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Jacqueline M.J. Ferezou, Michel J. Riottot, Colette J. Serougne, Claude Y. Lutton*
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Abstract

The purpose of this study was to specify the main mechanisms at the origin of gallstone formation in very young (5-week old) or young
adult (9-week old) LPN hamsters fed a sucrose-rich (normal lipid) lithogenic diet for one and four weeks, respectively. It was also to
compare these mechanisms in the two strains of hamsters (LPN and Janvier) or when an anti-lithiasic diet was given by substituting 10%
of the sucrose by� cyclodextrin. The LPN strain of hamsters showed a very high incidence of cholesterol gallstones (73%) after receiving
the lithogenic diet. The gallstone formation is very rapid and occurs in less than one week in very young hamsters which show a high
cholesterol synthesis rate in the liver. The cholesterol and phospholipid concentrations in the bile, cholesterol saturation index (CSI) and
hydrophobic index (HI) increased significantly, concomitantly with a higher liver cholesterol synthesis in very young hamsters and with a
lower bile acid synthesis (neutral pathway: cholesterol 7�-hydroxylase, CYP7A1 and acidic pathway: sterol 27 hydroxylase, CYP27A1) in
young adult hamsters. No significant changes in the lipoprotein receptor expression (LDLr, SR-BI) were observed after feeding the
lithogenic diet. Adding ten per cent�-cyclodextrin, a cyclic oligosaccharide that binds cholesterol and bile acids to the lithogenic diet at
the expense of sucrose, induced a decrease in cholesterol bile secretion and in the CSI and HI and prevented cholesterol gallstone formation.
Similarly, another strain of Syrian Golden hamsters (“ Janvier ”) which originally exhibited a smaller bile cholesterol concentration, lower
liver cholesterol synthesis and higher CYP7A1/CYP27A1 activity ratio did not carry cholesterol gallstones when fed the lithogenic diet. The
main parameters always found at the origin of cholelithiasis in the Hamster are discussed: a higher hepatic cholesterogenesis (HMGCoAR),
a higher HMGCoAR/CYP7A1 activity ratio, a lower cholesterol ester storage capacity, a higher CYP27A1/CYP7A1 activity ratio correlated
to a higher cholesterol secretion in the bile and higher CSI and HI. In LPN hamsters, the incidence of cholesterol gallstones is nil when CSI
� HI � 0.8 and positive for CSI� HI � 0.9. An overall comparison of the data obtained in LPN Hamsters and in Man suggests that this
hamster strain appears to be an interesting model for human cholelithiasis. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Cholesterol cholelithiasis constitutes a major health
problem in developed countries. It constitutes the third most
common cause of hospitalization. A slowly evolving dis-
ease, the latency between gallstone formation is 8 to 10

years [1]. The prevalence of this pathology is three times
higher in women than in men and increases regularly with
age [2]. Currently, there is no animal model which can
spontaneously develop cholesterol gallstones. Several ani-
mal models for human cholelithiasis have been proposed:
the prairie dog [3,4], ground squirrel [5], mouse [6], hamster
[7–11] and primates [12]. The choice of hamsters as a model
for studying human cholelithiasis was made because numer-
ous similar physiological and metabolic processes have
been found between these two species. Gilloteaux et al. have
also proposed the hamster as a good cholelithiasis model and
have used sexual hormones as cholelithiasis inducers [13,14].

The Golden Syrian Hamster (Mesocricetus auratus ) is a
small, easily handled animal. As is the case in man, it has a
gallbladder. It is noteworthy that the cholesterol metabolism
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of the hamster has been shown to be similar to that of
humans [15]. This is particularly true for the two cholesterol
outputs (faecal excretion, FE, and faecal bile acid excretion,
BA) (Fig. 1). Conversely the faecal bile acid excretion rate
observed in the rat corresponds to 80% of the total choles-
terol output [16]. Furthermore, although the total lipid con-
centration appears to be generally lower in normal hamsters
(2–5 g/dl) than in Man (9 � 5 g/dl) [17–25], the nature and
composition of very hydrophobic bile acids and the ratio of
tauro and glycoconjugated bile acids are similar in both
species (Fig. 2).

The first lithogenic diet, described by Dam [7] was char-
acterized by a large proportion of sucrose (72.5%) and a
total absence of lipids (casein 20%, mineral mix 5%, vita-
min mix 2.5%). We first used it in 4-month old adult
hamsters [15] and showed that faecal cholesterol excre-
tion as well as the cholesterol biosynthesis rate more than
doubled with this diet, while the percentage of choles-
terol output as bile acids decreased considerably (35%
instead of 52%). A major drawback of this diet was the
total absence of essential fatty acids. Thus, we looked for
a more “physiological” lithogenic diet, still rich in su-
crose but containing 5 (L) or 10% lipids (LI) at the
expense of sucrose and inducing a mean cholelithiasis of

73 and 50%, respectively, in the young adult hamster.
Using the lithogenic diet (LI) containing 10% lipids, we
developed a new method for visualizing cholesterol gall-
stones by magnetic resonance imaging in the anesthetized
animal [25]. However, the prevalence of cholelithiasis
with this diet appeared to decrease with age [24 –28] and
biliary cholesterol secretion as well as the CSI was less
“ overstimulated” than with the Dam diet. With the litho-
genic diet (L) containing only 5% lard, the prevalence of
cholesterol gallstones was very high (73%) and appeared
more stable with age.

