Biochimica et Biophysica Acta, 1153 (1993) 23-33 23
© 1993 Elsevier Science Publishers B.V. All rights reserved 0005-2736 /93 /$06.00

BBAMEM 76132

Hepatoselective carrier-mediated sodium-independent uptake
of pravastatin and pravastatin-lactone

Kornelia Ziegler * and Silke Hummelsiep

Institut fiir Pharmakologie und Toxikologie der Justus-Liebig Universitdt, Frankfurterstr. 107, 35392 Giessen (Germany)

(Received 23 March 1993)
(Revised manuscript received 13 July 1993)

Key words: HMG-CoA reductase inhibitor; Pravastatin; Transport; Liver; Bile acid; (Rat)

Pravastatin and pravastatin-lactone are not taken up into extrahepatic cells such as fibroblasts, or hepatoma cells such as AS-30D
ascites hepatoma cells or FAO cells. In contrast, pravastatin is taken up into isolated rat hepatocytes by a carrier mediated,
saturable, temperature-dependent and energy-dependent mechanism. The kinetic parameters for the saturable uptake are K
27 uM, V. 537 pmol/mg per min. The permeability coefficients were determined to be 9.829 - 10~7 cm/s at 4°C, 1.76 - 10~°
cm/s at 7°C, 3.85-10~% cm/s at 17°C and 5.82 - 107% cm//s at 37°C. The activation energy is 60 kJ /mol for 100 uM pravastatin
at 37°C. The Q,, values are between 1.7 and 2.8. In the presence of metabolic inhibitors and in the absence of oxygen, transport
is inhibited. Uptake of pravastatin is not dependent on an extracellular to intracellular sodium-gradient. Replacement of chloride
by sulfate, nitrate, gluconate or thiocyanate significantly inhibits the uptake of pravastatin. Uptake is competitively inhibited by
cholate and taurocholate in the presence and absence of sodium. Pravastatin, however, competitively inhibits the uptake of
cholate and taurocholate only in the absence of sodium. In addition, pravastatin-lactone enters liver cells via an energy-depen-
dent, carrier-mediated uptake system. For the saturable energy-dependent part of the hepatocellular uptake a K, value of 9
uM and a V,, value of 621 pmol/mg per min was determined. The permeability coefficient of pravastatin-lactone uptake is
calculated to be 5.41-107° cm/s at 37°C. The uptake of pravastatin-lactone is competitively-noncompetitively inhibited by
pravastatin and by lovastatin and vice versa. These results indicate that the hepatoselectivity of pravastatin is due to its
carrier-mediated uptake into rat hepatocytes via a sodium-independent bile acid carrier. Pravastatin-lactone resembles pravas-

tatin-sodium in its hepatoselectivity.

Introduction

The recent development of specific competitive in-
hibitors of 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase, the key enzyme that regulates
cholesterol synthesis, has provided an important new
therapeutic approach to the treatment of hypercholes-
terolaemia [1-3]. The target organ for HMG-CoA re-
ductase inhibitors, such as pravastatin [4-6] and lovas-
tatin [7,8], is the liver, since the liver is both the major
site of lipoprotein production and low density lipopro-
tein catabolism [9]. The possibility of deleterious side
effects of HMG-CoA reductase inhibitors in therapeu-
tic situations depends in part upon the degree to which
these agents exert their inhibitory influence in extra-
hepatic tissues [10-12]. Data on the relative rates of
uptake of pravastatin and lovastatin by the liver and
peripheral tissue are contradictory [5,6,13,14]. For lo-
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vastatin and other hydrophobic compounds, e.g. sim-
vastatin and mevastatin, which are administered orally
as lactones [15], extrahepatic side effects [16,17] and
the uptake into extrahepatic tissues have been de-
scribed [4,5]. The greater hepatoselectivity of pravas-
tatin, which is administered as the open acid [18],
compared to lovastatin is the result of the higher
hydrophilicity of the compound [19,20] and, as shown
recently in a study from our laboratory, is due to its
affinity to a sodium-independent bile acid transporter
[21]. This transport system exists predominantly in the
basolateral membrane of liver cells [22]. It is responsi-
ble for the rapid extraction of pravastatin from the
circulation thereby preventing suppression of choles-
terol synthesis in extrahepatic organs. This conclusion
was based on indirect measurements using unlabelled
open acid pravastatin [21]. The aim of the present
investigation was therefore the evaluation of the cell
specificity of pravastatin-sodium and the characteriza-
tion of the mechanisms of the uptake of the open acid
14C.labelled pravastatin into isolated rat hepatocytes.
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Furthermore, we studied the uptake mechanisms of
14C-labelled pravastatin-lactone to see whether the lac-
tone differs in its kinetic behaviour and tissue distribu-
tion compared to the open acid. Part of the results
have been presented in preliminary form [23].

