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PRAVASTATIN INHIBITED THE CHOLESTEROL
SYNTHESIS IN HUMAN HEPATOMA CELL LINE Hep G2
LESS THAN SIMVASTATIN AND LOVASTATIN, WHICH IS
REFLECTED IN THE UPREGULATION OF 3-HYDROXY-3-
METHYLGLUTARYL COENZYME A REDUCTASE AND
SQUALENE SYNTHASE
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Abstract—The possible difference between lovastatin (mevinolin, MK-803), simvastatin (MK-733)
and pravastatin (CS-514), all chemically-related competitive inhibitors of 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) reductase, were tested in the human hepatoma cell line Hep G2, which is
often used as a model for the human hepatocyte. After an 18-hr incubation of the cells with the drugs,
pravastatin (ICs, = 1900 nM) was less potent than simvastatin and lovastastin (ICs = 34 and 24 nM,
respectively) in inhibiting the sterol synthesis. As a consequence of this inhibition, the HMG-CoA
reductase mRNA levels and squalene synthase activity, both negatively-regulated by sterols, were
increased equally by simvastatin and lovastatin, whereas the induction by pravastatin was much less. In
contrast, there were fewer differences between the compounds in inhibiting HMG-CoA reductase
activity, when assayed directly in Hep G2 cell homogenates (iC5, values = 18, 61 and 95nM for
simvastatin, lovastastin and pravastatin, respectively). Moreover, in experiments with human hepatocytes
in primary culture the 1Cs, values for inhibition of the cholesterol synthesis by simvastatin and pravastatin
were of the same order of magnitude (23 and 105 nM, respectively). The results are therefore explained
as follows: the three drugs act in the same way within the Hep G2 cell in terms of inhibiting HMG-CoA
reductase and their subsequent effect on the feedback regulation of the cholesterol synthesis, i.e.
increasing squalene synthase and HMG-CoA reductase mRNA. However, pravastatin seems to be less
able to enter the cells compared with simvastatin and lovastatin, possibly because of the higher
hydrophobicity of the latter compounds. The observation with human hepatocytes suggests that in Hep
G2 cells a specific hepatic transporter is missing. On one hand the human hepatoma cell line Hep G2
has proved to be a good model for the study of the feedback regulation of enzymes of the cholesterol
biosynthetic pathway such as HMG-CoA reductase and squalene synthase, but, on the other hand seems
to be less suitable as a model for the study of specific uptake of drugs, e.g. the vastatins, in human
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hepatocytes.

The search for new cholesterol-lowering drugs
induced the development of different analogues of
compactin (ML-23B, CS-500) [1], a competitive
inhibitor of 3-hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoAt) reductase (EC 1.1.1.34), which is the
major rate limiting enzyme of sterol synthesis in
eukaryotic cells. During the last years these
analoguessuch as lovastatin (MK-803, mevinolin) [2],
simvastatin (MK-733) [3] and pravastatin (CS-514)
[4], have been taken by many people in order to
lower their serum cholesterol levels [5].

Although their efficacy in lowering serum
cholesterol levels in men is of the same order of
magnitude (simvastatin is about twice as potent as
pravastatin and lovastatin; see Ref. 5) several authors
have reported a large difference in the potency of
the three drugs to inhibit the cholesterol synthesis

* Corresponding author. Tel. (31)71.181818; FAX
(31)71.181904.

+ Abbreviations: HMG-CoA, 3-hydroxy-3-methyl-
glutaryl-coenzyme A; DMEM, Dulbecco's modified Eagle’s
medium.

in animal extrahepatic tissue in vivo and cells in
culture compared to that in hepatic tissue and cells
[4,6,7]. Pravastatin, the more hydrophilic one,
compared to simvastatin and lovastatin [8] had a
reduced ability to inhibit cholesterol synthesis in
extrahepatic tissue, whereas similar inhibition was
observed for the three drugs in hepatic cells. These
differences have also been observed in human
fibroblasts [4] and human lens [9] in vitro but no
data have been published on this matter concerning
human liver tissue.

