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Differences in hypolipidaemic effects of two statins on Hep G2
cells or human hepatocytes in primary culture
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1 The objective of this study was to compare in cultured human hepatocytes or Hep G2 cells, changes
in the fate of unesterified low density lipoprotein (LDL)-cholesterol induced by crilvastatin, a new
cholesterol lowering drug and a reference statin, simvastatin.

2 The experiments were carried out for 20 h, each well contained 4.2 x 10°/cm?> Hep G2 cells or
0.5 x 10°/cm? human hepatocytes, 130 uM ursodeoxycholate, 0.68 uCi or 1.59 uCi unesterified human
[*C]-LDL-cholesterol, crilvastatin or simvastatin at 0 or 50 uM (both cell types) or 300 uM (Hep-G2
cells). Incubation with the two drugs resulted in increased amounts of unesterified ['*C]-LDL-cholesterol
taken by the two cell types, compared to control.

3 Crilvastatin 50 uM led to significantly higher quantities of ['*C]-glyco- and ['*C]-tauro-conjugated bile
salts, compared to simvastatin. Statins reduced the apo B100 level secreted by the two cell types
(simvastatin) or human hepatocytes (crilvastatin). Crilvastatin enhanced both the level of apo Al
secreted by the Hep G2 cells and the level of APF, a high density lipoprotein (HDL) and biliary
apoprotein.

4 Crilvastatin not only acts by stimulating LDL-cholesterol uptake by hepatocytes, but also by
enhancing the catabolism of LDL-cholesterol in bile salts and probably by stimulating HDL and/or bile
component secretion. Such a mechanism was not previously described for HMG CoA reductase
inhibitors. Our results on APF show that this apoprotein could be considered also as an indicator of
changes in bile and/or HDL compartments.

5 The human hepatocyte model appeared to be a suitable and relevant model in the pharmacological-
metabolic experiments carried out in this study. It led to more consistent data than those obtained with

Hep G2 cells.
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Introduction

Hep G2 cell lines have been widely used to test lipoprotein
metabolism, e.g. expression of lipoprotein receptors, uptake of
lipoproteins as well as secretion of triglycerides, esterified and
unesterified cholesterol, apolipoproteins Al, B100, C and E
(Wang et al., 1988; Javitt, 1990; Panini et al., 1991). In addi-
tion, Hep G2 cells in primary culture are associated, showing
bile canalicular spaces. A 140 kDa bile salt transporter has
been described in Hep G2 cells (Chiu et al., 1990); it results in
the ability of cultured Hep G2 cells to synthesize and secrete
bile salts, by a continuous efflux of chenodeoxycholate and
cholate, the main human bile salts (Javitt et al., 1989; Javitt,
1990). Thus this hepatoblastoma cell line appears to be suitable
for the study of cholesterol homeostasis, particularly in the
presence of cholesterol lowering drugs. Incubation of Hep G2
cells with inhibitors of hydroxy methyl glutaryl (HMG) CoA
reductase results in a decrease in cholesterol synthesis (Nagata
et al., 1990; Panini et al., 1991; Chaq et al., 1991). In addition,
it has been hypothesized that Hep G2 cells incubated with an
hypocholesterolaemic drug secrete low cholesterol-low density
lipoproteins (LDL) and -high density lipoproteins (HDL)
(Sato et al., 1990). However, the oncogenic properties of Hep
G2 cells restrict the extrapolation to non-cancerous human
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hepatocytes; the use of human hepatocytes is limited by diffi-
culties in obtaining such cells and by the rapid degeneration of
these cultured cells. Nevertheless, metabolic studies on cho-
lesterol and lipoprotein carried out with healthy human he-
patocytes have validated this human cell model (Kosykh et al.,
198S; Sviridov et al., 1990).

We chose to study the cholesterol lowering effect of cril-
vastatin, a new inhibitor of HMG CoA reductase (Esnault-
Dupuy et al., 1988), in cultured Hep G2 cells and human he-
patocytes. The drug has been shown to stimulate in the rat in
vivo and in rat isolated hepatocytes, secretion of biliary sterols
provided to a large extent by the metabolism of LDL-choles-
terol (Clerc et al., 1993; 1995b). Furthermore, added bile salt
was shown to stimulate uptake and metabolism of LDL-cho-
lesterol by rat isolated hepatocytes (Clerc et al., 1995a). Ur-
sodeoxycholate has been found to exert a hepatoprotective
effect against the more hydrophobic bile salts, in vivo as well as
in human cultured hepatocytes (Galle et al., 1990). Thus, it
seemed of interest to compare the effects of crilvastatin and a
reference cholesterol lowering drug, simvastatin, on the LDL-
cholesterol metabolism in bile salts of cultured Hep G2 cells or
human hepatocytes in the presence of ursodeoxycholate. The
cholesterol lowering effect of the two drugs was also evaluated
by comparing the levels of the three main cholesterol-carrier
apoproteins, apo B100, apo Al and APF, a new 7.5 kDa hy-
drophobic biliary protein (Martigne et al., 1989; Domingo et
al., 1990). APF has also been shown to be a minor apoprotein
component of plasmatic nascent HDL, HDL, and HDL,, and
to have a partial sequence homology with apo A1 (Domingo et
al., 1992).
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Methods

The experiments were carried out on cultured hepatoblastoma
Hep G2 or human hepatocytes in primary culture. The cho-
lesterol lowering effects of a new molecule, crilvastatin on the
metabolism of LDL-unesterified cholesterol into bile salts,
were compared to those of a reference statin, simvastatin.
Previous results obtained with rat isolated hepatocytes showed
the maximal metabolic effect of crilvastatin occurred at a
concentration of 50 uM (Clerc et al., 1995b).

Preparation of "*C labelled unesterified cholesterol-LDL

Labelled LDL were obtained by incubation of human plasma
with “C labelled unesterified cholesterol-liposomes.