The purpose of the present study was to specify the main
mechanisms at the origin of gallstone formation in very
young (5-week old) and young adult (9-week old) LPN
hamsters receiving this sucrose-rich lithogenic diet for one
and four weeks, respectively. It was also to compare these
mechanisms when an anti-lithiasic diet was given by sub-
stituting 10% of the sucrose by � cyclodextrin. Gallstone
formation was also compared in two strains of hamsters
since the ability to induce gallstones can be highly de-
pendent on the strain [10,11]. An overall comparison of
the data obtained in LPN Hamsters and in Man suggests
that this hamster strain appears to be an interesting model
for human cholelithiasis.

Fig. 1. Input and output rates (mg.day-1.kg-1) of cholesterol metabolism in Hamsters and Man (data derived from refs. 15, 17, 44, 53). A � Absorption; BA
Bile acid synthesis; IS: internal synthesis: FE: faecal cholesterol excretion.
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2. Materials and methods

2.1. Chemicals and isotopes

4 14C Cholesterol was purchased from DuPont-NEN
Products (Les Ulis, France). �-Cyclodextrin (BCD) (Klep-
toseR, water content 12%, purity 99%) was kindly provided
by Société Roquette Frères, 62136 Lestrem, France

2.2. Diets

The percentage composition of the lithogenic diet (L)
was: sucrose 67.5, casein 20, lard 5, mineral mix 5 [29],
vitamin- cellulose mix 2.5 [29]. That of the semi-purified
diet (SP) was sucrose 53, casein 23, lard 9.2, mineral mix 5,
defatted milk 4, yeast 2.3, vitamin-cellulose mix 2.5, walnut
oil 0.8 and cystin 0.2. The commercial (C) hamster diet,
purchased from UAR, Epinay/Orge, France, contained 12%
moisture, 53% carbohydrate, 20% proteins, 5% lipids,
4%cellulose, and 6% mixture of mineral salts and vitamins.

The L BCD10 diet contained 10% �-Cyclodextrin as a
substitute for sucrose in the L diet.

2.3. Animals

The male LPN hamsters were bred in our own breeding
unit. The constant temperature of the air-conditionned nurs-
ery was 23 � 1°C. The animals were exposed to a lighting
cycle (lights on from 6 am to 8 pm). The hamsters were
individually caged from weaning (when approximately 3
weeks old) and had access to water and commercial food for
one week and then the lithogenic L (or experimental) diet
for 1 or 4 weeks.

The male Janvier hamsters were purchased from a com-
mercial breeding unit (Center d’Elevage Janvier, Le Gen-
est-St Isle, France). They were individually caged from
weaning (when approximately 3 weeks old) and had access
to water and commercial food for one week and then the
lithogenic L (or experimental) diet for 4 weeks. During the
experimental period, Janvier hamsters had a higher body

Fig. 2. Percentage distribution of lipids and bile acids in the vesicular bile of normal Hamsters and Man (data derived from refs. 17–25). a) Percentage
distribution of lipids (CT: cholesterol; PL: phospholipids; BA: bile acids) in the vesicular bile of normal Hamsters and Man. b) Percentage distribution of
bile acids (C; cholic; CDC: chenodeoxycholic; DC: deoxycholic; LC: lithocholic acid) in vesicular bile of hamsters and Man. G/T � glyco/tauro conjugated
ratio.
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growth (1.33 � 0.07 g/day) than LPN hamsters (0.82 �
0.05 g/day). The care and use of the animals for experi-
mental purposes were carried out according to the ethical
standards set by the French decree 87–849 (October 19,
1989).

2.4. Plasma, bile and organ sampling

At the end of the experimental period, the non-fasting
animals were anesthetized at 9 am with an intramuscular
injection of a solution containing Tiletamine and Zolazepam
(Zoletil 50, Virbac, 06116 Carros, France) at a dose of 100
mg/kg body weight. The abdomen was opened by a midline
incision, the bile was directly aspirated from the gallblad-
der, diluted (1:20) with a 0.9% saline solution and stored at
�20°C for further analysis. The liver was carefully excised
and weighed and aliquots were taken for lipid measurement,
immunodetection of lipoprotein receptors and enzymatic
assays.

