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ABSTRACT. CRC 220 (4-methoxy-2, 3, 6-trimethylphenylsulfonyl-L-aspartyl-D-4-amidinophenylalanyl- 

piperidide) is a competitive peptide-based trombin inhibitor with high affinity to human a-thrombin (K, 2.5 

nM). The amphiphilic compound exhibits virtually no systemic bioavailability despite proteolytic stability and 

proven enteral absorption. After intravenous application (V. jejunalis) in rats CRC 220 is almost completely 

excreted into bile. Simultaneous administration of bile acids considerably decreases this first-pass elimination. 

CRC 220 is extensively taken up in isolated rat hepatocytes by a saturable carrier-mediated transport with K,,, 

23.7 p,M and V,,, 775 pmol x mg-’ x min-‘. A large part of this transport is energy-dependent. At temperatures 

above 2O”C, the uptake is accelerated exponentially. The activation energy amounts to 82 kJ/mol. A minor 

portion of CRC 220 uptake occurs by physical diffusion with a permeability coefficient of 7.83 x lo-’ cm/set 

at 12°C. Sodium ions energize CRC 220 uptake. Replacement of sodium by choline or lithium decreases the 

transport rate of 23-40%. In addition, a negative membrane potential facilitates the uptake. CRC 220 transport 

is only observed in hepatocytes: it is absent in BHK, FAO, HepG2, HPCT lE3, and HPCT lE3-TC cells. In the 

presence of 4-amidinophenylalanine derivatives, CRC 220 uptake is considerably decreased. Inhibition also 

occurs with bile acids and bromosulfophthalein, but less with bumetanide. Because CRC 220 inhibits bile acid 
uptake into hepatocytes and vice oersa, the results suggest that the first-pass elimination of this amphiphilic 
thrombin inhibitor is due to an active carrier-mediated transport process in the basolateral plasma membrane of 

rat hepatocytes, and that this transport occurs via a bile acid transport system. BIOCHEM PHARMACOL 52;1:85- 

96, 1996. 
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The importance of biologically active peptide drugs has 
increased in modern pharmacology [l]. Peptide antibiotics, 
modified peptide hormones and peptide enzyme inhibitors 
have been developed and introduced for clinical purposes 
[2-lo]. To envisage an oral application, the peptide deriva- 
tives should pass the gastrointestinal tract and reach the 
systemic blood circulation without degradation. Very often, 
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however, peptide drugs are excreted by the liver [l 11. This 
first-pass elimination reduces drug bioavailability and im- 
perils clinical practicability. 

CRC 220s is a modified amphiphilic dipeptide that com- 
petitively inhibits thrombin with a K, value of 2.5 nM [12]. 
It was developed to inhibit blood coagulation transiently 
[13]. CRC 220 is absorbed from the gut without degradation 
[13, 141. However, the dipeptide derivative exhibits virtu- 
ally no systemic bioavailability. Low bioavailability is a po- 
tential drawback of almost all synthetic peptide-based 
thrombin inhibitors [15]. They all show a very short half- 
life after intravenous, and especially after oral, application 
due to almost complete elimination into bile [16, 171. To 
demonstrate small anticoagulant or antithrombotic effects, 
extremely high oral doses are often required [18, 191. 

We have now analyzed the first step in the biliary elimi- 
nation of CRC 220, namely permeation through the sinu- 
soidal membrane of hepatocytes. Previous studies have 
shown that certain cyclic and linear hydrophobic peptides, 
such as cyclosomatostatins [20], some linear renin- 
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inhibiting peptides [21], and phallotoxins [22], enter liver 
cells by energy-dependent carrier-mediated transport. In 
competition experiments, it was found that the above pep- 
tides share a common transport system with the physiologi- 
cal bile acids [l 11. This would elegantly explain the liver- 
specific clearance of these peptide drugs, which mimics 
hepatobiliary elimination of bile acids perfectly [23]. 

The aim of the present study is to characterize CRC 220 
uptake in isolated rat hepatocytes and to determine struc- 
tural elements relevant for its first-pass elimination by the 
liver. 

MATERIALS AND METHODS 
Materials 

Thrombin inhibitors CRC 220/[14C]CRC 220 (spec. act. 
3275 MBq/g, 2090 MBq/mmol), CRC 294, CRC 369, CRC 
569, CRC 572 and CRC 584 were generous gifts from Beh- 
ringwerke AG (Marburg, Germany) (Fig. 1). NAPAP was 
a gift from Dr. J. Sttirzebecher, Friedrich-schiller- 
University Jena (Erfurt, Germany). [3H]Cholic acid (spec. 
act. 0.93 TBq/mmol) and [3H]taurocholic acid (spec. act. 
96.2 GBq/mmol) were obtained from Du Pont-De Nemours 
(Dreieich, Germany). Collagenase was purchased from 
Boehringer-Mannheim (Mannheim, Germany) and the 
Bio-Rad Protein Assay from Bio-Rad Laboratories (Mu- 
nich, Germany). Cell culture media, such as Dulbecco’s 
modified Eagle medium (DMEM), Ham’s F12, NCTC 135 
medium, fetal calf serum, trypsin-EDTA, penicillin/ 
streptomycin solution, and glutamine solution were from 
Flow (Meckenheim, Germany) or Gibco (Eggenstein, Ger- 
many). Insulin, dexamethasone, and inosin were obtained 
from Serva (Heidelberg, Germany) and 260 mL culture 
flasks from Nunc (Wiesbaden, Germany). All other chemi- 
cals and reagents were used in the highest purity available 
commercially. 

