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Rat liver plasma membranes were isolated from rats intoxicated acutely and chronically with carbon
tetrachloride and a quantitative analysis of lipids was performed. Membranes from regenerating liver (acute
intoxication) are characterized by a 60% drop in total phospholipids with a diminished phosphatidylcholine /
phosphatidylethanolamine ratio (PC /PE) and a markedly decreased cholesterol level during the first 3 days
after the intoxication, leading to a drastically decreased cholesterol /phospholipid (PL) ratio. In the
chronically intoxicated rats (non-regenerating liver), although the phospholipids are diminished, phosphati-
dylcholine and phosphatidylethanolamine are equally decreased, and therefore the PC/PE ratio is not
changed. Cholesterol is not diminished and, since the phospholipids are very low, the ratio cholesterol /PL is
increased. These data could be correlated with the membrane fluidity. A decrease in the cholesterol /PL ratio
results in a more fluid lipid matrix in the proliferative state of the cell. Treatment with colchicine during
chronic intoxication prevented the increase in the cholesterol /PL ratio and improved the clinical conditions
of the rats. The modulation of the cholesterol content could be a mechanism to control membrane fluidity

during the different physiological states of the cell.

Introduction

For many years, liver regeneration in adult rats
has been investigated in an attempt to understand
the processes and factors that control cell prolifer-
ation. It is well documented that liver proliferation
is regulated by several factors, including the pan-
creatic hormones glucagon and insulin [1]. For
several years we have been studying the changes
brought about by these hormones in the hepato-
trophic function during the proliferative process.
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Abbreviations: PC, phosphatidylcholine; PE, phosphatidyl-
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This has been done in the fetal liver [2], after
partial hepatectomy [3], after acute intoxication
with carbon tetrachloride (CCl,) [4] and in
hepatomas [5].

In all the proliferative states cited above there
exists a diminished glucagon binding which results
in functional losses of glucagon-activated adenyl-
ate cyclase [6]. We found a positive correlation
between the appearance of glucagon-stimulated
adenylate cyclase activity and the cessation of
hepatocyte proliferation over the prenatal and
postnatal development [2]. There is evidence that
cyclic AMP (cAMP) is an inhibitor of the transi-
tion G,/S in the cellular cycle; therefore, if its
levels are increased, the cells apparently are in G,
[7]. 1t has been shown that accumulation of cAMP
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inhibits both in vivo and in vitro growth of normal
and neonlastic cells [8] and that transformed cells
contain less cAMP in vitro than cells which have
not been transformed [9-11].

An experimental model of liver cirrhosis
(chronic intoxication with CCl,), showed a 2-fold
elevation of adenylate cyclase basal activity, which
in turn maintained very high cAMP levels. The
receptors of the pancreatic hormones were not
changed, and we postulated that in this particular
case, maybe due to the high levels of cAMP, the
liver was not regenerating [12]. Interestingly, col-
chicine prevented the alterations in the adenylate
cyclase activity and cAMP liver content, and im-
proved the clinical conditions of the rats.

It is apparent that liver participates in the regu-
lation of circulating blood levels of hormones that
are implicated in controlling hepatic proliferation,
and that the proliferative liver suffers specific al-
terations at the level of the plasma membrane. The
primary action of the pancreatic hormones resides
in their interaction with specific receptors localized
as integral proteins of the hepatocyte plasma
membrane. For the glucagon receptors it has been
shown that acidic phospholipids affect the
hormone repsonse and the interaction of the re-
ceptor with the nucleotide regulatory protein [13].
Also, the microviscosity (lipid membrane fluidity)
has been implicated in the hormone response
[14-16] and the importance of surface charge and
hydrophobic interactions has been stressed as a
significant regulatory mechanism of the glucagon
adenylate cyclase system [17].

These factors led us to undertake the present
study aimed at obtaining knowledge about the
possible alterations in the lipid composition of the
liver plasma membrane during both the acute (re-
generating liver) and the chronic (non-regenerating
liver) intoxication with carbon tetrachloride.

