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ABSTRACT

Fischer-344 rats fed a choline-devoid diet show lipid peroxidation in

the liver nuclei, beginning at 1 day, reaching a peak at 3 days, and
subsequently declining by 35 days. Lipid peroxidation in the mitochondria
was seen first at 3 days, increased to a maximum at 28 days, and decreased
after 35 days to undetectable values at 49 days. Lipid peroxidation was
found in both nuclear and mitochondria! fractions both before and after
stripping of their outer membranes. No microsomal lipid peroxidation
could be detected at any time up to 63 days. The animals fed the same
diet supplemented with choline showed no lipid peroxidation in any liver
fraction. Animals given CCI* showed the expected lipid peroxidation in
the microsomes but not in the nuclear fraction. The administration of the
free radical trapping agent, /V-ferf-butyl-or-phenylnitrone, prevented com

pletely or almost so, microsomal lipid peroxidation induced by CCU and
nuclear lipid peroxidation in the animals fed the choline-devoid, low

methionine diet. The genesis of free radicals in the livers of rats fed a
choline-devoid diet is considered as a likely hypothesis for the observed

lipid peroxidation. The lipid peroxidation in turn is considered to be
closely related to the induction of liver cell death and to the production
of alterations in DNA. The DNA alterations coupled with regenerative
liver cell proliferation suggest an attractive hypothesis for the initiation
of hepatocarcinogenesis in rats fed a choline-devoid diet.

INTRODUCTION

Rats fed diets devoid of choline and low in methionine, in
the absence of any known or added carcinogen, develop liver
cancer (1-3). Assuming that the cancer under these conditions
is not associated with any known chemical carcinogen (1-3), a
mechanistic analysis of the development of cancer with such a
dietary deficiency may well give new insights into the funda
mental aspects of the carcinogenic process. Naturally, the study
of this dietary model may also generate some new perspective(s)
on the relationship between nutrition and cancer.

In addition to the accumulation of triglycÃ©ride("fatty liver"),

which has been known since the discovery of choline as a
lipotrope in 1932, an early effect of exposure to the CD4 diet is

lipid peroxidation in the nucleus (4). On the basis of current
concepts (e.g., Refs. 5 and 6), lipid peroxidation is considered
to be a consequence of the interaction of free radicals with
unsaturated fatty acids, mainly if not exclusively in phospho-
lipids. Since the study of lipid peroxidation associated with the
feeding of a CD diet may offer not only a new perspective in
the analysis of hepatocarcinogenesis but also a new model for
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the exploration of the role of free radicals in cell injury, it was
considered important to begin to document in detail the intra-
cellular pattern and kinetics of lipid peroxidation in the liver.

It is already evident that lipid peroxidation in the nucleus is
followed shortly in time by evidence of alterations in DNA
structure (7) and subsequently by cell death and cell prolifera
tion (8, 9). These observations suggested the following hypoth
esis (10). A choline deficiency, for reasons as yet not under
stood, leads to nuclear lipid peroxidation. This in turn leads to
"damage" to DNA. The liver cell proliferation "fixes" the

damage in the DNA, to generate a permanent change associated
with initiation of carcinogenesis (11). This is analogous to
initiation of carcinogenesis with chemical carcinogens. Also,
the ongoing cell death and cell proliferation may be important
in creating the subsequent promoting environment that favors
the appearance of hepatocyte nodules (8). The relative resist
ance to triglycÃ©rideaccumulation of hepatocytes in such nodules
(3, 12, 13) indicates the creation under these conditions of a
differential effect on initiated versus surrounding hepatocytes
that could play an important role in promotion (14-16).

The present report is concerned with one aspect of the long
term study of the biochemistry and molecular biology of the
carcinogenic effects of feeding rats a CD diet. It documents the
critical analysis of the intracellular distribution of lipid perox
idation and its kinetics as well as other cellular changes during
the first 9 weeks after beginning the exposure to the CD diet.
Initiation of carcinogenesis has been found to occur within this
period of time (17). The significance of the appearance and
disappearance of these changes in the liver in relation to our
current hypothesis is discussed briefly.

MATERIALS AND METHODS

Animals. Young male Fischer F-344 rats, weighing from 130 to 150
g and 5 to 6 weeks old (Charles River Breeding Laboratories, Detroit,
MI) were used in all the dietary experiments. In the experiments with
COU, the rats were heavier, weighing from 215 to 230 g. The rats were
maintained on Purina rodent laboratory chow (Catalogue 5001) for 1
week on a 12-h light, 12-h dark daily cycle. Food and water were
available ad libitum unless noted otherwise.

Diets and Chemicals. The CD and CS diets, as devised by Lombardi
et al. (3, 12, 13) and used in our previous experiments (2), were from
Dyets (Bethlehem, PA). The diets were regularly analyzed for possible
relevant contaminants (2). They were stored at 5"C. Fresh diet was

provided to the animals every second day to avoid its possible deterio
ration if kept longer at room temperature.

NADH, NADPH, Triton X-100, bovine serum albumin, and n-
fructose were obtained from Sigma Chemical Co., St. Louis, MO.
Ultrapure sucrose (density gradient grade) was obtained from Schwartz-
Mann, Orangeburg, NY. Spectra-grade methanol and CCU were ob
tained from Fisher Scientific Co., Pittsburgh, PA. PBN was obtained
from Aldrich Chemical Co., Milwaukee, WI. It was recrystallized with
n-hexane. All other chemicals were of the highest grade available.