Buffer Composition 

Tyrode buffer (Na’-Tyrode) in mM: 137 NaCl, 2.7 KCl, 
1.05 MgCl,, 1.8 CaCl,, 12 NaHC03, 0.42 NaH,P04, and 
5.55 glucose, pH was adjusted to 7.4 at 37°C by 1 N HCl. 
Lithium-Tyrode buffer: NaCl was replaced by 137 mM LiCl 
and NaHC03 by 12 mM LizCO, (pH 7.4 at 37°C). Cho- 
line-Tyrode buffer: NaCl was replaced by 137 mM choline 
chloride and NaHCO, by 12 mM choline bicarbonate (pH 
7.4 at 37°C). Nitrate-, thiocyanate-, and sulfate-Tyrode 
buffer: in these buffers, NaCl was replaced by either 137 
mM NaN03, 137 mM NaSCN, or 137 mM Na,S04. CaClz 
was omitted after verifying its ineffectiveness. 

In-situ Bile Excretion EQeriments 

at 25°C to maintain the physiological body temperature. 
After inserting a small catheter into the common bile duct 
and fixing it with tissue adhesive, [14C]CRC 22O/CRC 220 
(4.4 nmo1/45.6 nmol) or a mixture of [14C]CRC 220/CRC 
220 and the unlabelled bile acids cholate (500 nmol or 2.5 
kmol) or taurocholate (500 nmol) were applied uia a jeju- 
nal vein by bolus injection. The radiolabelled compound 
was dissolved in 5 p.L ethanol and subsequently diluted 
with 495 p,L Tyrode buffer; the bile acids were also dis- 
solved in this buffer. The final ethanol concentration was 
no more than l%, v/v. After injection of the substances, 
bile was collected every min up to 10 min, every 5 min up 
to 60 min and, subsequently, every 10 min up to 2 hr. The 
bile-associated radioactivity of each fraction was deter- 
mined in a liquid scintillation counter. 

Preparation of isolated Rat Liver Parenchymal Cells 

Hepatocytes were prepared from male Wistar rats (body 
weight 220-280 g) by recirculating collagenase perfusion 
according to a modified protocol of Berry and Friend [24, 
251. Freshly isolated liver cells were used after an equilibra- 
tion period of 30 min in Tyrode buffer, pH 7.4, at 37°C 
under carbogen atmosphere (95% Oz/5% CO,) within 2 
hr in a concentration of 2 x lo6 hepatocytes/mL (3.8 mg 
cell protein/ml). The uptake studies were performed with 
preparations of 85-95% intact cells referring to the exclu- 
sion of 0.2% Trypan Blue. Protein concentrations were de- 
termined using the Bio-Rad reagent according to the 
method of Bradford [26]. 

Uptake Experiments 

Standard uptake studies were performed with 2 mL hepa- 
tocyte suspensions (2 x lo6 cells/ml) incubated in small 
glass flasks and shaken in a 37°C water bath under carbogen 
atmosphere. At 15, 45, 75, 105, 135 set and 3, 5, and 10 
min after addition of 0.89 FM [14C]CRC 220, 40 nM/lO 
p.M [7H] taurocholic acid/taurocholate or 40 nM/lO p,M 
[3H] cholic acid/cholate, aliquots of 100 p,L cell suspension 
were centrifuged across a silicon oil layer [27]. The cell 
pellet was solubilized in KOH overnight and cell-associated 
radioactivity was measured in a scintillation counter. 

The initial uptake rate (Vi) was calculated in pmol x mg 
cell protein-’ X min -’ from the first 105 set of uptake. In 
the kinetic studies, the initial uptake rates were plotted vs 
the substrate concentration according to Michaelis- 
Menten. 

Temperature Dependency 

The temperature dependency of the CRC 220 uptake was 
investigated in Tvrode buffer at 2, 12, 22, 32, and 37°C. 
Before uptake measurements, the cell suspension was incu- 
bated at the desired temperature for 5 min. The difference 
of Vi at each AlO”C-interval gave the QIO-values. The ac- 
tivation energy E (kJ/mol) was calculated using an Arrhe- 

Male Wistar rats (body weight 220-280 g) were anaesthe- 
tized by intraperitoneal injection of 1.7 mL of a 20% ure- 
thane solution. During the whole experiment, the animals 
were transferred to a box with temperature control and kept 
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nius diagram from the slope of the graph log V,,, versus 
l/T. The uptake curves at 12°C were used to determine the 
permeability coefficient I’ (cm/set) of the energy- 
independent portion of CRC 220 uptake [28]. 

