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Summary.-NADPH- and ascorbic acid-induced microsomal lipid peroxidation was
almost absent in subcutaneously implanted DAB-induced hepatomas D23, D30 and
D192A, and present at greatly reduced levels in DAB-induced primary hepatomas
when compared with normal liver controls. Fatty acid analysis of the microsomal
lipid from passaged tumours demonstrated adequate levels of substrate in the
phospholipid fractions to support lipid peroxidation. Lipid extracted from hepatoma
microsomal fractions was shown to undergo ascorbic acid-induced lipid peroxida-
tion, but to a lesser extent than the corresponding liver extract. This may be partially
explained by a decrease in the phospholipid content of hepatoma microsomal mem-
branes. However, phospholipid extracted from microsomal fractions of hepatoma and
liver supported lipid peroxidation to a similar extent. The possible role of the non-
lipid component of the membrane in the process of lipid peroxidation is discussed.

THE DESTRUCTIVE ROLE of lipid peroxides
and their decomposition products, and
the protection against such damage to the
cell afforded by antioxidants is well
documented. Examples include studies
on the inhibition of mitosis by linoleic acid
hydroperoxide (Glushchenko et al., 1975)
and the interaction of malonaldehyde
(MDA), a breakdown product of lipid
peroxidation, with DNA and its inhibitory
effect on cell division (Brooks & Klamerth,
1968). Addition of antioxidants to the diet
of mice increased their mean life span
(Harman, 1968) and the supply of ax-
tocopherol to fibroblasts in vitro produced
a 100% increase in the number of popula-
tion doublings, concomitant with a de-
crease in the products of lipid peroxidation
(Packer & Smith, 1974).
A metabolic role for lipid peroxidation

in the cell is unknown. It has been sug-
gested that NADPH-dependent oxidation
may contribute to the normal catabolism
of phospholipids in microsomal membranes
(Poyer & McCay, 1971) and that the per-
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oxidation of polyunsaturated fatty acids
mediated by flavin enzymes may contri-
bute to the turnover of membrane lipid
components (Fong et al., 1973). Wolfson
et al. (1956) observed a decrease in lipid
peroxidation in regenerating rat liver and
proposed an involvement of peroxidation
in the regulation of cell division. It has
also been suggested that lipid peroxidation
may be involved in some types of tumour
formation. Shamberger (1972) has shown
concomitant lipid peroxidation and skin-
tumour formation by topical application
of 7, 1 2-dimethylbenzanthracene and
croton oil. Prior treatment with anti-
oxidants reduced tumour formation. The
effects of antioxidants in reducing the
incidence of a variety of chemically in-
duced neoplasias are described by McCay
& Poyer (1976).
The extent of lipid peroxidation in cells

showing a rapid rate of growth and divi-
sion is being investigated in this labora-
tory. It has been shown previously that
NADPH-dependent microsomal lipid per-
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oxidation is almost absent in foetal and
neonatal rat liver (Player et al., 1977;
Slater, 1968). This paper describes ex-
periments designed to investigate both
NADPH- and ascorbic acid-induced
microsomal lipid peroxidation in some
rapidly growing hepatomas.

MATERIALS AND METHODS

Animals and hepatomas.-Hepatomas D23,
D30 and D192A were originally a gift from
the Cancer Research Campaign Laboratories,
University of Nottingham. They were main-
tained by subcutaneous passage in Wistar
rats at the Department of Surgical Immun-
ology, University of Birmingham. Primary
hepatoma tissue, induced by feeding 4-
dimethylaminoazobenzene (DAB) (Baldwin
& Barker, 1967) was obtained directly from
the University of Nottingham.

Chemicals. - EGTA, Hepes [2-(N-2-
hydroxyethylpiperazin - N' - yl) ethanesulph-
onic acid], Tris, ADP, NADPH, sodium
ascorbate, thiobarbituric acid, silicic acid,
cytochrome c and bovine serum albumin were
supplied by Sigma Chemical Co., Poole,
Dorset. Ten per cent EGSS-X on Unisorb AW
was from Jones Chromatography Ltd, Llan-
bradach, Glam., and boron trifluoride-
methanol complex was supplied by BDH
Chemicals Ltd, Poole, Dorset. All other
chemicals used were of the highest purity
available commercially.

