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Purpose. Peptidomimetic thrombin inhibitors derived from Na-(2-
naphthylsulfonyl)-3-amidino-phenylalanine with different basic and
acidic substituents were investigated with respect to their intestinal
transport behavior.

Methods. Intestinal permeability coefficients were studied using
Caco-2 monolayers and a reversed-phase HPLC method for quanti-
tation.

Results. Apparent permeability coefficients P,,, of compounds with
a free amidino group were in general low (<10 x 10 cm/s) and
independent of the structure of the amide part (C-terminus). Polar-
ized efflux, however, was strongly affected by substituents in the
amide moiety yielding the following efflux ratios (ER): methylpiperi-
dide (1) (ER 45) > piperidine carboxylic acid methylester (ER 6-11)
> piperidine carboxylic acids (ER 1.9-2.9) > piperazide (ER -0.17).
Efflux of (1) was temperature-dependent, but independent of the
enantiomeric configuration, accompanied by an increase in transep-
ithelial electrical resistance (TEER), and could be reduced by P-gp
inhibitors (PSC 833, Cremophor EL) but not by indomethacin. Re-
placement of the amidine group of (1) by aminomethyl-, amino-, and
oxamidine- moieties drastically increased absorptive permeability
(46-68 fold) with ER < 3.4. In contrast, the oxamidine with a C-
terminal nipecotic acid residue (8) displayed also a temperature de-
pendent efflux- without altering TEER (ER 22). This efflux was sen-
sitive to PSC833/Cremophor EL and indomethacin.

Conclusions. Basic and acidic residues of amidino-phenylalanine-
derived thrombin inhibitors mediate affinity to intestinal efflux
pumps, presumably P-gp and MRP. P-gp mediated efflux was related
to a net positive charge and accompanied by an increased TEER.
Among the methylpiperide (1) promoieties studied the oxamidino
group seems to be very promising in overcoming both transport and
efflux problems frequently encountered with peptidomimetics con-
taining amidines.
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INTRODUCTION

The design of drug molecules with intestinal absorption
rates allowing oral therapy of chronic diseases remains a ma-
jor challenge for drug development. Peptidomimetic drugs
are currently under investigation as receptor antagonists or
enzyme inhibitors for various disorders offering higher stabil-
ity against presystemic degradation compared to peptides.
Low membrane permeability due to their hydrophilic and
charged structures causes frequently low oral bioavailability
which is compounded by efflux carriers abundant in the gas-
trointestinal tract and hepato-biliary elimination (1-3).
Among these transporters are P-glycoprotein (P-gp), multiple
drug resistance associated protein 1 and 2 (MRP 1 in the
intestine, MRP 2 in the liver) and organic anion transporting
polypeptide (OATP in the liver). For rational drug design
also taking into account oral bioavailability it is necessary to
understand the structural aspects of peptides/peptidomi-
metics on the various transport mechanisms effective in drug
absorption and presystemic elimination.

Numerous substrates for intestinal P-glycoprotein have
been described, e.g., B- receptor antagonists, cytostatics, vin-
blastine, actinomycin D and different peptides and cyclopep-
tides, such as cyclosporine A or pristinamycin (1-6). Struc-
tural requirements for P-gp binding seem to be high hydro-
phobicity, neutral or positive charge and a planar molecular
geometry. But also hydrophilic peptides were reported to be
potential substrates of P-glycoprotein-mediated intestinal se-
cretion (7).

Recently, we have demonstrated that modification of the
amidino group in hydrophilic a;,B5-inhibitory peptidomi-
metic drugs affects the affinity to a polarized efflux system,
most likely P-gp, in Caco-2 monolayers (8). MRP1 comple-
ments the broad substrate specificity of P-gp, transporting
preferentially negatively charged and neutral compounds
such as organic anions like indomethacin, carboxyfluoresce-
ine- derivatives and leucotriene C4 as well as phase II me-
tabolites like glutathion or sulfate conjugates (1-3). More-
over, some anionic chemotherapeutics with peptidomimetic
activity were identified as substrates of an efflux mechanism
independent of P-gp, which could be inhibited by the MRP1
reversal agents probenecid (9) and indomethacin (10).

Here we investigate the effect of structural modifica-
tions in a series of peptidomimetic thrombin inhibitors on
intestinal transport characteristics. The backbone consists of
Na-(2-naphthylsulfonyl)-3-amidino-phenylalanine which was
modified by basic and acidic functionalities, yielding at physi-
ological pH positively charged, negatively charged or zwitter-
ionic molecules of different lipophilicities (Fig. 1). Using this
series of compounds our goal was to identify structural ele-
ments responsible for low intestinal permeability of peptido-
mimetic thrombin inhibitors with strongly basic groups.