Energy Dependency 

The energy dependency of CRC 220 uptake was analyzed 
with hepatocyte suspensions preincubated for 5 min in the 
presence of the metabolic inhibitors antimycin A (30 p.g/ 
mL) and oligomycin (10 yg/mL) and the protonophore 
carbonylcyano-chlorophenylhydrazone, CCCP (10 pg/ 
mL). For controls, the appropriate volume of the solvent 
(ethanol; 10 kL/mL cell suspension) was added. 

Uptake Experiments in 
Buffers Difierent from Nu+-Tyrode 

After the equilibration period of 30 min in Na’-Tyrode 
buffer, hepatocytes were washed 3 times with the appropri- 
ate buffers by short-term centrifugation for 2-3 sec. The 
final pellets were resuspended in the respective buffers 5 
min prior to the uptake measurements. 

Uptake Experiments in the Presence of Inhibitors 

The liver cell suspensions were preincubated for 30 set with 
various concentrations of CRC 220 substrate analogues, 
bile acids, BSP, and bumetanide. These potential inhibitors 
were dissolved either in the respective buffers or in 10 PL 
ethanol. Controls were performed with an appropriate vol- 
ume of the buffer or ethanol. After the addition of the 
radiolabelled compound, transport studies were performed 
as described above. 

The IC,, values were calculated from the graphs of the 
percentage uptake inhibition vs log of inhibitor concentra- 
tion. 

Binding Experiments with Permeable Cells 

Cell binding of CRC 220 was determined with permeabi- 
lized hepatocytes. After the equilibration period, hepato- 
cytes were frozen in liquid nitrogen and subsequently 
thawed at room temperature. By means of this procedure, 
cells become permeabile for Trypan Blue. These hepatocyte 
cell ghosts were used for binding experiments at 37°C as 
described above. 

Intracellular Accumulation Ratio 

To calculate the intracellular accumulation of CRC 220 in 
hepatocytes, the volume of intracellular water was taken to 
be 3.35 pL/106 hepatocytes [29, 301. Calculation of the 
accumulated ratio took into account the maximum radio- 
labelled [14C]CRC 220 uptake per mg cell protein; 1 mg of 
protein corresponds to 500,000 cells. 

Cell Culture Conditions 

The cell specificity of hepatic CRC 220 uptake has been 
proven with different hepatoma cell lines and baby hamster 
kidney cells. The hepatoma cells were human HepG2 cells 
[31], rat FAO Reuber hepatoma cells H35 [32, 331, and rat 
hepatocyte/hepatoma hybrid cells HPCT lE3 [34]. The cul- 
ture conditions were as follows: a) HepG2, DMEM me- 
dium, 10% fetal calf serum, 2 mM glutamine, penicillin/ 
streptomycin (50 U/SO p,g/mL); b) FAO cells, Ham’s Fl2/ 
NCTC medium (l:l, v/v), 5% fetal calf serum, 2 mM 
glutamine, penicillin/streptomycin (see above). The culture 
conditions for HPCT cells and BHK cells [35] were iden- 
tical and are described elsewhere [34, 361. All cell cultures 
were maintained in a humidified incubator at 37°C and 5% 
COJair atmosphere. The cells were routinely cultured in 
260-mL plastic culture flasks and used for transport studies 
when % confluency was reached. 

Transport Studies 

For the uptake measurements with 0.89 p,M [14C]CRC 220, 
10.89 p,M [14C]CRC 22O/CRC 220, 40 nM/lO FM [3H] 
taurocholic acid/taurocholate and 40 nM/lO PM [3H]cholic 
acid/cholate, the cultured cell lines were removed with 
trypsin-EDTA from the culture flasks and incubated as a 
single cell suspension in standard culture medium for 20 
min. During this incubation period, the cells were gently 
shaken in small Erlenmeyer flasks under O&O, atmo- 
sphere x 37°C. After 20 min, the culture medium was 
replaced by Tyrode buffer. After another incubation period 
of 10 min, uptake studies were performed with 1 mL cell 
suspension (6 x lo6 cells/ml), as described above. 

Statistical Methods 

All experiments were performed several times with n dif- 
ferent cell preparations. The results are expressed as mean 
f standard deviation (SD). The Lineweaver-Burk diagram 
was calculated by a linear regression analysis; the IC,, val- 
ues were determined by a logarithmic regression analysis. 
Significance was proven by variance analysis with the 
BMDP 2V program on a Cyber 860 computer. 