The human hepatoma cell line Hep G2 still
possesses a number of human hepatocyte charac-
teristics [10] and therefore has been frequently used
as a model for the human hepatocyte. We have been
using this cell line as such a model system in order
to study the feedback regulation of the cholesterol
synthesis and of low density lipoprotein (LDL)-
receptor activity. In these cells compactin, inhibiting
the incorporation of ['*Clacetate into cholesterol,
induced in a concentration-dependent manner, the
LDL-receptor and the HMG-CoA reductase activity
f11], HMG-CoA reductase mRNA levels [12] and
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the squalene synthase (EC 2.5.1.21) activity [13].
From these results we concluded that the negative
feedback regulation of these processes by mev-
alonate-derived products takes place in Hep G2 cells
as well.

In the present study we investigated the inhibitory
potency of the analogues of compactin, i.e. lovastatin,
simvastatin and pravastatin on the cholesterol
synthesis in intact Hep G2 cells in culture and
directly on the HMG-CoA reductase activity in
homogenates of this human hepatocyte-derived cell
line. Further we checked whether the differences
observed were sustained by comparable effects on
the co-ordinate regulation of HMG-CoA reductase
and squalene synthase. Some data on the potency
of the vastatins in inhibiting the cholesterol synthesis
in human hepatocytes in primary culture are
presented as well.

MATERIALS AND METHODS

Materials. Lovastatin (mevinolin, MK-803) and
simvastatin (synvinolin, MK-703) were kind gifts
from Merck, Sharp and Dohm (Rahway, NI,
U.S.A.) and pravastatin (CS-514) was donated by
the Sankyo Co. (Tokyo, Japan). Stock solutions
were made in ethanol. The open acid forms of
lovastatin and simvastatin were freshly prepared
before use as described previously [9].

c¢cDNA probes coding for human HMG-CoA
reductase and for human serum albumin were
isolated from plasmids obtained from Dr K. L.
Luskey (Dept of Molecular Genetics and Internal
Medicine, University of Texas, Dallas, TX, U.S.A.)
and from Dr H. Pannekoek (Central Laboratory of
the Netherlands Red Cross Blood Transfusion
Service, Amsterdam, The Netherlands) respectively,
as described previously [12].

Human hepatoma cell line Hep G2. The cells were
cultured in 10 cm? multiwell dishes in Dulbecco’s
modified Eagle’s medium (DMEM), supplemented
with 10% (w/v) foetal bovine serum. At 18 hr before
harvesting, the medium was replaced with DMEM,
supplemented with 1% (w/v) palmitate-loaded
(10 umol/g) albumin [14] and the open acid forms
of the different inhibitors at concentrations indicated
in the Results. Ethanol was added to all incubations
upto 0.05% (v/v), which was present at the highest
drug concentration used. At this concentration
ethanol did not influence the parameters determined.
Cells were incubated for 18 hr at 37° in a 5% CO,
atmosphere.

Human hepatocytes. The procedure and conditions
for the isolation and culture of human hepatocytes
has been described by Kooistra et al. {15]. Twenty-
four hours after seeding of 1-1.5 x 10° of viable cells
in 10 cm?®-wells the incubations were performed in
Williams E medium supplemented with 10% heat-
inactivated foetal bovine serum, 135nM insulin,
50nM dexamethasone, 100 IU/mL penicillin and
0.1 mg/mL of streptomycin, at 37° in a 5% CO,/
95% air atmosphere.