Materials and Methods

Wistar male rats weighing 200-250 g, fed a
Purina Chow diet ad libitum, were used for the
acute intoxication with CCl,. The treated animals
received a single dose of 4 pl/g body weight of
CCl, in corn oil (1:1, v/v) through an intragastric
tube. The control animals received only the same
volume of corn oil. The rats were killed (at around

7-8 a.m.) on the days shown in the Results sec-
tion.

For chronic intoxication we used Wistar male
rats weighing 50-75 g initially and fed ad libitum
a Purina Chow diet. The CCl, was administered
intraperitoneally with the following scheme: 0.15
ml of CCl, in mineral oil three times a week for 7
weeks. The ratio CCl, /oil used was 1:7 in the 1st
week, 1:6 in the 2nd week, 1:5 in the 3rd week
and 1:4 in the remaining 4 weeks; therefore the
dose of CCl, was always between 0.03 and 0.06
g/animal, and at the end of the treatment the rats
weighed 200-250 g. The animals were divided into
four groups. The first group received the CCI,
treatment, and the second (control) received
mineral oil alone. The third group consisted of rats
which, in addition to the CCl,, received a daily
dose of 10 pg of colchicine for 5 days per week for
7 weeks. The drug was dissolved in water and
delivered into the stomach by an intragastric tube.
The 4th group of animals received only colchicine
as described for animals in the 3rd group. The rats
were killed 4 or 5 days after the end of the
treatment.

The livers from both acute and chronically in-
toxicated rats were excised to prepare plasma
membranes.

Membrane preparation. Partially or highly puri-
fied plasma membranes were prepared according
to the method of Neville [18] with the modification
described by Pohl et al. [6]. Both preparations
were used immediately or frozen in liquid nitro-
gen, since no changes were apparent with this
treatment.

Extraction of lipids. The plasma membranes were
suspended and washed twice with saline and
centrifuged at 15000 rpm (rotor SS-34). The pellet
was suspended in the minimum volume of saline,
10% trichloroacetic acid was added and after 1 h
at 4°C it was centrifuged at 700 X g. The super-
natant was discarded and the pellet resuspended in
1 vol. of methanol, heated to 55°C for 15 min,
and, once it was cold, 2 vol of chloroform were
added and left in the cold-room (4°C) overnight.
The extract was then filtered through Whatman
No. 1 filter paper. The filtrate was washed twice
with 2 M KCl, the aqueous phase was discarded,
and the solvent evaporated to dryness under a
stream of nitrogen. The dried sample was im-



mediately dissolved in chloroform and frozen in
liquid nitrogen.

Lipid analysis. Lipids were separated by thin-
layer chromatography and quantitatively analyzed
{19]. 10 ul for phospholipids and 15 pl for neutral
lipids of the total extract from the plasma mem-
branes were applied to plates (20 X 20 cm) coated
with 0.5 mm of silica gel and, for the quantitative
analysis, also with ammonium sulphate. The chro-
matograms were developed with a solvent system
of petroleum ether/diethyl ether/acetic acid,
90:10:1 (v/v), for neutral lipids and chloroform /
methanol / acetic acid /water, 170:40:16 : 8 (v/v),
for the phospholipids. The different lipids were
identified using pure standards and well-known
specific detection tests. For quantitative analysis,
the thin-layer chromatography plates were heated
immediately after being developed to 180°C for
30 min and read at 435 nm in a Schoefler spectro-
densitomether. Standard curves with different
amounts of pure lipids were run and the values of
the different lipids in the extract were interpolated
to the standard curves. Free and esterified
cholesterol were determined colorimetrically [20]
and phospholipids in accord with the method by
Bartlett [21].

Other measurements. Protein was measured by
the procedure of Lowry et al. [22] using bovine
serum albumin as standard.

The pure lipid standards were supplied by
British Drug Houses Company and all gave only
one spot by chromatography. [>H]Glyceryltrioleate
was purchased from New England Nuclear. All
other reagents were of analytical grade.