RESULTS 
Excretion of CRC 220 into Bile 

CRC 220 was very rapidly excreted into bile. Maximum 
excretion was reached 5-7 min after intravenous (V. jeju- 
nalis) application. At that time, 50% of the 14C-labelled 
compound was detected in bile. This value increased to 68 
? 7% after 10 min, to 88 + 2% after 30 min and to 92 + 1% 
after 2 hr (Fig. 2). Simultaneous administration of the 
physiological bile acids cholate and taurocholate signifi- 
cantly decreased the biliary excretion of the labelled throm- 
bin inhibitor (Fig. 2), indicating a competition between 
bile acid and CRC 220 clearance by the liver. 
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FIG. 1. Chemical structures of the thrombin inhibitors CRC 220, CRC 572, CRC 569, CRC 584, CRC 369, and CRC 294. 

Time-course of CRC 220 
Uptake in Isolated Rat Hepatocytes 

The uptake of the thrombin inhibitor CRC 220 into iso- 
lated rat hepatocytes was time-dependent. The uptake rate 
was linear within the first 105 set (Fig. 3a). At low (0.89 
FM) and high (100.89 FM) concentrations, maximum up- 
take was reached after 20 min and, at middle (10.89 FM) 
concentrations, after 15 min (Fig. 3b). CRC 220 transport 

- 

- 

FIG. 2. Inhibition of biliary CRC 220 excretion by the bile 
acids taurocholate and choke. After i-v. bolus application 
of 4.4145.6 nmol [‘4C]CRC 22OKRC 220 without (control) 
or with the indicated bile acids, bile was collected until 30 
min at the times described in Materials and Methods. n = 3; 
mean T SD; SD < 25%. 

was biphasic: uptake was followed by a slow decline in 
cell-associated radioactivity over a period of 1 hr. This de- 
crease was not caused by any cell membrane permeabiliza- 
tion due to toxic effects (analyzed by Trypan Blue), nor did 
it represent an efflux of CRC 220 metabolites. It appears 
that CRC 220 itself was pumped out of the cells upon 
long-time exposure. The intracellular accumulation was de- 
termined at the maximum of each uptake curve: it was 
125-fold for 0.89 FM CRC 220, 62.fold for 10.89 FM, and 
25fold for 100.89 FM. 

Concentration Dependency of CRC 220 Uptake 

When the concentration of the thrombin inhibitor was 
increased, the initial transport velocity (Vi) tended to reach 
a V,,, (Fig. 4a). CRC 220 uptake in isolated rat hepato- 
cytes followed mixed-type kinetics, which consisted of a 
large saturable transport component and a small nonsatu- 
table uptake. The saturable portion of the transport was 
obtained by subtracting the values of the nonsaturable por- 
tion at 12”C, which was taken as diffusion, from uptake at 
37”C, when both processes occurred simultaneously (Fig. 
4a). The kinetic parameters for the saturable portion were 
obtained by a Michaelis-Mentin plot. The calculated K, 
was 23.7 FM and the V,,,, 775 pmol/mg protein X min. 
Comparable results were obtained by Hanes-, Woolf- 
Hofstee, and Lineweaver-Burk plots (Fig. 4b). 
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FIG. 3. Time and concentration dependency of the uptake of CRC 220 into isolated rat liver cells. (a) 2 mL of liver cell 
suspensions were incubated with 0.89 J.&S [ 14C]CRC 220 and uptake was measured at 15 set, 45 set, 75 set, 105 set, 135 set, 
3 min, 5 min and 10 min. Initial velocity was calculated between 15 and 105 set and was 27.8 * 3.6 pmol/mg x min. r = 0.997; 
n = 4; mean * SD. (b) Aliquots of 2 mL hepatocyte suspension (2 x lo6 cells/ml) were incubated at 37°C with the indicated 
concentrations of CRC 220. Uptake was measured at the times described in Materials and Methods. n = 3; mean * SD. 
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FIG. 4. Kinetics of CRC 220 uptake at 37°C and 12°C and determination of the saturable part of the transport. (a) Aliquots of 
2 mL hepatocyte suspension were incubated with 0.89 pM [‘4C]CRC 220 and different concentrations of unlabelled CRC 220. 
Initial velocity was calculated between 15 and 105 sec. Saturable transport was determined by subtracting the 12°C values 
from the 37°C curve. The permeability coefficient of P = 7.83 x 10e7 cmlsec was calculated from the slope of the diffusion 
curve (12°C) by linear regression analysis. n = 3; mean t SD. (b) Lmeweaver-Burk plot of the saturable uptake of CRC 220 
in rat hepatocytes. r = 0.994; n = 3. 
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Effect of Temperature on CRC 220 
Uptake,Cakulation of the Activation 
Energies, and the Permeability Coefficient 

The rapid uptake of the modified dipeptide was signifi- 
cantly decreased at low temperatures. At temperatures 
above 22”C, the initial uptake velocity increased exponen- 
tially (Fig. 5a). The Q,, value represents the increase in the 
uptake rate at a temperature interval of 10°C. Qlo-values 
exceeding 1.3 indicate an active transport process [37]. In 
experiments with CRC 220, this value rose from 1.6 be- 
tween 2°C and 12°C to 3.6 between 22°C and 32°C. 