An essential requirement for designing peptidomimetics
with improved pharmacokinetic properties, such as improved
peroral absorption, is the establishment of a structure trans-
port relationship. In this context we evaluated the human
intestinal cell line Caco-2 as tool to assess transepithelial
transport and metabolism.
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Fig. 1. Chemical structure of different thrombin inhibitors with a Na-(2-naphthylsulfonyl)-3-amidino-phenylalanine-
amide backbone used for transport studies in Caco-2 monolayers.
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MATERIALS AND METHODS

Materials

Tissue culture reagents were from Gibco (Eggenstein,
Germany). Tissue culture articles were purchased from Nunc
(Wiesbaden, Germany) and polycarbonate membrane cell
culture inserts (Transwell, Cat.No. 3412, Costar, membrane
pore diameter 0.45 wm) were supplied by Integra Biosciences
(Fernwald, Germany). Cremophor EL was from BASF AG
(Ludwigshafen, Germany) and SDZ PSC 833 was a kind gift
of Prof. Dr. Fahr (Philipps-University Marburg, Germany).
All other chemicals and reagents of analytical grade were
obtained from E. Merck AG (Darmstadt, Germany) and
Sigma Chemicals Co., St.Louis, MO.

General Synthetic Methods

The compounds were synthesized as described previ-
ously (11).

Apparent Octanol/Buffer Distribution Coefficients (log D)
and pKa-Values of the Compounds

Log D data of the compounds were calculated under
transport conditions (pH 6.7) using the Prolog D V.2.1 soft-
ware. pKa-values were obtained with the pKalc V.3.2.
software. Both were from CompuDrug Chemistry Ltd.,
Budapest, Hungary.

Cell Culture

Caco-2 cells at passages 43—46 were routinely maintained
in DMEM, supplemented with 4.5 g glucose/L, 10% fetal calf
serum, 1% nonessential amino acids, 2 mM glutamine at 37°C
without antibiotics in an atmosphere of 10% CO,. Cells
grown on 100 mm-diameter polystyrene petri-dishes were
passaged every 5 days at a split ratio of 1:5 to 1:7. For trans-
port and metabolism studies only mycoplasma screened cells
were used (12).

Transport Studies

Transport studies were performed as described previ-
ously (12). Briefly, cells were seeded at a density of 6.5 x 10*
cells/cm? on microporous polycarbonate filters (Costar Trans-
well, Cat. No. 3412). Transport experiments were performed
between the 21% and 23™ day post seeding directly on the
filter inserts in a 10% CO, atmosphere. The compounds (con-
centrations see below) and the paracellular marker FITC-
dextran 4000 (FD-4, 200pg/ml) were dissolved in transport
buffer. In apical (A) to basolateral (B) transport studies 1.5
mL of drug containing transport buffer (PBS, 15 mM glucose,
pH 6.7) was placed on the A or luminal and 2.6 mL of trans-
port buffer (PBS, 15 mM glucose, pH 6.7) on the basolateral
(B) side. B A transport was studied vice versa. After prede-
termined time intervals up to 120 min, 1 mL samples were
withdrawn from the receiver compartment and the volume
was replaced by fresh buffer. The integrity of the cell mono-
layers was checked at the beginning and the end of all experi-
ments by measuring the transepithelial electrical resistance
(EVOM, WPI, Germany).
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Inhibition Experiments

To evaluate efflux mechanisms we investigated the ef-
fects of indomethacin, verapamil as well as of the cyclosporine
(CsA) derivative PSC 833 and of Cremophor EL on 1 and 8
transport. For A0 B transport and vice versa indomethacin or
verapamil (only with 1) were added each at 250 uM to the
donor solution of the compound (100 puM 1, 8), while trans-
port buffer was applied to the acceptor side. In PSC 833 in-
hibition (20 pM)- experiments addition of DMSO and Cre-
mophor EL, each at final concentrations of 0.1% was neces-
sary for solubilization. For studying AOB transport the
respective thrombin inhibitor was dissolved at a final concen-
tration of 100 wM in that solution. For BO A transport PSC
833/Cremophor EL buffer solution without drug was added to
the apical receiver chamber.

