

olites {1~3], although there is no direct evidence
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in vivo or in vitro. Indirect evidence supporting the
hypothesis includes (1) free radical scavengers or
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damage in vivo [1,29-317 as well as microsomal lipid
peroxidation in vitro [19, 22, 32, 33], (2) the potency
of halogenated hydrocarbons to produce hepatic
lesion or stimulate lipid peroxidation can be corre-
fated to their chemical susceptibility to homolytic
cleavage {3, 28, 37], i.e., the lower the bond dissoci-
ation energy of carbon-halogen bonds, the greater the
toxic action, and (3) free radical products of
CCl—CCl; and -Ci—are incorporated into the faity
acid portion of microsomal phospholipids [38—417].
Our results with inhibitors and some halogenated
methanes are in favour of the view above cited. It
is strange, however, that CHCIl; did not stimulate
lipid peroxidation though it can produce liver damage
simiiar to that induced by CCi,. Hepatotoxic action
of CHC], might be different not only quantitatively
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but also qualitatively from that of CCl, as suggested
by Klaassen and Plaa[11].

Qannndly mirrneamal NNANMPH denandant slectran

SUCUNGY, HULIUGUIar 18 alrr aa™uuvpuiiGuine it Ul
transport system appears to be responsible for
activation of CC14 to free radicals. because hepato-
toxic action of CCly in vivo is faii‘iy uﬁpﬁﬁdﬁﬁi on
the drug metabolizing enzyme activity in micro-
somes [3 42] and the in vitro stimulation of micro-

bOmdl npiu pCYUXlUdUUH ICqulle mc plUbCl!&C Ul
NADPH [7], not replaced by NADH [8]. We also
confirmed the latter point. There is no definite evi-
dence, however, which step of the election transfer
chain is concerned with a conversion of CCl, to free
radicals. Slater and Sawyer [8] suggested NADPH-
cytochrome ¢ reductase, a flavoprotein, as an acti-
vation step, Glende and Recknagel [7,43,44] sug-
gested it might be after flavoprotein component and
involve cytochrome P-450. In our experiments, inhibi-
tion of CCl,-induced lipid peroxidation by electron
acceptors at the flavoprotein step such as ferricyanide,
cytochrome ¢ and vitamin K, may not always indi-
cate that an activation step is after flavoprotein
because these compounds might competitively inhibit
the activation of CCl, at the flavoprotein step. Inhibi-
tion by aminopyrine and SKF-525A suggests involve-
ment of cytochrome P-450. But, if so, it is incompre-
hensive that carbon monoxide is not at all inhibitory
despite its strong inhibition of aminopyrine demethy-
lation. Further studies with a reconstituted electron
transport system are being conducted by our team
to clarify the activation step.

The third point concerns the functional alterations
of endoplasmic reticulum caused by administration
of CCl,. CCl,, in an early stage of the liver damage,
produces a marked increase in the level of conjugated
dienes in microsomal lipids resulting from their per-
oxidative breakdown [9-11] on the one hand, and a
decrease in microsomal enzyme activities such as glu-
cose-6-phosphate and drug metabolizing enzyme
together with a loss of cytochrome P-450{11-15], on
the other. There has been no definite evidence, how-
ever, indicating that the former event is directly con-
cerned with the latter in the toxigenicity of CCl,.

Activities of membrane-bound microsomal enzymes
are highly dependent on lipids [45], and microsomal
lipid peroxidation in the in vitro system by NADPH

or ascorhic acid in combination with an activatar
Qr ascordic acid in combination with an activator,

results in a coincidental loss of these enzymes [5, 6].
These facts are, though indirectly, in favour of the
above view.

We attempted more direct experiments concerning
the enzymes of microsomal electron transport sys-
tems, and confirmed that due to its upiu pETOXiU&Li‘V‘E
action, a small amount of CCl, which would produce
a minimal direct effect, could result in a decrease in
urug i‘rit‘:iauuuzmg €nzyine aci.l‘vuy in pdrducl with the
loss of cytochrome P-450 content. These findings
strongly suggest that the depresston of drug metabo-
llZng enzyine dCiiVl{y oy \,biq, dumimslrauon may
be due to a loss of cytochrome P-450 caused by the
lipid peroxidative damage of endoplasmic reticulum
membranes.

On the other hand, a direct effect of CCl, on these
enzymes, which was observed in vitro with increasing
CCl, concentrations, may be minimal in vivo in con-
sideration of the in vivo data on the concentration
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of CCl, in liver following CCl, administration [46].
Another possiblility that this heme-protein is
attacked by free radical products of CCl, should also
be considered [47,48]. On this point. however,
Glende et al. [49] have recently reported that the loss
of cytochrome P-450, aminopyrine demethylase as
well as glucose-6-phosphatase is not caused by direct
attack on these enzymes by free radical products of
CCl,, but is mediated by lipid peroxidation.

In view of the finding that among the components
of microsomal electron transport systems cytochrome
P-450 is particularly sensitive to CCl,-induced lipid
peroxidation and the possibility that this heme-pro-
tein may be concerned with the activation of CCl,
to more toxic free radicals [3,7, 43, 44]. cytochrome
P-450 appears to play an important role in ‘mem-
brane suicide’ due to CCl,.

Finally, although it is difficult to apply the results
obtained from in vitro experiments to the explanation
of a sequence of events in vivo, our experimental sys-
tem may be useful for the elucidation of the mechan-
isms involved in the CCl,-linked lipid peroxidation.

Acknowledgements—Thanks are due to M. Obhara for |

assistance with preparation of the manuscript. This work
was supported in part by the Science and Technology
Agency. Tokyo, Japan.