Radiolabelled liposomes were prepared as previously de-
scribed (Clerc et al., 1993): 1.66 mg dioleoyl-phosphati-
dylcholine (Sigma, L’Isle d’Abeau Chesnes, France), 0.25 mg
unlabelled cholesterol (Sigma) and 3.6 uCi 4-'*C-labelled
cholesterol (NEN-Dupont de Nemours, Paris, France, spe-
cific activity: 50 mCi mmol~') were mixed in chloroform/
ethanol/benzene. The solvent was carefully removed by eva-
poration under nitrogen. Trace amounts of solvent do not
affect liposome structure. Dioleoyl-phosphatidylcholine was
chosen in order to obtain liposomes of the smallest size
(100 nm). After dispersion in 1 ml RPMI 1640 (Sigma) by
15 s pulses for 30 min in an ultrasonic device (Sonics-Bio-
block), the resulting multilamellar liposomes were centrifuged
at 100 000 x g for 20 min at 10°C (Beckman L 5.75 B ul-
tracentrifuge, Palo Alto, CA, U.S.A. equipped with a fixed
angle rotor type 60 Ti) to remove large particles. Char-
acteristics and homogeneity of the liposomes were checked by
filtration on A4 gel (Ultrogel, IBF, Villeneuve la Garenne,
France) with Tris buffer 0.5 M pH 7.5. Liposomes were eluted
in a single peak.

Normolipidaemic plasma (15 ml) from an overnight fasted
male human volunteer was collected in EDTA (Sigma)
(0.1 mg ml~") and incubated for 24 h at 10°C with 3 ml of *C-
labelled cholesterol-liposomes in order to label plasma lipo-
proteins.

Liposomes were removed by ultracentrifugation and flota-
tion at 120 000 x g at 10°C for 18 h in the density zone below
1.00 gml~!. LDL fraction was recovered after ultra-
centrifugation at 120 000 xg at 10°C for 22 h in a sucrose
solution of density 1.063, as described previously (Hatch &
Less, 1968). After labelling, LDL were dialysed against NaCl
0.9% for 24 h at 10°C to remove sucrose and then con-
centrated on Amicon filter (B15, Amicon, Paris, France). The
final concentration was adjusted with RPMI 1640 medium.
Purity of the *C LDL fraction was confirmed by SDS gel
electrophoresis which showed only one fraction in the migra-
tion zone of LDL. Assays of apoproteins Al and B100 re-
vealed that the '“C LDL fraction contained only apo B. To
verify that no '“C radioactivity was associated with the ester-
ified cholesterol, thin layer chromatography of lipids was
carried out on silica gel F 1500 (Schleicher and Schiill, Dassel,
Germany) with heptane/diethyl ether/ice cold acetic acid 90/
30/1 v/v as a developing solvent. Identification was achieved
under iodine vapours and the spots were scraped and counted
in 10 ml scintillation liquid (Hionic Fluor, Packard). This
control experiment showed that ['“C]-cholesterol in the LDL
was exclusively with the unesterified cholesterol fraction. The
negligible mass of radioactive cholesterol did not modify the
metabolism of LDL. Radioactive LDL accounted for 50% of
total labelling of incubated *C liposomes.

Hep G2 cell growth

Hep G2 hepatoma cells derived from human liver carcinoma
and their cell line were generously provided by Dr Guillouzo
(Rennes, France). The cell growth was carried out in 25 cm?
culture flasks (Falcon, Becton-Dickinson, Pont de Claix,
France), containing a mixture of 50% of Opti-MEM medium

(Gibco, Cergy Pontoise, France) and 50% Ham F12 medium
(Gibco), enriched with 10% foetal calf serum (FDA, Axcell,
Paris, France), 1% L-glutamine (Sigma), 1% penicillin/strep-
tomycin mixture (Gibco) (10 000 u 10 mg~') and 1% non
essential amino acid mixture (Sigma). The experiment was
carried out when cells were confluent.

Isolation and culture of human hepatocytes

This work was carried out in cooperation with two services of
digestive surgery, Conception’s Hospital and the regional
centre of cancer treatment, Marseille. The study received the
agreement of both hospital services and the associated services
of anatomy-pathology. Human liver tissues were obtained
after surgery of non-invasive hepatocarcinoma from 2 male
adult livers and 1 female adult liver. After surgery and sam-
pling of biopsies by the anatomy-pathology service, the liver
fragment normally destined to be destroyed was dissected in
order to recover a peri-tumoral zone. This small fragment (4—
5 g) was deposited in a survey chamber, the vessel of the af-
ferent porte system was isolated and perfused through a non-
recirculating 6-way system by two successive buffers. The first
medium consisted of a buffer pH 7.65 (0.6 g Na,HPO,, 12
H,0, 14.28 g HEPES (Sigma), 48 g NaCl, 1.2 g KCl in 6 1 of
water). It was perfused at 38°C for 30 min in order to warm the
liver biopsy, previously kept in a cold ischemia. Then, a second
perfusion was performed at 38°C for 10 min with type IV
collagenase (Sigma). It consisted of a medium containing 3 g
collagenase extemporaneously dissolved in 100 ml of the above
buffer. The hepatic capsule was then disrupted and isolated
cells were suspended at 25°C in a Leibovitz L15 medium
(Gibco) containing 20% foetal calf serum (FDA, Axcell), 0.2%
bovine serum albumin (Sigma), 0.1% fungizone (250 ug ml~")
(Gibco), 1% kanamycin (0.5%) (Gibco) and 0.2% penicillin/
streptomycin mixture (10 000 u 10 mg~!) (Gibco). All these
steps were carried out under sterile conditions. Cells were then
rinsed three times by low speed centrifugation (500 x g) in a
mixture of a 199 medium (Gibco) and Opti MEM medium
(Gibco), respectively in the proportions 1/3-2/3, containing
0.2% penicillin/streptomycin mixture (10 000 u 10 mg~1)
(Gibco), 0.1% fungizone (250 ug ml~') (Gibco), 1% kana-
mycin (0.5%) (Gibco), 0.2% bovine serum albumin (Sigma)
and insulin (0.05 u ml~!) (Novo, Boulogne, France). How-
ever, the first wash was done with the aforesaid medium en-
riched with 45% Percoll (Sigma), to remove non-surviving cells
by gradient centrifugation (20 min, 800 x g). Hepatocytes were
seeded in 25 cm? flasks (Falcon), in the presence of the afore-
said medium enriched with 15% foetal calf serum (FDA, Ax-
cell). Cultures were maintained for 4 days. Experiments were
performed on the 5th day with ursodeoxycholate and simvas-
tatin or crilvastatin.