Analytical Methods

Aliquots of the samples were analyzed by reversed phase
HPLC using an automatic sampler (model AS-2000A), a col-
umn thermostat (model T-6300) and a fluorescence detector
(model L1050), all from Merck-Hitachi (Darmstadt, Ger-
many). Data acquisition and integration were carried out by
the Millenium 2010 software (Millipore Waters, Eschborn,
Germany). The compounds were separated on a reversed-
phase HPLC-column (LiChrocart RP 18, 5pum, 250 x 4 mm;
Merck AG, Germany) under isocratic conditions. The mobile
phase (flow rate = 1.2 mL/min) consisted of 33-50% (v/v)
acetonitrile in water with 0.1% trifluoroacetic acid (TFA) as
the ion-pairing agent. Detection was performed using fluori-
metric analysis at an excitation wavelength of Mg, = 232 nm
and an emission wavelength of Ag,,,, = 343 nm. Under these
conditions retention times for the compounds were between 3
and 7 min at detection limits around 4 nM. The parameters
for the reversed phase HPLC-detection of the paracellular
marker FD-4 were: column RP 18, 3uM, 30 x 4mm; mobile
phase 8.5% Acetonitrile/91.5% KH,PO, (2.5 mM, pH 7.0),
flow 1 mL/min, retention time 0.55 min, wavelengths for fluo-
rimetric analysis were N g, = 490nm and X\ g,,,,, = 515 nm;
the detection limit was ca. 2 ng/mL.

Data Treatment

Apparent permeability coefficients (P,,,) were calcu-
lated as described previously (12). All results are expressed as
the mean of at least 3 experiments + standard deviation. Sta-
tistical analyses were performed using two sided independent
t-test.

Net secretory fluxes [pmol/(cm? x min)] were calculated
from the summed amounts of the compound in the acceptor
compartments according to:

pmol(BO A) — pmol(AOB)
Arxt

NetSecretoryFlux =

where Ar is the monolayer surface (4.71 cm?) and ¢ is the
transport time (120 min).

RESULTS

Transport of Compounds 1-11 Across Caco-2 Monolayers

As shown in Table I large differences in transport pa-
rameters, especially with regard to the efflux behavior, were
found. In all experiments a linear flux was observed from
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Table I. Physico-Chemical Data, Permeability Through Caco-2 Monolayers, Changes in Transepithelial Electrical Resistance (TEER) of the
Thrombin Inhibitor 1 and Related Compounds. Concentration of the Compounds Each 250 pM

log D pKa  pKa Transport Popp Secretory Net flux Efflux ratio Relative Teer  K;-Thrombin
Compound pH 6.7 acidic basic direction [x107® cm/s]* [pmol/(cm? x min)] B - A/A - B 120 min [%]® [rMol]
1 0.47 9.6 1162 A - B 4.87 +£0.95 323 45.0 170 £5 0.0025
B - A 219 £ 6.10 25111
2 —2.48 3.8 1162 A - B 4.14 £ 0.60 1.15 2.8 110+3 0.19
B - A 11.6 £ 0.50 118 +2
3 12 9.6 1162 A - B 7.66 + 0.99 10.6 10.5 143 £2 0.048
B - A 80.1 +2.89 183+ 6
4 -1.76 4.3 1162 A - B 413+0.14 1.01 2.7 119+1 1.6
9.6 B - A 11.1 £ 0.49 129+5
5 0.63 9.6 1162 A - B 391 +0.51 6.05 111 132+£2 0.15
B- A 43.4 +2.00 161 +4
6 -1.69 4.5 1162 A - B 4.59 +0.56 0.66 1.9 108 +2 0.19
9.6 B - A 8.62 +0.41 1172
7 0.63 9.6 1162 A - B 8.08 +1.58 6.70 6.0 129+ 6 0.010
B - A 48.7 +3.35 174+ 9
8 —-0.86 4.5 1046 A - B 431 x0.16 12.4 22.1 105+ 1 160
9.6 B - A 954 +4.27 111+2
9 -1.6 4.5 1298 A - B 7.12 £ 1.69 0.05 1.1 98 +4 0.21
9.6 B - A 7.84 +0.49 104 +4
10 -3.05 9.6 1162 A - B 9.28 +2.00 -0.17 0.8 122 +8 0.012
897 B - A 7.69 +1.90 119+ 6
11 -1.44 9.6 1162 A - B 431 +0.64 0.96 24 101 +3 0.17
B- A 10.5 £ 0.67 124 +4

“Mean = S.D. (n = 3).
® In relation to the initial TEER-values. Mean + S.D. (n = 3).

donor to acceptor compartment after a short lag time (< 5
min), independent of whether the drug was initially applied to
the apical (A) or basolateral (B) chamber (not shown). The
recovery of intact drug substance (mass balance) in each ex-
periment was higher than 90%.