Materials and Methods

Materials

Pravastatin, pravastatin-lactone, ['“*Clpravastatin
(spec. act. 13 mCi/ mmol) and [ C]pravastatin-lactone
(spec. act. 10 mCi/ mmol) and lovastatin were gifts of
Bristol-Myers Squibb (Munich, Germany). The chemi-
cal structure of the compounds is given in Fig. 1.
Collagenase was purchased from Boehringer, Mann-
heim, Germany, cholate sodium salt, taurocholate, bro-
mosulfophthalein (BSP) were from Serva, Heidelberg,
Germany, bumetanide was a gift of Prof. Petzinger,
Giessen, Germany.

All other chemicals used were of the highest purity
grade available commercially.

Methods

Isolation of rat hepatocytes. Rat liver cells were
isolated from male Wistar rats (body weight 200-260 g)
by recirculating collagenase perfusion according to the
method of Berry and Friend [24]. After 30 min of
equilibration in Tyrode buffer (137 mM Na(Cl, 2.7 mM
KCl, 1.05 mM MgCl,, 12 mM NaHCO,, 5.55 mM
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Fig. 1. Chemical structure of pravastatin and pravastatin-lactone.

glucose, 0.42 mM NaH,PO,), pH 7.4 at 37°C in carbo-
gene atmosphere (95% 0,/5% CO,), the viability of
the cells was tested by the Trypan blue exclusion test
[25]. The contamination with non-parenchymal cells
was less than 1.5% as determined by light microscopy.
All experiments were performed within 2 h after isola-
tion with a hepatocyte suspension containing more
than 80% viable cells under incubation conditions
mentioned above.

Isolation of AS-30D ascites hepatoma cells, FAO cells
and fibroblasts. The transplantable AS-30D ascites
hepatoma cell line was carried in female Sprague-Daw-
ley rats. The tumor cells were transplanted at weekly
intervals by intraperitoneal injection of 0.5 ml ascites
fluid. For uptake studies, tumor cells were collected
and washed in Tyrode buffer. FAO cells and fibro-
blasts were kindly provided by Dr. J. Doehmer, TU
Munich, Germany.

Transport studies. The uptake of [“Clpravastatin
and ['*C]pravastatin-lactone was measured using a liver
cell suspension containing 2105 cells/ml, or a sus-
pension of AS-30D ascites hepatoma cells, FAO cells
or fibroblasts containing 10- 10° cells/ml; this corre-
sponds to 4 mg of cell protein as determined by Brad-
ford reagent [26].

1 ml of the cell suspensions was incubated with 3.4
uM [M“Clpravastatin or 2.7 uM ["*Clpravastatin-lac-
tone and increasing concentrations of unlabelled
pravastatin or pravastatin-lactone at 37°C. Uptake of
the substrates was terminated by centrifugation of 100
wl aliquots of the cell suspensions at the times indi-
cated in the figure legends through a silicon oil layer
using a Beckman Microfuge B. The radioactivity taken
up into the cell pellet was determined by liquid scintil-
lation counting after addition of Ecco plus 2000 (Roth,
Karlsruhe, Germany) in a Raytest 4700 counter
(Straubenhardt, Germany).

For determination of the temperature dependence
of uptake, the initial uptake rate of the substrates was
measured at 7, 17, 27 and 37°C in Tyrode buffer after
preincubation of the cell suspensions for 10 min at the
desired temperatures.