Pharmacological experiments

At the beginning of the experiments carried out on Hep G2
cells and human hepatocytes, the culture medium was deprived
of foetal calf serum, lipoproteins and antibiotics. Dispersion of
different hydrophobic molecules (ursodeoxycholate, crilvasta-
tin [Pan Medica, Ivry sur Seine, France], simvastatin [Merck,
Paris, France]) was previously performed in 2 ml of RPMI
1640 (Sigma) by 15 s pulses for 30 min in an ultrasonic device.
Each plate contained 4.2 x 10° cells (Hep G2 cells) or 0.5 x 10°
cells (human hepatocytes), 130 uM ursodeoxycholate, 0.68 uCi
or 1.59 uCi [**C]-unesterified human LDL-cholesterol respec-
tively with Hep G2 cells or human hepatocytes, and crilvas-
tatin or simvastatin at 0 or 50 uM (both cell types) or 0, 50 or
300 uM (Hep G2 cells).

The duration of incubation was 20 h. The conditions of
incubation are summarized in Table 1. Aliquots were taken at
the beginning and at the end of the experiment. The cells were
separated, rinsed 3 times in a PBS buffer and frozen at —80°C.
The experiment was carried out in triplicate.
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Assays

Protein content of the medium was measured by use of bovine
serum albumin as a standard (Lowry et al., 1951). Bile salts
were assayed by the enzymatic method of 3a-hydroxysteroid
dehydrogenase (Domingo et al., 1972). Total cholesterol and
triglycerides were measured respectively by enzymatic methods
(Bucolo & David, 1973; Lie et al., 1976). Total phospholipids
were analysed by measuring inorganic phosphate (Amic et al.,
1972) after digestion in perchloric acid. The activities of the
aspartate aminotransferase (AST) and alanine aminotransfer-
ase (ALT), y-glutamyl transferase, alkaline phosphatase were
measured respectively as described previously (Morgenstern et
al., 1965; Kessler et al., 1975; Persijn & Van der Slik, 1976).
Concentrations of apo Al and apo B100 were assayed by
immunoturbidimetry on a Behring nephelometer (Behring-
werke AG, Marburg, Germany), with antibodies and stan-
dards from the manufacturer. Detection and quantification of
APF in the culture medium of human hepatocytes was by
enzyme-linked immunosorbent assay (ELISA) with murine
monoclonal antibodies (from Balb/C mice) (Domingo et al.,
1992).

Distribution of the '*C radioactivity in cells and
incubation medium

Bile salts and cholesterol were extracted from the incubation
medium in a 10 fold volume of a mixture isopropanol-water
(90/10, v/v) after boiling for 20 min to precipitate proteins.
We verified that non-labelled material precipitated with the
proteins and that extraction of bile salts and cholesterol was
complete. After centrifugation at 3000 x g for 20 min, extracts
were concentrated under nitrogen, bile salts (tauroconjugated,
glycoconjugated, free cholate) and cholesterol were separated
by thin layer chromatography on silica gel F 1500 (Schleicher
and Schiill), “C radioactivity of the fractions was counted.
To ensure against possible contamination between compo-
nents during chromatography, previous tests were carried out
to compare migrations of ['*C]-cholesterol, ['*C]-taurocholate,
[*“C]-glycocholate standards and blank. The elution medium
consisted of a mixture of isoamyle acetate, propionic acid,
isopropranol and water (40/30/20/10, v/v). Fractions were
detected under a 350 nm u.v. light after spraying silica gel
with a reagent containing 0.4 ml of a 10% solution of FeCl,
in ice-cold acetic acid diluted in 60 ml ice-cold acetic acid,
40 ml concentrated sulphuric acid and 100 ml absolute
ethanol. The quantity (pmol/10° cells) of extrahepatic cho-
lesterol metabolized into bile salts was calculated by dividing
radioactivity of bile salts by the specific radioactivity of the
extrahepatic cholesterol (d.p.m./pmol cholesterol) added in
the medium at the beginning of the experiment (1 pmol
cholesterol was metabolized into 1 pmol bile salt). Since bile

Table 1 Experimental design of cell incubations

salts are rapidly secreted by the hepatocytes, amounts of “C
bile salts present in the cells were negligible and the corre-
sponding results not presented. In addition, we verified that
[*“C]-cholesterol was exclusively as an unesterified form, by
using the thin layer chromatographic procedure described for
estimation of ['*CJ-unesterified LDL cholesterol.

Statistical analysis

Results are expressed as the arithmetical mean of each group
with their standard errors. We previously verified the homo-
geneity of the data in all conditions. Thus, differences between
two groups were compared by using analysis of variance
(ANOVA) for factorial values (Figure 1) or for repeated values
(Table 2, Figures 2 and S) and the significations were de-
termined by Fisher’s post hoc least significance difference
(PLSD) test and/or Scheffe F-test at a probability value of
95%. However, we restricted the statistical test to comparisons
with only one variable. Other results (Figures 3 and 4) were
compared by Student’s ¢ test.

Results

Cell viability and toxicological parameters

After 2, 8, 12, 16 and 20 h incubation of Hep G2 cells or human
hepatocytes, trypan blue exclusion did not show significant
changes in hepatocyte viability with or without the drugs. Cell
morphological changes or alterations were not found by light
microscope observations when drugs were added to the med-
ium. In addition, the y glutamyl transferase and alkaline
phosphatase activities were unchanged by addition of the drugs
in the two types of culture. Transaminase level, particularly
ALT was significantly enhanced by simvastatin, in both in-
cubation medium of Hep G2 cells or human hepatocytes
(Figure 1).