Due to the amidino group the methylpiperidide structure
1 carries a strong positive charge at pH = 6.7 ( pKa,,, =
11.62) and is also quite hydrophobic (log D = 0.47). For 1 we
observed an apparent permeability coefficient P,,, = 4.87 +
0.95 x 10~® cm/s in A0 B direction and a secretory permeabil-
ity coefficient of 219 + 6.1 x 10~® cm/s, yielding an efflux ratio
(ER), defined as the ratio of the permeability coefficients
BOA/AOB, of about 45. No significant differences between
absorptive and secretory flux (P,,, AOB = 0.61 +0.09 x 10~*
cm/s, P, BOA = 0.75 + 0.06 x 10~® cm/s) were noted for
FD-4, a commonly used paracellular marker, suggesting a
transcellular efflux process for 1.

Replacement of the methyl group in the piperidide resi-
due of 1 by a carboxylic group yields—the compounds 2
(2-position), 4 (3-position) and 6 (4-position). Absorptive per-
meability coefficients of these zwitterionic hydrophilic mol-
ecules were between 4 and 5 x 10~® cm/s, independent of the
position of the carboxyl group. An efflux was still observed,
most pronounced with 2 and 4 (about 11-12 x 10~® cm/s with
ER ca. 2.7) and significantly smaller with the 4-derivative 6
(8.62 x 107® cm/s, ER 1.9). In this case the efflux was drasti-
cally reduced compared to 1.

Esterification of the carboxyl group leads to the more
lipophilic (log D = 0.63 - 1.2) positively charged methylesters
and increased the absorptive permeability of the 2- (3) and
4-derivatives (7) almost 2 fold, whereas the 3-derivative (5)
was unaffected. Compared to the zwitterionic parent com-
pounds efflux increased drastically up to 80.1 + 2.89 x 10~

cm/s (3, ER = 10.5), 43.4 + 1.97 x 10® cm/s (5, ER = 11.1)
and 48.7 + 3.35 x 107® cm/s (7, ER = 6.0), pointing to efflux
mechanism(s) relying on positive net charge and lipophilicity
as structural elements. Cell-mediated cleavage of the methy-
lesters to the free acids was low yielding recoveries of the
intact ester after transport experiments > 95 %.

Derivative 6 with the lowest secretory flux was then fur-
ther modified at the amidino group namely, the oxamidine (8)
and the methylamidine (9). The oxamidino group in 8 in-
creased the lipophilicity but did not enhance the absorptive
permeability (4.31 + 0.16 x 10~® cm/s), while the efflux per-
meability was drastically increased (95.4 + 4.27 x 107® cm/s vs.
8.62 + 0.41 x 10~% cm/s for 6) yielding an ER = 22. Methyl-
ation of the amidino group increased the basicity of 9 (pKa,
= 12.98) and equalized absorptive and efflux permeabilities
(absorptive P,,, = 7.12 = 1.69 x 1078 cm/s, secretory P
7.84 + 0.49 x 107® cm/s).

Replacement of the piperidide of 1 by a piperazide resi-
due (10) generated a second basic functionality (pKa,, =
8.97) of low lipophilicity (log D = -3.05). Apparent perme-
ability coefficients of 9.28 + 2.0 x 10~® cm/s (absorption) and
7.69 = 2.0 x 107® cm/s (efflux) demonstrate that efflux was
effectively suppressed compared with 1. Masking this second
basic group by N-acetylation (11) decreased the absorptive
P, to 431 + 0.64 x 107® cm/s and a small but statistically
significant efflux could be observed again (10.5 + 0.67 x 10~®
cm/s), indicating that an additional positive charge minimized
efflux.

app

Changes in Transepithelial Resistance

As shown in Table I the compounds displayed different
effects on the transepithelial electrical resistance (TEER). At
250 uM a significantly higher increase in TEER was observed
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for 1 and the positively charged lipophilic esters 3, §, and 7,
compared with the compounds having a free carboxylic group
(2, 4, 6, or 8). In all cases increase of basolateral to apical
TEER was more pronounced (Table I). For the derivatives 9
and 10, which do not alter TEER, efflux was negligible, while
the efflux of 11 (amid of 10) was coincident with a TEER
increase again.

