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A high cholesterol  diet was  found to induce fa t ty  liver 
in spontaneously  hypertensive rats. Al though cholesterol 
ester and triacylglycerol  accumulated in large amounts  
in liver, the increases of these  lipids in p lasma were 
relatively small  and no increase in cholesterol  and 
cholesterol  ester was  observed in aorta. In rats fed nor- 
mal  diet, p lasma cholesterol  ester mainly  consisted of 
arachidonate species; however, oleate and linoleate esters 
became the m o s t  prominent species in rats fed a high- 
cholesterol  diet. The amounts  of  oleate and l inoleate at 
the 2-position of phosphatidylchol ine in both plasma and 
liver were increased slightly,  but the fa t ty  acids of aorta 
lipids changed little by feeding a high cholesterol  diet. 
These results  indicate that  the livers of rats fed the high 
cholesterol  diet do not  secrete cholesterol  ester and 
triacylglycerol with altered fat ty  acids as rapidly as they 
are synthes ized  and that the increased levels of  choles- 
terol oleate in liver and plasma are not directly correlated 
with atherogenic lesions under these  conditions.  
Lipids 21, 475-480 (1986). 

Spontaneously hypertensive (SH) rats, a strain originally 
developed by Okamoto and Aoki (1) have been used 
widely in hypertension research (2,3). Some abnormalities 
in lipid metabolism have also been noted in these rats 
(4-9); for example, when fed atherogenic diets, SH rats 
develop hypercholesterolemia more easily than conven- 
tional strains (4,7). In human atherosclerotic lesions, the 
major lipid component has been shown to be cholesterol 
ester (ChoE) (10-17). ChoE present in lesions has a higher 
oleate and lower linoleate content than ChoE present in 
uninvolved regions of the artery (10-18). Similar changes 
in the fatty acid compositions of hepatic lipids have been 
observed in experimental animals (19-24). It has been pro- 
posed that ChoE hydrolase is involved in ChoE accumula- 
tion (25-27), although there is some controversy about 
this hypothesis (28-32). Elevations of acyl-CoA:choles- 
terol acyltransferase (ACAT) occur in rats and rabbits fed 
high cholesterol diets (33-42} while, in monkey, increases 
in endogenous cholesterol but not ACAT activity have 
been reported (43). Some differences in the levels of other 
enzymes have also been noted in both SH and normoten- 
sive rats: lower hepatic cholesterol synthesis in SH than 
in Wistar/Kyoto (WKY) rats when both were fed an 
atherogenic diet (6); higher biliary secretion of cholate in 
SH than in WKY rats fed either a normal or a high cho- 
lesterol diet (7); and higher prostanoid synthesis (44,45) 
and higher phospholipid turnover in aorta (46,47} of SH 
rats than that of WKY rats fed a normal diet. However, 
the causal relationship between atherosclerosis and 
anomalous lipid metabolism has not been fully elucidated. 
It is also unclear how the development of hypertension 
and hypercholesterolemia may be related in SH rats. 

In an effort to gain more insight into the mechanism 
by which increases in ChoE, particularly cholesterol 
oleate, occur, we have examined the effect of a high 

cholesterol diet on the fatty acid compositions of both 
hepatic and plasma lipids of SH rats. Aorta lipids were 
also analyzed to see the effects of the diet-induced changes 
in hepatic and plasma lipids on this tissue. We have also 
analyzed the molecular species of ChoE produced by 
plasma LCAT to estimate roughly the contribution of 
LCAT in the synthesis of plasma ChoE. 

MATERIALS AND METHODS 

SH rats (male, five wk of age, Charles River of Japan, 
Kanagawa, Japan) were fed either a conventional diet MF 
(Oriental Yeast Co., Tokyo, Japan) or a high cholesterol 
diet supplemented with 5 % cholesterol and 0.5 % cholate 
for up to 65 days. The diet MF contained by weight 24% 
protein, 5.1% fat, 6.2% minerals, 3.2% fibers and 54.5% 
non-nitrogenous compounds, with vitamins D3 and K3 
supplemented. The major fatty acid constituents were 
linoleate (50%), oleate (22%}, palmitate (16%), linolenate 
(4%) and stearate (2%). Tail systolic blood pressure was 
measured by the plethysmographic tail method with an 
apparatus produced by Natsume Co. (Tokyo, Japan). 