Results

Densitometric analysis

To test the densitometric analysis of the lipids
we ran standard curves with different amounts of
pure lipids. Fig. 1 shows one of these curves and it
is clear that the response of the instrument is
linear with the amount of lipids used in this study.

Lipid composition of liver membranes after acute
intoxication with CCl,

The phospholipid content of plasma liver mem-
branes isolated from rats intoxicated acutely with
CCl, is shown in Table I. The membranes, 24 and
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Fig. 1. Densitometric analysis of pure lipids. The amounts
indicated were applied to a thin-layer chromatography plate,
and after incubation at 180 °C for 30 min, they were analyzed
in a Schoefler spectrodensitometer at 435 nm. The sensitivity
was such that full scale was 1 unit of absorbance. ®, glyceryl
trioleate; M, phosphatidylinositol; O, phosphatidylcholine; a,
phosphatidylethanolamine; ©, cholesterol; a, phosphatidyl-
serine.

48 h after the administration of the toxic agent,
were characterized by a 60% drop in total phos-
pholipids, due primarily to a very significant de-
crease in the amount of phosphatidylcholine and
sphingomyelin, although all the phospholipids were
diminished. The ratio phosphatidylcholine /phos-
phatidylethanolamine (PC/PE) during the first 2
days of the intoxication was diminished (statisti-
cally significant) from the normal of 1.2 to 0.4. On
the 3rd day of the treatment, the ratio was 3.5,
since the phosphatidylethanolamine required one
more day to recuperate to normal values.
Quantitative analysis of the neutral lipids in
these membranes shows that cholesterol was severly
diminished to 25% of its normal value during the
first 3 days after intoxication (Table II). There was
an apparent increase in the total lipids since the
mono-, di- and triacylglycerols all increased; how-
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TABLE I

COMPOSITION OF PHOSPHOLIPIDS OF LIVER PLASMA MEMBRANES FROM RATS AFTER ACUTE INTOXICATION
WITH CARBON TETRACHLORIDE

The results (ug/pg membrane protein) are expressed as the mean of at least six different experiments + S.D. and were obtained by
densitometric analysis of lipid extracts from plasma liver membranes as described in Methods. Phosphorus determination in
membranes and extracts showed over 95% recovery. The abbreviations used here and in Table 1V are: PC, phosphatidylcholine; PE,
phosphatidylethanolamine; SPM, sphingomyelin; PI, phosphatidylinositol; PS, phosphatidylserine.

Days after CCl, PC PE SPM PI PS Total PC/PE
intoxication
0 0.75+0.13 0.6240.08 0.34 +0.08 0.025 +0.007 0.018 £ 0.003 1.76 1.2
1 0.25+0.02 0.354.0.08 0.083 4+ 0.008 0.022 +0.008 0.007 £ 0.002 0.71 0.7
2 0.22+0.02 0.4410.11 0.10 +0.01 0.017 4+ 0.006 0.006 +0.002 0.78 0.5
3 1.0 +0.25 0.28+0.07 0.53 +0.12 0.016 +0.004 0.012 £ 0.003 1.83 35
4 0.82+0.10 0.69+0.03 0.42 +0.06 0.0134+0.004 0.014 4 0.003 1.96 1.2
6 0.86+0.11 0.64+0.03 0.31 +0.07 0.022 4 0.005 0.017 4+ 0.004 1.83 1.3
10 0.86+0.10 0.63+0.03 0.31 +0.09 0.025 +0.008 0.018 +0.004 1.86 1.3
14 0.75+0.17 0.58+0.09 0.32 +0.04 0.020 £+ 0.006 0.015+0.003 1.69 1.2

ever, it is very difficult to accommodate this
amount of triacylglycerols in the membrane. It is
well known that in this type of intoxication steato-
sis in the liver exists [23] and, since the partially
purified membranes used in the analysis depicted
in Table II were obtained as a floated material, we
thought this apparent increase in the acylglycerols
might be due to a contamination. To disprove this,
we went to the whole procedure of Neville [18] to
obtain highly purified membranes. The mem-
branes in this procedure are located at the inter-
phase of the 50% sucrose cushion and the continu-
ous gradient (1-24% sucrose). [*H]Glyceryltrio-