Characterization of the Secretory Transport of Compounds
1 and 8

To characterize the transport mechanism for the com-
pounds 1 and 8 structurally differing in the amidine- and the
amide part we examined the temperature dependence of the
polarized efflux and the effect of coadministration of inhibi-
tors of intestinal efflux systems, i.e., verapamil and the P-gp
blocking agent SDZ-PSC833 solubilized in Cremophor EL
and indomethacin as MRP1 inhibitor. Both, P-gp and MRP1,
affecting the absorption of a wide variety of drugs, were re-
cently shown to be expressed in human epithelial Caco-2 cells
(13,14). Transport concentration of 1 and 8 was adjusted to
100 pM to minimize amounts of the inhibitors.

Temperature Dependence

As outlined in Fig. 2 permeability coefficients as well as
ER were markedly dependent on temperature. In the case of
1 (Fig. 2A) absorptive P, was lowered from 16.7 x 10~° cm/s
(37°C) to 2 x 107® cm/s (4°C) and secretory P, from 273 x
107® cm/s to 9.4 x 10~® cm/s, the corresponding ER decreased
from 16.3 (37°C) to 4.7 (+4°C), compatible with a tempera-
ture dependent efflux process. Similar observations were
made for 8 (Fig. 2B). At +4° C the secretory P, decreased
from 135 x 107 cm/s to 7.7 x 10~® cm/s significantly stronger
than those observed in the opposite direction (10.1 x 1078
cm/s vs. 1.89 x 107® cm/s) yielding ERs of 13.4 (37°C) and 4.1
(+4°C), suggestive of an active transport process. In each ex-
periment the temperature dependent decrease of absorptive
and secretory FD 4 permeabilities was similar.

Inhibition Experiments

As shown in Fig. 2A verapamil did not influence the
efflux of 1 with respect to ER. Secretory permeability was
lowered from 273 to 191 x 10 cm/s, but also the absorptive
permeability from 16.7 to 3.52 x 10~® cm/s, yielding efflux
ratios larger than the control (54.3 vs. 16.3). A similar pattern
was seen for the paracellular marker FD-4, the transport of
which was also reduced in both directions in the presence of
verapamil.

Inhibition experiments using indomethacin, a well
known inhibitor of MRP1 yielded both a slight increase in
absorptive (20.1 vs. 16.7 x 107 cm/s) as well as in secretory
permeability (424 vs. 273 x 10~® cm/s) without reduction of
the efflux ratio, indicating that MRP1 seems not to be in-
volved in transport of 1. PSC 833/Cremophor massively re-
duced efflux permeability to 24.4 x 10~® cm/s, whereas ab-
sorption was only increased to 17.8 x 107 cm/s, resulting in an
ER = 1.4. With the exception of verapamil, the FD-4 trans-
port was not affected by the inhibitors used in this study.

Indomethacin significantly reduced the secretory perme-
ability of 8 from 135 +3.3 x 10" cm/s to 43.1 £ 2.9 x 10® cm/s
(Fig. 2B). Simultaneously absorptive permeability increased
from 10.1 + 1.0 x 107® cm/s to 14.7 + 1.2 x 10~® cm/s, yielding

Kamm et al.
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Fig. 2. Effect of temperature and different efflux inhibitors on the
secretory transport of 1 (Fig. 2A) and 8 (Fig. 2B) (concentrations
100pM each) in comparison with FITC-Dextran 4 kDa. Control:
transport without modulator at 37°C; +4°C: transport without modu-
lator at +4°C; Vera: transport with verapamil (250 uM); Indo: trans-
port with indomethacin (250 uM); PSC/CR: transport with PSC833
(20 uM)/Cremophor EL (0.1%); CR: transport with Cremophor
(0.1%). BO A / AOB transport ratios (efflux ratios) are shown above
the columns. *significantly different (p <0.001) from AOB transport
of the control, **significantly different (p <0.01) from A0 B transport
of the control, ***significantly different (p <0.001) from BO A trans-
port of the control; two sided independent ¢-test, mean + SD (n = 3).

an efflux ratio of 2.9 vs. 13.4 (control). PSC 833/Cremophor
EL also significantly affected the efflux of 8. The apparent
permeabilities through the monolayers were 11.7 = 0.61 x
1078 cm/s for absorption and 33.8 + 1.1 x 10~ cm/s for secre-
tion, respectively, with the efflux ratio lowered from 13.4 to
2.9. Cremophor EL alone reduced efflux permeability to 53.5
+4.2 x 107® cm/s, while absorption (P,,, = 103+ 1.2 x 107®
cm/s) was not increased (efflux ratio = 5.2). FD4 -perme-
abilities in the inhibition experiments were not different from
the control.