Preparation of microsomal fractions.
Animals bearing s.c. hepatomas were killed
by cervical fracture 2-3 weeks after implanta-
tion. Tumours were removed and freed from
necrotic tissue. Primary hepatomas were
freed as much as possible from the surround-
ing liver tissue, and liver lobes from the same
animals that appeared not to contain tumour
tissue were also examined. Hepatoma and
liver microsomal fractions were prepared by
homogenizing the tissues in 0-25M sucrose,
0-5mM EGTA and 5mM Hepes (pH 7 4). The
homogenates were centrifuged at -.-'15,000 g
x 10 min in an MSE High Speed 18 centrifuge.
The supernatants were removed by Pasteur
pipette and centrifuged at -78,000 g x 60
min in an MSE Super Speed 50 centrifuge.
The sedimented fractions were designated the
microsomal fractions and were washed in
0-15M Tris-HCI (pH 7.4) and recentrifuged at
-.78,000 g x 60 min. The microsomal frac-

tions were finally resuspended in 0 15M Tris-
HC1 (pH 7.4) unless used for lipid extraction,
when they were stored at - 20°C under N2
before use.

Methods for lipid peroxidation. - For
NADPH-dependent microsomal lipid per-
oxidation the medium consisted of 0-15M
Tris-HCI (pH 7-4), 4mM ADP, lmM KH2PO4,
0-4mM NADPH, 0 05mM FeCl3 and 1 mg
microsomal protein/ml in a total volume of
3 or 4 ml. Samples were incubated at 25°C in
a shaking water bath and aliquots (0 5 ml)
were taken periodically up to 45 min for
assay of malonaldehyde (MDA) formation.
Ascorbic acid-induced lipid peroxidation was
performed in a medium containing 0-15M
Tris-HCI (pH 7.4), 1mM KH2PO4, 0-25mM
ascorbic acid, 0-05mM FeCl3 and 1 mg micro-
somal protein/ml. Incubation was at 37°C in
a shaking water bath, with samples (0-5 ml)
being withdrawn at intervals up to 60 min for
the assay of MDA. For ascorbic acid-induced
peroxidation of extracted microsomal lipids,
the lipid (3-6 mg) was taken up in methanol
(0-2 ml) and incubated with the ascorbic acid
medium (1.0 ml) described above, at 37°C.
MDA production in the total incubation
volume was measured after 60 min.
Assay of MDA.-MDA production was

measured by a modification of the thio-
barbituric acid test of Hunter et al. (1963).
Samples taken from the incubation vessels
were mixed with distilled water (1-5 ml), 40%
trichloracetic acid (0.5 ml), 5N HC1 (0-25 ml)
and 2% thiobarbituric acid (0-5 ml) and then
boiled for 10 min, cooled and centrifuged in
an MSE bench centrifuge. The optical densi-
ties of the supernatant fractions were recorded
at 532 nm. For calculation of specific activity,

E13cmm= 1-56 x 105 l/mol/cm
was used as the molar extinction coefficient.

Lipid analysis.-Microsomal lipids were
extracted according to the method of Folch
et al. (1957). Separation of the lipid extracts
into neutral and phospholipid fractions was
carried out using silicic acid columns (1-2 g).
Neutral lipids were eluted with chloroform
(20 ml) and phospholipids eluted with
methanol (25 ml). Methyl ester derivatives of
the fatty acids in the fractions were prepared
according to Metcalfe & Schmitz (1961) using
14% boron trifluoride-methanol. Fatty acid
analysis was performed on a Pye "Series 104"
Model 24 gas chromatograph with a flame
ionization detector. The column used was
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10% EGSS-X on Unisorb AW, which was
maintained at 180°C during methyl ester
separations.
Enzyme assay.-NADPH-cytochrome-c re-

ductase activity was measured by the pro-
cedure of Phillips & Langdon (1962) using

5l0e' = 185 X 103 l/mol/em
as the molar extinction coefficient. Micro-
somal fractions used for this assay were pre-
pared in 01m sodium phosphate buffer (pH
7 6). Protein estimation was by the method
of Lowry et al. using bovine serum albumin
as standard.

RESULTS

Microsomal lipid peroxidation was
shown to be either absent or present at
extremely low levels in all the s.c. hepa-
tomas examined (Table I). Production of

TABLE I.-Microsomal lipid peroxidation
induced by the NADPH system or the
ascorbic-acid system*

MDA pro(luction
(nmol/mg protein)t

Tissue NADP'H
Liver 33.0
D23 0-21
D30 0 58
D192A 0*00
D30 (heat-treated)+
Liver from DAB-

treatedI rats 38 7
Primary DAB-

indluced hepatoma 3-3

AscoIrbic
aci(I
35-8
0-42
1-04
0-42
1 04

40-8

5 4
* AMeans of 2 separate experiments each uising a

microsomal fraction from a dlifferent animal andl
performedl in dtuplicate.

t After incubation for 45 min.
: Microsomal fraction was heateed at 80°C for

5 min in a water bath.

