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Abstract

Crilvastatin, a new drug from the pyrrolidone family, has been previously shown to inhibit the activity of 3-hydroxy-3-methylglutaryl
coenzyme A reductase, in vitro and in vivo, to reduce the absorption of dietary cholesterol and to stimulate the activity of cholesterol
7a-hydroxylase in the rat. The aim of this study was to evaluate the effects of crilvastatin on cholesterol and bile acid metabolism in the

Ž .hamster. In hamsters fed on a lithogenic diet for 8 weeks, crilvastatin treatment 200 mgrday per kg body weight did not change plasma
Ž .lipid levels, failed to improve bile parameters and did not prevent gallstone formation. In hamsters fed on a basal cholesterol-rich 0.2%

diet for 8 weeks, crilvastatin at the same dose reduced the cholesterol level in the plasma by 20%, with a decrease of both low-density and
high-density lipoprotein cholesterol. The drug did not significantly stimulate the biliary secretion of bile acids but significantly decreased
the activity of acyl coenzyme A:cholesterol acyltransferase in the small intestine by 64%. This effect was enhanced when cholestyramine,
a bile acid-sequestering resin, was given in combination with crilvastatin. Crilvastatin alone did not change the activity of cholesterol
7a-hydroxylase in the liver, despite the marked reduction in both hepatic cholesterogenesis and intestinal absorption of dietary cholesterol
Ž .the absorption coefficient was 44"2% in treated hamsters vs. 61"7% in controls .
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1. Introduction

Ž .Crilvastatin Pan Medica, Carros, France , a drug from
the pyrrolidone family, was shown in the rat to act as a
non-competitive in vitro inhibitor of 3-hydroxy-3-methyl-

Ž .glutaryl coenzyme A HMG-CoA reductase, the key en-
Ž .zyme of cholesterol synthesis Esnault et al., 1988 . In this

study, crilvastatin appeared to be more effective than
fenofibrate, because a 50% inhibition of enzyme activity
was obtained with 1 mM crilvastatin compared with 3 mM

Ž .fenofibrate. Clerc et al. 1993 have shown that crilvastatin
Ž .200 mgrkg per day has a potent cholesterol-lowering
effect in hypercholesterolemic rats fed on a high-fat diet,
and stimulates cholesterol 7a-hydroxylase, the limiting
enzyme of bile acid synthesis in the liver. In normo-
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Ž .lipidemic or genetically hypercholesterolemic RICO rats
fed on a cholesterol-poor diet, we recently observed that
the same dose of crilvastatin inhibited in vivo cholesterol
synthesis, in the liver as well as in the intestine, and
strongly reduced the intestinal absorption of dietary choles-

Ž .terol Hajri et al., 1995 . The drug, however, had no effect
on plasma cholesterol level. Similarly, known statins are
reported to be ineffective in reducing plasma cholesterol in

Ž .rodents Endo, 1992; Serougne et al., 1995 . This lack of´
hypocholesterolemic effect of statins has been related to

Žthe induction of HMG-CoA reductase synthesis Kita et
.al., 1980; Bilhartz et al., 1989 and to the reduced fecal

Ž .excretion of bile acids Endo, 1992 . Moreover, the hepatic
catabolism of lipoproteins is unaffected by statins in rats,
whereas the effectiveness of these drugs as cholesterol-
lowering agents in humans is partly due to a stimulation of
the receptor-mediated uptake of low-density lipoproteins
Ž . Ž .LDL Endo, 1992 .

Extensive studies in the hamster showed that the rate of
cholesterol conversion into bile acids is relatively limited
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Žas in humans, in contrast with the rat Khallou et al., 1991;
.Dietschy et al., 1993 . Moreover, LDL has higher quanti-

Žties of cholesterol in the hamster than in the rat Groot et
.al., 1992; Goulinet and Chapman, 1993 . Since the hamster

Žis a suitable model for experimental cholelithiasis Cohen-
. ŽSolal et al., 1995 , the effects of crilvastatin 200 mgrkg

.per day on bile and plasma lipids were studied at first in
hamsters fed on a lithogenic diet, which strongly stimu-

Žlates cholesterol synthesis, for 8 weeks Khallou et al.,
.1991 . Secondly, crilvastatin was administered to hamsters

fed on a semi-purified diet containing 0.2% cholesterol for
8 weeks, in order to study its effect on dietary cholesterol
absorption, through the inhibition of cholesterol esterifica-
tion in enterocytes. Lastly, in order to eventually amplify
the action of crilvastatin, the drug was given in combina-
tion with cholestyramine, a bile acid-sequestering resin
known to inhibit the intestinal absorption of cholesterol

Žand increase bile acid synthesis Shepherd and Packard,
.1988; Suckling, 1991 .