Further Modifications of the Benzamidino Structure in
Compound 1

To further characterize the secretory permeability of 1,
whose efflux seemed to be related to P-gp, we investigated the
permeabilities of 1 in comparison to derivatives 12 (D- enan-
tiomer) and 13-16 modified at the amidino moiety (Fig. 1,
Table IT). Due to the limited aqueous solubility of these more
lipophilic compounds only concentrations of 100 uM could be
tested. All experiments displayed after a short lag time of
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Table II. Influence of Variations of the Amidino Moiety of Compound 1 on Physicochemical Data, Permeability Through Caco-2 Monolayers,
Changes in Transepithelial Electrical Resistances (TEER). Concentration of the Compounds Each 100 pM

logD pKa pKa Transport Popp Secretory Net flux Efflux-ratio Relative TEER  Ki-Thrombin
Compound pH 6.7 acidic basic direction [x107® cm/s]* [pmol/(cm? x min)] B - A/A - B 120 min [%]" [wMol]
1 0.47 9.6 1162 A - B 16.7+1.1 15.5 16.3 116 £2 0.0025
B - A 273 £17 159 +1
12 0.49 9.6 1162 A - B 134+18 19.2 249 120 £ 7 0.19
B - A 333+£09 135+3
13 3.38 9.51 438 A - B 1010 + 62 8.4 1.14 102 +17 8.9
B - A 1150 + 17 102 +11
14 0.66 9.53 932 A - B 773 £ 14 113 3.43 107 +10 1.9
B- A 2650 + 52 104 +3
15 12 9.6 1046 A - B 1140 + 23 21 131 88+9 2.8
B - A 1490 + 82 83+6
16 1.93 9.6 1298 A - B 141 +2.0 10.1 13.0 108 +9 5.7
B - A 183 + 8.0 105 +19

“Mean + S.D. (n = 3).
® In relation to the initial TEER-values. Mean + S.D. (n = 3).

<5-7 min linear transport kinetics. The calculated mass bal-
ances were between 92 and 103%.

Efflux behavior was independent of chiral configuration
as shown by data of the D isomer 12. Reducing the basicicity
of the amidino group in 1 by introduction of a hydroxylic
group (oxamidino derivatization, 15, pKa,,, = 10.46, log D
=1.2), increased the absorptive P, ca. 68 fold. A secretory
component (ER = 1.3) disappeared almost completely com-
pared to 1 and 8 (carboxy- analogue of oxamidine 15).

Substitution of the amidino group either by an amino
(13) or aminomethyl (14) moiety also significantly increased
permeation. In the case of 13 absorption was almost 60 fold
higher with an ER = 1. Efflux was still significant for 14 with
an ER = 3.4, the absorptive P,,, increased 46x. Compound
16 (methylamidino derivative) showed quite identical trans-
port properties as 1.

DISCUSSION

The peroral bioavailability of peptidomimetics is limited
by low intestinal absorption, intestinal secretion and hepatic
uptake with biliary excretion. In this context efflux transport-
ers such as intestinal P-gp and MRP1 and/or hepatic cMOAT
(MRP2), OATP and P-gp need to be considered (1-3). Pep-
tidomimetic thrombin inhibitors with strongly basic amidino
groups are notorious for their low oral bioavailability due to
limited intestinal membrane permeability and/or hepato-
biliary first-pass elimination (12,15-20). For amidino-
phenylalanine-derived thrombin inhibitors hepato-biliary
clearance via OATP-mediated uptake by hepatocytes/ liver
has been demonstrated (16,17). So far no information on po-
tential intestinal efflux mechanisms of thrombin inhibitors
was available.

Our data show that the absorptive permeability in
Caco-2 cells of thrombin inhibitors with charged groups, a
free amidino group and/or an additional free carboxyl group,
is in general low due to their charged character but also due
to the involvement of efflux carriers. Among the model com-
pounds tested the amidino derivatives 1 through 7, 10, 11, the
oxamidino derivative 8 and the methylamidino derivatives 9
and 16 showed low AOB P, values. These findings are in
accordance with literature data on Caco-2 cell permeability of
thrombin inhibitors with strongly basic amidino or guanidino

groups (12,18-20). Interestingly, most compounds showed
considerably higher apparent permeability coefficients in the
direction BO A.

In the series of amidino derivatives with zwitterionic
structure, methyl-esterification of the carboxyl group in the
amide moiety, yielding positively charged molecules, in-
creased net secretory flux (3, 5, and 7 vs. 2, 4, and 6). The gain
in lipophilicity promoted drug efflux more effectively than
absorption. Similar findings (P-gp involvement) were found
with a benzyl-ester of a zwitterionic fibrinogen receptor an-
tagonist containing a piperazine ring as the basic motif (21).

