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Dietary oxidized linoleic acid enhances
liver cholesterol biosynthesis and
secretion in rats

Edna Hochgraf, Uri Cogan, and Shoshana Mokady

Department of Food Engineering and Biotechnology, Technion, Haifa, Israel

Based on studies showing that excretion of cholesterol is elevated in rats fed oxidized linoleic acid, we
hypothesized that cholesterol metabolism is enhanced under such oxidative stress. Liver cholesterol
biosynthesis and secretion and fecal cholesterol excretion were studied in rats fed for 4 weeks diets
containing 10% oxidized linoleic acid. Incubation of liver slices with“C- acetate and intraperitoneal
injection of 5®H-mevalonate showed the occurrence of enhanced hepatic cholesterol biosynthesis and
elevated liver cholesterol secretion in animals subjected to oxidative stress. In addition, impaired liver
cholesterol uptake was suggested. Higher levels of excreted cholesterol observed in the experimental
animals were accompanied by augmented levels of liver phospholipids, primarily phosphatidylcholine,
which most likely increased to enable the excessive cholesterol excretion. This study thus demonstrates that
ingestion of oxidized lipids causes profound alterations in cholesterol metaboliEmNutr. Biochem. 11:
176-180, 2000 Elsevier Science Inc. 2000. All rights reserved.
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Introduction linoleic acid to rats resulted in profound differences in lipid
composition of the hepatic microsomal membrane, namely,
a low cholesterol to phospholipid molar ratio and a high
arachidonic acid content. These changes, which were ac-
companied by in vivo peroxidation processes, were charac-
terized by elevation of the microsomal membrane fluidity.
In addition, increased cholesterol excretion suggested the
occurrence of an enhanced cholesterol turnover in the rats
fed oxidized linoleic acid compared with those fed the
untreated preparatioh.

The liver is the major site of cholesterol, bile acids and
phospholipid synthesis and metaboliénMost of the
steps involved in these processes are catalyzed by mem-
brane associated microsomal enzyrfidhe function of
these membrane bound enzymes most likely depends on
the lipid composition and dynamics of the membré&ne.
Furthermore, it has been reported that the fatty acid
composition of hepatic microsomal lipids is influenced
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The phospholipid bilayer of membranes, which is composed
largely of polyunsaturated fatty acids, is highly susceptible
to peroxidation processéslt is now well accepted that
various membrane functions such as the activity of bound
enzymes, the accessibility of hormone receptors, and the
efficiency of transport systems are controlled by membrane
fluidity, which is determined by membrane lipid composi-
tion and organizatioA.The major determinants that affect
membrane fluidity are the levels of cholesterol and phos-
pholipids and their molar ratio, as well as the degree of
unsaturation of the phospholipid fatty acyl chains. The
relative abundance of the phospholipid subclasses in the
membrane is also of importanée.

In a recent study,we demonstrated that feeding oxidized
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patic cholesterol biosynthesis as expressed by in vitro incor-
poration of 11“C acetate and following 8H-mevalonate
injection, and liver cholesterol uptake and secretion, as well
as its fecal excretion in these animals, were evaluated.

Methods and materials

Preparation of oxidized linoleic acid

A preparation containing 60% linoleic acid (Sigma Chemical Co.,
St. Louis, MO USA) was oxidized by aeration at 37°C as
previously described.Following 7 days of oxidation, a peroxide
value¢’ of approximately 1,300 mEq oxygen gikg oil and a
content of the thiobarbituric acid reactive substances (TBARS)
2.4 mmol malondialdehyde/kg oil were achieved. A change in the
fatty acid profile of the oxidized linoleic acid rich preparation,
namely, a reduction in the linoleic and linolenic acid content and
an elevation in the oleic acid level, was observed.

Animals and diets

Male rats of the Charles River CD strain (animal colony, Depart-
ment of Food Engineering and Biotechnology, Technion, Haifa,
Israel) weighing 93+ 7 g were fed for 4 weeks AIN diets
containing 10 g/100 g fresh (LA) or air oxidized (LAOX) linoleic
acid rich preparation as previously descrifethe facilities met

the requirements of the Institutional Animal Care and Use Com-
mittee. The animals were divided into two groups of 20 rats each
and individually housed in stainless steel wire cages and main-
tained in a temperature controlled room (23°C) operated with a
light-dark cycle of 12 hours. Food was supplied at 6:@0and
deprived at 6:000m with free access to water. The fatty acid free
diets were stored at 4°C. A mixture of each of the fatty acid
preparations and an appropriate amount of starch stored 8tC

was added to the designated diet daily and provided to the animals

undertaken to insure minimal additional oxidation of dietary
components. After 1 week of acclimation to the diet, the light-dark
cycle was inverted and the room was lighted from &f(o 6:00
AM, and darkened from 6:00m to 6:00pm. Food was supplied for
additional 3 weeks during the dark period.