2. Materials and methods

2.1. Chemicals and isotopes

Chemicals of the highest purity were obtained from
Ž .Sigma St.-Quentin Fallavier, France . Crilvastatin was a

w 14 xgift from Pan Medica Laboratory. Na 1- C acetate and
w 3 x Ž1,2- H cholesterol were purchased from CEA Saclay,

. w14 x ŽFrance , C b-sitosterol from Amersham Les Ulis,

. w 14 x Ž .France and 1- C oleoyl-CoA from NEN Paris, France .

2.2. Animals

Ž .Golden Syrian hamsters Mesocricetus auratus were
raised in our breeding unit. The room temperature was
maintained at 23"18C and lighting conditions were con-
trolled according to a 12-h cycle. Hamsters were fed on a

Žcommercial chow diet CRF20 from UAR, Epinay srOrge,
.France before the experiments, which were carried out

with 6-week-old male hamsters.

2.3. Experimental procedures

2.3.1. First experiment
In the first experiment, the animals were divided into 2

Ž . Ž .groups ns6 . One group group L received for 8 weeks
Ž .the lithogenic Dam’s diet Dam, 1969 , which mainly

consisted of 72.5% sucrose, 20% casein, 5% mineral mix-
ture, 2.5% vitamin-cellulose mixture and 0.05% choles-

Ž .terol. The second group LqCR received the lithogenic
diet containing crilvastatin at the concentration of 0.3%,
which corresponded to a daily oral intake of 200 mg per

Žkg of body weight, as in rats Esnault et al., 1988; Hajri et
.al., 1995 . On the last day, the hamsters were anesthetized

Ž .by tiletamine-zolazepam Virbac, Paris, France , and the
common bile duct was cannulated with a polyethylene tube

Ž .No. 01015, Biotrol, France to collect the hepatic bile for
1 h. Gallstones were detected by observation of the gall-
bladder content. Blood was collected on ethylenediamine

Ž .tetraacetic acid EDTA, 1 mgrml and monoiodoac-
Žetamide, an inhibitor of cholesterol esterification 1

.mgrml . Plasma was separated by centrifugation at 12 000
=g for 5 min at 48C. The liver was excised and weighed.
Plasma, bile and liver samples were immediately stored at
48C prior to analysis.

2.3.2. Second experiment
In the second experiment, hamsters were divided into 3

Ž . Ž .groups ns12 . The first group C was fed on a semi-
purified diet which mainly consisted of 62.5% sucrose,
20% casein, 9% lard, 0.8% walnut oil, 5% mineral mix-
ture, 2.5% vitamin-cellulose mixture, and was enriched

Ž .with 0.2% cholesterol. The second group CR received
the same hypercholesterolemic diet containing 0.3% cril-

Ž .vastatin. The third group CR-CY received the same diet,
with 0.3% crilvastatin and 2% cholestyramine. After 8
weeks, six animals per group were killed after overnight
fasting. Blood was collected on EDTA, and liver and
intestine were immediately collected and rinsed with saline.
The intestinal mucosa was scrapped off and homogenized

Žin a phosphate buffer K HPO , 50 mM; sucrose, 0.1 M;2 4
.EDTA, 30 mM; KCl, 70 mM; dithiothreitol, 1 mM . Two

grams of liver were homogenized in the same buffer.
Intestine and liver microsomes were prepared according to

Ž .the method described by Clerc et al. 1993 and stored at
y208C for later measurement of acyl coenzyme
A:cholesterol acyltransferase and cholesterol 7a-hydroxyl-
ase activities. In the six other animals, the gallbladder was
observed, hepatic bile was collected, as above, and plasma
and bile samples were kept at 48C for further analysis.