MDA was low in these fractions, whether
the source of electrons for the reaction was
NADPH or ascorbic acid. MDA levels
increased slightly when the microsomal
fraction from primary hepatomas was
subjected to peroxidizing conditions. This
may have resulted from contamination
with liver tissue, as primary tumours were
only freed from contaminating liver cells
by visual inspection. The microsomal
fraction isolated from the liver- tissue of

primary hepatoma-bearing animals showed
a slightly greater production of MDA than
the controls. This may be due to variation
in diet.
NADPH-cytochrome-c reductase is

known to be involved as an electron
carrier in liver microsomal NADPH-
dependent lipid peroxidation (Pederson
et al., 1973). The activity of this enzyme in
microsomal fractions from hepatomas was
much less than in corresponding liver frac-
tions (Table II).

TABLE II. Activity of NADPH-cyto-
chronme-c reductase in microsomal frac-
tions from liver and hepatomas*

NADPH-cytochrome-c
redluctase activity

Tissuie (nmol/mg protein/min)
Liver 122-3 i 10-9
D23 16-9±5-8
D30 14-1±6-1
D192A 9-0±4-3

* Values are expressecl as means±s.d. for 3
separate experiments each using one animal.

The principal substrate for lipid per-
oxidation, arachidonic acid (Niehaus &
Samuelson, 1968) was found almost en-
tirely in the phospholipid fraction of all
the microsomal lipid fractions examined
(Table III). The proportion of phospho-
lipid to neutral lipid was found to be lower
in microsomal lipid from all hepatomas

TABLE III. Analysis of microsomal lipid
from liver and hepatomas*

Liver
-NLt
PL

D23
NL
PL

D30
NL
PL

D192A
NL
PL

Fatty aci(d composition PL
-A content

16:0 18:0 18:1 18:2 20:4 (%)

36-It 27-1 14-7
29-2 26-7 16-2

26-6 36-4 27-4
24-5 27-2 25-1

22-1 -§
10-2 17-7

9-6
8-9 14-3

30-3 35-7 19-5 12-2 2-3
22-9 32-9 19)0 6-9 18-3

31-6 26-8 24-1
22-5 22-3 20-1

17-5
10-4 24-7

90

79

75

60

* Averages of 2 experiments each uising one
animal and performe(d in cduplicate.

t NL =neutral lipid( PL phospholipid.
I Peak area percentages.
§ <1 % of total fatty acidis.
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than from liver, the greatest decrease
being shown by hepatoma D192A, where
phospholipids accounted for 60% of the
total, compared with 90o% in liver.

Extracted lipid from hepatoma micro-
somal fractions as well as that from liver
microsomal preparations was shown to
support ascorbic acid-induced peroxida-
tion (Table IVa). MDA production/mg of

TABLE IV. Ascorbic acid-induced malon-
aldehyde pr oduction in extracted micro-
sorntal lipids from liver and hepatomas*

(a) Total extracte( lipidi
MDA production (OD532)

Liver (6) 0 47:3±0-120
D30 (4) 0 181--0 105
DI92A (3) 0 160±0 100

(b) Phospholipid an(d neutral lipidl
MDA pro(Ituction (OD532)

PL NL
Liver (4) 0 54510 150 0 075 0-025
1)30 (4) 0 420+ 0-100 0 055 -4-0020
D192A (3) 0 380 0 126 0 065± 0030
* Results are expressed as meani s.d. and the

numberIs of samples from separate animals are
shown in parentheses.

hepatoma microsomal lipid was less than
40%0 of the mean value when liver micro-
somal lipids were used as substrate.
Separation of the extracted lipid into
phospholipid and neutral lipid fractions,
followed by incubation with the ascorbic
acid peroxidation system, demonstrated
that the phospholipid fraction was respon-
sible for most of the lipid peroxidation
(Table IVb). There is no significant differ-
ence between MDA production/mg phos-
pholipid from liver and that from hepa-
toma samples.

DISCUSSION

Analysis of the fatty acids of the hepa-
toma microsomal phospholipid fractions
showed some similarity to the fatty acid
profile of liver microsomal phospholipids.
From these data it would appear that
there is adequate arachidonic acid present
in hepatoma phospholipid to support
microsomal lipid peroxidation, even

though the overall percentage of phospho-

lipid in the lipids of the membrane is
decreased.
NADPH-dependent lipid peroxidation,

which is mediated by NADPH-cyto-
chrome-c reductase, and is active in liver
microsomal fractions from both control
animals and animals bearing primary
DAB-induced tumours, was absent from
the s.c. hepatomas examined. It is unlikely
that the lower activities of the reductase
found in these hepatoma microsomal frac-
tions are entirely responsible for the lack
of NADPH-dependent lipid peroxidation,
because even in the presence of the non-
enzymic ascorbic acid-induced peroxida-
tion system, none of the passaged hepa-
toma microsomal fractions examined pro-
duced measurable amounts of MDA.