Distribution of "C radioactivity in the incubation
medium

Total *C radioactivity in the medium (Figure 2) In culture
medium of Hep G2 cells and human hepatocytes, the level of
radioactivity significantly decreased between 0 and 20 h in all
groups, except in the presence of 50 uM crilvastatin. In this
case, the radioactivity, carried by both cholesterol and newly
synthesized bile salts, remained at a high level in the medium
between 0 and 20 h.

Newly synthesized *C bile salts (Figures 3 and 4) Previous
work had shown that bile salt secretion by hepatocytes in
culture occured 20 h after seeding, in contrast to isolated he-

[4C]-unesterified

Number LDL-cholesterol  Ursodeoxycholate
Cell type of incubations (uCi) (uM)
HepG2 5 0.68 0
HepG2 5 0.68 130
HepG2 5 0.68 130
HepG2 5 0.68 130
HepG2 5 0.68 130
HepG2 5 0.68 130
Healthy 5 1.59 130
hepatocytes
Healthy 5 1.59 130
hepatocytes
Healthy 5 1.59 130

hepatocytes

Final volume
of incubation

Crilvastatin Simvastatin medium Cell density

(um) (uM) (ml/box) (cell/em?)
0 0 10 42x10°

(] 0 10 42x10°

50 0 10 42x10°
300 0 10 42x10°
0 50 10 42x10°

0 300 10 42x10°

(] 0 10 0.5x 10°

50 0 10 0.5x 10°

0 50 10 0.5x 10°
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patocytes, which exhibited a bile salt secretion 10 min after
isolation. Thus, we studied bile salt secretion after 20 h in-
cubation. However, this secretion was at a low basal level, and
there was no quantitative difference between the experimental
groups. Comparisons between groups were therefore carried
out by estimation of differences in the amounts of radio-
labelled tracer incorporated into bile salts (subsequently con-
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Figure 1 Transaminase levels. (a) The levels of aspartate amino-
transferase in the medium after a 20h incubation of Hep G2 cells
with ["*CJ-unesterified LDL-cholesterol (control) in presence of
ursodeoxycholate  (control UDC), with 50um crilvastatin
(UDC+50um C), 300uMm crilvastatin (UDC+300um C), S0um
simvastatin (UDC+50uM S) or 300uM simvastatin (UDC + 300 um
S). Results are expressed as means +s.e.mean (n=>5). Differences were
determined by analysis of variance (ANOVA) for factorial values at a
probability of 95% by Fisher’s PLSD test or Scheffe F-test.
*Difference significant by Fisher’s test; **difference significant by
the two tests (control UDC vs UDC+300um C; control UDC vs
UDC+50uM S; control UDC vs UDC+300uM C). Experiments
were done in triplicate. (b) The levels of alanine aminotransferase in
the medium after a 20h incubation of Hep G2 cells with ["*C]-
unesterified LDL-cholesterol (control) in presence of ursodeoxycho-
late (control UDC), with 50 uM crilvastatin (UDC+ 50 um C), 300 um
crilvastatin (UDC+300um C), 50 uM simvastatin (UDC+ 50 uM S)
or 300 uM simvastatin (UDC+300um S). Results are expressed as
means +s.e.mean (n=>5). Differences were determined by analysis of
variance (ANOVA) for repeated values at a probability of 95% by
Fisher’s PLSD test. *Difference significant with Fisher’s test (control
UDC vs UDC+300uM S). Experiments were done in triplicate. (c)
The levels of alanine aminotransferase in the medium after a 20h
incubation of human hepatocytes with ['*CJ-unesterified LDL-
cholesterol in the presence of ursodeoxycholate (control UDC), with
50um crilvastatin  (UDC+50um C) or 50uM simvastatin
(UDC+50uM S). Results are expressed as means+s.e.mean (n=>5).
Differences were determined by analysis of variance (ANOVA) for
repeated values at a probability of 95% by Fisher’'s PLSD test.
*Difference significant with Fisher’s test (control UDC vs
UDC+50uM S). Experiments were done in triplicate.

verted to pmol of '“C bile salts). Compared to control without
drug, simvastatin incubation resulted in unchanged quantities
of C bile salts secreted in the medium. Compared to control
and simvastatin, 50 uM crilvastatin significantly enhanced both
the tauroconjugated- and the glycoconjugated-'*C bile salts
neosynthesized by Hep G2 cells and human hepatocytes (ex-
cept the glycoconjugated '“C bile salts synthesized by HepG2
cells in the presence of 50 uM crilvastatin, compared to con-
trol).