Energy dependence was evaluated by incubation of
the cells in the absence of oxygen (preincubation for 30
min in the presence of N,/CO,) as described [29] or
after preincubation with metabolic inhibitors as indi-
cated in the legends to the corresponding figures.

Sodium dependence of uptake was studied in
sodium-free-Tyrode buffer, in which sodium was re-
placed by lithium, choline, potassium or N-methyl-
glucamine. After a 30 min equilibration of the hepato-
cytes in sodium-Tyrode buffer, cells were washed twice
in the appropriate sodium-free-Tyrode buffer.

Membrane potential dependence of uptake was
measured in a Tyrode buffer in which chloride was
replaced by sulfate, nitrate, thiocyanate or gluconate.



After 30 min equilibration in Tyrode buffer, cells were
washed twice in the appropriate chloride-free Tyrode
buffer. Initial uptake rates were determined.

In the case of inhibition studies, the inhibitors were
added 30 s prior to the cell suspensions. Initial uptake
rates were determined and plotted according to
Lineweaver and Burk [29], Woolf-Hofstee [30] or Cor-
nish-Bowden [31] to determine the type of uptake
inhibition. K, values were determined according to
Dixon [32].

Thin-layer-chromatography analysis of [C]-
pravastatin and ["*C]pravastatin-lactone metabolites.
Isolated hepatocytes were incubated in Tyrode buffer
containing 0.1 wCi of radiolabelled pravastatin or
pravastatin-lactone. Aliquots of 100 1 were withdrawn
after definite intervals over 1 h. The cells were cen-
trifuged through silicon oil. Samples of 70 ul of the
incubation buffer were applied onto thin-layer chro-
matography plates and chromatographed in a solvent
system of 85% dichlormethan/15% methanol for
pravastatin-lactone and methanol / water / acetic acid/
tricthylamine (450:550:1:1, v/v) for pravastatin-
sodium. Radioactivity was detected using a Radio-
TLC-Analysator from Raytest (Straubenhardt, Ger-
many).

Statistical methods. All experiments were performed
at least three times. The results are expressed as mean
+ S.D. The plots mentioned above were calculated by
linear regression analysis, the I1C,; values by logarith-
mic regression analysis. Kinetic parameters were calcu-
lated using the program BMDPAR (derivative-free
nonlinear regression analysis) on a Cyber 960 com-
puter. The following equation was used:

Vo= (Viax' S/ (Kpy + 5))+ P-§

Statistical significance was tested by a two factorial
variance analysis with the program BMDP 2V on a
CDC Cyber 960 computer.

Results

Cell specificity of the uptake of pravastatin and pravas-
tatin-lactone

Pravastatin and pravastatin-lactone are not accumu-
lated into AS-30D ascites hepatoma cells, FAQO cells or
fibroblasts (Fig. 2A and Fig. 2B). In the case of pravas-
tatin the uptake rates were 600 pmol/mg per min for
isolated rat liver cells, 2 pmol/ mg per min for AS-30D
ascites hepatoma cells, 90 pmol/mg per min for FAO
cells and 10 pmol/mg per min for fibroblasts at a
pravastatin concentration of 100 uM. In the case of
pravastatin-lactone uptake rates were 1053 pmol/mg
per min for hepatocytes, 2 pmol/mg per min for AS
30D ascites cells and 10 pmol/ mg per min for fibro-
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Fig. 2. Cell specificity of pravastatin and pravastatin-lactone uptake.
The uptake of pravastatin (A) and pravastatin-lactone (B) was mea-
sured into isolated rat hepatocytes (®), AS30D ascites hepatoma cells
(Fig. 2B 0), FAO cells (Fig. 2A ©) and fibroblasts (0O). The
concentration of pravastatin and pravastatin-lactone used were 100
and 135 pM, respectively. All cell suspensions correspond to a
protein concentration of 4 mg/ml medium. n = 3; means +S.D.

blasts. In addition, these cells are not able to transport
bile acids [33].