At the end of the feeding period, food was withheld for 14
hours, and the rats were taken for the cholesterol metabolism
studies.

In vivo study

The animals were injected intraperitoneally witi*i3-mevalonic
acid lactone (RS-[5H], Du Pont, Wilmington, DE USA), 370
KBq (in 1 mL saline) per 100 g body weight. At time intervals of
0.75, 1.5, 3, 7, and 24 hours, four rats from each group were
sacrificed by carbon dioxide (C{asphyxiation, and portal vein
blood was collected in tubes containing ethylendiamine-tetraacetic
acid (EDTA). The rats sacrificed 24 hours after the injection of the

mL scintillation vials containing 18.5 KBq of 3*C sodium acetate
(Sigma Chemical Co.). The vials, kept in an ice bath, were flushed
for 30 minutes with a mixture of CQO, (95:5). At the end of the
treatment, the vials were stoppered and incubated for 3 hours in a
37°C water bath with mild shaking. Enzymatic activity was
terminated by the addition of a 15 mL solution of chloroform:
methanol (2:1).

Lipid composition and radioactivity analyses

For the determination of the specific activity of hepatic cholesterol,
liver samples were homogenized and extracted with chloroform:
methanol (2:1) according to Folch et*8The lipid extract was
subjected to thin layer chromatography (TLC) separation on silica
gel, using a solvent mixture of hexane:diethyl ether:acetic acid
(80:20:1.5), and the spots corresponding to free and esterified
cholesterol were scraped and assayed by the method of ‘Rates
and by scintillation counting for the determination of the incorpo-
ration of 1+“C acetate and 8H-mevalonate into cholesterol in the

in vitro and in vivo studies, respectively. Serum cholesterol was
assayed enzymatically using Sigma kit No. 352 (Sigma Chemical
Co.), and the radioactivity of cholesterol following extraction
according to Bligh and Dyéf was determined. Feces were
extracted with petroleum ether:diethyl ether (1:1; v/v) for 5 hours
using a Soxhlet apparatus. The lipid extract was used for assaying
fecal cholesterol radioactivity. For the determination of the various
phospholipid classes, the liver lipid extract was subjected to two
consecutive TLC separatiotisand the spots presenting the main
phospholipid classes were scraped and assayed according to
Rouser et at?

Statistical methods

Data were analyzed statistically by the Studettisst. Differences
between groups were considered significant &-ealue of less

discarding the residue of the previous ration. These steps Werethan 0.05.

Results and discussion

As reported in our previous studywhich involved feeding
oxidized linoleic acid to rats, the animals subjected to the
oxidative stress exhibited growth retardation. The decrease
in growth was accompanied by significant liver hypertro-
phy, as indicated by the ratio of liver to body weight of
6.07 = 0.32 and 4.89+ 0.13 observed for the experimental
and control groups, respectively. A ratio of 4.7250.30,
which was obtained for a third pair-fed group, indicated that
the hypertrophy was associated with oxidative stress rather
than with a low food consumption and reduced weight gain,
as was observed for the experimental rats. In our previous
study? the occurrence of marked changes in liver microso-
mal lipid composition led us to hypothesize that the ob-

radioactive mevalonic acid also served for feces collection for the Served low cholesterol levels in these membranes may
determination of cholesterol excretion. Livers were removed after Originate from alterations in one or more cholesterol meta-

perfusion with saline and most of the organ was kept frozen at bolic processes: biosynthesis, liver uptake and secretion,
—70°C for analysis of cholesterol and phospholipid classes. and fecal excretion.

To gain better insight into the factors leading to the
changes in membrane lipid composition and fluidity in-
A small part of the liver from eight animals of each group was duced b_y the dietary !‘AOX' several'aspects of cholesterol
immersed in ice-cold saline, and slices of 0.4 to 0.6 mm were cut metabolism were studied. Low hepatic cholesterol levels are

with a Stadie-Rigges hand microtome (No 7120-A, Arthur H. Known to enhance the activity of 3-hydroxyl-3-methylglu-

Thomas Co. Philadelphia, PA USA). Samples of 250 to 300 mg of taryl coenzyme A (HMG-CoA) reductase, which catalyzes
the liver slices from each animal, in duplicates, were suspended inthe rate-limiting step of cholesterol biosynthesis, due to the
3 mL of ice-cold Krebs Ringer bicarbonate buffer (pH 7.4) in 20 feedback mechanism characteristic to the regulation of