Determination of the cholesterol synthesis.
Measurements of the sterol synthesis ([**Clacetate
incorporation into non-saponifiable lipids) in Hep
G2 cells and in human hepatocytes in the absence
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or presence of different drug concentrations was
performed according to a modification of a previously
described method [14]. After the cells had been
incubated for 1 hr with the medium containing the
inhibitors [“Clacetate (Amersham, Amersham,
U.K.; sp. radioact. 56.2 mCi/mmol) was added (0.4
or 2 uCi/well containing 1 mL of medium for Hep
G2 or hepatocytes, respectively). The incubation
was continued for 17 hr and then the medium was
removed, the. cells were lysed in 300uL of
0.2MNaOH and subsequently neutralized with
30 uL 2 M HCI. Media and cell lysates were stored
at —20°. After thawing samples were taken for
protein determination. Thereafter, total lipids were
extracted from cell lysate and medium together,
according to Bligh and Dyer [16], in the presence of
0.008% (w/v) butylated hydroxytoluene (Sigma
Chemical Co. Poole, U.K.) as an antioxidant and
0.01 uCi of [*H]cholesterol (New England Nuclear,
Stevenage, U.K.; sp. radioact. 24 Ci/mmol) as a
recovery standard. After evaporating the chloroform
from the lipid extract under N,, saponification was
conductedin 0.2 mL of ethanolic (96%) 0.5 M NaOH
for 1.5 hr at 60°. After cooling, 0.2 mL of water was
added and the non-saponifiable lipids were extracted
with 2 X 0.5 mL of hexane. The combined hexane
extracts were washed with 0.8 mL of ethanolic (48%)
0.25 M NaOH, followed by evaporation of the hexane
under nitrogen. The “C-radioactivity incorporated
into the non-saponifiable lipids were determined in
a Tri-carb liquid scintiliation analyser (Packard),
corrected for the recovery of [*H]cholesterol and
expressed as *C-dpm/mg of cellular protein. Values
are the average of duplicate cell incubations. The
data presented in the figures are expressed as
percentages of the control values, as means + SEM,
obtained from four to five separately performed Hep
G2 cell-experiments and from three experiments
using human hepatocytes.

Isolation of RNA from Hep G2 cells. RNA was
isolated from Hep G2 cells according to the
procedure described by Chomczynski and Sacchi
[17]. In brief, cells from two 10 cm?-wells were
washed with phosphate-buffered saline (PBS)
and harvested in 0.5mL of 4M guanidinium
isothiocyanate, 25mM sodium citrate (pH 7.0),
0.5% (w/v) sarkosyl and 0.1 M B-mercaptoethanol.
RNA was extracted from the cell lysates with
phenol/chloroform/isoamyl alcohol and precipitated
subsequently with isopropanol. After washing the
pellets with 70% ethanol they were dissolved in
40 uL of 10mM Tris-HCl (pH 7.0). The RNA
concentration of each sample was determined
spectrophotometrically. The yield of RNA was
usually 100-150 ug.

Determination of HMG-CoA reductase mRNA
levels. Using the cDNA probes as described above,
the reductase mRNA levels were determined by
northern blot hybridization. The albumin probe was
used as an internal mRNA standard, while the
albumin mRNA levels were not significantly
influenced by the treatments of the cells (compare
with Ref. 12). Five micrograms (which was within
the range of linearity between mRNA concentration
and hybridization signal) of total RNA from the
different dishes were incubated with formamide in
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gel running buffer at 55° for 15 min to denature
RNA and then subjected to gel electrophoresis in
formaldehyde agarose gels. After electrophoresis,
RNA was transferred to Hybond N filters according
to the instructions of the manufacturer. Pre-
hybridization and hybridization were performed at
60° (1mM EDTA; 7% sodium dodecyl sulphate;
0.25 M NaCl, 0.25 M NaH,PO,/Na,HPO,; pH 7.2)
essentially as described elsewhere [18]. Hybridization
was usually performed with 1 ng/mL probe labelled
by the random-primer method (Multi-prime, Amer-
sham, Houten, The Netherlands) with [**P]dCTP to
approximately 10° cpm/ug DNA.

The filters were washed at a stringency of
0.1 x standard saline citrate and 1% sodium dodecyl
sulphate twice for 15min each at 65° [19]. The
membranes were subsequently exposed to Amersham
Hyperfilm-MP with an intensifying screen at —80°.
For quantification of the relative amounts of mRNA
on the autoradiograph a scan of the bands was made
on a CS 910 Shimadzu scanner. The areas under the
peaks were integrated and plotted with the aid of a
United Technology Packard data processor. The
values for the HMG-CoA reductase mRNA contents
are expressed as HMG-CoA-reductase-probe-
derived blackening (arbitrary) units divided by
albumin-probe-derived blackening units.