2.3.3. Third experiment
The third experiment was carried out under the same

conditions as above. The hamsters were also divided into
Ž .the 3 groups: C, CR and CR-CY ns12 . After 7 weeks,

six animals per group were subcutaneously injected at 9.00
a.m. with a solution containing 0.925 MBq of sodium
w 14 x 141- C acetate, and killed 70 min later to measure the C
radioactivity of liver and intestinal sterols, as an index of

Ž .hepatic cholesterogenesis Lutton et al., 1990 . The six
other hamsters received, by stomach intubation after
overnight fasting, 0.5 ml of walnut oil containing 370 kBq

w3 x w14 xof H cholesterol and 33 kBq of C b-sitosterol, in order
to measure the intestinal absorption of dietary cholesterol
Ž .Borgstrom, 1969 . Feces were collected daily for 1 week.
At the end of the experimental period, the animals were
killed after overnight fasting.

2.4. Assays

2.4.1. Plasma and bile
Plasma lipids were assayed by enzymatic methods using

Žcommercial kits total and free cholesterol: CHOD-PAP
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method, Boehringer, Rungis, France; phospholipids and
.triglycerides: Wako tests, Unipath, Meylan, France . Bile

samples were previously diluted 10 times with physio-
Žlogical saline before cholesterol and phospholid Gurantz

.et al., 1981 assays. Total bile acid concentration was
measured enzymatically with 3a-hydroxysteroid dehydro-

Ž .genase Turley and Dietschy, 1978 . The lithogenic index
Ž .of bile was calculated Thomas and Hofmann, 1973 .

2.4.2. Lipoproteins
ŽLipoproteins were isolated from 1 ml plasma pooled

.samples from 2 hamsters by ultracentrifugation on a KBr
Ždensity gradient at 105 000=g for 24 h Serougne et al.,´

. Ž .1987 . Eighteen plasma fractions 0.5 ml each were col-
Žlected and pooled according to their density triglyceride-

rich lipoproteins, corresponding to chylomicrons and very
low-density lipoproteins, VLDL: d-1.010 grml; low-
density lipoproteins, LDL: 1.010-d-1.063; high-density

.lipoproteins, HDL: 1.063-d-1.21 . Total and free
cholesterol, triglycerides and phospholipids were deter-
mined enzymatically in each lipoprotein class by using
commercial kits, as above. Proteins were assayed by the

Ž .Lowry method Lowry et al., 1951 , using bovine serum
albumin as a standard.

Analysis of apolipoproteins was performed using pooled
lipoprotein fractions. In regard to the heterogeneity of their
apolipoprotein composition, LDL were separated into two
subclasses: LDL1, 1.010-d-1.040 and LDL2, 1.040-

Ž .d-1.063 Goulinet and Chapman, 1993 . Fractions were
Ž .dialyzed except for triglyceride-rich particles and assayed

by polyacrylamide gel electrophoresis in the presence of
Ž .sodium dodecyl sulfate SDS-PAGE without prior delipi-

Ž .dation Connelly and Kuksis, 1982 . Apolipoprotein com-
position was estimated by densitometric analysis of gels
stained with Coomassie blue, using a laser densitometer
Ž .Ultrascan 2202, LKB, St-Quentin en Yvelines, France
connected to an integrator.

2.4.3. Feces
After extraction of fecal lipids with boiling ethanol in a

Soxhlet apparatus for 24 h, the extract was saponified in a
solution of 2 M potassium hydroxide in 95% ethanol.

ŽNeutral sterols were extracted with petroleum ether Khal-
. 14 3lou et al., 1991 and C and H radioactivities were

Žmeasured by liquid scintillation Kontron MR 300, Mon-
.tigny-le-Bretonneux, France . The absorption coefficient

Ž .AC of dietary cholesterol was determined as follows:

excreted 3H radioactivity dpmŽ .
AC % sŽ . 14excreted C radioactivity dpmŽ .

14w xingested C b-sitosterol dpmŽ .
= =1003w xingested H cholesterol dpmŽ .

The absorption rate of dietary cholesterol was calcu-
lated on the basis of daily food intake and cholesterol

Ž .content of the diet 0.2% .