Uptake kinetics of pravastatin and pravastatin-lactone
Pravastatin is taken up by rat liver cells in a time-
(Fig. 2A) and concentration-dependent manner (Fig.
4). The uptake rate is linear for 105 s. This linear part
of uptake is referred to as initial uptake velocity.
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Time-dependent saturation is reached after 30 min.
90% of pravastatin accumulated into rat hepatocytes
after 30 min of incubation is found in the cytosol,
whereas 10% is found in the membrane fraction after
disruption of the cells and 100000 X g centrifugation
(data not shown). Pravastatin is accumulated into the
cells 79 times the extracellular concentration at an
extracellular concentration of 3.4 M and 25 times at
100 wM. The cellular concentration does not decrease
until 60 min of uptake. At that time, in the supernatant
of cell suspensions incubated with pravastatin, most of
the radioactivity is associated with the native com-
pound (Fig. 3).

The plot of V; for different substrate concentrations
shows a curvilinear dependence on pravastatin concen-
tration (Fig. 4). At higher concentrations pravastatin
uptake occurs in part by diffusion. Permeability coeffi-
cients of 9.8:1077 cm/s at 4°C, 1.7-107° at 7°C,
38-107% at 17°C and 5.8-107° at 37°C could be
calculated. By computer analysis of the data using the
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Fig. 3. Thin-layer chromatography of pravastatin. The supernatant of
isolated rat liver cells incubated for 5 min and 60 min with 100 uM
of radiolabelled pravastatin was chromatographed on thin-layer plates
as described in Materials and Methods. Control = authentic drug.
Radioactivity was detected using a radio-TLC analysator.
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Fig. 4. Kinetics of the uptake of pravastatin into isolated rat hepato-

cytes. Aliquots of 1 ml of the hepatocyte suspension were incubated

with 3.4 uM of radiolabelled pravastatin and different concentra-

tions of unlabelled pravastatin. Initial uptake rates were calculated

during the linear part of uptake. Uptake was measured at 37°C (®).

Diffusion (-) and carrier-mediated uptake (O) were calculated using
the program BMDPAR on a Cyber 960 computer. n = 4.

program BMDPAR a K of 27 uM and a V,, of 537
pmol/mg per min was calculated. Transforming the
data according to Lineweaver and Burk provided iden-
tical results (Fig. 5). Plotting the data of the carrier-
mediated part of pravastatin uptake according to
Woolf-Hofstee it becomes evident that only one trans-
port system for pravastatin exists at the plasma mem-
brane of liver cells (Fig. 6). Pravastatin-lactone is accu-
mulated into liver cells 73-fold over the extracellular
concentration at an extracellular concentration of 2.7
uM and 22-fold at 135 uM. After 5 min of uptake
cellular concentration of pravastatin-lactone rapidly
decreases (Fig. 7). Several metabolites could be de-
tected in the supernatant of those cell suspensions by
TLC (Fig. 8). After 60 min of uptake radioactivity in
the supernatant is associated totally with a metabolite,
which was not further characterized.

In the case of pravastatin-lactone the permeability
coefficient was calculated to be 5.41-107% cm/s. For
the saturable part of uptake a K, value of 9 uM and
Vmax 0f 621 pmol / mg per min was determined (Fig. 9).

m;
As is evident from the Lineweaver-Burk plot and the
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Fig. 5. Lineweaver-Burk plot of the carrier-mediated uptake of
pravastatin. The initial uptake rates of the carrier-mediated uptake
and the substrate concentrations were plotted according to
Lineweaver and Burk. K, =30 uM, V. = 600 pmol/mg per min.

Woolf-Hofstee plot one saturable transport system is
responsible for the uptake of pravastatin-lactone (Fig.
10A,B).