Assay of HMG-CoA reductase activity. HMG-
CoA reductase activity was determined in the Hep
G2 cell homogenate essentially as described
previously [11]. Cells were washed three times with
cold phosphate-buffered saline (0.15 M NaCl/10 mM
Na,HPO,/1.5 mM KH,PO,, pH 7.4) and once with
0.1 M potassium phosphate/0.1 M NaCl (pH 7.4),
and were harvested by scraping them into assay
buffer (0.1 M potassium phosphate/0.1M NaCl/
10mM EDTA, pH 7.4). The cell suspension was
frozen in liquid N, before storage at —80°. After
thawing and rupture of the cells by sonication
(Branson sonifier B-12, 70 W output, for 5sec at
0°), 50 uL. samples (160-230 ug of protein) were
preincubated for 25 min at 37°. The enzyme reaction,
which was performed in the presence of various drug
concentrations (as indicated in the Results) for
40 min at 37°, was started by the addition of cofactors
and substrate. The 100 uL. assay mixture contained,
besides the vastatins, 0.5 mM [“C]HMG-CoA (sp.
radioact. 30004500 dpm/nmol), 5SmM NADP*,
50 mM glucose 6-phosphate, 0.7 unit of glucose-6-
phosphate dehydrogenase, 50 mM potassium phos-
phate (pH 7.4), 50 mM NaCl, 10 mM EDTA, 5 mM
dithiothreitol and 1.6-2.3 mg of Hep G2 cell protein/
mL. The incubation was stopped by addition of
25ul 1.2M HCI, which contained 2-3 x 10* dpm
[*H]mevalonic acid (New England Nuclear, sp.
radioact. 5 Ci/mmol) as recovery standard.

Mevalonic acid was converted into the lactone
form by incubation for 30 min at 37° and isolated by
TLC on silica plates (Merck DC 60; developed in
acetone/toluene = 1:1). Silica in between Rg-values
0.3 and 0.6 was scraped and *H-/C-radioactivity
counted. The [**C]mevalonate formed was corrected
for the recovery of [*H]mevalonate (70-80%) and
the HMG-CoA reductase activity was expressed in
pmol of mevalonic acid formed/min/mg of cellular
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Fig. 1. Inhibition of sterol synthesis by vastatins in Hep
G2 cells. Hep G2 cells were incubated with the indicated
concentrations of either pravastatin (@), lovastatin (H) or
simvastatin (A) for 18 hr at 37° in the presence of ["C]-
acetate (0.4 uCi/mL). The incorporation of label into non-
saponifiable lipids was determined as described in Materials
and Methods. Values are expressed as percentages
of control (34,330 + 4325 dpm/mg of cellular protein);
means * SEM (N = 4-5).

protein. The values are the averages of duplicate
determinations and given as percentage of control.

Assay of squalene synthase activity. The deter-
mination of squalene synthase activity in Hep G2
cell homogenates after incubation was performed as
described previously [13]. Values, expressed as nmol
of squalene formed/min/mg of cellular protein, were
obtained from duplicate determinations in two
homogenates of identically-treated cells. The
average value for the individual homogenates agreed
within 10%. Protein concentrations were determined
according to Lowry et al. [20].

Values resulting from the experiments, which were
separately performed at least three times (designated
as N in the legends of thé figures), are depicted as
the mean percentages of the control values = SEM.
Statistical differences (P < 0.05) from control values,
as determined by a paired #-test, are indicated in the
figures.

RESULTS

Inhibition of cholesterol synthesis by vastatins in Hep
G2 cells

Hep G2 cells were incubated with different
concentrations of the drugs in the presence of [**C}-
acetate for 18 hr and the incorporation of '*C-label
into non-saponifiable lipids was determined. As is
shown in Fig. 1 simvastatin inhibited the cholesterol
synthesis at lower concentrations (ICsy = 34 nM
than pravastatin (iICsp = 1900 nM). The values for
lovastatin were of the same order of magnitude as
those for simvastatin (IC5, = 24 nM).