2.4.4. LiÕer and intestine
After saponification of lipids in liver or intestine sam-

ples with a solution of 2 M potassium hydroxide in 95%
ethanol, sterols were extracted with petroleum ether, dried
and dissolved in isopropanol to perform the enzymatic
assay of total cholesterol, as above. In hamsters injected

w 14 xwith sodium 1- C acetate, total lipids were extracted
from liver and intestine samples with boiling ethanol in a
Soxhlet apparatus for 24 h. A fraction was directly saponi-
fied to isolate neutral sterols and their radioactivity was
measured. Other fractions of liver were used for the sepa-
ration of esterified and unesterified cholesterol by thin
layer chromatography on silica gel plates, after elution
with a mixture of 20% ethyl acetater80% hexane. Each
sterol fraction was saponified in the 2 M potassium hy-
droxide ethanolic solution, extracted with petroleum ether,
and enzymatically assayed in isopropanol, as above.

2.4.5. Enzyme actiÕities
Microsomal preparations were used to determine the

activities of intestinal and hepatic acyl coenzyme
A:cholesterol acyltransferase, and of hepatic cholesterol
7a-hydroxylase. Acyl coenzyme A:cholesterol acyltrans-

w14 xferase activity was measured using C oleoyl-CoA as the
substrate. The labeled esterified cholesterol produced was
then isolated by chromatography on silica gel columns
Ž .Chautan et al., 1988 . Cholesterol 7a-hydroxylase activity

w14 x Žwas measured using C cholesterol as the substrate Clerc
. w14 x w14 xet al., 1995 . C Cholesterol and C 7a-hydroxy-

cholesterol were separated by thin layer chromatography
on silica-gel plates, after elution by a mixture of 80% ethyl
acetater20% heptane.

2.4.6. Statistical analysis
Results are expressed as means"S.E.M. Statistical dif-

ferences were assessed by a Student’s t-test or by analysis
Ž .of variance ANOVA and the Neuman-Keuls test. A value

of P-0.05 was considered as the criterion of signifi-
cance.

3. Results

3.1. Effect of 8-week crilÕastatin treatment on hamsters fed
on a lithogenic diet

Ž .Plasma and lipoprotein lipid concentrations in L and
Ž .LqCR groups are shown in Table 1. Plasma lipid
parameters were not modified by crilvastatin, except the
unesterifiedrtotal cholesterol ratio in triglyceride-rich lipo-
proteins, which was significantly reduced by the crilvas-

Ž .tatin treatment: 0.55"0.03 in LqCR group, vs. 0.65"

Ž .0.02 in L group. The apolipoprotein composition of the
Ž .various lipoproteins results only expressed in the text

was similar in the two groups. Triglyceride-rich lipopro-
Ž .teins contained mainly apolipoproteins B100 40% , E
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Table 1
Lipid concentrations in plasma and lipoproteins of hamsters fed on a

Ž .lithogenic L diet or a lithogenic diet supplemented with 0.3% crilvas-
Ž .tatin LqCR , for 8 weeks

Group L LqCR

Plasma m grml
Total cholesterol 971"44 1090"63
Unesterified cholesterol 364"20 401"21
Triglycerides 1163"162 1096"124
Phospholipids 1783"172 1777"94

( )Lipoproteins ns4 per group m grml plasma
TRL Total cholesterol 160"21 118"14

aUnesterified cholesterol 104"10 66"12
Triglycerides 749"44 657"93

LDL Total cholesterol 207"11 234"14
Unesterified cholesterol 120"5 107"7
Triglycerides 190"9 206"9

HDL Total cholesterol 615"24 728"48
Unesterified cholesterol 172"20 227"32
Triglycerides 129"11 145"15

Ž .Mean"S.E.M ns6 per group . Differences were analyzed with a
a Ž . Ž .Student’s t-test and are significant at P -0.05: LqCR vs. L group.

TRL, triglyceride-rich lipoprotein; LDL, low-density lipoprotein; HDL,
high-density lipoprotein.