Energy dependence of pravastatin and pravastatin-lac-
tone uptake

After preincubation of liver cells with metabolic
inhibitors, which decrease the cellular ATP-content by
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Fig. 6. Woolf-Hofstee plot of the carrier-mediated uptake of pravas-
tatin. The data of Fig. 4 were plotted according to Woolf-Hofstee.
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Fig. 7. Time dependence of the uptake of pravastatin-lactone into
isolated rat hepatocytes. The uptake of 135 uM of a mixture of
radiolabelled and unlabelled pravastatin-lactone was measured into
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Methods.
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Fig. 8. Thin-layer chromatography of pravastatin-lactone. Isolated rat

liver cells were incubated for 15 s, 5 and 60 min with radiolabelled

pravastatin-lactone. Control = authentic drug. The supernatant of

the cell suspension was analysed by thin-layer chromatography as
described in Materials and Methods.
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interferring with different targets in the respiratory
chain, pravastatin uptake is inhibited. The same is true
for pravastatin-lactone (Fig. 11A,B).

Incubation of liver cells for 30 min with N,/ CO,
results in a 70% reduction of pravastatin and 75%
reduction in pravastatin-lactone uptake. Transport
could be restored by up to 80% by reoxygenation. (data
not shown). Transport of pravastatin is temperature
dependent (Fig. 12A). Q,, values are between 1.7 and
2.8. An apparent activation energy of 60 kJ / mol could
by calculated for pravastatin uptake according to Ar-
rhenius (Fig. 12B).

Only living cells are able to transport pravastatin
and pravastatin-lactone. Dead cells with a permeabi-
lized plasma membrane, as shown by Trypan blue
inclusion, do not accumulate the HMG-CoA reductase
inhibitors (Fig. 12A,B).

Driving forces of the uptake of pravastatin and pravas-
tatin-lactone

The role of the sodium gradient as a possible driving
force for pravastatin uptake was investigated in iso-
lated hepatocytes which were suspended in sodium-free
Tyrode buffer. Substitution of sodium by choline,
lithium, potassium or N-methylglucamine had no sig-
nificant effects on the uptake of pravastatin into iso-
lated rat liver cells (Fig. 13).

The effect of variations of the membrane potential
on the uptake of pravastatin was evaluated by anion-
exchange studies. Chloride in the Tyrode buffer was
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Fig. 9. Kinetics of the uptake of pravastatin-lactone into isolated rat
liver cells. 1 ml of cell suspension was incubated with 2.7 uM of
radiolabelled pravastatin-lactone and different concentrations of un-
labelled compound. Uptake was measured at 37°C (@) and the initial
uptake rates were calculated. Diffusion () and the carrier mediated
uptake were calculated by computer (O) analysis. n = 3.
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Fig. 10. Lineweaver-Burk (A) and Woolf-Hofstee (B) plot of the
carrier-mediated uptake of pravastatin-lactone. The data in Fig. 9

were plotted according to Lineweaver and Burk and Woolf-Hofstee.
K., =10 uM; V_,, = 650 pmol /mg per min.

replaced by nitrate, sulfate, thiocyanate and gluconate.
The lipophilic anions nitrate and thiocyanate generate
a transient negative diffusion potential, whereas the
slowly permeating sulfate and gluconate ions make the
inner side of the membrane more positive in compari-
son to cells in normal Tyrode buffer [34]. Replacing
chloride in the Tyrode buffer by the anions mentioned
above leads to a significant inhibition of pravastatin
uptake (Fig. 14).

Studies on the evaluation of the endogenous substrates of
the pravastatin carrier

In a previous study we found that pravastatin com-
petitively inhibits the uptake of cholate and tauro-



cholate in a sodium-free buffer [21]. In contrast, the
sodium-taurocholate cotransporter was not influenced
by pravastatin in micromolar concentrations. In addi-
tion, all other known endogenous transport systems in
rat liver cells were also not inhibited by pravastatin
[21]. This prompted us to speculate that a sodium-inde-
pendent bile acid carrier is responsible for the hepato-
selective uptake of pravastatin [21,22]. To verify this
hypothesis mutual inhibition studies were performed.
Cholate and taurocholate competitively inhibit the up-
take of pravastatin in the presence and absence of
sodium (Table I). The K; values are 22+ 2 uM for
cholate in the presence of sodium and 45 + 4 uM in
the absence of sodium and 15+5 uM and 35 +3 uM
for taurocholate, respectively. For further characteriza-
tion of the transporter, the influence of other anionic
compounds such as BSP [35] and bumetanide [36] on
pravastatin uptake was evaluated. In the absence of
sodium, BSP and bumetanide competitively inhibit
pravastatin uptake. The K; values are 24 + 1.5 uM for
BSP and 62 + 7 uM for bumetanide.