CRC 230 uptake [pmol/mg protein] 

The activation energy for the saturable portion of CRC 
220 uptake, calculated by Arrhenius diagram, amounted to 
82 kJ/mol (Fig. 5b); the permeability coefficient of the pas- 
sive diffusion amounted to 7.83 x 10m7 cm/set. 
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Energy Dependency of Hepatocelldar CRC 220 Uptake 

The energy dependency of hepatocellular uptake was in- 
vestigated by preincubation of hepatocytes with the meta- 
bolic inhibitors CCCP, antimycin A, and oligomycin. All 
three inhibitors block energy utilization in the respiratory 
chain of the liver cell and are known to reduce hepatocel- 
lular ATP by more than 95% [22, 381. The three com- 
pounds markedly inhibited the CRC 220 transport (Fig. 6). 
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Effect of Sodium Ion Substitution 
on Hepatocehlar CRC 220 Uptake 

When sodium was replaced by choline and lithium in Ty- 
rode buffer, the uptake with two different CRC 220 con- 

FIG. 6. Uptake of CRC 220 in the presence of metabolic in- 
hibitors. Aliquots of 2 mL hepatocyte suspension were incu- 
bated with the indicated concentrations of oligomycin, anti- 
my& A, and CCCP for 10 min prior to the addition of 0.89 
pM [‘4C]CRC 220. Initial uptake velocity was calculated be- 
tween 1.5 and 105 sec. P G 0.0001. n = 3; mean * SD. 
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FIG. 5. Temperature dependency of CRC 220 uptake. (a) The uptake of 3 different CRC 220 concentrations in isolated rat 
liver cells was measured after 5-min preincubation at 2”C, 12”C, 22”C, 32”C, and 37°C. Initial uptake velocity was calculated 
from the linear part of the uptake. n = 3; mean * SD. (b) Determination of the activation energy E of hepatocelhdar CRC 220 
uptake in an Arrhenius diagram. By the Arrhenius equation, an activation energy E of 82 kJ/mol was calculated. r = 0.995. 
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centrations (0.89 p,M and 10.89 PM) was significantly re- 
duced (Fig. 7). At a concentration of 0.89 p,M, the control 
initial uptake rate (Vi) was 31.1 + 6.6 pmol/mg protein x 
min in sodium Tyrode buffer, whereas in choline and 
lithium Tyrode buffer, the V, was 19.2 f 3.8 and 18.7 + 4.5 
pmol/mg x min. The corresponding data at 10.89 p,M CRC 
220 were 203.6 + 24.2 pmol/mg x min for control uptake, 
131.1 + 25.9 pmol/mg x min for uptake in choline buffer, 
and 157.2 k 1.7 pmol/mg x min for uptake in lithium buffer 
(Table 1). 

Effect of Chloride Ion Substitution 
on Hepatocellular CRC 220 Uptake 

CRC 220 is a zwitterionic compound at pH 7.4 [14]. If a 
sodium ion is cotransported with a CRC 220 molecule, a 
positive charge enters the cells. Under these conditions, a 
more negative membrane potential should accelerate cell 
uptake. This was approached by replacement of chloride 
anions by nitrate and thiocyanate. The permeation of these 
lipophilic anions through the plasma membrane is more 
rapid because of their smaller solvation coat. Thus, they 
induce a more negative diffusion potential than chloride in 
the cell, thereby facilitating the entry of a positively 
charged substrate. In contrast, hydrophilic sulfate has a 
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FIG. 7. Influence of sodium, chloride, and calcium ions on 
the uptake of CRC 220 at 37°C. Rat hepatocyte suspensions 
(2 mL) were preincubated in NaCl-Tyrode (control), cho- 
line-Tyrode, lithium-Tyrode, nitrate-Tyrode, thiocyanate- 
Tyrode, sulphate-Tyrode, and calcium&ee Tyrode for 5 
min before uptake of 0.89 pM [ “ClCRC 220 was measured. 
Initial velocity was determined from the linear part of the 
uptake. n = 3; mean 2 SD. 

greater hydration coat and permeates more slowly than Cl- 
through the membrane. Therefore, the inner side of the 
membrane is more positive and the entry of negatively 
charged substrates is facilitated [39]. Only the lipophilic 
anions nitrate and thiocyanate altered the CRC 220 up- 
take. Using two different thrombin inhibitor concentra- 
tions, the initial uptake velocity was increased by 39-66% 
(Fig. 7, Table 1). 

CRC 220 uptake was not dependent upon extracellular 
calcium. In CaC&-free Tyrode buffer, uptake was the same 
as under control conditions (Fig. 7, Table 1). 

Cell Specificity of CRC 220 Uptake 
and Binding b Nunvital Hepatocytes 

The cell specificity of CRC 220 uptake was investigated in 
different cultured cell lines: the liver-derived FAO cells [33, 
40, 411, HepG2 cells [31, 42, 431, HPCT lE3 cells [34, 411, 
and HPCT lE3TC cells [36] and the nonliver BHK (baby 
hamster kidney) cells [35]. Compared to isolated rat hepa- 
tocytes, the thrombin inhibitor did not accumulate in any 
of these cells (Fig. 8). 