Ž . Ž .35–45% and Cs 15–24% , but the apolipoprotein
ErB100 ratio was higher in crilvastatin-treated hamsters
Ž . Ž .1.13 than in untreated hamsters 0.80 . The LDL1 sub-

Ž .fraction contained mainly apolipoproteins B100 81–85%
Ž .and E less than 20% in the two groups. The LDL2

subfraction, which is a mixture of LDL and HDL particles,
Ž . Ž .contained mainly apolipoproteins AI 50% , B 33% and

Ž . Ž .E 15% ; HDL were rich in apolipoprotein AI 86% , with
Žsmall proportions of apolipoproteins AIV, E or Cs less

.than 6% for each one .
The incidence of gallstones was 6r6 in both groups at

the end of the experiment. No difference appeared in the
Ž .biliary parameters between the two groups Table 2 ,

except for the bile flow, which was higher with the drug,
while the cholesterol concentration in the bile tended to be
lowered.

Table 2
Ž .Bile secretion in hamsters fed on a lithogenic diet L or a lithogenic diet

Ž .supplemented with 0.3% crilvastatin LqCR , for 8 weeks

Group L LqCR

mlrh
aBile flow 0.32"0.01 0.40"0.04

Biliary secretion mmolrh per 100 g body weight
Bile acids 5.05"0.44 5.13"0.30
Phospholipids 1.17"0.07 1.01"0.09
Cholesterol 0.83"0.08 0.72"0.09

Lithogenic index 1.27"0.07 1.19"0.05

Ž .Mean"S.E.M. ns6 per group . Differences were analyzed with a
a Ž . Ž .Student’s t-test and are significant at P -0.05: LqCR vs. L group.

Table 3
Lipid concentration in plasma and lipoproteins of hamsters fed on a

Ž . Ž .cholesterol-rich 0.2% diet C or a cholesterol-rich diet supplemented
Ž .with crilvastatin CR or a combination of crilvastatin-cholestyramine

Ž .CR-CY , for 8 weeks

Group C CR CR-CY

Plasma m grml
c b aTotal cholesterol 2201"70 1753"64 1163"77
c b aUnesterified cholesterol 718"11 603"23 385"29

aTriglycerides 1557"284 1581"334 2290"134
Phospholipids 2403"204 2290"134 1630"250

( )Lipoproteins ns4 per group m grml plasma
aTRL Total cholesterol 225"70 212"15 116"18

b b aUnesterified cholesterol 85"14 92"11 44"7
Triglycerides 448"142 557"127 464"137

c b aLDL Total cholesterol 696"48 459"20 330"46
b a aUnesterified cholesterol 285"22 216"20 138"22

Triglycerides 332"80 268"38 229"51
c b aHDL Total cholesterol 1455"73 1041"78 707"71

Unesterified cholesterol 245"37 234"10 164"32
Triglycerides 211"70 120"27 82"25

Ž .Mean"S.E.M. ns9 per group . Differences were analyzed by analysis
Ž .of variance ANOVA and the Neuman-Keuls test: groups with a differ-

ent letter superscript are significantly different at P -0.05; a signifi-
Ž .cantly different from C group with Student’s t-test. TRL, triglyceride-

rich lipoprotein; LDL, low-density lipoprotein; HDL, high-density
lipoprotein.

3.2. Effect of 8-week crilÕastatin treatment in normal
hamsters fed a cholesterol-rich diet

Food intake, body weights and weights of livers and
Ž . Ž . Ž .small intestines were similar in C , CR and CR-CY

groups. Plasma lipid concentrations and lipoprotein choles-
terol distribution are shown in Table 3. Crilvastatin treat-
ment reduced the plasma level of cholesterol by 20%
without changing the other parameters. Cholestyramine
administered in combination with the drug markedly re-

Ž . Žduced the level of cholesterol by 50% , phospholipids by
. Ž . Ž .32% , and triglycerides by 24% , as compared to C

group. Crilvastatin alone lowered the cholesterol content of
Ž . Ž .both LDL by 34% and HDL by 28% and slightly

increased the triglycerideresterified cholesterol ratio in
Ž . Žtriglyceride-rich lipoproteins 4.59 vs. 3.17 and LDL 1.11

.vs. 0.80 . Cholestyramine associated with the drug de-
creased the cholesterol content of all lipoproteins by about
50%.