Secretion of apolipoproteins Apo Al, Apo B100 and
APF in the medium

At the zero time point, there was a basal level of apo B, due
to the addition of radiolabelled LDL in the medium. Apo
Al and APF were also present at the beginning of the ex-
periment, since foetal calf serum, previously added for the
first 4 days of culture contained these apolipoproteins. The
quantities of apoproteins secreted by human hepatocytes
were about 10 times higher than those secreted by Hep G2
cells. Compared with control, 50 uM crilvastatin significantly
enhanced the level of apo Al secreted by Hep G2 cells,
reduced the apo Al secretion by human hepatocytes. Sim-
vastatin significantly enhanced the quantities of the apo Al
secreted by human hepatocytes. The level of secreted apo
B100 was significantly reduced by 50 uM crilvastatin or
simvastatin (human hepatocytes) or by 300 uM simvastatin
(Hep G2 cells) (Table 2). Changes of APF level in the cul-
ture medium of human hepatocytes were comparable to
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Figure 2 Distribution of '“C radioactivity in the medium. Assays
were done at the beginning of incubation (time 0, stippled columns)
and after 20h incubation (hatched columns). (a) Distribution of '*C
radioactivity in the medium of Hep G2 cells cultured with ['*C)-
unesterified LDL-cholesterol (control) in presence of ursodeoxycho-
late (control UDC) with 50 uM crilvastatin (UDC + 50 um C), 300 um
crilvastatin (UDC+300uM C), 50 uM simvastatin (UDC+50uM S)
or 300uM simvastatin (UDC+300uM S). (b) Distribution of '*C
radioactivity in the medium of human hepatocytes cultured with
[*CJ-unesterified LDL-cholesterol in presence of ursodeoxycholate
(control UDC) with 50 uM crilvastatin (UDC+ 50 uM C) or 50 uMm
simvastatin (UCD + 50 uM S). For (a) and (b) results are expressed as
means +s.e.mean (n=>5). Differences were determined by analysis of
variance (ANOVA) for repeated values at a probability of 95% by
Fisher’s PLSD test or Scheffe F-test. *Difference significant with
Fisher’s test; **difference significant with the two tests (time 0 vs time
20h). Experiments were done in triplicate.
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those observed in terms of '“C radioactivity (Figure 5). In
the presence of 50 uM crilvastatin, APF in the medium re-
mained at a high level after 20 h incubation, it significantly
decreased between 0 and 20 h in control conditions (without
drug) and in the presence of 50 uM simvastatin.

Discussion

Freshly isolated hepatocytes could constitute a better model
than cultivated hepatocytes in which to study the cholesterol
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UDC+
50 um S

pmol/106 cells
(2]
3
|

0
Control ! UDC+ ! UDC+ ’
uDC 50 um C 50 um S

Figure 3 Quantities of '*C bile salts synthesized from ['“C]-
unesterified LDL-cholesterol and secreted in the culture medium of
Hep G2 cells. (a) The levels of '“C tauroconjugated bile salts in the
medium after 20 h incubation with ['*CJ-unesterified LDL-cholesterol
in presence of ursodeoxycholate (control UDC) with 50um
crilvastatin (UDC+50uM C) or 50uM simvastatin (UDC+ 50 uM
S). Results are expressed as means +s.e.mean (n=>5). Differences were
analysed by Student’s ¢ test and are significant at **P<0.01 (*
control UDC vs UDC+50 uM C; ® UDC+ 50 um C vs UDC+ 50 M
S). Experiments were done in triplicate. (b) The levels of ‘c
%l}'coconjugated bile salts in the medium after 20h incubation with
['“CJ-unesterified LDL-cholesterol in presence of ursodeoxycholate
(control UDC) with 50 uM crilvastatin (UDC+50uM C) or 50 um
simvastatin  (UDC+50um S). Results are expressed as
means+s.e.mean (n=35). Differences were analysed by Student’s ¢
test and are significant at *P <0.05 (control UDC vs UDC + 50 uMm
S). Experiments were done in triplicate.

lowering effect of statins (Alberts, 1988). Previous results
showed that incubation of rat isolated hepatocytes in the
presence of bile salts, systematically added to compensate
eventual disturbances of bile salt metabolism, resulted in an
active cholesterol metabolic process by the cells (Clerc et al.,
1995a,b). Thus, a preclinical model of rat hepatocyte was de-
veloped as an alternative to in vivo experiments, to mimic the
effects of crilvastatin on its target cells and to define the opti-
mal conditions of cell function (Clerc et al., 1995b). The he-
patoprotective effect of ursodeoxycholate (Galle ez al., 1990)
was potentiated by crilvastatin, as shown by the decreased level
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Figure 4 Quantities of '*C bile salts synthesized from ['*C]-
unesterified LDL-cholesterol and secreted in the culture medium of
human hepatocytes. (a) The levels of '*C tauroconjugated bile salts in
the medium after 20h incubation with ['*Cl-unesterified LDL-
cholesterol in presence of ursodeoxycholate (control UDC), with
50uM crilvastatin  (UCD+50um C) or 50uM simvastatin
(UDC+ 50 uM S). Results are expressed as means+s.e.mean (n=>5).
Differences were analysed by Student’s 7 test and are significant at:
**xP <0.01 (* control UDC vs UDC+50uM C; ® UDC+50um C vs
UDC+ 50 uM S). Experiments were done in triplicate. (b) The levels
of 1%C glycoconjugated bile salts in the medium after 20h incubation
with ['*CJ-unesterified LDL-cholesterol in presence of ursodeoxycho-
late (control UDC) with 50 uM crilvastatin (UDC + 50 um C) or 50 um
simvastatin (UDC+50um S). Results are expressed as means+
s.e.mean (n=>5). Differences were analysed by Student’s ¢ test and are
significant at: ***P<0.001 (* UDC control vs UDC+50um C;
® UDC+50um C vs UDC+50uM S). Experiments were done in
triplicate.

Table 2 Apolipoprotein Al and B100 levels recovered in the medium after 20h of incubation

Apolipoprotein Ursodeoxycholate Ursodeoxycholate Ursodeoxycholate Ursodeoxycholate
(ug per 10° Control + 50 um + 300 um + 50 um + 300 um
cells) Cell type Control ursodeoxycholate crilvastatin crilvastatin simvastatin simvastatin
Apo Al HepG2 140+5.8 127+4.80 146 +7.50** 126 +4 130+1.0 96.0+4.0*°
Apo Al Human ND 1210420 980 + 60** ND 1070 +20**° ND
hepatocytes
Apo B100 HepG2 313.3+3.3  302.5+4.80 306+6.80 296+5.1 298.0+2.0 274.0+4.0%°
Apo B100 Human ND 4830+ 80 35104 320*** ND 3900+ 50**° ND
hepatocytes