Since pravastatin-lactone is also taken up by hepato-
cytes by a carrier-mediated mechanism, mutual trans-
port inhibition studies with pravastatin were per-
formed. Pravastatin-lactone and pravastatin are mutual
competitive-noncompetitive (mixed type of inhibition)
transport inhibitors (Table I). Lovastatin, which is also
administered as lactone, competitively-noncompeti-
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tively blocked (mixed type of inhibition) the uptake of
pravastatin-lactone and pravastatin (Table I).

Discussion

Two-thirds of the total cholesterol found in the body
is of endogenous origin, with the major site of choles-
terol biosynthesis being the liver [9]. Liver-derived
cholesterol is the main cause for the development of
hypercholesterolacmia, whereas cholesterol production
in non-hepatic cells is needed for normal cell function
[37,38]. Therefore, selective inhibition of HMG-CoA
reductase in the liver is a major demand in the devel-
opment of HMG-CoA reductase inhibitors. Prefer-
ential inhibition of sterol synthesis within the liver may
minimize adverse effects in cholesterol-dependent
non-hepatic tissues. Pravastatin is one of the most
liver-selective HMG-CoA-reductase inhibitors yet de-
veloped [12]. Pravastatin has a dihydroxy heptanoic
acid function, which resembles the HMG moiety of
HMG-CoA. It is administered in its open acid form,
whereas simvastatin and lovastatin are administered as
lactones and hydrolysis to the active acid form occurs
in the liver [20]. Pravastatin, which is a hydroxy deriva-
tive of mevastatin, differs from all other inhibitors in
its physicochemical properties. Pravastatin is hy-
drophilic and this feature is thought to be responsible
for its hepatoselectivity [6]. In several studies it was
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Fig. 11. Uptake of pravastatin (A) and pravastatin-lactone (B) in the presence of metabolic inhibitors and into dead cells. Aliquots of 1 m liver

cells were incubated for 10 min with 10 xg/ml antimycin A, 4 ug/ml CCCP, 10 ug/ml oligomycin prior to the addition of 100 uM pravastatin

or 135 uM of pravastatin-lactone. Initial uptake rates were measured. Dead hepatocytes were produced by freezing the cells in liquid nitrogen
and slowly thawing at room temperature. 100% of the cells took up the dye Trypan blue. n = 4; means + S.D.; P < (.001.
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Fig. 13. Sodium dependence of pravastatin uptake. The uptake of

pravastatin was measured in Tyrode buffer in which sodium was

replaced by lithium, potassium and choline. Initial uptake rates were
measured. n =4; means + S.D.

0

shown that pravastatin in contrast to simvastatin or
lovastatin does not penetrate into non-hepatic tissues
[4—-6] but could enter hepatocytes effectively [39]. Side
effects such as decrease of the replicative capacity of
endothelial cells, smooth muscle cells and fibroblasts
were seen using lovastatin [40] whereas pravastatin did
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Fig. 14. Chloride dependence of pravastatin uptake. The uptake of
pravastatin was measured in Tyrode buffer in which chloride was
replaced by nitrate, sulfate, thiocyanate and gluconate. Initial uptake
rates were measured. n = 4; means + S.D.; P <0.01.




TABLE 1

Kinetic data of the transport of pravastatin or pravastatin-lactone in
the presence of bile acids, bumetanide, BSP, lovastatin, pravastatin and
pravastatin-lactone

The initial uptake rates of increasing concentrations of pravastatin or
pravastatin-lactone were measured 30 s after addition of four in-
creasing concentrations of cholate, taurocholate, BSP, bumetanide,
pravastatin and pravastatin-lactone either in sodium-Tyrode buffer
or sodium-free-Tyrode buffer (sodium was replaced by choline).
Data were plotted according to Cornish-Bowden [31] and Dixon [32].