Experimental Design

CD and CS Diets. One hundred and eighty rats were used in the
major kinetic studies of the sequence of biochemical and morphological
changes during a 63-day period of feeding the CD or CS diets. In the
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first experiment, 2 groups of 45 animals each were fed ad libitum one
of the two diets and 3 of each group were killed after 1, 2, 3, 4, 5, 6, 7,
10, 14, 21, 29, 35, 42, 49, or 63 days. This whole experiment was
repeated once. The body weights were measured daily during the first
7 days and then every 3 to 7 days thereafter. All animals were killed
between 10 and 11 a.m. Blood was taken under ether anesthesia for
determination of SDH.

In the experiments on lipid peroxidation induced by CC14,9 rats on
the chow diet were given CCL. (0.1 ml/100 g body weight) via gastric
intubation as a 1:1 mixture with corn oil 60 min before killing, and 9
control animals received the corn oil alone.

In the experiments with the free radical trapping compound PBN,
the recrystallized chemical was dissolved in corn oil at 55Â°Cat a

concentration of 100 mg/ml and given via gastric intubation at doses
of 10 mg/100 g body weight. In the initial experiments with CCL,, 6
rats were given the PBN 2 h before and were killed 2 h after the CCU
(0.2 ml/100 g body weight), while 6 each of the controls received
equivalent volumes of corn oil for each agent. In the first set of
experiments with PBN and CD or CS diets, 12 animals in each dietary
group were given the PBN or corn oil before any measurable nuclear
diene conjugation appeared, i.e., at 12 h and again at 24 h, in order to
observe whether PBN could effectively prevent lipid peroxidation. The
animals in these experiments were killed at 50 h after the diets were
begun, a time at which obvious diene conjugation is present in the
controls. Groups of 6 animals on CD or CS diets were killed at 12 h as
controls to assess the presence or absence of lipid peroxidation at this
time. In the second set of experiments, 12 animals on CD or CS diets
were given PBN after lipid peroxidation had begun, i.e., 38 h, but before
it reached its maximum value at 72 h. The rats received a second
injection of PBN at 50 h and were killed at 62 h. Control animals, 6
per group on either CD or CS diets, were killed at 38 h to assess the
level of lipid peroxidation at the time the first dose of PBN was given.
In addition, 3 animals on either CD or CS received PBN at 48 h and
were killed at 50 h to observe whether administered PBN has any effect
on the measurement of lipid peroxidation.

Preparation of Tissue Fractions and Determinations

Isolation of the Nuclear Fraction. The livers were quickly excised
from ether anesthesized rats, rinsed free of clotted blood in ice-cold
0.15 M NaCl, and the weights were recorded. All subsequent steps were
carried out at 4Â°C.Liver nuclei were isolated by the method of Blobel
and Potter (18), except that the sucrose-TKM buffer contained 1 HIM
EDTA. The purified nuclei were washed an additional 3 times with
0.24 M sucrose-TKM buffer containing 1 ITIMEDTA by sedimentation
at 700 x g for 10 min and resuspended in a final volume of 5 ml. The
whole nuclei were either processed for diene conjugate analysis or
treated with Triton X-100 to remove the outer nuclear membrane. The
latter was accomplished by incubating the purified nuclear fraction in
0.24 M sucrose-TKM buffer containing 0.3% Triton X-100 on ice for
20 min. At the end of the incubation, the suspension was diluted 5
times with 0.24 M sucrose-TKM buffer without Triton and gently
homogenized. The stripped nuclei were recovered by centrifugation
through 2.3 M sucrose as described above. The purity was monitored
by light and electron microscopy (4) as well as with biochemical
markers.

Isolation of Mitochondria and Microsomes. Mitochondria were iso
lated following the procedure of Greenwalt (19), using the TES buffer
of O'Brien and Kalf (20). The resulting mitochondria! pellet was

resuspended in TES buffer at 100 mg mitochondrial protein/ml and
processed for diene conjugate analysis or treated with digitonin (0.12
mg/mg protein) to remove the outer mitochondrial membrane (21).
The outer mitochondrial membrane was recovered by centrifugation at
105,000 x g for 1 h at 4Â°Cin a Spinco TY60 rotor. The purified

mitoplasts and outer mitochondrial membranes were suspended in TES
buffer and processed for diene conjugate analysis.

Microsomes were obtained from the postmitochondrial supernatant
after an initial centrifugation at 17,000 x g for 20 min at 4Â°Cin a

Sorvall SS-34 rotor to remove remnants of mitochondria, peroxisomes,
etc. The supernatant was centrifuged at 105,000 X g for 1 h at 4Â°Cin

a Spinco TY60 rotor. The pellet was resuspended in TES buffer and

recovered again by centrifugation at 105,000 x g. The final pellet was
resuspended in 5 ml of TES buffer and used as the microsomal fraction.