2.5. Chemical and biochemical assays

2.5.1. Lipid analysis
Phospholipid, cholesterol and bile acid concentrations in

the diluted bile samples were measured using commercial
kits. The cholesterol saturation index (CSI) was calculated
according to the Carey method [30]. Bile acid composition
was determined by gas-liquid chromatography (GLC) after
deconjugation by choloylglycine hydrolase EC 3.5.1.24
(Sigma Chemical, St. Louis, MO), extraction by diethyl-
ether, methylation with diazomethane and sylilation with
deriva-sil and BSTFA [24]. The hydrophobicity index of the
bile acid pool was calculated as described [31].

Liver samples (0.5 g) were homogenized in 5 ml isopro-
panol, using an Ultra-Turrax apparatus. After incubation at
60°C for 1h and centrifugation for 5 min at 3000 g, the
supernatant was collected and the pellet was re-extracted
with 5 ml isopropanol. Radioactive tracers have shown that
extraction of lipids reached 100%. Triglycerides, choles-
terol and plasma lipids were measured as described previ-
ously [24].

2.5.2. Enzymes activities
Microsomes and mitochondria were prepared from fresh

liver samples (1 g) by homogenization in 7 ml buffer (Tris/
Hcl 50 mM, sucrose 300 mM, DTT 10 mM, NaCl 50 mM,
pH 7.4) at 4°C, with a Teflon pestle. Microsomal and
mitochondrial fractions were isolated according to the pro-
cedure described by Einarsson et al. [32] and Souidi et al.
[28], respectively. HMG-CoA reductase activity was deter-
mined in the microsomes, in the presence of alkaline phos-
phatase using Philipp and Shapiro’ s radioisotopic technique
[33]. Two optimal standard assays for ACAT activity were
determined in microsomes [26], one for endogenous cho-
lesterol and the other containing exogenous cholesterol.
Cholesterol 7�-hydroxylase was assayed in the microsomal

fractions by a radioisotopic method using [4-14C] choles-
terol, solubilised and carried by hydroxypropyl-�-cyclodex-
trin [27]. An NADPH regenerating system was used to
inhibit the 3�-hydroxy-�5-C27-steroid oxydoreductase
which is able to convert 7�-OH-cholesterol into 7�-OH-4-
cholest-3-one, in the presence of NADP�. Sterol 27-hy-
droxylase was assayed in the mitochondrial fractions by a
radioisotopic method using [4-14C] cholesterol, solubilised
in hydroxypropyl-�-cyclodextrin [28].

2.5.3. Immunoassays
Total membranes from fresh liver samples (1 g) were

prepared according to Kovanen et al. [34]. This preparation
has been described in detail previously [35]. Membrane
proteins were solubilised in a buffer containing Triton-X100
2% [36] and assayed by the Lowry method using bovine
serum albumin as a standard [37]. They were electropho-
resed on polyacrylamide gels and electrotransferred onto
nitrocellulose membranes.

The quantity of LDLr was determined by immunoassay
using the antibody raised in rabbits against the LDLr puri-
fied from bovine adrenal cortex (gift from P. Roach, Ad-
elaide, Australia). Nitrocellulose membranes were incu-
bated overnight at 4°C in a quenching buffer (5% non-fat
dry milk, TrisHCl 60 mM, NaCl 25 mM, CaCl2 2mM, pH8).
They were then washed three times with TTBS (Tris-HCl
20 mM, pH 7.5; NaCl 500 mM; Tween 20 0.05%). The
rabbit anti-LDLr immunoserum, diluted 1/5000 in buffer A
(quenching buffer but with only 0.1% non-fat dry milk) was
then added. After 1h30 incubation and 3 washes with TTBS,
the membranes were incubated for 1h30 with the second
antibody; goat anti-rabbit IgG conjugated with horseradish
peroxidase and diluted 1/2000 in buffer A. After 3 washes
with TTBS, detection was performed using the enhanced
chemiluminescence method (ECL, Amersham). Films were
scanned in a LKB 2222 ultroscan XL laser densitometer
which was interfaced with a microcomputer. Peak areas
were integrated and expressed in arbitrary units. The value
100 was attributed to control 9- week old hamsters. A
“normalization” of the multiple films obtained throughout
the different experiments was obtained by putting in each
film a same control sample, systematically.

The quantity of SR-BI was measured by immunoblotting
on liver membranes, using a rabbit polyclonal antibody
raised against a peptide corresponding to the carboxyl ter-
minus of murine SR-BI and kindly prepared by André
Mazur (Laboratoire des Maladies métaboliques, INRA,
Theix, France) [38]. The western blot showed a single
protein band of apparent MW 82 KDa.

2.6. Liver mRNA levels of HMGCoAR, CYP7A1
and SR-BI

Total RNA was extracted from frozen (�80°C) liver
samples (100 mg) using a commercial kit (Quickprep Total
RNA Extraction, Pharmacia Biotech, USA) and stored at
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�80°C. The RNA concentration was determined by mea-
suring the absorbance at 260 nm. All the samples had an
A260/A280 ratio of about 1.8–2.0.