After fasting overnight at the indicated days of test 
diets, three rats for each group were killed by decapita- 
tion, and livers, blood samples, abdominal and thoracic 
aortas were removed. Livers and plasmas from the blood 
samples were kept frozen at - 8 0  C. Aortas were freed of 
surrounding fat tissue under the microscope and then 
kept frozen at - 8 0  C. Lipids were extracted with 
chloroform/methanol according to the method of Bligh 
and Dyer (48). Neutral lipids and phospholipids were 
separated by chromatography on silica gel thin layer 
plates (Merck 60) which were prewashed with the develop- 
ing solvents (petroleum ether/diethyl ether/acetic acid 
[80:30:1, v/v/v] or chloroform~methanol/water [70:30:5, 
v/v/v], respectively). The fatty acid composition of 
esterified lipids was determined by gas chromatography 
(GC) of fatty acid methyl esters using heptadecanoic acid 
as the internal standard. The amounts of lipids were ex- 
pressed as mg of heptadecanoic acid per g of wet wt or 
per dl of plasma. Cholesterol was quantitated by GC of 
its trimethylsilyl ether using ergosterol as the internal 
standard. Phosphatidylcholine (PC) was hydrolyzed by 
phospholipase A2 (Crotalus adamanteus venom} as 
described elsewhere (49) to identify and quantitate the 
fatty acids at the 1- and 2-positions separately. The 
lecithin:cholesterol acyltransferase (LCAT) assay was 
based essentially on the methods of Stokke and Norum 
(50) and Albers et al. (51), the details of which are de- 
scribed elsewhere (52). Briefly, plasmas kept frozen at 
- 8 0  C were thawed and preincubated with a sulfhydryl 
reagent to inhibit LCAT activity, and then preincubated 
with [3H]cholesterol (Amersham, Buckinghamshire, 
England) to equilibrate with endogenous cholesterol. The 
reaction was initiated by adding excess 2-mercaptoetha- 
nol to reactivate the LCAT. Molecular species of ChoE 
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FIG. 1. Effect of a high cholesterol diet on blood pressure and liver 
weight. Rats (SH, five wk of age, male} were fed either a normal or 
a high cholesterol diet for the indicated periods. Tail systolic blood 
pressure was  measured by the plethysmographic tail method. Each 
point represents an average of determinations for three rats (---t-_ S.E.). 

synthesized by LCAT were determined by AgNO3-silica 
gel thin layer chromatography.  

RESULTS 
General observation. Male rats  (SH, five wk of age) were 
fed either the high cholesterol diet or the normal diet for 
up to 65 days. The differences in the diets did not affect 
body weight, blood pressure or relative microsomal pro- 
tein content  of liver. Rats in both groups developed a 
typical hypertension with systolic blood pressures of 150 
mm Hg and 185 mm Hg at day 25 and 45, respectively, 
of the test  diets (Fig. 1). On the other hand, significant 
differences between the liver weights of rats  in the two 
dietary groups were apparent  by day 20; liver weights of 
rats fed the high cholesterol diet were 50% greater by day 
65 than those of control rats  fed the normal diet. Accom- 
panying the increases in liver weight was a fading of liver 
color to tha t  typical of fa t ty  liver. 

Hepatic and plasma lipid compositions. As shown in 
Figure 2, the levels of ChoE increased greatly in rats  fed 
the high cholesterol diet. After  feeding the high choles- 
terol diet to rats  for 45 days there was a 200-fold increase 
in the liver ChoE content. Free cholesterol and triacyl- 
glycerol increased 1.5- to threefold and fourfold, respec- 
tively. The amounts  of free fa t ty  acid, phosphatidyl- 
choline and phosphatidylethanolamine were relatively 
unchanged. We emphasize tha t  liver weight per rat  was 
increased significantly by feeding the high cholesterol diet 
(Fig. 1) and hence the increases in hepatic lipids per ra t  
were quite pronounced. 