Measurement of Lipid Peroxidation. Lipid peroxidation was meas
ured by diene conjugate analysis exactly as described by Recknagel and
Ghoshal (22). CCU-induced lipid peroxidation of liver microsomes was
utilized as a positive control for the detection of diene conjugates (22,
23). Total lipid was extracted from the appropriate subcellular fraction
in hot (55Â°C)chloroform:methanol (2:1) essentially according to the

method of Folch et al. (24). The chloroform layer (bottom phase) was
filtered through anhydrous sodium sulfate and evaporated to dryness
at 55Â°Cunder oxygen-free N2. The extracted lipid was solubili/ed in

spectra grade methanol at a concentration of 1 mg/ml and the UV
absorbance spectrum was recorded (300-220 nm, 1-cm path length).
The appearance of an absorbance peak at 233-238 nm is indicative of
the presence of diene conjugates which are an indication of in vivo lipid
peroxidation. Since this peak may be obscured by end absorption of
unperoxidized lipids, it was most easily observed as a difference spec
trum between the lipid extracted from the experimental (CC14or CD)
and control (corn oil or CS) samples. For each individual experiment,
the mean of 3 experimental and 3 control values at each wavelength
was plotted and the difference in absorption between the curves was
determined. The extent of peroxidation was expressed as the A/-.'!'1cm

as reported by Recknagel and Ghoshal (23). This is the difference in
absorbance, xlO, of a 0.1% solution of the lipid in methanol at any
particular wavelength and measured with a 1-cm light path.

Enzyme Assays. Rotenone-insensitive NADPH cytochrome c reduc
Ãasewas measured as described by Tata et al. (25). Glucose 6-phospha-
tase activity was measured at 37Â°Cas described by Swanson (26). SDH

was measured according to the method of Gerlach and Hiby (27).
Chemical Analysis. Protein was determined by the biuret (28) or

I .<>wr>et al. (29) procedures, using bovine serum albumin as the
reference. DNA was determined by Burton's diphenylamine method

(30).
HistolÃ³gica!Examination. Pieces of all livers were fixed in buffered

formalin, embedded in paraffin, and sections were stained with hema-
toxylin and eosin and Masson's trichrome. Pieces of liver were also

frozen, sectioned, and stained for bound aldehyde with a modified basic
fuchsin method (31). A variety of aldehydes, including several 4-hy-
droxyalkenals, are derived from the breakdown of the peroxidized fatty
acids. The frozen sections, 10 to 12 Â¿imin thickness, were stained with
a modified Schiff reagent (basic fuchsin, sodium metabisulfite, and
HC1; Fisher Scientific Co.) for 4 h, rinsed twice in sulfite, H2O,
dehydrated, cleared, and mounted in Permount.

RESULTS

Effects of CD Diet on Young Adult Rats. Fig. \A shows the
body weights of rats maintained on CD or CS diets for various
lengths of times up to 63 days. The body weight of all rats on
CD as well as on CS diets increased at the same rate, reaching
a final value of 295 Â±10 g (SD), and indicating that the diets
were nutritionally adequate for normal growth.

The liver weights from the same rats are presented in Fig.
\B. The liver weights of the rats fed the CD diet increased at a
much greater rate, beginning at 4 days, compared to the livers
from the rats fed CS. The liver weights of the CD fed animals
reached a maximum value of 21.0 Â±3 g at 28 days, then slowly
decreased to a constant value of 16.5 Â±2.2 g from 35 to 63
days. The liver weights in the CS fed animals remained much
lower than in the CD fed animals, reaching a maximum value
of 10.5 Â±2.0 at 63 days. The liver weights, as a function of the
body weights, are presented in Fig. 1C. As expected, the relative
weights in the rats on the CD diet increased in parallel with the
absolute weights (Fig. IB). The rats on the CS diet showed a
slow small decline in the relative liver weight over the 63-day
period.

The levels of serum SDH, as a measure of liver cell death
(necrosis), are recorded in Fig. lo. A small increase in activity
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Fig. I. Effect of feeding CD or CS diets to male Fischer 344
rats on body weights (A), liver weight (B), liver weight/100 g
body weight (Q, and serum SDH levels (D). Points, mean of
six values; bars, SD. O, control, CS diet; Â».CD diet.
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was detectable at 6 days. This increased progressively to a
maximum of 250 Â±10 units/liter serum after 42 days on the
diet and then declined to a value of 138 Â±8.2 units/liter serum
at 63 days. No elevation of serum SDH was observed in the CS
fed rats at any time during the exposure to the diet, suggesting
the absence of liver cell death.

HistolÃ³gica! examination at each time point (Table 1) re
vealed a rapidly progressive fatty change (TG accumulation),
reaching a maximum in the 14- to 21-day period, and then a
more prolonged decrease to 63 days. The fatty change was first
clearly evident in hepatocytes in zone 1 ("periportal") and

spread progressively to involve the hepatocytes in zone 2 and
then zone 3 ("centrilobular"). By 14 to 21 days, the fatty change

was so extensive that no zonal pattern was evident. In the
subsidence of the fatty change from day 42 to day 63, any
evident decrease was discernible in zone 3.

Necrosis was first evident as a few isolated and scattered very
small foci at 4 days, increasing to 35 days (Table 1). The necrotic
foci and regions were infiltrated with both polymorphonuclear
leukocytes and mononuclear macrophage-like inflammatory
cells. This mix of "acute" and "chronic" inflammatory cells was

very frequent. From 42 to 63 days, the degree of necrosis
diminished perceptibly. However, it was still very evident as
focal and more diffuse regional necrosis at 63 days.