Extracted lipid from hepatoma micro-
somal fractions was shown to be capable
of supporting lipid peroxidation. However,
it was also evident that the production of
MDA was much less than for the corres-
ponding liver fraction. Separation of the
lipids into phospholipid and neutral lipid
components demonstrated that the phos-
pholipid component was mainly respon-
sible for peroxidation in all fractions ex-
amined. This is in agreement with the dis-
tribution of arachidonic acid as shown
chromatographically. The lower produc-
tion of MDA with the total lipid extracts
from the hepatomas may be partially ex-
plained by the decreased percentage of
phospholipid found in the membrane. In
view of the observation that lipids
extracted from hepatoma microsomal
fractions supported peroxidation, the
absence of MDA production on incuba-
tion of hepatoma microsomal fractions
with either the enzymic or non-enzvmic
peroxidation-induction systems indicates
some inhibitory factor(s). Heat treatment
of the hepatoma microsomal fractions pro-
duced no increase in lipid peroxidation in
the presence of the ascorbic acid system
(Table I), thus eliminating the possibility
that the inhibitory factor is a protein. It is
also unlikely that inhibition of lipid per-
oxidation is due to membrane conforma-
tion protecting the unsaturated fatty
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acids, as heat treatment would most prob-
ably result in the disruption of such
organization.
The role of the non-lipid portion of the

membrane may prove to be extremely im-
portant in its effect on lipid peroxidation.
Sharma (1977) has shown that when the
protein fraction of rat-brain mitochondria
is added back to extracted lipid, ascorbic
acid-induced peroxidation may be stimu-
lated by over 1000%. By using the approxi-
mation that 100 nmol MDA originates
from 890 nmol fatty acid (May & McCay,
1968), it can be calculated that 220 nmol
fatty acid/mg lipid was utilized during the
course of ascorbic acid-induced peroxida-
tion in the liver microsomal vesicles,
whereas only 36 nmol fatty acid/mg lipid
was used when extracted lipid was the
substrate. Thus, the non-lipid liver micro-
somal fraction appears to be involved in
catalysis of the reaction. This is obviously
not the case with the hepatoma fractions
examined above, and it would appear that
an antioxidant activity is incorporated
into this fraction. Experiments to investi-
gate the nature of the total inhibition of
hepatoma microsornal preparations are in
progress.
The results reported here are another

example of the absence of microsomal
lipid peroxidation in rapidly growing cells.
NADPH-dependent microsomal lipid per-
oxidation has been shown to be decreased
by 3000 in regenerating liver 48 h after
partial hepatectomy (unpublished observa-
tion), and to be virtually inactive in the
foetal and neonatal fractions (Player et al.,
1977). It may be that lipid peroxide
production in the cell is in some way
connected with the regulation of division
and growth.
Experiments of short duration in which

dimethylnitrosamine was added to a sus-
pension of rat-liver microsomes produced
an increase in NADPH-dependent lipid
peroxidation by stimulation of mixed-
function oxidase (Jose & Slater, 1970). In
contrast, microsomal lipid peroxidation
was found to be extremely low in all the
chemically induced hepatomas investi-

gated in this laboratory, which resulted
from long-term treatment of rats with
carcinogens. Thiele & Huff (1960) also
found that the majority of mitochondrial
fractions from the tumours investigated
had very little ascorbate-induced lipid
peroxidation. It was observed in this
laboratory that very little MDA was pro-
duced when mitochondrial fractions and
whole homogenates of DAB-induced hepa-
tomas were incubated with the ascorbic-
acid peroxidation system (unpublished
observations). In conclusion, some chemi-
cal carcinogens may show a correlation
between initiation of lipid peroxidation
and neoplasia, but in the case of the
passaged, rapidly growing, chemically in-
duced hepatomas examined in this labora-
tory, there is a complete absence of per-
oxidation potential. Thus although lipid
peroxidation and free radicals may dam-
age cells by reaction with DNA, and this
may also be the mode of action at the time
of neoplastic induction, peroxidation sys-
tems do not persist in the tumour itself,
a,nd would appear to be unnecessary for
cell proliferation.

This work was stippor te(I by a grant from the
Cancer Research Campaign.
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