Apart from lipophilicity, charged functionalities affect
the affinity to efflux transporters. The hydrophilic oxamidino
derivative 8 with a less basic group and a carboxylic group
shows drastically higher efflux than the corresponding ami-
dino derivative 6, whereas, the corresponding methylamidino
derivative 9 with a more basic group shows almost no efflux.
This is also true of the hydrophilic amidines 10 and 11.

The substitution of the amidino- by other groups in
the lipophilic compounds 13 through 16 resulted in a marked
(46-68fold) increase in absorptive permeability compared to
the amidine 1 together with a modest increase (4.2-9.7fold) in
secretory P, values.

The characterization of the efflux mechanism(s) can be
summarized as follows: For derivatives with a positive net
charge (1, 3, 5, 7), a marked efflux was observed which could
be completely inhibited by PSC 833/Cremophor EL. The cy-
closporine derivative PSC 833 is an effective P-gp-inhibitor
for reversal of multidrug resistance in cancer cells (22) and
increases the intestinal permeability of P-gp-substrates, such
as vinblastine, paclitaxel or cyclosporin (23). Cremophor EL,
necessary to solubilize PSC 833, itself induces inhibitory ef-
fects on the apically localized efflux pump P-gp (24). The P-gp
inhibitor verapamil affected transport of 1 in a complex man-
ner due to an additional effect on paracellular permeability.
Verapamil decreased the paracellular permeability of FD4 in
both directions AOB and BOA to a similar extent (7.8fold
and 6.2fold, respectively, Fig. 2). Absorptive permeability of 1
in the presence of verapamil decreased 4.7fold from 16.7 to
3.52 x 1078 cm/s and 1.4fold from 273 to 191 x 10~® cm/s in the
opposite direction. Due to the observation that paracellular
permeability of the drug in each direction is similar and low
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(supported by the data of FD4) the absolute decrease of ef-
flux permeability of about 82 x 107® cm/s suggests an influ-
ence of verapamil on P-gp mediated efflux of 1. Indometha-
cin, a specific modulator of the MRP1 protein had no effect
on the transport characteristics of 1.

The efflux mechanism of 8 (oxamidino derivative with
carboxylic group) seems to be different from that of 1 in the
light of following observations: (i) 8 did not cause an increase
in transepithelial electrical resistance, while lipophilic com-
pounds with positive net charge (1, 3, 5, 7) distinctly increased
TEER; (ii) significant decrease of ER after indomethacin
coadministration, while efflux of 1 was insensitive to indo-
methacin treatment. Recently several authors reported an in-
hibition of a “non P-gp” efflux mechanism by indomethacin
(10). Draper et al. demonstrated that MRP1 was inhibited by
indomethacin (25). Similar to 1, PSC 833 and Cremophor EL
significantly reduced the secretory transport of 8, but did not
completely equalize absorptive and secretory components.
Using P-gp and MRP overexpressing cancer cells PSC833 as
well as Cremophor EL caused a complete inhibition of P-gp,
while MRP- blockade was less pronounced (27). The mecha-
nism of inhibition seems to be a conformational change of the
apically localized protein domains by interaction with the am-
phiphilic molecules similar to that seen for P-gp inhibition
(28). Therefore, the involvement of MRP1 in the transport of
the oxamidino-derivative 8 seems to be very likely.

The effect of structural variations of thrombin inhibitors
on their efflux characteristics can be summarized as follows:

1. Efflux was increased by strongly basic functionalities
(1) and increasing lipophilicity (3, 5, 7).

2. Efflux decreased drastically compared to 1 when the
amide moiety contained an anionic functionality yielding a
zwitterionic molecule (2, 4, 6).

3. Secretory and absorptive permeabilities coefficients
of similar magnitude were observed when the amide moiety
contained a second cationic structure (10).

Figure 3 demonstrates the relationship between log D values
and observed net secretory P, , indicating that both lipo-
philicity and the free amidino group mediate the affinity to a
P-gp efflux mechanism. In accordance with the literature
these data suggest that hydrophobicity seems to be a key
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Fig. 3. Relationship between lipophilicity (log D) and net secretory
flux of different Amidino-phenylalanine- derivatives with an unsub-
stituted amidino group in Caco-2 monolayers.
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factor determining affinity to efflux carriers, such as P-gp
(3.4).