A new histolÃ³gica! change, oval cell proliferation, was seen
first at 49 days and very clearly at 63 days (32). Proliferation
of "oval" cells, some clearly related to small bile ductules, was

Table 1 Sequential histopathological changes in the livers from rats fed choline-
deficient diet for different periods of time

Fatty
Dayschange"1

+2
+'

"4
++5

+T+6

+++7
+++14
++++21
++++35
+++42
+++49
+++63

++Necrosis*_â€”â€”+F+f+F++F+++F+++F++D++D+D+DFibrosis'_â€”â€”â€”â€”â€”â€”â€”_â€”â€”-+
* Six animals were examined at each time point. The degree of fatty change

was assessed visually; +, mild; ++, moderate; +++, severe; ++++, extensive with
signet ring appearance in every hepatocyte.

* F, focal necrosis â€”,+,no more than 1 focal area/medium power (x 100) field
(MPF); ++, 1-2/MFP; +++, 2-3/MPF; D, widely scattered diffuse or zonal
necrosis.

' +, very delicate fibrous septae were seen in a few areas, confirmed with stain
for collagen (trichrome). â€”,no fibrosis.

seen in many portal areas, extending into zone 1, throughout
the sections. A few small areas of cholangiofibrosis were seen
in association with the oval cell proliferation, especially in areas
in which the organization of oval cells as ductular lining was
evident. In addition to the focal fibrosis in areas of cholangio
fibrosis, some delicate fibrous septae, extending from portal
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areas, were seen. This was most clearly evident with special
stains for collagen at 63 days.

The sections from the livers of the animals on the CS diet
showed an inconstant very mild fatty change with no necrosis,
inflammatory infiltrates, fibrosis, or oval cell proliferation.

Recovery and Purity of Subcellular Fractions. Prior to the
determination of the diene conjugate levels, we assessed the
purity of the nuclear, mitochondrial, and microsomal fractions
recovered from the liver of rats fed the CD and CS diets. This
was considered important since the TG accumulation and the
liver cell death in the animals fed the CD diet might alter the
recovery and purity of the subcellular fractions.

To assess the level of microsomal (endoplasmic reticulum)
contamination of the purified nuclear and mitochondrial frac
tions, the activity of the microsomal-specific enzymes, (rote-
none-insensitive) NADPH cytochrome c reducÃaseand glucose-
6-phosphatase, were monitored during the isolation procedures
and in the purified organelle fractions. The activity of (rote-
none-insensitive) NADPH cytochrome c reductase and glucose-
6-phosphatase in the nuclear fraction was 4.86 nmol cyto
chrome c reduced/min/mg protein and 0.85 ^mol PÂ¡released/
15 min/mg protein, respectively (Table 2), values in very close
agreement to those cited in the literature for purified rat liver

Table 2 Activity of marker enzymes in purified subcellular fractions recovered
from the livers of rats exposed to CD or CS diets

NADPH
cytochrome c

Glucose-6- reductase
phosphatase (nmol cytochrome c

(Â«iimlP, released/ reducÃase/
FractionHomogenate"CS

(3days)CD
(3days)Microsomes'CS

(3days)CD
(3days)Nuclei'CS

(3days)CS
(63days)CD
(3days)CD
(63days)Nuclei+ TritonX-100'-'CS

(3days)CS
(63days)CD
(3days)CD
(63days)Mitochondria'CS

(3days)CS
(63days)CD
(3days)CD
(63 days)

Mitoplasts'"'CS

(3days)CS
(63days)CD
(3days)CD
(63days)Mitochondrial

outermembrane''-^CS

(3days)CD
(63 days)15

min/mgprotein)1.39

Â±0.10*1.43
+0.197.79

Â±0.318.10
+0.410.85

Â±0.080.90
Â±0.020.87
Â±0.050.90
Â±0.060.16

Â±0.050.11
Â±0.020.18
Â±0.100.14
Â±0.090.64

Â±0.040.71
+0.100.67

Â±0.040.69
+0.050.19

Â±0.020.21
Â±0.060.20

+0.070.21
Â±0.080.85

Â±0.090.90
+ 0.12min/mg

protein)9.65

Â±1.109.50
Â±1.5024.3

Â±3.2522.5
Â±2.854.86

+0.204.90
Â±0.154.59
+0.164.70
+0.150.30

+0.070.27
Â±0.030.32
Â±0.090.23
+0.062.38

Â±0.192.50
Â±0.102.40
Â±0.102.50

Â±0.121.60

Â±0.051.75
Â±0.081.73

+0.091.80
+0.103.13

+0.203.25
Â±0.30

" Homogenate from each sample processed (3-63 days) was examined for

enzyme activity. There was no significant difference in the activity of either
enzyme when the rats were exposed to either the CS or CD diet at all time points
tested.

* Mean + SD of the values from 3 animals. The experiment was repeated twice

and the values agreed within 5%.
'The subcellular fractions were examined at all time points (3-63 days)

throughout the experiment. No significant difference was found in the activity of
either enzyme in animals exposed to the CS or CD diets. No difference was found
in the recovery of any of the organelles at any time during the exposure to the
CS or CD diets.