Quantification of HMGCoAR, CYP7A1 and SR-BI
mRNA was performed by RT-PCR using a Retroscript
TM-kit (Ambion, Clinisciences, France) and thermophilus
aquaticus DNA polymerase (Qiagen, Courtaboeuf, France).
For semi-quantitative purposes, G3PDH was co-amplified
with either HMGCoAR, CYP7A1 or SR-BI. The choice of
oligonucleotide sequences (Oligo-express, Paris, France)
was guided by the hamster cDNA sequences of CYP7A1
[39], HMGCoAR [40], G3PDH [41] and SR-BI [42] as
follows: HMGCoAR : 5� AGG AAG AGG AAA GAC 3� :
3� CGG TAG GAG GTT GGT 5�. CYP7A1 : 5� TTT GGA
CAC AGA AGC ATT 3� : 3� GCC ATG TCA TCA AAG
GTA 5�. SR-BI : 5� TCG GTG TGG TTA TGA TC 3� : 3�
CAT CAT CAG CTT CAG GC 5�. G3PDH : 5� GGC TCT
CTG CTC CTC 3� : 3� CAG CCC CAG CAT CAA 5�. After
denaturation at 94°C for 5 min, the PCR procedure which
has already been detailed [43] was used.

2.7. Statistical analysis

Results are given as mean values � SEM. Statistical
analyses were performed by Anova and Student Neuman
Keuls test.

3. Results

The data of the present studies are shown in Tables 1–5.

3.1. Comparison of the lipid composition of vesicular bile
in very young or young adult LPN hamsters fed a control,
semi-purified or lithogenic diet (Table 1)

The incidence of cholesterol gallstones in very young or
young adult LPN hamsters was high (50–80%) when they
were fed the lithogenic diet and nil when fed the C or SP diet.

In 5 or 9-week old hamsters, the sucrose-rich lithogenic
diet (L) induced an increase in the cholesterol (CT) and
phospholipid (PL) proportions, leading to a decrease in the
mean bile acid (BA)/CT and BA/PL�CT ratios. Similarly,
the CSI or the HI went up from C to L.

In young adult 9-week old hamsters fed a semi-purified
diet (SP) containing 53% sucrose, the values of lipid pa-
rameters in the bile as well as the CSI or HI were interme-
diate between those of the C or L hamsters.

3.2. Hepatic enzyme activities and mRNA levels in very
young or young adult LPN hamsters fed a control or
lithogenic diet (Table 2)

In 5 or 9-week old hamsters fed a control diet, age
induced a decrease in ACAT activity (-39%), a large de-
crease in HMGCoAR activity (2.6 fold) and a slight in-
crease in CYP7A1 activity (�29%). Consequently, we ob-
served a decrease in the HMGCoAR/CYP7A1 or
HMGCoAR/(CYP7A1�ACAT) activity ratios with age.

In very young (5-week old) hamsters, the lithogenic diet
induced a 2–3 fold stimulation of the already high HMG-
CoAR activity in the liver. Conversely, it induced a de-
crease (-34 to 21%) in the CYP7A1 and ACAT activities.
Therefore, the HMGCoAR/CYP7A1 activity ratio in the
hamster liver increased from 6 to 24 and HMGCoAR/
(CYP7A1�ACAT) from 0.85 to 2.9 in the C and L diets
respectively.

In the young adult hamster however, liver HMGCoAR
activity already low in the control, was significantly reduced
by the L diet. The CYP7A1 as well as CYP27A1 activities
decreased equally with the lithogenic diet in the 9-week old
hamsters (and slightly for CYP7A1 in the 5-week old ham-

Table 1
Lipid composition of the vesicular bile in very young (5-week old) or young adult (9-week old) LPN hamsters fed a control (C), semi-purified (SP) or
lithogenic diet (L)

5-week old 9-week old

C L C SP L

Total lipids (�mole/ml) 175 � 10* 125 � 22 126 � 8 165 � 5 169 � 12
CT (mole %) 2.1 � 0.3bc 4.0 � 0.5bc 1.0 � 0.1a 1.8 � 0.1a 2.4 � 0.2bc

PL (mole %) 4.2 � 0.5bc 6.4 � 1.0cd 3.0 � 0.4a 6.9 � 0.4d 6.7 � 0.6d

BA (mole %) 93.5 � 11.7 89.5 � 19.6 95.9 � 6.0 91.4 � 3.0 90.9 � 7.0
CSI** 0.39 � 0.04b 0.70 � 0.14d 0.36 � 0.02a 0.49 � 0.02bcd 0.66 � 0.4cd

HI*** 0.15 � 0.01 0.23 � 0.01 0.37 � 0.01
PL/CT ratio 1.9 1.6 2.9 3.9 2.8
BA/CT ratio 43 22 92 52 38
BA/CT � PL ratio 14.5 8.5 23.7 10.5 9.9

* Mean � SEM n � 5 to 8 per group. Values without a common superscript in the same line are significantly different as determined by ANOVA and
Student-Newman Keuls (P � 0.05). CT: cholesterol; PL: phospholipids; BA: bile acids.