(A) Studies in sodium-Tyrode buffer
(i) Substrate pravastatin

Inhibitor K, (uM)  Type of inhibition
Cholate 2242 competitive
Taurocholate 1545 competitive

(B) Studies in the absence of sodium
(i) Substrate pravastatin

Inhibitor K; (uM)  Type of inhibition

Cholate 45+4 competitive

Taurocholate 35+3 competitive

BSP 24+1.5 competitive

Bumetanide 62+7 competitive
Pravastatin-lactone mixed competitive /noncomp.
Lovastatin mixed competitive /noncomp.

(ii) Substrate pravastatin-lactone

Inhibitor K; (uM)  Type of inhibition
Pravastatin mixed competitive /noncomp.
Lovastatin mixed competitive /noncomp.

not inhibit sterol sysnthesis in the lens [11]. In a former
study in 1992 [21] we looked for the reason of the
hepatoselectivity of pravastatin and found that pravas-
tatin has a high affinity to a sodium-independent bile
acid carrier [21]. This transport system exists predomi-
nantly in liver cells {22], but is not found in non-hepatic
tissues such as fibroblasts. In the study presented we
evaluated the cell specificity and characterized the
hepatocellular uptake mechanisms of pravastatin and
pravastatin-lactone in more detail.

Pravastatin and pravastatin-lactone uptake is liver-
cell specific. No other cell types tested e.g. AS 30D
ascites hepatoma cells or FAO cells accumulate either
compound as much as hepatocytes do. This is in agree-
ment with studies of Shaw et al. [41] who showed that
pravastatin is a weak inhibitor of sterol synthesis in
hepatoma cells [41]. The cell specificity of pravastatin
compared to lovastatin or simvastatin is not dependent
on the open acid form since also the lactone form of
pravastatin enters liver cells. The most important struc-
tural difference between pravastatin and lovastatin,
which seems to be responsible for hepatoselectivity, is
the hydroxyl group at the 6-position of the ring system.
Further studies on the structure—activity relationship
and comparison with the structure of the physiological
substrate of the carrier (cholate 21) will be needed to
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obtain a clear picture of the structural requirements
for transport into liver cells.

Pravastatin and pravastatin-lactone uptake into iso-
lated rat liver cells is carrier mediated. This was con-
firmed by the following:

(1) Saturation kinetics with respect to substrate con-
centration. Pravastatin and pravastatin-lactone are
taken up by one saturable transport protein. The K,
values are in the range of that found for the sodium-in-
dependent bile acid carrier [42]. The affinity of prava-
statin to the transport protein is 3-fold lower compared
with that of the lactone. This may be due to the
somewhat higher lipophilicity of the lactone which
enables a better penetration of the compound into the
lipid bilayer. At higher concentrations part of the up-
take is due to non-ionic diffusion. This is a phe-
nomenon which has been already demonstrated for
other substrates of hepatocellular transport systems
[22,28,36]. Permeability coefficients increased with in-
creasing temperature. The permeability coefficient of
5.8-107° (pravastatin) and 5.4-10~°® cm/s (pravasta-
tin-lactone) at 37°C is low, which would be expected
for a hydrophilic compound and has been also found
for other hydrophilic compounds [22,28,43]. For hy-
drophobic compounds permeability coefficients in the
range of 1-3- 107 cm/s have been determined [44].

(2) Energy dependence. Transport is blocked by
lowering the intracellular ATP content. At present,
however, the exact driving forces for the uptake are not
known. Pravastatin uptake is neither driven by the
sodium gradient nor by the membrane potential.
Transport seems to be dependent on the presence of
chloride anions, since replacement of chloride by sul-
fate, nitrate, thiocyanate and gluconate leads to a
reduced uptake. These anions lead to de- or hyper-
polarization of the membrane potential. Since pravas-
tatin is anionic under physiological conditions, a more
positive membrane potential could be a driving force
for the uptake. But this was not the case. Pravastatin
uptake was reduced when chloride ions were missing.
This result is not in agreement with the result of a
study on pravastatin uptake published recently [45] in
which chloride was only replaced by gluconate. The
reason for this is unknown at present but may be due
to different experimental conditions. Inhibitory effects
of chloride replacement were also found for the uptake
of cholate [22], BSP [46] and taurocholate [47]. In the
case of BSP and cholate a clear picture of the driving
forces and the importance of the chloride ion in the
transport process has not been drawn. Therefore addi-
tional studies in isolated membrane vesicles are needed
to characterize the driving forces for pravastatin up-
take.