'The addition of Triton X-100 (0.3%) to the assay mixture for either enzyme

did not alter the measurable activity.
' Nuclei stripped of their outer leaf of the nuclear membrane, stripped nuclei.
^The addition of digitonin (0.12 mg/mg protein) to the assay mixture for

either enzyme did not alter the measurable activity.

nuclei (33-36). No significant difference in the activity of either
enzyme was found in the purified nuclei recovered from the
livers of rats exposed to the CD or the CS diets at any time
during the experiments. Treatment of the nuclear fraction with
Triton X-100 to remove the outer nuclear membrane (37-40)
reduced the specific activity of both marker enzymes in the
"stripped" nuclei by 94 and 87%, respectively, compared to the

unstripped nuclei.
The recovery of DNA in the nuclear fraction from the livers

of rats exposed to the CD or CS diets was 60-65% of that
present in the crude homogenate at all times points examined
(data not shown), suggesting a recovery of approximately 60%
for nuclei. This level of recovery agrees well with values re
corded in the literature (33, 37, 38). Of the DNA present in the
nuclear fraction, 97% was recovered in the stripped nuclei after
treatment with Triton, indicating no loss of nuclei due to the
treatment with detergent. We have previously shown the nuclear
fraction to be free of contaminating lysosomes, mitochondria,
and peroxisomes by electron microscopy (4).

The activity of (rotenone-insensitive) NADPH cytochrome c
reductase and glucose-6-phosphatase in the mitochondrial frac
tion was 2.38 nmol cytochrome c reduced/min/mg protein and
0.64 ÃÃmolPÂ¡released/15 min/mg protein, respectively (Table
2), values in very close agreement to those cited in the literature
for purified mitochrondria (19, 21, 36). Again, no significant
difference in the activity of either enzyme was found in the
purified mitochondria recovered from the livers of rats exposed
to the CD or CS diet at any time during the experiments.
Treatment of the mitochondrial fraction with digitonin, a de
tergent that specifically removes the outer mitochondrial mem
brane, reduced the activity of both marker enzymes in the
mitoplasts by 51 and 70%, respectively, compared to the un
stripped mitochondria. The lost activity of both enzymes was
recovered quantitatively in the pelleted outer membrane.

The recovery of mitochondrial protein from the rats exposed
to either CD or CS diets was 15-20 mg mitochondrial protein/
g wet weight liver at all time points examined (data not shown)
and agrees well with values described in the literature (19-21).
The mitochondria and mitoplasts have been shown by electron
microscopy to be free of contaminating lysosomes, peroxi
somes, and microsomes.

Lipid Peroxidation in the Nuclear Fraction. Fig. 2,1 shows a
typical UV absorbance scan and difference spectrum (inset) of
lipids recovered from the purified nuclear fraction of the liver
from rats exposed to the CD or CS diets for 3 days. The
absorption peak at 233-235 nm, characteristic of diene conju
gates, was found, indicating the occurrence of lipid peroxidation
in the nuclear lipids. Fig. 21! depicts the quantitative level of
diene conjugates in the nucleus as a function of the duration of
exposure to the CD diet. The diene conjugates were detectable
after 1 day on the diet with a peak value of 2.6 at 3 days. The
nuclear diene conjugates decreased considerably after 3 days
but remained at a measurable level for 28 days. No diene
conjugates were detected in the nuclear fraction at 35, 42, or
63 days.

Since the outer nuclear membrane is known to be continuous
with the endoplasmic reticulum, the main component of micro-
somes, and since, as expected, the nuclear fraction contained
low but detectable levels of the microsome-specific enzymes
(rotenone-insensitive) NADPH cytochrome c reductase and
glucose-6-phosphatase, we were concerned that the lipid per
oxidation observed in the nuclear fraction might be due to
microsomal contamination. To ensure that the lipid peroxida
tion found in the nuclear fraction was indeed present in the
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Fig. 2. IV absorption spectra and difference spectrum (insets) of nuclear lipids
recovered from the livers of rats exposed to the CD or CS diets. The difference
spectrum was obtained by subtracting the values at each wavelength for control
(CS) (â€¢)from the values for experimental (CD) (O), l data on nuclear lipids
from rats exposed to the CS or CD diets for 3 days. B, extent of nuclear lipid
peroxidation as a function of the duration of exposure to the CD or CS diets.
Points, mean quantitative value of diene conjugate generation calculated as
AÂ£{*cm of values from 2 experiments. The values of each agree within 5%. C,
data on lipids from Triton X-100-treated nuclei (to remove outer nuclear mem
brane) recovered from livers of rats exposed to the CD or CS diets for 3 days.
Points, mean of 3 animals; bars, SD. The experiments were repeated twice and
the values agreed within 5%.