** CSI (according to Carey Ref 30).
*** according to Heuman (Ref 31).
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sters). The control and lithogenic diets modulated in parallel
the HMGCoAR and CYP7A1 activities and mRNA in
young adult hamsters.

3.3. Hepatic lipoprotein receptor proteins and mRNA
levels in very young or young adult LPN hamsters fed a
control or lithogenic diet (Table 3)

In hamsters fed a control or lithogenic diet, the amount of
LDLr protein practically doubled between 5 and 9-week old
hamsters.

The lithogenic diet induced a significant increase (�
59%) in the LDLr protein content of the 5 week-old ham-
sters but not in that of the young adult hamsters. In the
9-week old adult hamsters, the lithogenic diet induced a
slight decrease (-30 to 40%) in the amounts of SR-BI

protein and mRNA compared to the control animals, while
no significant changes were seen in the LDLr protein.

3.4. Lipid composition of the vesicular bile in young adult
LPN hamsters fed a lithogenic or lithogenic � 10% BCD
diet (Table 4)

While the incidence of gallstones was high (more than
73%) with the L diet, it was nil when 10% �-cyclodextrin
(instead of sucrose) was added to the L diet. �-cyclodextrin
supplementation did not modify bile secretion (271 � 20

Table 2
Hepatic enzyme activities and mRNA (arbitrary units) levels in very young (5-week old) or young adult (9-week old) LPN hamsters fed a control (C)
diet or lithogenic (L) diet

5-week old 9-week old

C L C L

ACAT � ch (%) 162 � 8.8b 128 � 6 100 � 2a n.d.
� ch 2.8 � 0.5 5.3 � 0.7 1.2 � 0.1 n.d.

HMGCoAR (%) 264 � 36c 690 � 111d 100 � 11a 18 � 3b

mRNA** n.d. n.d. 2.38 � 0.57a 0.98 � 0.27b

CYP7A1 (%) 77 � 6c 51 � 4d 100 � 10a 21 � 2b

mRNA** n.d. n.d. 3.09 � 0.31b 1.67 � 0.21b

CYP27A1 (%) n.d. n.d. 100 � 7 59 � 12
HMGCoAR/CYP7A1 ratio 6.3 24.5 1.8 1
HMGCoAR/CYP7A1 � ACAT ratio 0.85 2.9 0.45 n.d.
CYP27A1/CYP7A2 ratio 1 2.8

* Expressed as percentage of the control 9-week old values (M � SEM, n � 6 to 10). Two optimal assays were determined for ACAT activity, one with
exogenous cholesterol (� ch) one for endogenous cholesterol (� ch) [26].

Values without a common superscript in the same line are significantly different as determined by ANOVA and Student-Newman Keuls (P � 0.05).
n.d.: not determined.
** mRNA: arbitrary units.
In order to compare the four groups of animals, the enzyme activities were expressed as percentage of the control 9-week old values.

Table 3
Hepatic lipoprotein receptor proteins and mRNA levels in very young
(5-week old) and young adult (9-week old) LPN hamsters fed a control
(C) or lithogenic (L) diet

5-week old 9-week old

C L C L

LDLr 44 � 6a 70 � 9b 100 � 12c 116 � 2c

SR-B1 n.d. n.d. 100 � 3b 77 � 11a

mRNA* n.d. n.d. 5.18 � 0.25b 3.20 � 0.61a

(M � SEM, n � 9 to 10 per group) expressed as percentage of C 9-week
old values.

Values without a common superscript in the same line are significantly
different as determined by ANOVA and Student-Newman Keuls (P �
0.05).

n.d.: not determined
* mRNA: arbitrary units.
In order to compare the four groups of animals, the lipoprotein receptors

were expressed as percentage of the control 9-week old values.

Table 4
Lipid composition of the vesicular bile in young adult (9-week old) LPN
hamsters, fed an L diet or lithogenic � 10% beta-cyclodextrin (L
BCD10) diet, and in young adult Janvier hamsters fed an L diet

LPN strain JANVIER
strain

L L, BCD L

White ch gallstones* 18/25 0/29 0/24
Total lipids (�mole/ml) 167.1 � 12.7a 144.2 � 9.5b 100 � 9.0c

CT (mole %) 2.5 � 0.1a 1.8 � 0.1b 1.4 � 0.1
PL (mole %) 6.8 � 0.5a 5.3 � 0.3b 4.9 � 0.5
BA (mole %) 90.7 � 0.6a 92.8 � 0.3b 93.7 � 2.0
CSI** 0.66 � 0.04a 0.51 � 0.04c 0.46 � 0.02b

HI*** 0.37 � 0.01a 0.19 � 0.01b 0.29 � 0.01a

PL/CT ratio 2.8 2.8 35
BA/CT 38 49 67
BA/CT � PL 10 13 15

Mean � SEM (n � 25 to 29). Values without a common superscript in
the same line are significantly different as determined by ANOVA and
Student-Newman Keuls (P � 0.05).