TABLE II

leate was added to the homogenate and the radio-
activity was followed through all steps of the puri-
fication. As shown in Table ill, the highly purified
plasma membranes obtained 1 and 2 days after the
acute intoxication with CCl, contained approxi-
mately the same amounts of triacylglycerols as the
normal membranes. Furthermore, the cholesterol
amount was the same as in the partially purified
membranes. Similar results were obtained for
phospholipids (data not shown). These results in-
dicate that the increase in the tnacylglycerols
shown in Table II is due to contamination. The
small amount of triacylglycerols in the normal

COMPOSITION OF NEUTRAL LIPIDS OF LIVER PLASMA MEMBRANES FROM RATS AFTER ACUTE INTOXICATION

WITH CARBON TETRACHLORIDE

The results (g/pug membrane protein) are expressed as the mean of at least six different experiments + S.D. and were obtained by
densitometric analysis of lipid extracts from plasma liver membranes as described in Methods. Colorimetric determination of
cholesterol in membranes and extracts showed over 90% recovery. The abbreviations used here and in Table V are: MG,
monoacylglycerols; DG, diacylglycerols; FA, fatty acids; TRI, triacylglycerols; C, cholesterol; PL, total phospholipids.

Days after CCl, MG DG +FA C Total C/Pl
intoxication
0 0.04 + 0.008 0.14+0.04 0.26 + 0.06 0.96 +0.15 1.4 0.54
1 0.81+£0.01 0.18+0.06 1.28+0.16 0.24+0.01 1.78 0.33
2 0.81+0.01 0.17+0.07 1.11+0.18 0.25+0.01 1.61 0.31
3 0.06 +0.01 0.16 +0.07 0.75+0.14 0.26 +0.08 1.23 0.14
4 0.06 +0.01 0.15+0.08 0.66+0.11 0.7240.12 1.60 0.36
6 0.05+0.01 0.13+0.05 0.344+0.01 0.8440.07 1.36 0.46
10 0.03+0.01 0.12+0.06 0.24+0.09 0.95+0.18 1.35 0.52
14 0.03+0.01 0.09+£0.04 0.23+0.06 0.98+0.16 1.33 0.57
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TABLE III

[*HJGLYCERYLTRIOLEATE RECUPERATION ON LIVER PLASMA MEMBRANE PREPARATION FROM RATS AFTER
ACUTE INTOXICATION WITH CCl,

[*H]Glyceryltrioleate was added to the homogenate and the radioactivity was followed in the different fractions. A lipid extraction
was made from the membrane preparations as described in Methods, and cholesterol (C) and triacylglycerol (TRI) were quantitatively
analyzed by densitometry. PPM stands for partially purified plasma liver membranes, and HPM for highly purified membranes.

Days after CCl, Fractions cpm Recuperation ug/pug membrane protein
intoxication (x1073) (%) C TRI
1 Homogenate 7 100

Particulate 381 49

PPM 330 42 0.24 1.26

HPM 62 8 0.22 0.35
2 Homogenate 1751 100

Particulate 838 47

PPM 672 38 0.25 1.15

HPM 152 8 0.23 0.26
TABLE 1V

COMPOSITION OF PHOSPHOLIPIDS OF LIVER PLASMA MEMBRANES FROM RATS CHRONICALLY INTOXICATED
WITH CARBON TETRACHLORIDE

The results (ug/pg membrane protein) are expressed as the mean of at least four different experiments + S.D. and were obtained by
densitometric analysis of lipid extracts from plasma liver membranes as described in Methods. The phosphorus determination
performed in membranes and extracts showed over 95% recovery. See Table I for abbreviations.