Results are expressed as means+s.e.mean (n = 5). Differences were determined by analysis of variance (ANOVA) for repeated values,
by Fisher’s PLSD test or Scheffe F-test at a probability of 95%. When the difference was significant by Fisher’s test the symbol used

is *, when it was significant by the two tests, the symbol is **(*crilvistatin vs control ursodeoxycholate;

bsimvastatin vs control

ursodeoxycholate). Experiments were done in triplicate. ND — not done.
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Figure 5 APF levels in the culture medium of human hepatocytes.
Open columns: levels of APF in the medium at the beginning of
incubation (time 0), stippled columns: after 20h incubation. Human
hepatocytes were incubated with ['“CJ-unesterified LDL-cholesterol
(control) in the presence of ursodeoxycholate (control UDC) with
50um crilvastatin  (UDC+50um C) or 50uM simvastatin
(UDC+50uM S). Resuits are expressed as means+s.e.mean (n=>5).
Differences were determined by analysis of variance (ANOVA) for
repeated values at a probability of 95% by Fisher’s PLSD test and
Scheffe F-test. **Difference is significant with the two tests (UDC
control at time 0 vs UDC control at time 20h; UDC+50uM S at
time 0 vs UDC+50uM S at time 20h). Experiments were done in
triplicate.

of AST in the incubation medium of Hep G2 cells. However,
simvastatin at both 50 uM and 300 uM induced a significant
increase in the transaminase levels in the incubation medium,
an effect often described in man (Miserez et al., 1994). Dif-
ferences in AST observed between simvastatin and crilvastatin
may be related to differences in drug metabolism. Crilvastatin
has previously been shown to be without toxic effects in ani-
mals, likewise at chronic high doses (personal results). How-
ever, we cannot entirely exclude an interaction between the cell
detoxification process and secretion of bile lipids or proteins.
Simvastatin reduced the apo B100 level in the two cell types,
crilvastatin reduced this level in human hepatocytes. In spite of
a reduced synthesis of apoproteins in Hep G2 cells by me-
chanisms blocking the production of triglycerides (Dashti,
1991; Hahn et al., 1992), the two statins are effective in redu-
cing the quantitites of apo B100. This beneficial effect must be
correlated with a decrease in the VLDL secretion by the cells,
and an increase in LDL hepatic uptake, resulting from the
enhanced expression of LDL receptors (Ma et al., 1986).
However, differences between crilvastatin and simvastatin can
be explained by changes in the transport of the drugs, in re-
lation to the difference in the chemical structure of the mole-
cules. We previously advanced that crilvastatin, a hydrophobic
molecule could be transported to a great extent by LDL and
taken by the hepatocytes after recognition by the LDL re-
ceptor (Clerc et al., 1995b). Such results were not observed
with simvastatin. Crilvastatin increased the level of apo Al
secreted by Hep G2 cells; the opposite effect was observed in
human hepatocytes. Such contrasting effects must be linked to
a different apo Al turnover by the two cell types, resulting
from a lower lipoprotein expression and trafficking with Hep
G2 cell, compared to human hepatocytes. The same explana-
tion could be advanced to explain the differences for apo B100
between the two cell types. The level of APF after 20 h culture
of human hepatocytes was higher in the presence of crilvastatin
than of simvastatin. The enhanced level of APF in the medium
induced by crilvastatin could be interpreted as a stimulant ef-
fect of the drug on the secretion of APF associated with lipid,
implicated in biliary and-or HDL-like sources.

Stimulation of the synthesis of bile salts by crilvastatin,

References

ALBERTS, A.W. (1988). Discovery, biochemistry and biology of
lovastatin. Am. J. Cardiol., 62, 10—15.

AMIC, J., LAIRON, D. & HAUTON, J. (1972). Technique de dosage
automatique de 'orthophosphate de grande fiabilité. Clin. Chim.
Acta, 40, 107-114.

previously shown in the rats in vivo (Clerc et al., 1993) and in
rat isolated hepatocytes (Clerc et al., 1995b), was clearly in-
dicated in our experiments. In spite of the potential for Hep G2
cells to synthesize bile salts (Javitt et al., 1989; Javitt, 1990), a
defect in the catabolism of cholesterol into bile salts, particu-
larly in the trihydroxy bile salt forms, was also described
(Ostlund Farrants et al., 1993). The level of radioactivity in the
medium was comparable between 0 h and 20 h incubation of
Hep G2 cells or human hepatocytes with 50 uM crilvastatin.
The increased level of '*C bile salts was related to the decreased
level of C cholesterol, resulting in comparable total amounts
of C in the medium. Our data show that crilvastatin stimu-
lates synthesis of bile acids normally synthesized and secreted
in vivo, i.e. glyco- and tauro-conjugated bile acids, this stimu-
lating effect being more prominent in human hepatocytes than
in Hep G2 cells. Such a difference between the two cell types
could be due to a higher expression of LDL receptor and/or
expression or activity of cholesterol 7-o hydroxylase in human
hepatocyte, compared to Hep G2 cell. However, crilvastatin
differs from simvastatin and other hypolipidaemic drugs in
several respects. Unlike crilvastatin, simvastatin has an in-
hibitory effect on cholesterol 7-a hydroxylase activity (Leiss et
al., 1985; Bjorkhem, 1986). Bile salts may leave the peroxi-
somes as free acids prior to reconjugation with CoA (Russell &
Setchell, 1992). Peroxisomal enzymatic proteins could have
taurine and glycine as substrates and could be ultimately re-
sponsible for bile acid conjugation (Johnson et al., 1991). The
differences in the catabolism of LDL-cholesterol into bile salts
under crilvastatin and simvastatin could be related to differ-
ences in the activity of peroxisomes. This hypothesis is sup-
ported by the fact that hypolipidaemic therapy such as
bezafibrate leads to some disturbances of peroxisomes around
the central veins (Lindauer ez al., 1994). Such disturbances
finally result in alterations in the activity of cholesterol 7-a
hydroxylase, the enzyme detected and localized in hepatocyte
peroxisomes (Uegele et al., 1991).