The plasma lipid composition was different from that  
of liver. There is more free cholesterol than cholesterol 
ester (Fig. 2). The high cholesterol diet elevated plasma 
free cholesterol 1.8-fold at day 20. The increase in ChoE 
was slightly less (1.5-fold). Both  cholesterol and ChoE in 
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FIG. 2. Effect of a high cholesterol diet on hepatic and plasma lipid contents. After over- 
night fasting, three rats for each group were killed at the indicated days, samples of livers 
and plasmas were removed and lipids were extracted with chloroform/methanol. Individual 
lipid classes were separated by silica gel thin layer chromatography. Lipids containing 
fatty acids were quantitated by gas chromatography (GC) with heptadecanoic acid as 
internal standard. Cholesterol was quantitated as its trimethylsilyl ether by GC using 
ergosterol as internal standard. Each point represents average of determinations for at 
least two rats. The maximal deviation from mean was 24% of the value given. - - . - - ,  High 
cholesterol diet group; - -O-- ,  normal diet group. 
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plasma tended to decrease by day 45, regardless of the 
diet. Plasma triacylglycerol levels actually decreased after 
day 20 on the normal diet and after day 45 on the high 
cholesterol diet. The high cholesterol diet did not affect 
the total plasma free fatty acid or PC content, which 
tended to decrease after day 20. Thus, the 200-fold in- 
crease in liver ChoE and fourfold increase in liver 
triacylglycerol were not directly reflected by correspond- 
ing changes in plasma ChoE and triacylglycerol in the 
high cholesterol diet group, although the sizes of the 
ChoE pools in plasma and liver are comparable in rats 
fed the normal diet. 

Fatty acid compositions of hepatic and plasma lipids. 
The fatty acid compositions of ChoE, free fatty acid, 
triacylglycerol and PC in liver from rats fed the test diets 
for 20 days are shown in Figure 3. Because the specificity 
of LCAT is related to the composition of fatty acids at 
the 2-position of PC {53-58), fatty acids at the 1- and 
2-positions of PC were analyzed separately after phospho- 
lipase A2 hydrolysis. As is well-known, each lipid exhibits 
a characteristic fatty acid pattern. The high cholesterol 
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FIG. 3. Effect of a high cholesterol diet on fat ty  acid pattern of 
hepatic and plasma lipids. Rats fed test  diets for 20 days were used. 
Fatty acids of hepatic and plasma lipids were analyzed by gas  
chromatography as methyl  esters. Phosphatidylcholine (PC) was 
hydrolyzed with snake venom phospholipase A2 to determine the 
fatty  acids at the 1- and 2-positions, separately. Fat ty  acids were 
designated by carbon chain length:number of double bonds, and the 
position of double bond (indicated as w3 [w3] or r [w6]). Averages 
of values from two rats are presented. The maximum deviations from 
the means were 26 and 31% of the values when they were over 10% 
and 5% of the total, respectively. 

diet induced a striking change in the fatty acid composi- 
tion of ChoE: the amounts of saturated and polyene fatty 
acids decreased while the quantities of oleate and linoleate 
increased 3.3- and 2.4-fold, respectively. Similar but 
slightly less pronounced changes were observed in the free 
fatty acid fraction. Nevertheless, there were only small 
changes in the fatty acid compositions of triacylglycerol, 
PC and phosphatidylethanolamine. 

The fat ty acid compositions of plasma lipids are also 
shown in Figure 3. In comparing the fatty acid patterns 
of hepatic and plasma lipids, the following features should 
be noted: (i) In the normal diet group, plasma ChoE had 
fatty acid moieties quite different from those of plasma 
free fatty acid and hepatic ChoE; the plasma ChoE con- 
tained relatively more arachidonate and relatively less 
palmitate and co3 fatty acids than hepatic ChoE; and the 
pattern of plasma ChoE fatty acids more closely resem- 
bled that at the 2-position of PC. (ii) In the high choles- 
terol diet group, the fat ty acid pattern of plasma ChoE 
was more similar to that of hepatic ChoE and more unlike 
that of the 2-position of PC. The fatty acid composition 
of plasma ChoE differed significantly from that of the nor- 
mal diet group; oleate and linoleate were increased and 
arachidonate was decreased by feeding the high choles- 
terol diet. {iii) The fatty acid compositions of plasma and 
hepatic PC were quite similar in spite of differences in 
diets {although the high cholesterol diet did cause a slight 
increase in oleate and linoleate and a concomitant 
decrease in arachidonate). 

Comparisons of the fat ty acids of hepatic and plasma 
lipids described above were made using livers and 
plasmas from the rats fed the test diets for 20 days. The 
time courses for the changes in the fatty acid composi- 
tions of hepatic ChoE are shown in Figure 4. The changes 
in the fatty acid compositions of hepatic ChoE induced 
by different diets were almost maximal by 20 days of 
feeding. There were significant decreases in saturated 
fatty acids and increases in co9 fatty acids. The positions 
of double bonds in fatty acids have not been determined, 
and hence oleate described here represents octadecenoic 
acids (oleic and cis-vaccenic acids). Omega-9, co6 and co3 
correspond to n-9, n-6 and n-3 series. The proportion of 
co6 fatty acids as a whole did not vary significantly, 
although there were increases in linoleate and correspond- 
ing decreases in arachidonate induced by the high 
cholesterol diet. 