In vitro study
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LA Figure 2 Specific activity of liver cholesterol of rats fed untreated (LA)
and oxidized (LAOX) linoleic acid rich preparation following intraperito-
Figure 1 Cholesterol biosynthesis as expressed by 1-'“C acetate neal injection of 5-°H-mevalonate (mean + SEM, n = 4). *Values are
incorporation into liver slices (mean + SEM, n = 4) derived from rats fed significantly different from those of the controls at P < 0.05.

untreated (LA) and oxidized (LAOX) linoleic acid rich fraction. Ch, cho-
lesterol ; CE, cholesterol ester. *Values are significantly different from

those of the controls at P < 0.05. Elevated levels of plasma cholesterol in rats subjected to
adriamycin induced oxidative stress were reported by Huer-
hol | hesi deed. the inclusi f oxidized tas et al® These authors proposed that the observed high
Ic': ole_stero. synt is's' Indee ,It € Inc usrllon 0 Or)l(' 1280 serum cholesterol levels resulted from enhanced hepatic
inoleic acid in the diet resulted in enhanced hepatic cpqjesterol biosynthesis, accompanied by elevated choles-
cholesterol biosynthesis, as demonstrated by both in Vitr0 oo mopilization toward its plasma compartment, and by
and in vivo studies. Thus, incorporation of 1€ acetate  giminished hepatic membrane cholesterol levels. Although
into cholesterol in liver slices indicated the occurrence of a o oxidative stress induced in the present study was of a
significantly higher biosynthetic capacity in the livers of the - gigterent nature from the one described by these autHors,
experlmental animals 'Compared with those of Te. controls.. the outcome with respect to cholesterol metabolism appears
This elevated synthesis was expressed by a 46% increase ifgmarkaply similar. This may suggest the existence of a
the level of the labeled free cholesterol, whereas essentially . mon underlying mechanism for alterations in choles-

no change was observed in the amount of the labeled g o] metaholism when different types of oxidative stress are
esterified derivativeFigure 1). induced.
The rapid initial accumulation of labeled cholesterol in The late peaking and slow decline of the labeled plasma

the livers of the experimental animals 1 hour after injection pgjesterol levels substantiates the possible occurrence of
of *H-mevalonate, which was 90% higher than that ob- P

served in the control animals, also supports a high capacity
for cholesterol biosynthesis-igure 2. However, the rela-
tively steep decline of the labeled hepatic cholesterol in the
experimental animals within 3 hours, which at 24 hours
reached a level similar to that found in the control group,
suggests that the enhanced biosynthesis was accompanied
by elevated secretion of cholesterol from the liver. This
secretion can be in the form of very low density lipoprotein
(VLDL) cholesterol or of biliary cholesterol and bile acitfs.

The high level of labeled cholesterol found in the plasma
(Figure 3 of the experimental animals 45 to 90 minutes
after the injection offH-mevalonate suggests an elevated
secretion of VLDL cholesterol. In the case of the experi-
mental animals, the labeled cholesterol peaked 7 hours after
5-°H-mevalonate injection, whereas for the control rats a . ,
respective peak was observed after 3 hours. Nonetheless, 200000 10 20 30
similar levels of total plasma labeled cholesterol were observed TIME (h)
following 24 hours of°H-mevalonate administratiorFig-
ure 3) When examining the build up and the decline of Figure 3 Specific actlivilty of plasmaltota.l cho!estgrol of rats fed
plasma free and esterified labeled cholesterol in the experi—fm”far;f‘tef| é"EAl\)/La,?dzofl')d'fj%v\f:;gofgtrgggﬁt'gnggl'dinjlf:?ioﬁr%aagggj
mental and control groups, a pattern similar to that observed meyalonate. *Values are significantly different from those of the controls
for the total labeled cholesterol was fourfeigure 4). at P < 0.05.
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Figure 5 Liver composition of major phospholipid subclasses
(mean = SEM n = 8) of rats fed untreated (LA) and oxidized (LAOXx)
linoleic acid rich preparation. PC, phosphatidylcholine; PE, phosphati-
dylethanolamine; SM, sphingomyelin; PA, phosphatidic acid. *Values
are significantly different from those of the controls at P < 0.05.
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Enhanced secretion of cholesterol in the bile requires
elevated levels of phosphatidylcholine in addition to bile
acids for effective micellization of the excessive cholester-
ol.*®Indeed, the high hepatic phospholipid levels previously

30000

PLASMA CHOLESTEROL ESTER
specific activity (cpm/mg cholesterol)

20000 *
observed in the experimental anintalsre shown in the
present study to be primarily due to increased phosphati-
10000 ' ' dylcholine levels Figure 5), whereas no significant differ-
0 10 20 30 ences in the other phospholipid subclasses were observed.