Nonvital hepatocytes bound CRC 220 rapidly. They 
were obtained by permeabilizing the cell membrane upon 
freezing and thawing. Binding was complete within 15 set 
and no increase in cell-association radioactivity was ob- 
served during longer incubation, in contrast to effects in 
intact hepatocytes. The amount of cell-bound radioactivity 
was markedly low (20% of the maximal uptake value of 
intact hepatocytes) over a period of 10 min (Fig. 8). 

Influence of Substrate Analogues 

Competition studies were performed with isosteric deriva- 
tives containing aspartic acid, with the dipeptide frame- 
work Asp-Phe and Asp-Arg, as well as with the Asp-Phe 
methyl ester aspartame, to identify transport-relevant struc- 
tural elements (Table 2). Furthermore, NAPAP, a potent 
thrombin inhibitor of the benzamidine type, which con- 
tains glycine instead of aspartic acid, was chosen because 
this compound lacks the acidic aspartic acid part [44]. The 
most potent inhibitor of CRC 220 uptake was CRC 369. 
The IC,, value was 1.9 + 0.7 FM. This compound is an 
organic anion at physiological pH. 

NAPAP decreased CRC 220 uptake only to a small de- 
gree that was not significant at a concentration of 20 p_M. 
No inhibition took place with CRC 294, which is modified 
at the arylsulfonyl protecting group of the aspartic acid 
nitrogen. The dipeptides forming the structural framework 
of the thrombin inhibitor also had no inhibitory effects on 
CRC 220 uptake into rat hepatocytes (Table 2). 

Competition Studies with 
Bile Acids, BSP, and Bumetunide 

Different mono-, di-, and trihydroxylated bile acids, as well 
as BSP and bumetanide were examined for their inhibitory 
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TABLE 1. Influence of sodium, chloride, and calcium ions on the initial velocity of hepatocellular CRC 220 uptake 

Incubation 

conditions 

Control 
Choline-Tyrode 
Li’-Tyrode 

Control 
NaSCN-Tyrode 
NaNO,-Tyrode 

Control 
NaZS04-Tyrode 

Control 
Ca*+-free Tyrode 

0.886 pM 

Vi [pm01 x mg-’ x min-‘1 

31.1 * 6.6 
19.2 + 3.8 
18.7 * 4.5 

P = 0.0119 
25.5 k 5.1 
40.1 + 2.8 
42.4 + 5.0 
P = 0.007 
38.1 k 4.1 
44.2 + 4.8 
P = 0.1016 
28.6 k 2.3 
31.3 * 4.1 
P = 0.3775 

% of control 

100 
61.7 + 17.9 
60.1 k 19.3 

100 
157.3 f 33.3 
166.3 f 38.6 

100 
116.0 k 17.7 

100 
109.4 + 16.8 

10.886 JlM 

Vi [pm01 x mg-’ -1 xmin ] 

203.6 k 24.2 
131.1 k 25.9 
157.2 k 1.7 
P = 0.0091 
192.2 + 7.1 
316.6 + 49.4 
267.6 k 57.1 
P = 0.0351 
211.3 + 18.9 
192.8 f 39.0 
I’ = 0.4246 
203.9 f 29.7 
179.4 f 35.0 
P = 0.4077 

% of control 

100 
64.4 k 14.9 
77.2 + 9.2 

100 
164.7 f 26.4 
139.2 f 30.2 

100 
91.2 k 20.2 

100 
88.0 f 21.4 

n = 3; X + SD. 

effect on [14C]CRC 220 uptake into isolated rat hepato- 
cytes (Fig. 9). The mono- and dihydroxylated bile acids 
were stronger inhibitors of [14C]CRC 220 uptake than the 
trihydroxylated bile acids tested. BSP was also a potent 
inhibitor of hepatocellular CRC 220 uptake; the ICsc value 
amounted to 28.1 f 3.9 IAM. Bumetanide, however, de- 
creased the transport of the thrombin inhibitor to only a 

,oo CRC 220 LIptake [pmokng protein] 
- 1 

150 + isolated rat hepatocytes 

-BHK cells 

* FAO cells 

- HepG2 cells 

+HPCT iE3 cells 

8 HPCT 1 EJ-TC cells 

*non-vital hepatocytes 

I 

5 10 15 20 25 

time [min] 

FIG. 8. Comparison of CRC 220 uptake in isolated rat he- 
patocytes, nonvital liver cells, and different cell culture 
lines. The uptake of 0.89 pM [ 14C]CRC 220 was measured 
either in 1 mL of a rat hepatocyte suspension (2 x lo6 cells/ 
mL) or in suspensions of the cell culture lines. All cell sus- 
pensions correspond to a protein concentration of 4 mglmL 
buffer. n = 3; mean * SD. 