Structural variations of 1 leading to compounds with
higher log D values (12-16) demonstrate that positive net
charge seems to be an essential feature for substrate recog-
nition by P-gp. Indeed the strongly basic amidino group is
responsible for both, the low absorptive permeability and the
affinity to a polarized intestinal efflux system. When the ami-
dino group was replaced by less basic residues or substituted
yielding an oxamidino derivative, the absorptive permeability
increased drastically and efflux ratios were low. The oxami-
dine derivative 15 could be a promising candidate for effec-
tive oral delivery. Such amidine prodrug structures have been
used for masking highly charged amidino groups to promote
intestinal transport of RGD mimetic drugs (29,30). Also ef-
fects of some thrombin inhibitors on the TEER during trans-
port experiments were noted. This increase in TEER espe-
cially for BOA transport, seems to correlate with the ob-
served BU A efflux for compounds with a free amidine moiety
(Fig. 4, Table I). From these 1 was shown to be transported
presumably via P-gp. Interestingly the significant efflux of 8,
which was not transported via P-gp but MRP had no effect on
TEER. Verapamil (=300.M), a P-gp inhibitor, also increased
transepithelial electrical resistance in Caco-2 cells (31). Re-
cently a drastic increase in transepithelial resistance brought
about by H,- receptor antagonists like ranitidine and cimeti-
dine was reported , which were also shown to be transported
by P-gp (32-34). We also observed that an increase in drug
concentrations of 1 (250pM vs. 100nM) increased TEER
(Table I, Table IT) and lowered absorptive paracellular FD 4
permeability (0.61 x 107® cm/s for 250puM vs. 1.6 x 1078 cm/s
for 100p.M). Possible explanation for this TEER behavior
could be the blockade of paracellular anionic bindings sites by
cationic drug molecules as proposed by Lee et al. (33) in the
case of H, receptor antagonists. Another hypothesis is that
the P-gp transported drugs inhibit outwardly rectifying chlo-
ride channels as reported by (35), thereby increasing both the
intracellular chloride concentration and the transepithelial re-
sistance. Electrophysiological studies are necessary to verify
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Fig. 4. Relationship between net secretory fluxes and increase in

TEER (BOA) in transport experiments with 1 through 11 (cf. Table

I). The data indicate that an increase in TEER is accompanied also by
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activated efflux system, probably P-gp, with tight junction regulation.

Note compound 8, which is a substrate for a different efflux system

than 1.



Permeability and Efflux of Peptidomimetic Thrombin Inhibitors

this hypothesis. In summary, binding of drugs to P-gp may not
only reduce transcellular transport but also paracellular per-
meability, which could be an additional principle reducing
xenobiotic uptake through absorptive epithelia

One structural aspect commonly taken into account in
the design of orally bioavailable thrombin inhibitors is to re-
place strongly basic amidino or guanidino groups by less basic
groups. This approach led to increased Caco-2 cell permeabil-
ity in case of analogues of the clinically used arginine amide-
type thrombin inhibitor argatroban (18,19), of NAPAP and of
NAPAP-type compounds (15,20). The poor membrane per-
meability of argatroban has been attributed to the zwitterion-
ic character of the molecule (18,19). Esterification of the car-
boxyl group without amidine modification did not improve
permeability (19) also seen with RGD-peptidomimetics (8).
To our knowledge the results presented here demonstrate for
the first time that the barriers to peroral bioavailability of
peptidomimetic thrombin inhibitors may not only be limited
intestinal absorption due to high hydrophilicity and hepatic
first-pass but also intestinal secretion mediated by mecha-
nisms effective also for a variety of other drugs.

CONCLUSION

The apparent permeability coefficients (AOB) of
strongly basic 3-amidino-phenylalanine-type peptidomimetic
thrombin inhibitors in the Caco-2 cell line are comparatively
low. Efflux mechanisms (BO A transport), most probably me-
diated by MRP1 and P-gp, are responsible for a net secretory
flux of these compounds limiting their absorption. Interaction
with P-gp, but not MRP1, results in a significant increase in
transepithelial electrical resistance.

The basic amidino group controls, depending on the
overall lipophilicity of the drug candidate, the affinity to P-gp.
Reducing the basicity of the amidino moiety drastically en-
hanced the transepithelial transport and minimized the efflux
of the respective derivatives.

Among the compounds studied an oxamidino prodrug
seems to be an interesting drug candidate circumventing in-
testinal efflux. Since oxamidines are known to be rapidly con-
verted to the active drug after intestinal absorption this con-
cept merits further investigations.
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