Our cell model validates previous results obtained in pre-
clinical studies carried out with crilvastatin. It could give a
suitable and interesting answer before the onset of clinical
trials in man. The concentration, 50 uM, of the drugs used
seems appropriate to test metabolic effects of cholesterol
lowering drugs. Human hepatocytes appear to be useful for the
study of cholesterol metabolism into bile salts and hepatic
production of the three main apoproteins implicated in cho-
lesterol homeostasis: apo B100, apo Al and APF. In the pre-
sence of hypolipidaemic drugs such as crilvastatin, APF could
be considered as an indicator of changes in both billary and/or
HDL compartments. Thus this cell model could be used to
elucidate two major questions. The first is to check drug ac-
tivity by elucidating the precise effect of the drug on the sub-
cellular target. The second is to test the efficiency of the drug in
physiopathological conditions. Our human hepatocyte model
led to more consistent data than those obtained with Hep G2
cells. Thus, suitable treatments of healthy cells in culture could
result in a model of hypercholesterolaemia useful for sub-
sequent studies of drug effects.

This work was supported by an INSERM grant (no 89031). We wish
to thank Prs D. Botta-Fridlund, P. Le Treut from the department of
hepatology and hepatology surgery, Conception’s Hospital, Mar-
seille, Pr J.R. Delpero from Paoli Calmettes Institute, Marseille, for
their help in obtaining human surgical biopsies, and Dr D.
Lombardo from the INSERM U.260, Marseille.

BJORKHEM, I. (1986). Effects of mevinolin in rat liver: evidence for a
lack of coupling between synthesis of hydroxymethylglutaryl-
coenzyme A (HMG CoA reductase) and cholesterol 7a-hydro-
xylase activity. Biochim. Biophys. Acta, 877, 43 -50.



1868 T. Clerc et al

Cholesterol, apoproteins, hepatocytes and statins

BUCOLO, G. & DAVID, H. (1973). Quantitative determination of
serum triglycerides by use of enzymes. Clin. Chem., 19, 475-483.

CHAO, Y., CHEN, J.S., HUNT, V.M., KURON, G.W., DARKAS, J.D.,
LIOU, R. & ALBERTS, AW. (1991). Lowering of plasma
cholesterol levels in animals by lovastatin and simvastatin. Eur.
J. Pharmacol., 40, S11-S14.

CHIU, J.H., HU, C.P.,, LUI, W.Y., LO, S.J. & CHANG, C. (1990). The
formation of bile canaliculi in human hepatoma cell lines.
Hepatology, 11, 834—-842.

CLERC, T., JOMIER, M., CHAUTAN, M., PORTUGAL, H., SENFT, M.,
PAULI, AM., LARUELLE, C.,, MOREL, O., LAFONT, H. &
CHANUSSOT, F. (1993). Mechanisms of action in the liver of
crilvastatin, a new hydroxymethylglutaryl-coenzyme A reductase
inhibitor. Eur. J. Pharmacol., 235, 59— 68.

CLERC, T., SBARRA, V., BOTTA-FRIDLUND, D., LAFONT, H., PAK-
LEUNG, P.,, GAUTHIER, A. & CHANUSSOT, F. (1995a). Bile salt
secretion by hepatocytes incubated with bile salts and liposomes
or low density lipoproteins. Life Sci., 56, 277 —286.

CLERC, T., SBARRA, V., DIACONESCU, N.,, LAFONT, H., JADOT, G.,
LARUELLE, C & CHANUSSOT, F. (1995b). Effect of crilvastatin, a
new cholesterol lowering agent, on unesterified LDL-cholesterol
metabolism into bile salts by isolated rat hepatocytes. Br. J.
Pharmacol., 114, 624—-631.

DASHTI, N. (1991). Synthesis and secretion of nascent lipoprotein
particles. Prog. Lipid Res., 30, 219-230.

DOMINGO, N., AMIC, J. & HAUTON, J. (1972). Dosage automatique
des sels biliaires conjugués de la bile par la 3a-hydroxystéroide
déshydrogénase. Clin. Chim. Acta, 37, 399-404.

DOMINGO, N., BOTTA, D., MARTIGNE-CROS, M., LECHENE DE LA
PORTE, P., PAK-LEUNG, P., HAUTON, J. & LAFONT, H. (1990).
Evidence for the synthesis and secretion of APF-a bile lipid
associated protein-by isolated rat hepatocytes. Biochim. Biophys.
Acta, 1044, 243 —248.

DOMINGO, N., GROSCLAUDE, J.,, BEKAERT, E.D., MEGE, D,
CHAPMAN, M.J., SHIMIZU, S., AYRAULT-JARRIER, M., OS-
TROW, J.D. & LAFONT, H. (1992). Epitope mapping of the
human biliary amphipathic, anionic polypeptide: similarity with
a calcium-binding protein isolated from gallstones and bile, and
immunologic cross-reactivity with apolipoprotein A-I. J. Lipid
Res., 33, 1419-1430.

ESNAULT-DUPUY C., LAFONT, H., CHANUSSOT, F., CHAUTAN, M.,
HAUTON, J. & LARUELLE, C. (1988). Inhibition of hepatic
HMG-CoA reductase activity by two new hypocholesterolemic
drugs. In Liver Cells and Drugs. ed. Guillouzo, A. pp.99-102.
Paris: INSERM/John Libbey Eurotext Ltd.

GALLE, P.R.,, THEILMANN, L., RAEDSCH, R., GOTTO, G. & STIEHL,
A. (1990). Ursodeoxycholate reduces hepatoxicity of bile salts in
primary human hepatocytes. Hepatology, 12, 486—-491.

HAHN, S.E., PARKES, J.G. & GOLDBERG, D.M. (1992). Apolipopro-
tein synthesis and secretion in Hep G2 cells: effects of monensin
and cycloheximide. Biochem. Cell Biol., 70, 1339 —1346.

HATCH, F.T. & LESS, R.S. (1968). Practical methods for plasma
lipoproteins analysis. Adv. Lipid Res., 6, 1-68.

JAVITT, N.B. (1990). Hep G2 cells as a resource for metabolic studies
of lipoprotein cholesterol and bile acids. FASEB J., 4, 161 -168.