Group PC PE SPM PI PS Total PC/PE
Control 0.75+0.13 0.62+0.08 0.34 +0.08 0.025 +0.007 0.018 +0.003 1.7 1.2
CcCl, 0.30+0.16 0.23+0.1 0.039+0.01 0.015 +0.003 0.007 £0.002 0.58 1.3
CCl, +

colchicine 0.64+0.09 0.38 £ 0.04 0.091 £0.008 0.033 +0.005 0.012 +0.002 1.15 1.7
Colchicine 1.28+0.24 0.76 +£0.07 013 +0.01 0.061 £+ 0.009 0.028 +0.005 2.25 1.7
TABLE V

COMPOSITION OF NEUTRAL LIPIDS OF LIVER PLASMA MEMBRANES FROM RATS CHRONICALLY INTOXICATED
WITH CARBON TETRACHLORIDE

The results (ug/pg membrane protein) are expressed as the mean of at least four different experiments + S.D. and were obtained by
densitometric analysis of lipid extracts from plasma liver membranes as described in Methods. Colorimetric determination of
cholesterol in membranes and extracts showed over 90% recovery. See Table II for abbreviations.

Group MG DG +FA TRI C Total C/PL
Control 0.042 +0.007 0.15+0.06 0.23+0.08 0.98+0.13 14 0.55
CCl, 0.039 +0.008 0.11+0.03 0.27+0.05 0.98+0.14 14 1.6
CCl, +

colchicine 0.032 1+ 0.009 0.11+0.04 0.20+0.05 0.65+0.10 1.0 0.56

Colchicine 0.061 +0.009 0.15+0.05 0.27+0.06 0.45+0.10 0.9 0.19
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membranes and in the highly purified membranes
is consistently found.

A very important characteristic of these mem-
branes is that the ratio cholesterol /phospholipids
(C/PL) was drastically decreased in the first 4
days after intoxication with CCl, (Table II) due to
the low cholesterol values (statistically significant).
This has been related to an increase in membrane
fluidity [24]. It is important to emphasize that
these changes occur precisely when the pancreatic
hormone receptors and the adenylate cyclase activ-
ity are changed [4].

Lipid composition of the liver membranes after
chronic intoxication with CCl,

Analysis of plasma liver membrane phospholi-
pids in the chronically intoxicated rats is shown in
Table IV. The total phospholipids were diminished
by 67% and both phosphatidylcholine and phos-
phatidylethanolamine were equally decreased.
Therefore, the PC/PE ratio did not change. On
the other hand, sphingomyelin was diminished by
89% and the acidic phospholipids also decreased.
Colchicine treatment diminished the effect of CCL,
on the phospholipids in the membranes. The total
phospholipids did not return to normal values.
This is due primarily to sphingomyelin, which
remained 74% under control values, but it should
be noted that colchicine alone decreased this phos-
pholipid. With the colchicine treatment of intoxi-
cated rats, phosphatidylcholine returned to its nor-
mal value (the small decrease is not statistically
significant) while phosphatidylethanolamine was
still 39% below. Therefore, the PC/PE ratio
increased.

A striking difference in the neutral lipid analy-
sis between the acute and the chronic intoxication
was that in this latter case cholesterol was not
diminished and, since the phospholipids were very
low, the ratio C/PL increased to 1.6 from the
normal of 0.55 or from the acute intoxication
values of 0.14-0.3 (Table V). All of these changes
were statistically significant. In the chronic intoxi-
cation the membrane fluidity should be drastically
diminished [24] and, in a previous study, we re-
ported a 2-fold increase in the adenylate cyclase
basal activity in these membranes [12].

Discussion

Perhaps the most important change we observed
in the lipid pattern during regeneration of the liver
after acute intoxication with CCl, is the decrease
in the ratio cholesterol /phospholipids (C/PL).
This ratio decreases in the first 3 days after the
intoxication, and returns to normal values on the
6th day. The decreased C/PL ratio has been
observed also in the regeneration of the liver after
partial hepatectomy and in hepatomas, and a cor-
relation with an increase in the membrane fluidity
was found [25]. In those proliferative states of the
liver, as well as in this study, the decrease in the
C/PL ratio is due to the low content of cholesterol
in the membranes. Cholesterol is a regulator of
membrane fluidity. If the membrane has a high
content of unsaturated fatty acids, cholesterol
diminishes the fluidity. If the saturated fatty acids
are high, then cholesterol increases the membrane
fluidity. In hepatocyte proliferation after trans-
stilbeneoxide treatment, the C/PL ratio is
diminished in the reticuloendoplasmic lipids, with
an increase in the polyenoic fatty acids which
could mean an increase in membrane fluidity [26].