The absorption coefficient and daily absorption rate of
dietary cholesterol are shown in Table 4. These two pa-
rameters were markedly lowered by crilvastatin alone
Ž .about 30% and were further lowered by cholestyramine

Ž .associated with the drug 55% .
Cholesterol concentrations in the liver and intestine,

sterol radioactivities and activities of cholesterol 7a-hy-
droxylase and acyl coenzyme A:cholesterol acyltransferase
are shown in Table 5. No difference was observed between
the values of unesterified hepatic cholesterol in the 3
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Table 4
Absorption of dietary cholesterol in hamsters fed on a cholesterol-rich
Ž . Ž .0.2% diet C or a cholesterol-rich diet supplemented with crilvastatin
Ž . Ž .CR or a combination of crilvastatin-cholestyramine CR-CY , for 8
weeks

Group C CR CR-CY

Percent
c b aAbsorption coefficient 61"3 44"2 27"0.3

mgrday
b a,c aAbsorption rate 7.9"0.5 5.4"1.1 3.3"0.2

Ž .Mean"S.E.M. ns5 per group . Differences were analyzed by ANOVA
and the Neuman-Keuls test: groups with a different letter superscript are
significantly different at P -0.05.

groups. The concentration of esterified cholesterol was
decreased 2-fold by crilvastatin, and 9-fold by the combi-
nation crilvastatin-cholestyramine. Compared with the

Ž .value in the C group, the radioactivity incorporated into
liver sterols decreased by 30% with crilvastatin, whereas it
increased by 144% with the cholestyramine-crilvastatin
combination. The radioactivity of intestinal sterols de-
creased by 14% with crilvastatin, while the combined
treatment restored the value observed in untreated ham-
sters. The hepatic activity of cholesterol 7a-hydroxylase
was not changed by crilvastatin alone, and was markedly

Ž .stimulated 2.8-fold by the combined treatment. In the
liver, acyl coenzyme A:cholesterol acyltransferase activity

Ž .was lowered by crilvastatin alone 42% , and even more
by the combined treatment, despite no significant inter-
group difference. In the intestine, acyl coenzyme
A:cholesterol acyltransferase activity was obviously inhib-

Table 5
Cholesterol concentration, sterol radioactivity and enzyme activities in

Ž .liver or intestine of hamsters fed on a cholesterol-rich diet C or a
Ž .cholesterol-rich diet supplemented with crilvastatin CR or a combina-

Ž .tion of crilvastatin-cholestyramine CR-CY , for 8 weeks

Group C CR CR-CY

Cholesterol concentration mgr g
Liver

c b aEsterified 16.4"0.4 8.1"0.6 1.8"0.2
Unesterified 2.4"0.3 2.1"0.2 1.9"0.2

Intestine
Total 2.3"0.1 2.1"0.1 2.1"0.1

14[ ]Sterol radioactivity dpm per 3.7 MBq of injected C acetate
b a cLiver 8 050"219 5 612"484 11603"791

Intestine 163497"5672 139999"5736 160401"9055

Activity pmolrmin per mg protein
a a bCholesterol 7a-OHase 17.3"3.3 19.4"3.3 48.0"4.0

ACAT
Liver 55.6"14.4 32.0"5.8 25.0"7.0

b a,c cIntestine 69.0"15.0 25.0"7.0 8.5"1.5

Ž .Mean"S.E.M. ns5 per group . Differences were analyzed by ANOVA
and Neuman-Keuls test: groups with a different letter superscript are
significantly different at P -0.05.

Table 6
Bile secretion and lithogenic index of hamsters fed on a cholesterol-rich

Ž . Ž .diet C or a cholesterol-rich diet supplemented with crilvastatin CR or
Ž .a combination of crilvastatin-cholestyramine CR-CY , for 8 weeks

Group C CR CR-CY

mlrh
Bile flow 0.28"0.04 0.36"0.07 0.28"0.02

Biliary secretion rate mmolrh per 100 g body weight
aBile acids 4.90"0.75 6.70"0.29 5.37"0.70

Phospholipids 0.70"0.10 1.03"0.13 0.78"0.13
Cholesterol 0.39"0.05 0.50"0.12 0.48"0.17

Lithogenic index 0.82"0.05 0.75"0.02 0.72"0.10

Ž .Mean"S.E.M. ns5 per group . No differences were found with
a Ž .ANOVA and the Neuman-Keuls test. CR group significantly different

Ž .from C group by Student’s t-test.