JAVITT, N.B,, PFEFFER, R., KOK, E., BURSTEIN, S., COHEN, B. &
BUDAI, C. (1989). Bile acid synthesis in cell culture. J. Biol.
Chem., 264, 10384 —10387.

JOHNSON, M.R., BARNES, S., KNAKYE, J.B. & DIASIO, R.B. (1991).
Purification and characterization of bile acid CoA aminoacid N-
acyltransferase from human liver. J. Biol. Chem., 266, 10227 -
10233.

KESSLER, G., MORGENSTERN, S., SNYDER, L. & VARADY, R.
(1975). Improved point assays for ALT and AST in serum using
the Technicon SMAC high speed computer controlled, biochem-
ical analyser to eliminate the common errors found in enzyme
analysis. 9th Int. Congr. Clin. Chem., Toronto.

KOSYKH, V.A., PREOBRAZHENSKY, S.N., FUKI, LV, ZAIKINA,
O.E., TSIBULSKY, V.P., REPIN, V.S. & SMIRNOV, V.N. (1985).
Cholesterol can stimulate secretion of apolipoprotein B by
cultured human hepatocytes. Bicohim. Biophys. Acta, 836,
385-389.

LEISS, O., VON BERGMANN, K., GNASSO, A. & AUGUSTIN, J. (1985).
Effect of gemfibrozil on biliary lipid metabolism in normolipemic
subjects. Metabolism, 34, 74— 82.

LIE, R.F., SCHMITZ, J.M,, PIERRE, K.J. & GOCHMAN, N. (1976).
Cholesterol oxydase-based determination by continuous flow
analysis of total and free cholesterol in serum. Clin. Chem., 22,
1627-1633.

LINDAUER, M., BEIER, K., VOLKL, A. & FAHIMI, H.D. (1994). Zonal
heterogeneity of peroxisomal enzymes in rat liver: differential
induction by three divergent hypolipidemic drugs. Hepatology,
20, 475-486.

LOWRY, O.H., ROSEBROUGH, N.F., FARR, A.L. & RANDALL, R.J.
(1951). Protein measurement with the Folin phenol reagent. J.
Biol. Chem., 193, 265-275.

MA, P.T.S,, GIL, G., SUDHOF, T.C., BILHEIMER, D.W., GOLDSTEIN,
J.L. & BROWN, M.S. (1986). Mevinoline, an inhibitor of
cholesterol synthesis, induces mRNA for low density lipoprotein
receptor in livers of hamsters and rabbits. Proc. Natl. Acad. Sci.
U.S.A., 83, 8370-8374.

MARTIGNE, M., MELIN, B.,, MAHLBERG, F., DOMINGO, N.,
CHANUSSOT, F., LAFONT, H. & HAUTON, J. (1989). Detection
and characterization of anionic-polypeptide fraction binding site
in rat liver plasma membranes and cultured hepatocytes.
Biochim. Biophys. Acta, 979, 341 —346.

MISEREZ, A.R., ROSSI, F.A. & KELLER, U. (1994). Prediction of the
therapeutic response to simvastatin by pretreatment lipid
concentrations in 2082 subjects. Eur. J. Clin. Pharmacol., 46,
107-114.

MORGENSTERN, S., KESSLER, G., AUERBACH, J., FLOR, R.V. &
KLEIN, B. (1965). An automated p-nitrophenylphosphate serum
alkaline phosphatase procedure for the autoanalyzer. Clin.
Chem., 11, 876 —881.

NAGATA, Y., HIDAKA, Y., ISHIDA, F. & KAMEI, T. (1990). Effect of
simvastatin (MK-733) on the regulation of cholesterol synthesis
in Hep G2 cells. Biochem. Pharmacol., 40, 843 —850.

OSTLUND FARRANTS, A K., NILSSON, A. & PEDERSEN, J.I. (1993).
Human hepatoblastoma cells (Hep G2) and rat hepatoma cells
are defective in important enzyme activities in the oxidation of
the C27 steroid side chain in bile acid formation. J. Lipid Res., 34,
2041-2050.

PANINI, S.R., EVERSON, G.T., SPENCER, T.A. (1991). Effects of
specific inhibition of sterol biosynthesis on the uptake and
utilization of low density lipoprotein cholesterol by Hep G2 cells.
J. Lipid Res., 32, 1657 —1665.

PERSIJN, J.P. & VAN DER SLIK, W. (1976). A new method for the
determination of g-glutamyltransferase in serum. J. Clin. Chem.
Clin. Biochem., 14, 421 -427.

RUSSELL, D.W. & SETCHELL, K.D.R. (1992). Bile acid biosynthesis.
Biochemistry, 31, 4737—-4749.

SATO, R., IMANAKA, T. & TAKANO, T. (1990). The effect of HMG-
CoA reductase inhibitor (CS-514) on the synthesis and secretion
of apolipoproteins B and A-1 in the human hepatoblastoma Hep
G2. Biochim. Biophys. Acta, 1042, 36—41.

SVIRIDOV, D.D., SAFONOVA, 1.G., PAVLOV, M.Y., KOSYKH, V.A,,
PODREZ, E.A., ANTONOV, A S., FUKI, L.V. & REPIN, V.S. (1990).
Inhibition of cholesterol synthesis by lovastatin tested on six
human cell types in vitro. Lipids, 25, 177-179.

UEGELE, B., KEMPEN, H.J.M., GEBHARD, R., MEIJER, P., BURGER,
H.J. & PRINCEN, HM.G. (1991). Heterogeneity of rat liver
parenchyma in cholesterol 7x¢ hydroxylase and bile acid
synthesis. Biochem. J., 276, 73-177.

WANG, S.R., PESSAH, M., INFANTE, J., CATALA, D., SALVAT, C. &
INFANTE, R. (1988). Lipid and lipoprotein metabolism in Hep
G2 cells. Biochim. Biophys. Acta, 961, 351 -363.

( Received November 22, 1995
Revised April 18, 1996
Accepted April 23, 1996)