CT: cholesterol; PL: phospholipids; BA: bile acids.
* These gallstones contain � 88% cholesterol, w/w.
** CSI (according to Carey Ref 30).
*** According to Heuman (Ref 31).
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versus 298 � 42 �l/h in L and LBCD10, respectively) but
lowered the CT and PL concentrations and proportions in
the bile (�28 and 32%, respectively). Consequently, the
PL/CT ratio in the bile did not significantly change while
the BA/CT and BA/CT�PL ratios significantly increased in
the BCD10 group, leading to a lower CSI and a reduced HI
due to more hydrophilic bile acids in the bile (not shown).

3.5. Comparisons between two strains of hamsters (LPN
and Janvier) fed a lithogenic diet (Tables 4 and 5)

The sucrose-rich lithogenic diet (L) induced a high inci-
dence of cholesterol gallstones in male Syrian hamsters
from the LPN strain but not in hamsters from the commer-
cial breeding unit Janvier (no white cholesterol gallstones
and 14 black stones/24).

LPN hamsters, which have a lower plasma cholesterol
level than Janvier hamsters (3.39 � 0.12 mM versus 4.77 �
0.12, not shown), showed higher lipid concentrations as
well as higher cholesterol and phospholipid proportions and
lower BA/CT and BA/CT�PL mean ratios in the gallblad-
der bile.

LPN hamsters displayed higher hepatic activities of
HMGCoAR (but no significant increase in the mRNA levels
of HMGCoAR was detected), a slightly higher CYP7A1
activity correlated with higher mRNA levels of CYP7A1,
and a higher CYP27A1 activity and CYP27A1/CYP7A1
ratio than in Janvier hamsters.

4. Discussion

4.1. Different sensitivities towards gallstone induction
between hamster strains (LPN/Janvier)

The results of this study first show that LPN hamsters are
far more susceptible to cholelithiasis than Janvier hamsters.
This is mainly due to the fact that LPN hamsters secrete

more cholesterol and have lower molar BA/CT and BA/PL
� CT ratios in their bile. They have also a higher rate of
cholesterol synthesis in the liver, a higher HMGCoAR/
CYP7A1 ratio, a lesser capacity to store ester cholesterol in
the liver without significant modification of the bile acid
spectrum in this case.

These main characteristics (with a higher HI) are also
observed when LPN hamsters receive the lithogenic su-
crose-rich diet instead of the commercial one. They are also
often observed, all together or only a few, in lithiasic man
compared to “normal” man [44]. Bile saturation with cho-
lesterol is an essential prerequisite for gallstone develop-
ment [45]. If the lipid composition of human and hamster
vesicular bile is compared in lithiasic versus normal sub-
jects, the total lipid and cholesterol concentrations and pro-
portions in hamsters as well as humans tend to be higher in
lithiasic subjects, with a significant increase in the molar per
cent of cholesterol and a decrease in the molar per cent of
PL and BA. Consequently, the BA/CT and BA/CT�PL
ratios drop, the CSI rises, as does the mean hydrophobic
index since CDC proportions in vesicular bile usually in-
crease slightly or significantly as do the CYP27A1/CYP7A1
ratios in the lithiasic liver. If these hamster results are
extrapolated to Man, then the human predisposition for
gallstones could be found in subjects with basically higher
hepatic cholesterol synthesis, lower ACAT activity and
higher CYP27A1/CYPA1 activities.

The hypothesis that the rate of biliary cholesterol secre-
tion can be controlled by the avaibility of a hepatic, meta-
bolically active, free cholesterol pool whose size is deter-
mined by the rates of cholesterol synthesis and ACAT has
already been tested [46]. The experiments using ACAT or
HMGCoAR inhibitors suggest the existence of a metaboli-
cally active pool of free cholesterol that could be used as a
precursor pool for biliary cholesterol secretion. In patients
with cholesterol gallstones, ACAT activity decreased to one
third of that in the controls [47]. In very young lithiasic
hamsters, ACAT activity was also lower (�39%) than in the
controls. Furthermore, the cholesterol concentration of the
cytosolic fraction of the liver shows a marked increase
compared to the controls (6.84 � 0.31 versus 3.63 � 0.14
nmole/mg protein ). This also was observed by J. Smith et
al. in gallstone versus control patients [47]. This cholesterol
concentration in the cytosolic fraction could represent the
cholesterol carried by cytosolic lipid carriers such as SCP2
which is involved in the rapid transport of newly synthe-
sized cholesterol in the bile and in cytosolic transport to
ACAT [48,49]. However, the present data show no direct
relationship between the cholesterol concentration in the
bile and hepatic HMGCoAR activity.