REFERENCES

. R. O. Recknagel. Pharmac. Rev. 19, 145 (1967).
. T. F. Slater, Nature, Lond. 209, 36 (1966).
. R. O. Recknagel, E. A. Glende, Jr., G. Ugazio, R. R.
Koch and S. Srinivasan, in International symposium on
hepatotoxicity (Eds E. Eliakim, J. Eshchar and H. J.
Zimmerman) p. 7. Academic Press, New York (1974).
4. H. E. May and P. B. McCay. J. biol. Chem. 243, 2288
(1968).

5. E. D. Wills, Biochem. J. 123, 983 (1971).

6. J. Hogberg, A. Bergstrand and S. V. Jakobsson, Eur.
J. Biochem. 37, 51 (1973).

7. E. A. Glende, Jr. and R. O. Recknagel, Exp! molec.
Path. 11, 172 (1969).

8. T. F. Slater and B. C. Sawyer, Biochem. J. 123, 805
(1971).

9. R. O. Recknagel and A. K. Ghoshal, Lab. Invest. 15,
132 (1966).

10. K. S. Rao and R. O. Recknagel. Expl. molec. Path.
9, 271 (1968).

11. C. D. Klaassen and G. L. Plaa, Biochem. Pharmac. 18,
2019 (1969).

12. R. O. Recknagel and B. Lombardi, J. biol. Chem. 236,
564 (1961).

13. T. F. Slater, Biochem. J. 97, 22¢ (1965).

14. E. Smuckler, E. Arrhenius and T. Hultin, Biochem. J.
103, 55 (1967).

15. J. V. Dingell and M. Heimberg, Biochem. Pharmac. 17,

1269 (1968).

W D —

Y. Masupa and T.

16.

MURANO

M. Comporti, C. Saccocci and M. U. Dianzani, Enzy-
mologia 29, 185 (1965).

. A. K. Ghoshal and R. O. Recknagel, Life Sci. 4, 1521
(1965).

. T. F. Slater and B. C. Sawyer. Biochem. J. 123, 8§15
{1971).

. T. F. Slater and B. C. Sawyer, Biochem. J. 123, 823
(1971).

20. P. Hochstein, K. Nordenbrand and L. Ernster, Bio-

32

34.
3s.

36.
. Z. T. Wirtschafter and M. W. Cronyn., Archs. environ.

38.
. E. Gordis, J. clin. Invest. 48, 203 (1969).
40.
41.

42.
43.
45.
46.
47.

48.

49.

chem. biophys. Res. Commun. 14, 323 (1964).

21. E. D. Wills, Biochem. J. 113, 325 (1969).
22. L. Ernster and K. Nordenbrand. in Methods in Enzy-

mology (Eds R. W. Estabrook and M. E. Pullman)
Vol. 10, p. 574. Academic Press. New York (1967).

. Y. Masuda, I. Yano, S. Sumida and T. Murano, Jap.

J. Pharmac. 25, 151 (1975).

. S. Orrenius, J. cell. Biol. 26, 713 (1965).

. T. Nash, Biochem. J. 55, 416 (1953).

. T. Omura and R. Sato. J. biol. Chem. 239, 2370 (1964).
. O. H. Lowry, N. J. Rosebrough., A. L. Farr and R.

J. Randall, J. biol. Chem. 193, 265 (1951).

. E. Burdino, E. Gravela and G. Ugazio, Agents Actions

4, 244 (1973).

. C. Gallagher, Aust. J. expl. Biol. 40, 241 (1962).
. E. S. Reynold, R. E. Thiers and B. L. Vallee, J. biol.

Chem. 237, 3546 (1962).

. T. Sakaguchi. H. Nishimura. Y. Masuda, 1. Tsuge, K.

Onishi and H. Tatsumi, Biochem. Pharmac. 15, 756
(1966).

E. D. Wills, Biochem. J. 113, 315 (1969).

totoxicity (Eds E. Eliakim, J. Eshchar and H. J. Zim-
Biochem. Pharmac. 22, 1729 (1973).

H. N. Yamashita and R. Sato, J. Biochem., Tokyo 67,
199 (1970).

S. Orrenius, G. Dallner and L. Ernster, Biochem. bio-
phys. Res. Commun. 14, 329 (1964). ,

E. D. Wills, Biochem. J. 113, 333 (1969).

Health 9, 186 (1964).
E. S. Reynolds, J. Pharmac. exp. Ther. 155, 117 (1967).

E. S. Rao and R. O. Recknagel, Expl. molec. Path. 10,
219 (1969).

M. C. Villarruel and J. A. Castro, Res. Commun. Chem.
Path. Pharmac. 10, 105 (1975).

A. E. M. McLean, in International symposium on hepa-
totoxicity (Eds. E. Eliakim, J. Eshchar and H. J. Zim-
merman) p. 137. Academic Press, New York (1974).
E. A. Glende, Jr. and R. O. Recknagel, Fedn. Proc.
29, 755 (1970).

E. A. Glende, Jr. Biochem. Pharmac. 21, 1697 (1972).
R. Coleman, Biochim. biophys. Acta 300, 1 (1973).

R. O. Recknagel and M. Litteria, Am. J. Path. 36, 521
(1960).

H. A. Sasame, J. A. Castro and J. R. Gillette. Biochem.
Pharmac. 17, 1759 (1968).

E. G. D. de Toranzo, M. I. Diaz Gomez and J. A.
Castro. Biochem. biophys. Res. Commun. 64, 823 (1975).
E. A. Glende, Jr., A. M. Hruszkewycz and R. O. Reck-
nagel, Biochem. Pharmac. 28, 2163 (1976).