small degree. Mutual transport inhibition was found be- 
tween CRC 220 and cholate, as well as taurocholate. In the 
presence of sodium ions, CRC 220 uptake was inhibited by 
100 p,M of each bile acid to a comparable extent: at 29% by 
cholate and 31% by taurocholate. On the other hand, 100 
FM CRC 220 inhibited cholate uptake in the presence of 
sodium ions to a significantly greater extent than taurocho- 
late uptake (49% versus 20%) (Table 3). However, when 
sodium ions were absent, inhibition by 100 FM CRC 220 
was more pronounced for taurocholate than for cholate 
uptake (64% vs 46%) (Table 3). The results indicated a 
common sodium-independent uptake of CRC 220, bile 
acids, and probably BSP. To support this attractive hypoth- 
esis, the CRC 220 analogue CRC 294, which lacked inhi- 
bition of CRC 220 transport, was tested vs bile acid uptake. 
Neither cholate nor taurocholate uptake was reduced by 
this compound. 

DISCUSSION 

The frequency of thromboembolic disorders, often leading 
to acute myocardial infarcts or stroke, has considerably in- 
creased in the last years. The serine protease, thrombin, 
plays an essential role in coagulation and platelet activa- 
tion, so an effective control of the thrombin activity in viva 

is urgently needed. Recently, a variety of highly potent 
thrombin inhibitors of low molecular weight were synthe- 
sized. The disadvantage of almost all of these peptide-based 
thrombin inhibitors, which considerably restricted their 
clinical use, is their short half-life time and low bioavail- 
ability, especially upon oral application [15-171. 

CRC 220 is a specific thrombin inhibitor with sufficient 
absorption from the small intestine [13, 141. However, 
CRC 220 is very rapidly eliminated into bile (Fig. 2). In the 
present study, we show that the hepatic clearance of the 
peptidomimetic thrombin inhibitor CRC 220 is due to an 
active carrier-mediated uptake process in the basolateral 
plasma membrane of rat hepatocytes. 
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TABLE 2. Influence of substrate analogues on the hepatocellular uptake of 
CRC 220 

vi 
Substrate Concentration [pm01 x mg-’ 
analogues [WI 

-1 xmin ] % of control P 

CRC 220 
CRC 220 

CRC 294 
CRC 584 
CRC 569 
CRC 572 
CRC 369 

Aspartame 
Aspartame 
NAPAP 
NAPAP 

Asp-Phe 
Asp-Arg 

control 
20 

100 
control 

20 
20 
20 
20 
20 

control 
20 

100 
20 

100 
control 

100 
100 

23.6 + 3.1 100 
10.7 f 1.4 45.3 f 8.4 

2.4 + 1.4 10.2 + 6.1 
31.6 f 5.6 100 
29.3 * 4.5 92.7 f 21.7 
12.2 f 3.1 38.6 + 12.0 
10.5 + 1.7 33.2 f 8.0 
8.0 + 1.9 25.3 f 7.5 
6.2 * 1.1 19.6 + 4.9 

21.5 * 2.5 100 
21.0 * 1.8 97.7 * 14.1 
23.2 ? 2.9 107.9 f 18.4 
16.2 ? 3.0 75.3 * 16.5 
8.5 ? 0.9 39.5 f 6.2 

30.4 + 1.3 100 
29.7 f 2.3 97.7 * 7.7 
28.0 f 1.5 92.1 f 6.3 

=0.5976 
~0.0001 
~0.0001 
~0.0001 
~0.0001 

=0.6633 
=0.0982 

Aliquots of 2 mL hepatocyte suspension were incubated with 20 PM or 100 I_LM of the inhibitors prior to 

the addnmn of 0.89 FM [‘T]CRC 220. Inmal uptake velocity was calculated between 15 and 105 sec. 

n, 3; mean * SD 

Isolated rat hepatocytes accumulate the amphiphilic 
thrombin inhibitor 25-125 fold at 37°C. Only a very small 
part of this cellular uptake is due to passive diffusion. The 
permeability coefficient of this part is, so far, the lowest 
found for compounds transported into hepatocytes [45]. 

Because diffusion is so low, cells in addition to hepato- 
cytes lack significant uptake of CRC 220. Hepatoma cells 
(HepG2, FAO hepatoma cells) and BHK cells, which are 
transport negative regarding bile acids [34, 41, 42, 461 fur- 
ther lack CRC 220 uptake (Fig. 8). It appears that the 
distribution of CRC 220 in the organism is determined by 

O”, , I I 1 
/ 

FIG. 9. Inhibition of CRC 220 uptake into isolated rat he* 
patocytes by different mono-, dt, and trihydroxylated bile 
acids, BSP, and bumetanide. Aliquots of 2 mL liver cell 
suspension were incubated with the indicated concentra- 
tions of inhibitors for 30 set prior to the addition of 0.89 pM 
[i4C]CRC 220. The initial uptake velocity was determined 
between 15 and 105 sec. n = 3; mean * SD. 

carrier-mediated clearance processes in the liver (Fig. 4). 
Bile acids markedly reduce CRC 220 liver clearance when 
applied simultaneously to anesthetized rats (Fig. 2). Bile 
acids also diminish uptake of [14C]CRC 220 into isolated 
hepatocytes (Fig. 9). We, therefore, conclude that CRC 
220 is transported from blood into the cell by a transport 
system for bile acids. 