4.2. Mechanisms of cholelithiasis in hamsters and man

One of the key factors demonstrated by the present data
is the following: in very young (5-week old) hamsters, the
lithogenic sucrose-rich diet induces rapidly (less than one

Table 5
Hepatic enzyme activities and mRNA (arbitrary units) levels in young
adult hamsters (LPN and JANVIER strain) fed a lithogenic diet L

LPN strain JANVIER strain

HMGCoAR (pmole/min.mg) 168 � 38a 55 � 11b

mRNA* 0.98 � 0.27 0.83 � 0.23
CYP7A1 (pmole/min.mg) 30 � 3a 15 � 1b

mRNA* 1.67 � 0.21a 0.77 � 0.20b

CYP27A1 (pmole/min.mg) 47 � 20a 10 � 7b

Mean HMGCoAR/CYP7A1 ratio 5.6 3.6
HMGCoAR/CYP7A1 � CYP27A1 2.2 2.2

CYP27A1/CYP7A1 1.5 0.66

Mean � SEM (n � 6).
Values without a common superscript in the same line are significantly

different as determined by Students’ t test (P � 0.05).
* mRNA: arbitrary units.
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week) a 2–3 fold stimulation of the already high HMG-
CoAR activity and a decrease (�35 and �39%, respec-
tively) in the CYP7A1 and ACAT activities in the liver. It
induces a four-fold increase in the HMGCoAR/CYP7A1
activities ratio (from 6 (control) to 24 (lithiasic)) and a
3-fold increase in the HMGCoAR/(CYP7A1�ACAT) ac-
tivities ratio (from 0.85 to 2.9). Thus, the hyper insulin
secretion induced by the consumption of a sucrose-rich diet
induces a stimulation of cholesterol biosynthesis in Ham-
sters as is the case in Man [15,50,51].

In adults (Hamster, Man . . . ), the cholesterol biosynthe-
sis cellular rate drops since the cholesterol need for cell
division decreases. LDL receptor expression, and probably
other lipoprotein receptors, also increase strongly in the late
suckling stage [52] and assure a substantial delivery of
lipoprotein cholesterol to the liver. The delicate cholesterol
balance in the hepatic cell results from numerous mecha-
nisms (synthesis, lipoprotein uptake, esterification, catabo-
lism into bile acids, bile secretion) but cholesterol and bile
acid secretion represent the major pathway for the net ex-
cretion of this steroid in the body.

The importance of lipoprotein cholesterol as a precursor
to biliary cholesterol and bile acids has been demonstrated
in animals and man [15,53,54] and recently confirmed in
patients with complete biliary diversion [55]. Among the
main lipoprotein receptors, the scavenger SR-BI receptor
could play an important role in the secretion of cholesterol
in the bile. Overexpression of this receptor in mice results in
a two-fold increase in biliary free cholesterol [56,57]. Our
present results in Hamsters however do not show any sub-
stantial modulation of SR-BI in L versus control adult
animals, while the concentration of cholesterol in the bile is
multiplied by 3. After using an ACAT inhibitor, we recently
observed a 3-fold increase in the amount of hepatic SR-BI
without changes in the biliary cholesterol concentration
[58].

The bile acid pathway accounts for most of the choles-
terol output in mammals and plays a crucial role in choles-
terol homeostasis. Half of the total daily cholesterol output
in Man are bile acids as is the case in Hamsters. It is also the
pathway which responds the most rapidly to a change in
cholesterol metabolism [59]. In the liver, two pathways
(neutral or classical in which CYP7A1 is the rate-limiting
enzyme and acidic or alternative in which CYP27A1 is the
rate-limiting enzyme) are now considered as playing a role
in the transformation of cholesterol into cholic and chenode-
oxycholic acids in Hamsters and in Man [60]. The relative
importance of these two pathways in each species and the
regulatory role of CYP27A1 in bile acid metabolism has yet
to be debated. The interesting works on CYP7A1 or
CYP27A1 KO mice do not provide any estimation concern-
ing the relative participation of these two pathways in Man
because Mice and Rats have very hydrophilic bile acids, far
too different from those found in Hamsters and Man [61,
62].

Although the changes in CYP27A1 activity generally
seem to be less marked than for CYP7A1, several sterol
inhibitors of CYP7A1 activity (7�-hydroxycholesterol, cho-
lestanol) similarly inhibit CYP27A1 [60,28]. In this last
study, we found that epicoprostanol specifically inhibits
CYP27A1, suggesting that the two enzymes are separately
regulated in Hamsters. This hypothesis has been confirmed
by the fact that the circadian rhythm of both enzymes is
totally different in Hamsters, and that the lowest value for
CYP7A1 (20h) corresponds to the peak for CYP27A1 (un-
published results).