nuclei and not due to contamination, the problem was handled
in three different ways: (a) we removed the outer nuclear
membrane with Triton and analyzed the stripped nuclei for
diene conjugates; (A) the purified microsomal fraction was
analyzed for diene conjugates; and (<â€¢)both nuclei with their

outer membrane intact and microsomes were analyzed for diene
conjugates after ('('!., poisoning, an agent well known to cause

microsomal lipid peroxidation.
(a) Fig. 1C shows a typical UV absorbance scan and difference

spectrum (inset) of lipids extracted from the stripped nuclei
recovered from the livers of rats exposed to the CD or CS diets
for 3 days. Diene conjugates were detected in the stripped
nuclei, indicating the presence of lipid peroxidation. The levels
of diene conjugates in the stripped nuclei (compare Fig. 2, A
and O, were routinely found to be lower than that found in the
unstripped nuclei at all time points examined, suggesting that
the outer membrane may also contain diene conjugates. At
tempts to recover the outer nuclear membrane for analysis were

not successful, (b) Diene conjugates were not detectable in the
microsomes isolated from the same animals at any time during
the 63-day period (Fig. 3, A and B). This measurement was

repeated in many microsome preparations over a period of
more than 1 year with uniformly negative results, (c) Fig. 4
shows the UV absorbance scan and difference spectrum (inset)
of lipids extracted from the microsomes (Fig. 4A) and nuclei
(Fig. 4B) recovered from the livers of rats treated with CC14or
corn oil. The intense absorption at 233-235 nm, characteristic
of diene conjugates, was found in the microsomes (Fig. 4A,
inset) but was not present in the nuclei isolated from the same
animals (Fig. 4B, inset), indicating that microsomal peroxida
tion can occur without any measurable peroxidation in the
nuclear fraction.

Lipid Peroxidation in the Mitochondria! Fraction. Fig. 5A
shows a typical UV absorbance scan and difference spectrum
(inset) of lipid extracted from the mitochondria! fraction of
livers from rats fed the CD or CS diets for 5 days. Fig. SB
depicts the quantitative expression of diene conjugates gener
ated in the mitochondria! fraction with respect to days of
exposure to the CD diet. No diene conjugates were detectable
in the mitochondria at 1 or 2 days of exposure to the diet.
Measurable levels of diene conjugates could be detected after 3
days of exposure. The level of diene conjugates increased to a
maximum value of 2.25 at 28 and 35 days, then decreased to
become undetectable after 49 days.

The isolated mitochondria contained a significant level of the
microsomal-specific enzymes (rotenone-insensitive) NADPH
cytochrome c reducÃaseand glucose-6-phosphatase (Table 2).
To ensure that the lipid peroxidation found in the mitochon
dria! fraction was indeed mitochondria! in origin and not due
to possible contamination, we removed the outer mitochondria!
membrane with digitonin and analyzed the mitoplasts for diene
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Fig. 3. UV absorption spectra and difference spectrum (inset) of microsomal
lipids recovered from the livers of rats exposed to the CD (O) or CS (â€¢)diets. A,
data on microsomal lipids from rats exposed to the CD or CS diets for 3 days.
Points, mean of values on 3 animals; bars, SD. The experiment was repeated
twice and the values agreed within 5%. B, extent of microsomal lipid peroxidation
as a function of the duration of exposure to the CD or CS diets. Points, mean
quantitative value of diene conjugate generation calculated as \/ Â¡cm of values
from 2 independent experiments, the values of which agreed within 5% at each
time point.
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Fig. 4. IV absorption spectra and difference spectrum (insets) of lipids from
microsomes and nuclei recovered from rats given CCU. The experiments were
repeated 3 times and the values agreed within 5%. â€¢,control, corn oil; O, CCU.
I, data on liver microsomal lipids from rats l h after treatment with CCU (0.4

ml (p.o.) of a 1:1 mixture of CCU with corn oil/100 g body weight) or an equal
volume of corn oil. The difference spectrum is shown in the in\ct. Points, mean
of values on 3 animals; bars, SD. The experiments are repeated twice and the
values agreed within 5%. B, data (from the same animals as used in .11of liver
nuclear lipids (not treated with Triton \ 100). The difference spectrum is shown
in the inset.

conjugates. Fig. 5C shows a typical UV absorbance scan and
difference spectrum (inset) of lipids extracted from the mito-
plasts recovered from the liver of rats fed the CD diet for 5
days. Diene conjugates were detected in both the mitoplast (Fig.
5Q and outer membrane fractions (data not shown) indicating
the presence of lipid peroxidation. The same experiment, strip
ping of the mitochondria, was carried out at the time of the
peak of diene conjugate generation, 28 and 35 days, with
comparable results to those found after 5 days' exposure to the

CD or CS diets. The level of diene conjugates in the mitoplasts
(compare Fig. 5, A and C) was routinely found to be lower than
that in the whole mitochondria at all time points examined.