Recently, two bile acid carriers from the basolateral 
plasma membrane of rat liver cells were cloned by means of 
functional expression cloning in Xenopus lfrcuis oocytes [47, 
481. The first system is a Na+/taurocholate-cotransporting 
polypeptide Ntcp, which predominantly transports tauro- 
cholate. This transport is highly Na’-dependent [47, 491. 
The second system known as the organic anion transport- 
ing polypeptide oatp allows Na’-independent uptake of 
various bile acids as well as other organic anions [48,49]. A 
substrate of the oatp is BSP. 

The Ntcp was recently transfected into a liver-derived 
cell line, HPCT, which stably expressed sodium-dependent 
taurocholate uptake [36]. With the clone HPCT lE3-TC, 
we directly examined a possible transport of CRC 220 uia 
Ntcp. However, no transport occurred (Fig. 8). 

On the other hand, BSP is among the most potent in- 
hibitors of CRC 220 uptake (IC,, = 28.1 p.M), whereas 
inhibition by bumetanide is not significant (Fig. 9). These 
results indicate that uptake of CRC 220 via oatp is likely. 
This would mean that this transporter does not only per- 
form uptake of bile acids and cholephilic organic anions, 
but also of a modified dipeptide. Oatp, however, would only 
allow sodium-independent CRC 220 uptake; because, in 
the isolated liver cell model, CRC 220 uptake was partly 
sodium-dependent, an additional uptake mechanism is 
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TABLE 3. Inhibition of hepatocellular [3H]cholic acid/cholate and [3H]taurocholic acid/ 
taurocholate uptake by CRC 220 in sodium- and choline-Tyrode buffer 

Transport CRC 220 cont. V. 
Uptake buffer substrate (W) (pm01 x mg -‘l x min-‘) % of control 

Na’-Tyrode cholate control 280.1 f 48.7 100 
100 142.2 * 30.0 50.8 + 13.9 

P = 0.0029 
Na’-Tyrode taurocholate control 789.6 f 43.0 100 

100 630.9 2 103.3 79.9 + 13.8 
P = 0.07 

Choline-Tyrode cholate control 121.7 + 15.4 100 
100 66.3 f 10.0 54.4 f 10.7 

P = 0.0043 
Choline-Tyrode taurocholate control 79.9 ? 7.8 100 

100 27.6 f 1.2 35.8 + 3.7 
P S 0.0001 

Aliquots of 2 mL hepatocyte suspension were premcubated wth 100 JLM CRC 220 for 30 xc before uptake of 40 nM/lO (LM 

[‘Hlchohc acid/cholate or 40 nM/lO JLM [‘H]t aurochohc acid/taurocholate was measured. Initial velocity was determined 

between 15 and 105 sec. n = 4; mean * SD. 

likely. This carrier for sodium-dependent CRC 220 trans- 
port remains unknown. 

The most potent inhibitor of CRC 220 transport is CRC 
369, which lacks the positively charged amidino group. At 
pH 7.4, this substance is an anionic compound. This is in 
line with our conclusion that a transport system for organic 
anions is responsible for CRC 220 uptake. Correspondingly, 
substances lacking the negatively charged carboxylic group 
should not, or only slightly, decrease CRC 220 uptake. 
That applies to the most potent thrombin inhibitor of the 
benzamidine type, NAPAP, which contains glycine instead 
of aspartic acid [44, 50, 511. 

In contrast to CRC 369, CRC 294, which is modified at 
the arylsulfonyl protecting group of the aspartic acid nitro- 
gen but is also a zwitterion, does not inhibit CRC 220 
uptake. In addition to the lack of uptake competition by the 
dipeptides forming the structural framework, this under- 
lines that the hepatic CRC 220 carrier is not a transport 
system for dipeptides. Therefore, the experiments indicate 
that-apart from the acidic moiety-the substituted func- 
tional groups, especially the arylsulfonyl protecting group of 
the aspartic acid nitrogen, form a favorable structure for 
hepatic uptake (Table 2). 

In summary, the thrombin inhibitor CRC 220 is taken up 
into rat liver cells uia an active carrier-mediated transport 
process. The transport is liver-specific and closely related to 
the transport of taurocholate, cholate, and BSP. The cloned 
Na+/taurocholate cotransporting polypeptide Ntcp is not 
involved in the uptake of CRC 220. It is very likely that 
oatp participates in the transport of this peptide-based 
thrombin inhibitor. To improve the bioavailability of this 
class of thrombin inhibitors, their carrier-mediated hepato- 
cellular clearance must be reduced. Molecules with lower 
affinity to the transporter, but conserved affinity to throm- 
bin, need to be developed. 
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