With our more sensitive assays for measuring CYP7A1
and CYP27A1 activities [27,28], we have shown that the
lithogenic sucrose-rich diet significantly lowers both en-
zyme activities (more efficiently for CYP7A1 than for
CYP27A1), increasing the CSI and HI and favoring a higher
chenodeoxycholic acid concentration in the bile. Several
epidemiological studies have shown a statistical association
between consumption of rapidly digestible sugars and a
high gallstone incidence while resistant carbohydrates were
associated with a lower frequency of cholelithiasis [63–69].
The present study and previous ones [24] have shown that
BCD lowers CSI and HI, increases the CYP7A1 and
CYP27A1 activities and inhibits cholesterol gallstone inci-
dence in LPN hamsters as do resistant carbohydrates [67].

It is noteworthy that the relative increase in CYP27A1/
CYP7A1 in females compared to males [28], with a su-
crose-rich diet versus the control (Table 2), or in sensitive
versus less sensitive strains (Tables 4 and 5) is consistent
with the well known higher incidence of gallstones in de-
veloped compared to less developed countries or to women
compared to men. A declining ovarian function (decreased
production of estrogen) in baboons has been positively
correlated with a lower level of 27-hydroxycholesterol and
diminished hepatic CYP27A1 activity [70], demonstrating
the positive effect of female hormones on the acidic bile
acid pathway. In cultured rat hepatocytes, Twisk at al.
demonstrated that physiological concentrations of insulin
suppress bile acid synthesis by downregulating CYP7A1
and CYP27A1 gene transcription [71]. Both enzymes are
inhibited in hamsters as well as in rats, but CYP7A1 is
inhibited to a greater extent than CYP27A1. Although
CYP7A1 appears to be highly regulated by changes in
mRNA levels ([71] and our results), the different modula-
tion of HMGCoAR activity between the two strains of
hamsters is not accompanied by parallel changes in mRNA
levels suggesting that HMGCoAR regulation can be largely
posttranscriptional in hamsters as well as in rats, as dis-
cussed by Spady et al [72].

5. Conclusion

The results of this study show that the main mechanisms
at the origin of a sucrose-rich induced-cholelithiasis (com-
pared to a commercial or semi-purified or antilithiasic diet)
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is a higher hepatic cholesterogenesis (in very young ham-
sters) or a higher HMGCoAR/CYP7A1 activity ratio (very
young and young adult hamsters), a lower cholesterol ester
storage capacity, a higher CYP27A1/CYP7A1 activity ratio,
correlated to higher cholesterol secretion in the bile and a
higher CSI. A comparison between two strains of hamsters
also shows that the more sensitive to induced gallstones has
the highest bile HI, confirming the importance of both CSI
and HI. In LPN hamters, the incidence of cholesterol gall-
stones is nil when CSI (according to Carey) � HI � 0.8 and
positive for CSI � HI � 0.9. Therefore the LPN hamster
appears to be a particularly interesting animal model for
inducing and studying the numerous mechanisms at the
origin of gallstones in vesicular bile. It shows the same
pattern of biliary bile acids as that of man, similar conju-
gation, similar CSI and HI. Dietary or hormonal factors
involved in inducing human cholelithiasis are also very
efficient in increasing gallstone formation in this strain.
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cholestérol contenu dans son espace de transfert, chez le rat. I Méth-
odes et résultats obtenus dans le cas d’un régime semi-synthétique
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[28] M. Souidi, M. Parquet, J. Férézou, C. Lutton, Modulation of choles-
terol 7� hydroxylase and sterol 27-hydroxylase activities by steroids
and physiological conditions in the hamster liver, Life Sci. 64 (1999)
1585–1593.

[29] J. Khallou, M. Riottor, M. Parquet, C. Verneau, C. Lutton, Antili-
thiasic and hypocholesterolemic effects of diets containing auto-
claved amylomaize starch in hamster, Digestive Diseases and Sci-
ences 40 (1995) 2540–2548.

234 M.M.J. Combettes-Souverain et al. / Journal of Nutritional Biochemistry 13 (2002) 226–236



[30] M.C. Carey, Critical tables for calculating the cholesterol saturation
of native bile, J. Lipid Res. 19 (1978) 945–955.

[31] D.M. Heuman, Quantitative estimation of the hydrophilic balance of
mixed bile salt solutions, J. Lipid Res. 30 (1989) 719–730.

[32] K. Einarsson, B Angelin, S. Ewerth, K. Nilsell, I. Björkhem, Bile acid
synthesis in man: assay of hepatic microsomal cholesterol 7�-hydrox-
ylase activity by isotope dilution-mass spectrometry, J. Lipid Res. 27
(1986) 82–88.

[33] B.W. Philipp, D.J. Shapiro, Improved method for the assay and
activation of 3-hydroxy-3-methylglutaryl CoA reductase, J. Lipid
Res. 20 (1979) 588–593.

[34] P.T. Kovanen, M.J. Brown, J.L. Goldstein, Increased binding of low
density lipoprotein to liver membranes from rats treated with 17�-
ethinyl estradiol, J. Biol. Chem. 254 (1979) 11367–11373.

[35] C. Felgines, C. Sérougne, A. Mazur, J. Férézou, C. Lutton, Y. Ray-
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