Experiments with PBN. Since lipid peroxidation is most
commonly associated with the generation of free radicals and
since some free radical trapping agents, such as PBN, are known
to react in vivo with free radicals generated by CC14 (41), it
became of interest to determine whether the administration of
PBN might prevent or modify the appearance of lipid peroxi
dation in the liver nuclei of rats fed the CD diet. As a "positive"

control for this approach, animals were given PBN before CC14
to observe whether microsomal lipid peroxidation would be
prevented. As is evident from Fig. 6, PBN prevented almost
completely the microsomal lipid peroxidation in the rat given
CC14. The dose of CCL, in this experiment was twice that used
in the experiments with CCI* alone (Fig. 4). As is evident from
Fig. 7, when PBN was given first to rats before any lipid
peroxidation was evident, i.e.. at 12 h and again at 24 h, lipid
peroxidation was completely prevented when measured at SO

220 240 260 280 300

Wave Length (nm)

2 51014 21 28 35 42 49

Days on Diet

1.0

0.8

06

0.4

0.2

0
220 240 260 280 300

Wave Length (nm)

Fig. 5. UV absorption spectra and difference spectrum (insets) of mitochon
dria! lipids recovered from the livers of rats exposed to the CD (O) or CS diets
(â€¢).I. data on mitochondria! lipids from rats exposed to the CD or CS diets for
5 days. The difference spectra (CD â€”CS) is shown in the inset. Points, mean of
the values from 3 animals; bars, SD. The experiment was repeated twice and the
values agreed within 5%. /(. extent of mitochondria! lipid peroxidation as a
function of the duration of exposure to the CD or CS diets. Points, meanquantitative value of diene conjugate generation calculated as A/-.'!''of values from

2 independent experiments, the values of which agreed within 5%. C, data on
lipid peroxidation from the mitoplasts (mitochondria stripped of their outer
membrane with digitonin) recovered from the livers of rats exposed to the CD or
CS diets for S days (difference spectrum inset). Points, mean from 3 animals; bars,
SD. The experiment was repeated twice and the values agreed within 5%. â€¢,CS;
O, CD.

h. Even when administered after the time that lipid peroxidation
had begun (Fig. 8; 38 h) but had not reached its maximum
value, PBN was quite effective in decreasing the level of lipid
peroxidation at 62 h. The administration of PBN 2 h before
killing at SO h after starting the CD diet had no obvious
influence on the observed level of absorption between 230 and
240 nm, indicating no interference by administration of PBN
on the measurement of diene conjugates with this method.

Bound Aldehyde (Histochemically). A variety of aldehydes
including 4-hydroxyalkenals and malonaldehyde are known to
be generated from peroxidized lipid in livers from CCU-treated
rats and in liver preparations with forced peroxidation (31,42-

44). The livers from rats fed the CD diet for from 3 to 7 days
showed positive staining for aldehyde using the Schiff reagent.
The pinkish-red staining was seen first in the hepatocytes in
zone 3 (around the "central" or "terminal hepatic" vein) (Fig.
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Fig. 7. Prevention of nuclear lipid peroxidation in rats fed the CD diet by

administration of PBN before any lipid peroxidation was evident, i.e., at 12 h.
Note the absence of any peak of absorbance between 230 and 240 nm of nuclear
lipids (lipid peroxidation) in the animals that received PBN at 12 h and again at
24 h after beginning the CD diet and were killed at SOh. â€¢ â€¢,CD, killed at SO
h; â€¢â€”â€¢,CD plus PBN at 12 and 24 h and killed at 50 h; â€¢â€”â€¢,CD plus PBN
at 48 h and killed at 50 h.

9). By 7 days, almost all the hepatocytes in all three zones
stained positively. In contrast, all livers from animals on the
CS diet for the same (or longer) periods of time were uniformly
negative.

As a positive control, the livers from rats given CCU stained
positively as reported by Taper et al. (42). The hepatocytes in
zone 2 were positive at 2 h and in zones 1 and 2 at 24 h, while
those in zone 3 remained unstained throughout (Fig. 10). Like
the livers from rats fed the CS diet, the controls receiving only
corn oil were consistently negative.

DISCUSSION

It is evident from the results of this study that rats fed a CD
diet show a very reproducible pattern of lipid peroxidation in
the liver nucleus followed by a similar effect in liver mitochon
dria. The patterns of appearance and disappearance are highly

Wavelength (nm)

Fig. 8. Diminution of nuclear lipid peroxidalion in rats fed the CD diet by
administration of PBN after lipid peroxidation was evident, i.e., 38 h, but before
the maximum level of lipid peroxidation occurred. Note the large decrease in the
peak of absorbance at 235 nm of nuclear lipids (lipid peroxidation) in animals
that received PBN at 38 h and again at 50 h after beginning the CD diet and
killed at 62 h. â€¢ â€¢(upper curve), CD, killed at 62 h; â€¢- â€¢(middle curve) CD
killed at 38 h, the time of the first dose of PBN; â€¢ â€¢(lower curve), CD plus
PBN at 38 h and at SOh and killed at 62 h.

reproducible. Lipid peroxidation in the liver in animals fed
lipotrope-deficient diets was previously reported by Ugazio et
al. (45) and Wilson et al. (46). Despite many attempts at
multiple time points after beginning the CD diet, we have failed
to detect any evidence of lipid peroxidation in "clean" micro-

soma! preparations. In this context, we have consistently found
evidence of lipid peroxidation in similar liver microsome prep
arations from rats given CCl4. Perhaps the positive "microso-
mal preparations" studied by Perera et al. (47) in rats on the

CD diet contain different proportions of other cell organelles.
The results of the present study also show a very reproducible

sequence of tissue and biochemical changes in the liver associ
ated with the feeding of the CD diet over a 63-day period. The
appearance of TG accumulation in zone 1 by 1 day is followed
by the onset of lipid peroxidation in the nuclear membranes
and then a similar change in the mitochondria! membranes.
Cell death is regularly seen by day 6 and increases in severity
over the next 10 days. Surprisingly, by the time a new tissue
response appears at 49 days, oval cell proliferation, the nuclear
and mitochondria! lipid peroxidation have disappeared and the
serum SDH level is subsiding. However, the exact relationship
mechanistically between the alterations in nuclear and mito
chondria! lipids and the cellular responses remain to be clari
fied.