- TIME (h) This further supports the occurrence of a physiologic need
to eliminate the surplus cholesterol synthesized in the livers

Figure 4 Specific activity of (A) plasma free and (B) esterified choles- of the animals Subjected to oxidative stress. The elevated

terol of rats fed untreated (LA) and oxidized (LAOx) linoleic acid rich

preparation (mean = SEM, n = 4) following intraperitoneal injection of |eV_e|5 _Of eX_Creted Ch0|es_ter0| might also suggest an im'
5-3H-mevalonate. *Values are significantly different from those of the paired intestinal reabsorption of cholesterol and bile acids in
controls at P < 0.05. these animals.

Hepatic cholesterol homeostasis is maintained by an
equilibrium between the activities of HMG-CoA reductase
an impaired liver uptake of lipoprotein cholesterol in the and cholesterold-hydroxylase on the one hand, and that of
rats subjected to oxidative stress. Indeed, in a study thatacyl CoA:cholesterol acyl transferase (ACAT) activity on
involved oxidative stress caused by cigarette smoke, thethe other hand®2° The enhanced biosynthesis of choles-
binding affinity of the peroxidized low density lipoproteins terol in the experimental rats demonstrated by thk'Q-
(LDL) to the hepatic membrane receptors was found to be acetate incorporation studies is indicative of elevated he-
significantly lower than that of the control LDt In patic HMG-CoA reductase activity in the animals subjected
addition, a recent stud§demonstrated that oxidative stress to the oxidative stress. Furthermore, the apparent low liver
was associated with a low hepatic uptake of chylomicrons uptake of LDL cholesterol in the LAOx rats may also
of rats fed highly oxidized corn oil. contribute to the higher HMG-CoA reductase activity in
Levels of labeled fecal cholesterol accumulated over a these animals. This enzyme is an integral protein of the
24-hour period following 5H-mevalonate injection were  microsomal membrane, the activity of which is believed to
found to be significantly higherR(< 0.05) in the experi- be mediated by the fluidity of its microenvironmérin that
mental animals than in those in the control group (2332 study it was suggested that one of the mechanisms by which
vs. 179+ 7.8 cpm/g body weight, respectively). This is cholesterol may modulate HMG-CoA reductase activity is
indicative of an enhanced biliary secretion of hepatic by changing the fluidity of the membrane surrounding the
cholesterol and bile acids, in line with the increased enzyme. Indeed, our previous results, which showed that
amounts of fecal cholesterol previously observed for the feeding oxidized linoleic acid was associated with low liver
LAOKx fed rats. microsomal and cytosol cholesterol levels and elevated
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microsomal membrane fluidity, coupled with the present 6
observation that dietary LAOx apparently enhanced HMG-
CoA reductase activity, further support this possible rela-
tionship between HMG-CoA reductase activity and mem-
brane fluidity.

In addition, the observed elevated fecal radioactivity of g
cholesterol origin following®H-mevalonate injection in the
LAOXx fed rats indicates in these animals the occurrence of
enhanced cholesterola7hydroxylase activity, which is
known to be coupled to that of HMG-CoA reduct&$ed
high activity of the 7e--hydroxylase that results in enhanced
hepatic bile acid production and secretion is needed to
enable the elimination of the excessive cholesterol from the
liver of the rats subjected to the oxidative stress. 1

As shown previously,a high ratio of free to esterified
cholesterol was observed in the livers of the LAOx fed rats.
The high ratio may stem from two metabolic processes,
namely, reduced hepatic ACAT activity and enhanced 12
VLDL secretion. Reduced hepatic ACAT activity was
shown to be associated with a low liver cholesterol inffux 13
and enhanced biliary cholesterol secrefidrBoth these
processes appear to have taken place in the animals subi4
jected to the oxidative stress, supporting the possible occur-
rence of a decreased ACAT activity in these animals. ACAT
is a microsomal enzym@,and as such its activity is likely 15
to depend on the fluidity of its microenvironmentt is
therefore possible that the marked elevation of the micro-
somal membrane fluidity previously observed for the rats
fed LAOx® might have resulted in reduced ACAT activity. 16
In addition, the apparently enhanced secretion of VLDL
cholesterol following®H-mevalonate administratiorFig-
ure 3 might have also contributed to the low level of
hepatic esterified cholesterol.

In conclusion, the foregoing results suggest that under 7
oxidative stress caused by peroxidized dietary lipids, the
observed low hepatic and microsomal cholesterol levels are
associated with elevated cholesterol biosynthesis and secre-
tion and with impaired liver cholesterol uptake. 18
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