Ž . Ž .ited 64% by crilvastatin alone, and even more 87% by
the combined treatment.

The biliary parameters are shown in Table 6. Crilvas-
tatin led to a non-significant increase in bile flow and
phospholipid and cholesterol secretion rates, and to a
significant increase in bile acid secretion. However, the
lithogenic index was not significantly lowered by crilvas-
tatin. The combination of cholestyramine with the drug did
not change biliary parameters, as compared to those of
untreated hamsters.

4. Discussion

In the hamster, the essential fatty acid deficiency in-
duced by the Dam diet is associated with a high frequency

Ž .of cholesterol gallstones Dam, 1969 . We had previously
Ž .observed that cholesterolemia was lower 30% in ham-

sters fed on this lithogenic diet than in hamsters fed on a
Ž .control diet Khallou et al., 1991 . In the present study, the

plasma lipid parameters of lithiasic hamsters, previously
fed on the Dam diet, agree with our previous data. Crilvas-
tatin, at a dose of 200 mgrday per kg of body weight,
does not induce changes in plasma lipid level or choles-
terol distribution among the lipoproteins. Compared with
humans, hamsters are characterized by VLDL and LDL
deficient in esterified cholesterol, and by lipoproteins en-
riched in apo-E, like other species such as the dog or rat
Ž .Goulinet and Chapman, 1993 . In untreated hamsters fed

Ž .on the lithogenic diet Table 1 , the unesterifiedrtotal
cholesterol ratio in triglyceride-rich lipoproteins and LDL
was abnormally high, and even higher than in non-lithiasic

Ž .hamsters fed on the cholesterol-enriched diet Table 3 .
This difference may reflect the poor esterification process

Ž .in the liver in cholelithiasis Smith et al., 1990 . Crilvas-
tatin decreased the unesterifiedrtotal cholesterol and the
triglycerideresterified cholesterol ratios in triglyceride-rich
lipoproteins and LDL, and increased the proportion of
apolipoprotein E in triglyceride-rich lipoproteins, an effect
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which stimulates the plasma turnover of these lipoproteins
Ž .Yamada et al., 1989 . Nevertheless, the incidence of
gallstones and the major biliary parameters were not
changed by crilvastatin. These results are similar to those
of a previous study carried out on hamsters fed on the
same lithogenic diet for 2 months and treated with fenofi-

Ž .brate personal data . Furthermore, pravastatin, a powerful
inhibitor of cholesterol synthesis, did not prevent gallstone
formation and was not effective in the treatment of choles-
terol metabolism disorders induced by the Dam diet in

Ž .hamsters Koide et al., 1989 . In hamsters, the lithogenic
Dam diet led to an excessively high concentration of
cholesterol in bile and to a very low concentration of bile

Ž .acids Khallou et al., 1991 . Thus, crilvastatin or other
drugs cannot really improve the process of bile lipid
secretion to a great extent.

Therefore, another experiment was done with hamsters
fed on a basal semi-synthetic diet moderately enriched
with cholesterol. Compared to a similar diet without
cholesterol added, this diet produced a marked increase in

Ž .cholesterolemia 50% , due to higher cholesterol levels in
Ž .the three major lipoprotein classes Khallou et al., 1991 .

In hamsters fed on this hypercholesterolemic diet, crilvas-
tatin thus prevented the ‘exogenous’ hypercholesterolemia
due to an excess of dietary cholesterol. Similar results
were obtained with crilvastatin in male Wistar rats also fed

Ž .on a cholesterol-rich diet Clerc et al., 1993 , while no
effect was observed in normocholesterolemic or in geneti-

Ž .cally hypercholesterolemic RICO rats receiving a choles-
Ž .terol-poor diet Hajri et al., 1995 . Moreover, it has re-

cently been demonstrated that crilvastatin enhances the
Žhepatic uptake of LDL-cholesterol in the rat Clerc et al.,

.1995 . Therefore, in cholesterol-fed hamsters as well as in
rats, the reduction in the LDL-cholesterol level by crilvas-
tatin could be due to a stimulation of LDL-receptors after
inhibition of cholesterol synthesis, this mechanism being