The changes in the fatty acids of plasma ChoE were 
almost maximal after 20 days on the diets (Fig. 4). In fact, 
the maximum effect was observed even at day 9 of the 
diet. In contrast to the situation with hepatic ChoE, the 
proportions of saturated and w3 fatty acids of plasma 
ChoE did not decrease but the proportion of Go6 fatty 
acids decreased. 

Since the fatty acid composition of plasma PC was 
changed by feeding the high cholesterol diet, the 
molecular species of ChoE produced by plasma LCAT 
would also be expected to vary. To determine the extent 
of this variation, the molecular species of ChoE produced 
by plasma LCAT were analyzed in an in vitro assay 
system presumed to mimic that occurring in vivo (50-52). 
As shown in Figure 5, the LCAT showed some preference 
for arachidonate and less preference for linoleate at the 
2-position of PC, but newly formed ChoE roughly 
reflected the changes in the fatty acid compositions of 
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PC induced by feeding different diets; the proportions of 
monoene and diene species increased and that of tetraene 
decreased by feeding the high cholesterol diet. However, 
these variations were much smaller than the diet-induced 
variations in the molecular species of plasma ChoE (see 
Discussion). 

Aorta lipids. Lipids of the abdominal and thoracic 
aortas at day 20 and day 45 of the test diets were deter- 
mined. The difference of the diets did not affect the 
amounts of PC (~1.4 mg/g). The triacylglycerol content 
was slightly higher in the high cholesterol diet group at 
day 45 (~2.6 mg/g) than in the control group (~1.5 mg/g). 
No accumulations of ChoE (~0.05 mg/g) and cholesterol 
(~1.2 mg/g) were observed in the aorta. The major fatty 
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FIG. 4. Time course of the effect of a high cholesterol diet on fa t ty  
acid pa t te rn  of hepatic and plasma cholesterol ester. Fa t t y  acids of 
ChoE were grouped into sa tura ted  (Sat., mainly 16:0 and 18:0), co6 
(linoleate, 18:2w6, and arachidonate, 20:4w6), ~9 (w9 and w7, mainly 
18:1) and ~3 (w3, mainly 18:3w3, 20:5w3 and 22:6w3). O,/x, Normal 
diet group; % A, high cholesterol diet group. 

acids of PC were palmitate (39%), stearate (21%), oleate 
(11%), linoleate (4%) and arachidonate (18%) while those 
of triacylglycerol were palmitate (33 %), palmitoleate (9%), 
stearate (5%), oleate (26%) and linoleate (19%). Again, the 
high cholesterol diet did not induce any significant 
changes in the fatty acid compositions of these lipids in 
aortas under the conditions examined. 

DISCUSSION 

ChoE is thought to be formed mainly through the actions 
of LCAT in plasma and ACAT in liver and intestine. Since 
the rats in the present experiment were fasted overnight 
before plasma and liver samples were removed, the con- 
tribution of intestinal ACAT is probably relatively small 
under these conditions. LCAT utilizes fatty acids from 
the 2-position of PC, producing only unsaturated ChoE. 
ACAT is reported to be specific for monoene, saturated 
and diene species of acyl-CoAs (34,59-62). In the rats fed 
the normal diet, plasma ChoE consisted mainly of 
tetraene (arachidonate) species (60% of the total). 
Monoene (30%) and diene (26%) ChoE were the major 
species of plasma ChoE in rats fed the high cholesterol 
diet (Fig. 3). Since plasma LCAT synthesized mainly 
tetraene species regardless of the diet (Fig. 5), we simply 
surmised that plasma ChoE was synthesized mainly by 
LCAT in the normal diet group while the contribution of 
ACAT increased in the high cholesterol diet group. 
However, this needs to be examined more carefully. 