Effect of vastatins on HMG-CoA reductase mRNA
levels in Hep G2 cells

In order to investigate the effect of the inhibitors
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Fig. 2. Effect of vastatins on HMG-CoA reductase mRNA
levels in Hep G2 cells. Cells were incubated for 18 hr at
37° with DMEM supplemented with 1% albumin and the
indicated concentrations of either pravastatin (@),
simvastatin (A) or lovastatin (). RNA was isolated from
cells grown in two 10-cm? wells and the HMG-CoA
reductase mRNA concentration was determined by
northern blot hybridization as described in Materials and
Methods. Values for the reductase mRNA levels, the ratio
of the reductase- and the albumin-probe-derived blackening
on the autoradiograph, are expressed as mean percentages
of control + SEM (N = 3). (*) Values are significantly
different (P < 0.05) from control values using a paired
1-test.

on the feedback regulation of HMG-CoA reductase,
after the 18 hr-incubation the HMG-CoA reductase
mRNA levels were investigated by northern blot
analysis. The levels of the albumin mRNA, which
were not influenced by the reductase inhibitors, were
used as an internal standard in the assay. The results
are depicted in Fig. 2. The same concentration-
dependent increase of the reductase mRNA levels
by the simvastatin and lovastatin was observed,
whereas only a smaller increase at a high pravastatin
concentration was observed. These data correspond
with the concentration-dependent inhibition of the
cholesterol synthesis by the drugs (Fig. 1). The
values obtained with lovastatin are in good agreement
with the data published by Molowa and Cimis [21],
using actin mRNA as an internal standard.

Effect of vastatins on squalene synthase activity in
Hep G2 cells

Previously we have reported that in Hep G2 cells
squalene synthase activity is regulated by sterols in
the same way as the HMG-CoA reductase mRNA
levels [13]. In order to extend those observations
and to support the data depicted in Fig.2 the squalene
synthase activity in the Hep G2 cell homogenates
were determined after incubation with the different
reductase inhibitors for 18 hr. As shown in Fig. 3,
the squalene synthase activity was increased in the
same way as was observed for the reductase mRNA.

Inhibition of HMG-CoA reductase activity by
vastatins directly in Hep G2 cell homogenates

In order to exclude the possibility that the
differences between the vastatins observed in intact
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Fig. 3. Effect of vastatins on squalene synthase activity in
Hep G2 cells. Cells were incubated with the different
vastatins as described in the legend of Fig. 2. Squalene
synthase activity was determined in the cell homogenate
as described in Materials and Methods. Values are
expressed as percentages of control (2.00 = 0.10 nmol/
min/mg of cellular protein); means = SEM (N = 3). (*)
Values are significantly different (P < 0.05) from control
values.
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Fig. 4. Inhibition of HMG-CoA reductase activity in Hep
G2 cell homogenate by vastatins. The HMG-CoA reductase
assay was performed as described in Materials and Methods
in 50 uL-samples of the same batch of Hep G2 cell
homogenate in the absence or presence of the indicated
concentrations of either pravastatin (@), lovastatin (W) or
simvastatin (A). The enzyme activity was expressed as
percentage of controls (90.6 + 10.4 pmol/min/mg of
cellular protein) and depicted as the average value of three
separately performed experiments + SEM.

cells were the result of differences in the potency of
the drugs to inhibit the Hep G2 HMG-CoA
reductase, the inhibition of the enzyme activity was
directly measured in the Hep G2 cell homogenate.
Therefore, the HMG-CoA reductase assay was
performed in Hep G2 cell homogenate in the
presence of various concentrations of the three
compounds. As can be seen in Fig. 4 simvastatin,
lovastatin and pravastatin inhibited the enzyme to
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Fig. 5. Inhibition of sterol synthesis by vastatins in human
hepatocytes. Human hepatocytes were incubated for 18 hr
at 37° in Williams E medium/10% foetal bovine serum/
135 nM insulin/50 nM dexamethasone with the indicated
concentrations of either pravastatin (@) or simvastatin
(A). After 1 hr, 2 uCi/mL of [“Clacetate was added and
the incubation proceeded for 17hr. The [“C]non-
saponifiable lipids have been determined as described in
Materials and Methods. Values are expressed as percentages
of control (28830 + 6040 dpm/mg of cellular protein);
means + SEM (N = 3; for values with N < 3 no SEM has
been given).

the same order of magnitude (ICs values of 18, 61
and 95 nM, respectively). The difference in inhibitory
potency of maximal five times cannot explain the
difference in inhibition of the cholesterol synthesis
in intact cells (compare Fig. 1).