Different processes in the cell, such as cell cycle
[27], differentiation [28], growth [29] and transfor-
mation [30], are apparently accompanied by
changes in membrane fluidity. Our study, as well
as those cited, stresses the importance of an in-
crease in the fluidity of the lipid bilayer in order
for the proliferative state to be established. There-
fore, modulation of the content of cholesterol could
be a mechanism to control membrane fluidity
during the different physiologic states of the cell.
(Na™ + K*)-ATPase and adenylate cyclase, which
are very important in regulation of cell growth by
regulating ionic metabolism and cyclic nucleotides,
are affected by the lipid composition and the
membrane fluidity [13,31,32].

Furthermore, during chronic intoxication with
CCl,, the C/PL ratio increases, which could be
correlated with a decrease in the membrane fluid-
ity; and we have shown [12] a 2-fold in¢rease in
the adenylate cyclase activity which, in turn, pro-
duces a permanent increase in the cAMP levels.
The treatment with colchicine, which prevented
these changes, also prevented the increase in the
C/PL ratio.



By histological and chemical analysis, we have
shown [12] the presence of liver cirrhosis in the
chronically treated animals. Thick bands of col-
lagen were apparent and liver collagen content was
statistically higher in both the CCl, and CCl,-
plus-colchicine groups. Since colchicine prevented
the increase in adenylate cyclase activity and in
C/PL ratio without preventing the increase in
fibrous tissue, this suggests that we are dealing in
our study with hepatocyte plasma membrane.

An increase of this ratio above 1.0 has been
reported for dogs with a cholesterol-enriched diet
and for men with liver disease [33]. The physical
form of these membranes is not well understood.
It seems that the excessive cholesterol is adsorbed
in the lipid bilayer as crystals. This increased
C/PL ratio could be further evidence that there is
no regeneration in the cirrhotic rat. It would be
important to study the cell cycle in hepatocytes
coming from these cirrhotic rats, and also to mea-
sure the production of very-low-density lipopro-
teins (VLDL) which have been suggested as a
hepatic chalone [34].

Differences in the synthesis of sphingolipids
have been shown during the cell cycle [35] and an
increase in the synthesis of these lipids apparently
stops the cell in G,. Our data indicate that in the
proliferative state there is a pronounced decrease
in sphingomyelin, although this is also the case in
the chronic intoxication.

Another distinctive change observed during the
regeneration of the liver is the decreased PC/PE
ratio. This change could be explained by a
decreased production of choline and, in turn, the
enzyme choline kinase would not work for lack of
substrate. Sphingomyelin is also diminished and
its synthesis requires CDPcholine. Choline-de-
ficiency states promote hepatic DNA synthesis
initiation concomitant to altered hormone and
VLDL changes similar to those observed in the
CCL, acute intoxicated rats [1,4]. An alternative
explanation for the decreased PC/PE ratio could
be a decreased activity of phosphatidylethanola-
mine methyltransferase. This enzyme is stimulated
by glucagon, and the PC/PE ratio decreases at the
same time that the binding of this hormone is
practically abolished, and consequently the gluca-
gon-stimulated adenylate cyclase activity would
also be diminished [4]. Axelrod and coworkers [24]
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proposed a mechanism for glucagon-stimulated
adenylate cyclase activity based on the transfor-
mation of phosphatidylcholethanolamine to phos-
phatidylcholine by the methyltransferase enzyme.
We are presently studying this ratio in connection
with other proliferative states of the hepatocyte in
order to gain a better understanding of its possible
importance, but in this study we can see that
during the chronic intoxication with CCl,, where
some other parameters present during the regener-
ation of the liver do not exist, the PC/PE ratio
does not change.
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