Plasma free cholesterol, ChoE and triacylglycerol levels 
were elevated by the high cholesterol diet, but these 
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FIG. 5. Selectivity of plasma lecithin:cholesterol acyltransferase. 
Plasma samples from rats  at  20 days of tes t  diet  were preincubated 
with an LCAT inhibitor, 5,5'-dithiobis(2-nitrobenzoic acid), and then 
with [3H]cholesterol. Incubat ion was ini t iated by adding excess 
2-mercaptoethanol to react ivate  the LCAT. Molecular species of 
ChoE synthesized from [3Hlcholesterol and endogenous acyl donor 
(PC) were separated by AgNO3-silica gel thin layer chromatography. 
Radioactivity in each spot was  determined by liquid scintillation 
spectrometry. Although the LCAT inhibitor was not present in blood 
during the preparat ion of plasma, the amount  of PC used by the 
LCAT reaction during this  period is calculated to be much less than 
0.5% of the total. Averages of values for two rats, each assayed in 
duplicate, are presented. The maximal deviat ions from means were 
6% of the values given for saturated,  monoene, diene and te t raene 
species and 20% for the pentaene plus hexaene species. 
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c hanges  d id  no t  re f lec t  d i r ec t l y  t he  l a rge  inc reases  in 
hepa t i c  l ip ids .  These  f ind ings  s u g g e s t  t h a t  a s t ep  a f t e r  
the  s y n t h e s i s  and  p r io r  to  sec re t ion  of ChoE and  
t r i a c y l g l y c e r o l  is l im i t ed  in t he  l ivers  of r a t s  fed the  h igh  
cho les te ro l  diet .  The  r e l a t i v e  inc rease  in l ino lea te  w i th  a 
c o n c o m i t a n t  decrease  of a r a c h i d o n a t e  in ChoE ra i ses  the  
p o s s i b i l i t y  t h a t  t he  e longa t i on  and /o r  d e s a t u r a t i o n  
s y s t e m s  became  i m p a i r e d  d u r i n g  the  d e v e l o p m e n t  of 
f a t t y  l iver .  On the  o t h e r  hand,  t he  0)6 a n d  co3 f a t t y  ac id  
e s t e r s  of cho les te ro l  in l iver  and  p l a s m a  r e s p o n d e d  dif- 
f e r en t ly  to  the  d i e t a r y  cond i t i ons  {Fig. 4). Thus ,  t he  in- 
c rease  in ~o9 f a t t y  ac ids  and  the  c o r r e s p o n d i n g  dec rease  
in the  p r o p o r t i o n s  of p o l y e n e  f a t t y  ac ids  m u s t  no t  be t he  
only  m e c h a n i s m  r e s p o n s i b l e  for t he  c h a n g e s  in t he  f a t t y  
ac id  p a t t e r n  of l ip ids  u n d e r  t hese  cond i t ions .  

A l t h o u g h  choles te ro l  o lea te  is the  m a j o r  l ip id  in h u m a n  
a t he r o sc l e ro t i c  les ions  and  the  levels  of h e p a t i c  and  
p l a s m a  cho les te ro l  o lea te  i nc r ea sed  s ign i f i can t ly ,  no ac- 
c u m u l a t i o n  of cho les t e ro l  o lea te  was  o b s e r v e d  in the  ab- 
d o m i n a l  and  t h o r a c i c  a o r t a s  of S H  r a t s  fed a h igh  
cho les te ro l  d ie t  (5% cho les te ro l  and  0.5% chol ic  acid) for 
up to  45 days .  Our  p r e l i m i n a r y  e x p e r i m e n t s  revea led  t h a t  
p l a s m a  ChoE was  even h igher  in n o r m o t e n s i v e  W K Y  r a t s  
t h a n  in S H  r a t s  when  the  h igh  cho les t e ro l  d ie t  was  fed 
for 45 days .  On the  o t h e r  hand,  in a s u b s t r a i n  se lec ted  
f rom S H  ra ts ,  a r te r io l ip idos i s -prone  (AL) ra t s ,  the  p l a s m a  
cho les te ro l  level  was  r e p o r t e d  to  r each  500 mg/d l  b y  
f eed ing  a h igh  f a t / cho les t e ro l  d ie t  (20~ suet ,  5% choles-  
terol ,  2% cholic  acid) for one week (63). F a t  d e p o s i t s  were 
n o t e d  in a r t e r i e s  b u t  no s ign i f i can t  d i f ference  was  ob- 
se rved  in the  hepa t i c  cho les te ro l  levels  in A L  r a t s  and  
n o r m o t e n s i v e  c o n t r o l s  u n d e r  such  c o n d i t i o n s  (63). 
W h e t h e r  the  d i f ference  in fa t  d e p o s i t s  in a r t e r i e s  is due  
to  the  d i f ference  in s t r a i n s  or the  d i f ference  in d ie t s  is to  
be examined .  
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