(3) Temperature dependence. Q,, values between
1.7 and 2.8 and an activation energy of 60 kJ /mol are
indicative for protein-mediated uptake.
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(4) Concentrative transport (uphill transport).
Pravastatin and pravastatin-lactone are accumulated
several fold over the extracellular concentration into
liver cells. This is indicative for an active transport
system which is only operating in intact cells. The
importance of intracellular binding proteins for the
uptake of pravastatin and pravastatin-lactone was ruled
out using permeabilized liver cells. In these cells up-
take of both compounds was negligible. In addition,
90% of the accumulated pravastatin is found in the
cytosol and not bound to cellular membranes. Only
10% of the compound is associated with the membrane
fraction.

After 30 min of incubation of liver cells with pravas-
tatin-sodium, a steady-state in uptake is reached. This
is in contrast to the uptake of pravastatin-lactone.
After 5 min of incubation with the lactone, cell-associ-
ated compound decreases. This prompted us to analyze
the occurrence of possible metabolites of pravastatin-
lactone in the supernatant of liver cells. Whereas the
native compound was found in the supernatant of cells
preincubated with pravastatin-sodium, metabolites
were detected after 5 and 60 min of incubation of the
cells with pravastatin-lactone. The structure of the
metabolites of the lactone are precently not known.
The decrease of pravastatin-lactone in the hepatocytes,
however, corresponds with the increase of the metabo-
lite in the supernatant.

(5) Substrate specificity of uptake. Transport of
pravastatin and pravastatin-lactone is competitively in-
hibited by cholate and taurocholate. As was shown in
1992 already [21], pravastatin inhibits the sodium-inde-
pendent uptake of cholate and taurocholate in a com-
petitive manner, whereas the sodium-taurocholate
transporter is influenced by pravastatin in millimolar
concentrations only. Since the therapeutic concentra-
tions of pravastatin are in the nanomolar range the
sodium-taurocholate cotransporter can not be respon-
sible for hepatocellular uptake of pravastatin. On the
other hand, the mutual competitive transport inhibi-
tion of bile acids and pravastatin and pravastatin-lac-
tone in sodium-free medium indicates that these com-
pounds share a common transport system.

Although bumetanide, an anionic loop-diuretic [36),
competitively inhibited the uptake of pravastatin it
doesn’t seem to be a substrate of the carrier since in
mutual transport inhibition studies pravastatatin non-
competitively inhibited bumetanide uptake [21]. BSP,
another anionic compound, which seems to be trans-
ported at least via three different transport systems
[35], competitively inhibits pravastatin uptake. Measur-
ing the overall transport of BSP in isolated hepato-
cytes, pravastatin competitively blocked BSP uptake.
Under physiological conditions BSP is highly albumin
bound. Our studies were done in albumin free buffers,
therefore additional experiments in the presence of

albumin have to be performed before an assignment of
the pravastatin carrier to one of the BSP carrier can be
done.

The more lipophilic HMG-CoA-reductase inhibitor
lovastatin in its lactone form inhibited the uptake of
pravastatin and pravastatin-lactone. Kinetic evalua-
tions showed a mixed (competitive / noncompetitive)
type of inhibition. The same is true for the mutual
transport inhibition of pravastatin and pravastatin-lac-
tone. This was unexpected since lovastatin in its open
acid form has been shown to competitively inhibit
pravastatin uptake [45]. It seems that the compounds
do not only interact with the substrate binding site of
the protein but also with other parts of the transport
protein leading to conformational changes. To further
elucidate this phenomenon and to characterize the
driving forces and the involvement of one of the BSP
carriers in pravastatin and pravastatin-lactone uptake,
studies with isolated basolateral plasmamembrane vesi-
cles are currently performed in our laboratory.
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