With respect to the nuclear site for lipid peroxidation, there
are at least 3 considerations important for our understanding
of acute cell injury and carcinogenesis: Consideration 1, what
is its etiological mechanism? Consideration 2, what is its sig
nificance in our understanding of cell biology and pathology?
and Consideration 3, what is its role, if any, in the carcinogenic
process, either in initiation or in a later step?

It is generally considered (Consideration 1) that a common
if not exclusive mechanism of lipid peroxidation is the result of
an interaction of free radicals on a polyunsaturated fatty acid
such as arachidonic acid. Such fatty acids are found concen
trated in phospholipids. The free radical may be generated from
an exogenous agent, such as (('!,, or antitumor antibiotics or

from O2 during normal oxidative metabolism (5, 6, 48-51).
The mechanism of lipid peroxidation in rats on a CD diet is
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Fig. 9. Schiff-positive staining (for bound
aldehyde) in hepatocytes in zones 3 and 2 in a
rat fed the CD diet for 5 days. The terminal
hepatic vein ("central vein") is indicated by the

arrows; x 100.

m
VftÂ»

Fig. 10. Schiff-positive staining (for bound
aldehyde) in hepatocytes in zones 1 and 2
(periportal and midzonal) in a rat 24 h after a
single dose of CCU (0.1 ml/100 g body weight)
intragastrically. The terminal hepatic (central)
veins are indicated by the arrows. Note the
absence of staining in zone 3 (centrilobular).
the site of necrosis; x 40.

not known. Although an effect of choline in decomposition of
lipid hydroperoxide has been reported (52), its possible role, if
any, in an intact cell system remains to be established. Conceiv
ably, choline or a choline-derived metabolite may somehow
play an important but as yet unknown role in the handling of
O2 radicals by hepatocytes.

Although the nature and mechanism of generation of the
presumed free radicals in the liver of the rat fed the CD diet
are not known, the current indirect evidence for their existence
is significant. This evidence includes (a) lipid peroxidation
itself, (b) the prevention of lipid peroxidation by a known free
radical trapping agent, PBN, and (c) the genesis of aldehydes
in association with the lipid peroxidation, as is known to occur
in other examples of lipid peroxidation induced by free radicals
generated by xenobiotics. The challenge, however, remains to
identify the nature and mechanism(s) of generation of the
putative free radicals.

Lipid peroxidation has been suggested repeatedly (Consid
eration 2) as playing a role in the genesis of acute liver cell
injury with a variety of xenobiotics (5, 6, 43, 48-51). The
hepatocyte necrosis and the subsequent hepatocyte proliferation
might be one important liver response to the lipid peroxidation
seen to develop quite rapidly in the rat fed a CD diet. Whether
the localization of the lipid peroxidation in nuclei and its
apparent absence from microsomal preparations has any special
significance in this context is unknown at this time. Conceiva
bly, effects of free radicals on the functional integrity of the
plasma membrane could play a major role in the genesis of
acute liver cell injury.

The unusual susceptible nature (Consideration 3) of the liver
cell nucleus as a target for lipid peroxidation in the rat fed a
CD diet and the evidence for some type of alteration of DNA
that rapidly follows, in time, the lipid peroxidation (7), could
well have special significance in respect to carcinogenesis. The
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relative susceptibility of liver nuclei, compared to liver micro-
somes, to lipid peroxidation in vitamin E deficiency has been
reported (53). Although the nature of the alteration in DNA
has yet to be defined, its occurrence is definitive and very
reproducible (7). This, coupled with the hepatocyte prolifera
tion that follows in time the nuclear lipid peroxidation, offers
an attractive and plausible hypothesis based on our current
concepts of the mechanisms of liver carcinogenesis (16). The
occurrence of these changes in the nucleus of the liver in animals
fed the CD diet would appear to offer a mechanistic basis for
initiation of liver carcinogenesis (17). This, coupled with the
known promoting effects of feeding a CD diet (3, 8, 12,13, 54-
58) offers a working hypothesis for hepatocarcinogenesis with
a CD diet that is a parallel formulation to the current paradigm
of chemical carcinogenesis. Thus, there is no need to invoke a
hypothetical "spontaneous initiation" to account for the induc

tion of the full carcinogenic process by a dietary deficiency such
as is induced by the CD diet.

The results of this study also indicate that the rat exposed to
a CD diet offers an interesting model for mechanistic studies
of acute liver cell injury and of the step-by-step development of
cancer in the liver. This model, since it seemingly does not
involve the introduction of an exogenous agent such as a
carcinogen with its metabolic activation to a very reactive
metabolite, may enable an alternative mechanistic analysis of
some of the steps in cancer development. Also, this model may
aid in the elucidation of the balance between the genesis and
termination of free radical components during normal meta
bolic activity in the liver.
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