Ž .observed with statins Endo, 1988 .
The most relevant observation concerns the strong inhi-

bition of intestinal acyl coenzyme A:cholesterol acyltrans-
ferase by crilvastatin, in cholesterol-fed hamsters. This
effect could represent the first mode of action of the drug
during the digestive process. It is noteworthy that simvas-
tatin was shown to inhibit intestinal acyl coenzyme

Ž .A:cholesterol acyltransferase in rabbits Ishida et al., 1989 .
ŽPrevious studies with various drugs Heider et al., 1983;

Clarck and Tercyak, 1984; Schnitzer-Polokoff et al., 1991;
.Kusunoki et al., 1995 showed that intestinal acyl coen-

zyme A:cholesterol acyltransferase plays a major role in
cholesterol absorption. Indeed, the intestine secretes chy-
lomicrons, which bear newly absorbed cholesterol mainly
in the esterified form, and are rapidly metabolized by the

Ž .liver Redgrave and Vakakis, 1976 . Therefore, inhibition
of cholesterol esterification in the intestine by crilvastatin
explains the low rate of dietary cholesterol absorption in
treated hamsters fed on the cholesterol-enriched diet. As a
result, the storage of esterified cholesterol in the liver,

established at a high level in untreated hypercholes-
terolemic hamsters, was reduced by 50% under crilvastatin
treatment. A similar effect of this drug on cholesterol
absorption has recently been reported in genetically hyper-
cholesterolemic RICO rats fed on a cholesterol-poor diet
Ž .Hajri et al., 1995 .

The activity of acyl coenzyme A:cholesterol acyltrans-
ferase, in the liver of cholesterol-fed hamsters, was not
significantly lowered by crilvastatin, despite a strong re-
duction in hepatic cholesterol storage. In fact, the drug
produces two major effects in the liver, which contribute to
the reduction in cholesterol delivery to this organ. First,
the uptake of newly absorbed cholesterol is reduced, via
the inhibition of intestinal acyl coenzyme A:cholesterol
acyltransferase. Second, cholesterol synthesis is reduced,
via the inhibition of HMG-CoA reductase, as reflected also
by the reduced incorporation of exogenous radioactive
acetate into liver sterols. Nevertheless, the drug did not
change the activity of hepatic cholesterol 7a-hydroxylase.

In the bile of untreated hypercholesterolemic hamsters,
the bile acidrcholesterol ratio was about 13, which agrees
with results reported in hamsters also fed on a 0.2%

Ž .cholesterol-enriched diet Liu et al., 1991 . This parameter
was not changed by crilvastatin alone, which only pro-
duced a modest enhancement in the secretion of bile acids
without any significant change in that of cholesterol, as

Žobserved with simvastatin personal observations, and Lo-
.ria et al., 1994 . Therefore, in treated cholesterol-fed ham-

sters, the bile flow maintained a sufficient cholesterol
secretion, leading to the elimination of cholesterol from the
hepatocyte, and to a reduction in hepatic cholesterol stor-
age.

When cholestyramine, which is an anti-micellar agent,
was associated with the drug, cholesterol absorption de-
creased even more and cholesterol turnover strikingly in-
creased. Compared with hamsters treated with crilvastatin

w14 xalone, the incorporation of C acetate into liver sterols
doubled and the activity of cholesterol 7a-hydroxylase was
stimulated 2.5-fold. As a result, hepatic cholesterol storage
was further reduced, but the apparent drop in hepatic acyl

Žcoenzyme A:cholesterol acyltransferase activity by more
.than 50%, compared with that of untreated hamsters failed

to be significant. Again, biliary parameters were not modi-
fied, particularly bile acid secretion, since the stimulation
of bile acid synthesis by cholestyramine conterbalanced
the reduced contribution of reabsorbed bile acids to global
bile acid secretion.

In conclusion, the mode of action of crilvastatin re-
mains unclear. The potent inhibition of intestinal acyl
coenzyme A:cholesterol acyltransferase could be due to a
direct effect of the drug on the enzyme or to an indirect
effect, subsequent to the impairment of cholesterol absorp-

Ž .tion in the lumen Clarck and Tercyak, 1984 . The fact that
the activity of intestinal acyl coenzyme A:cholesterol acyl-
transferase was further decreased when cholestyramine
was associated with crilvastatin favors this last hypothesis.
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