Inhibition of cholesterol synthesis by vastatins in
human hepatocytes

As discussed below the results obtained with the
Hep G2 cells can be explained by an impaired uptake
of pravastatin by the cells, possibly by missing a
specific hepatic transporter. In order to support this
explanation the inhibition of the sterol synthesis in
human hepatocytes in primary culture by simvastatin
and pravastatin was investigated. The results are
shown in Fig. 5. In contrast with the large difference
in inhibitory potency of simvastatin and pravastatin
in Hep G2 cells, in human hepatocytes pravastatin
is much more potent and its ICsg-value (105 nM) was
much closer to that of simvastatin (23 nM).

DISCUSSION

The HMG-CoA reductase inhibitors simvastatin,
lovastatin and pravastatin, presently in use as
cholesterol-lowering drugs, inhibited the cholesterol
synthesis in the human hepatoma cell line Hep G2
to a different extent. Under the conditions used,
pravastatin was about 60-80 times less potent than
simvastatin and lovastatin. This was also reflected
in their influence on HMG-CoA reductase and
squalene synthase mediated by the co-ordinate
feedback regulation of these enzymes by inhibiting
the synthesis of sterol suppressors. HMG-CoA
reductases mRNA levels (Fig. 2) and squalene
synthase activity (Fig. 3) were increased to the same
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extent by simvastatin and lovastatin and to a lesser
extent by pravastatin.

The three drugs have comparable ICs, values for
the inhibition of HMG-CoA reductase activity in rat
liver microsomal preparations (unpublished results;
and Ref. 22) and inhibit the reductase activity at the
same order of magnitude in Hep G2 cell homogenates
(Fig. 4). Therefore, we explain the observed
difference between the effects of simvastatin and
lovastatin, on one hand, and of pravastatin, on the

~ other, by limited transport of pravastatin through

the Hep G2 cell membrane compared with the other
two compounds. There is evidence [4,7] that
differences in uptake of the drugs play a role in the
difference in inhibitory potency of pravastatin
compared to lovastatin and simvastatin in hepatic
cells versus non-hepatic cells. Very recently it was
shown that the uptake of pravastatin in rat
hepatocytes was carrier-mediated [23] and that a
specific hepatic sodium-independent bile acid
transporter was responsible for this action [24]. Hep
G2 cells may have lost this transporter to a certain
extent, limiting the uptake of pravastatin, while the
two more lipophylic compounds are still able to
enter the cells possibly by diffusion or via other
transporters. This suggestion is supported by the
observation that Hep G2 cells have lost the ability
to transport taurocholate (Dr H. M. G. Princen,
(personal communication) in contrast with fresh-
ly isolated human hepatocytes [25] and in which
taurocholate and pravastatin are competitors for the
same transporter [24]. Also the bilirubin transporter
has been found to be strongly reduced in Hep G2
cells [26].

The presence of a transporter may possibly be
influenced by the growth conditions of the Hep G2
cells, because we observed a different 1C5, value for
pravastatin (18 hr-incubation 1900 nM) than was
recently published by Nagata et al. [27] (iC5) value
pravastatin (18-hr incubation 1900 nM) than was
recently published by Nagata et al. [27] (ICs value
pravastatin 18-hr incubation > 10,000 nM) and by
vastatins were of the same order of magnitude (24—
80 nM) in these three independent studies.

Further support for a missing hepatic pravastatin-
transporter in Hep G2 cells is given by our
observation that in human hepatocytes in primary
culture pravastatin is a much stronger inhibitor of
cholesterol synthesis, comparable to simvastatin
(Fig. 5). While the taurocholate transporter is
present in these cells [25] this observation suggests
that a specific transporter was involved in the
action of pravastatin. Further investigations, using
radiolabelled drugs, will give more insight into this
mechanism.

From the results discussed above we conclude that
the human hepatoma cell line Hep G2 is a good
model for the study of the feedback regulation of
the cholesterol synthesis. However, this cell line is
less suitable as a human hepatocyte model for the
study of specific uptake of drugs.
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