
chondroitin sulfate which is normally dormant but can be
activated by certain β-D-xylopyranosides. In 1977,
Schwartz postulated (8) that these compounds act as ini-
tiators of chondroitin sulfate chains at the second glyco-
syl transfer step, thereby eliminating the need for both the
core protein and xylosyltransferase.

Later, Lugemwa and Esko (9) showed that the struc-
ture of sulfated GAG molecules depends highly on the
aglycon part of the β-D-xylopyranosides used as primers.
While the synthesis of chondroitin sulfate was stimulated
by a broad variety of aglycons (methyl, n-octyl, p-nitro-
phenyl, 4-methylumbelliferyl, farnesyl, cholesteryl and
estradiol), only heparan sulfate was effectively primed by
the estradiol xyloside. In addition, this xyloside simultane-
ously inhibited the formation of endogenous heparan sul-
fate proteoglycans. To find an explanation for these phe-
nomena, one must assume that estradiol xyloside can act
not only as a primer initiating the synthesis of certain
exogenous GAGs but also as a specific enzyme inhibitor,
blocking the synthesis of the endogenous counterparts
(10). In this respect, it should be mentioned, that under
normal conditions, core protein expression, the extent of
xylosylation, or the flux of core protein substrates passing
from the endoplasmic reticulum through the Golgi appa-
ratus are a limiting factor in the synthesis of GAG and
their concentration in the circulation. On the other hand,
flooding cells with high concentrations of β-D-xylopyrano-
sides apparently bypass the restriction and provide a
large number of primers for chain elongation. Thus, the
exogenous GAGs that are formed are immediately
excreted into the blood and provide a relatively high con-
centration of molecules with potential antithrombotic
activity.

Chondroitin sulfate and heparan sulfate have identical
core regions, i.e., GlcAβ1-3Galβ1-3Gα1-4Xylβ1-aglycon,
and differ only in the amino sugar residue attached to the
terminal 4GlcAβ1 residue during the further chain elonga-
tion steps (GlcNAcα1 for heparan sulfates and GalNAcβ1
for chondroitin sulfate). Accordingly, the observed sub-
strate specificity means that the difference in the aglycon
moiety, which is separated from the site of elongation by
4 carbohydrate units, still directs the attachment of
the next amino sugar moiety. This was proven in 1997 by
Fritz et al. (11) for the core tetrasaccharide containing
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Introduction

Despite the fact that the biosynthesis of the gly-
cosaminoglycan (GAG) components of proteoglycans is
not yet fully understood, heparin, belonging to this type of
sulfated polysaccharides, has been the antithrombotic of
choice for over half a century (1). The most serious draw-
back to heparin therapy is that it cannot be administered
orally. Heparin induces thrombocytopenia with hemor-
rhagic complications or thrombocytopenia and thrombo-
sis. Patients with thrombocytopenia and thrombosis are
at high risk for developing arterial or venous thrombosis,
resulting in loss of limb or life in > 30% of those patients
with heparin antibodies (2, 3). Since other sulfated GAG
molecules produced in normal cells, such as dermatan
sulfate, chondroitin sulfate and heparan sulfate, possess
in vivo antithrombotic activity (4, 5), increasing their con-
centration in the circulating blood seemed to be a promis-
ing alternative for the treatment of thrombosis. This type
of research was based on the observation of Okayama et
al. (6) who demonstrated in 1973 that in slices of embry-
onic chick cartilage, simple aromatic β-D-xylosides such
as p-nitrophenyl β-D-xylopyranoside can act as exoge-
nous substrate and compete effectively with the xylosyl-
serine core of the endogenous protein in accepting the
transfer of galactose units from UDP-galactose, the key
step in the carbohydrate chain elongation in the biosyn-
thesis of proteochondroitin sulfate. This finding was con-
firmed 1 year later by Schwartz et al. (7) who detected the
same reaction in different cell and tissue cultures. These
results indicated that certain types of tissue cells contain
the enzymatic machinery necessary for the synthesis of
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2-naphthalenemethanyl β-D-xylopyranoside at the reduc-
ing end as this glycoside was directly recognized by
α-N-glucosaminotransferase, responsible for the chain
elongation at the nonreducing end of the tetrasaccharide
(Fig. 1).

Based on these facts, researchers at Laboratoires
Fournier initiated an ambitious program to search for oral-
ly active antithrombotics. In their first attempt, they estab-
lished structure-activity relationships (SAR) for different
glycosides using D-glucose, D-galactose, N-Ac-D-
glucosamine, D-mannose, D-xylose, D-glucuronic acid, 
L-fucose as well as two disaccharides, maltose and lac-
tose, as carbohydrate carriers and substituted benzophe-
none, benzhydrol and benzhydryl as aglycon (12). For
evaluation of the antithrombotic activity, the Wessler sta-
sis type model of venous thrombosis was applied in rats
(13). The biological data obtained with different O-glyco-
sides demonstrated that the β-D-xylopyranosides pos-
sessed the highest activity. However, these compounds
proved to be inactive in rabbits which is the species fre-
quently used in antithrombotic assays. This was thought
to be due to the fact that rabbits, in contrast to rats, have
very efficient glycosidases which rapidly cleave the gly-
cosidic bonds thus inactivating the molecule. Since gly-
cosides of thio sugars are usually much more resistant
towards glycosidases (14), both the endocyclic and exo-
cyclic oxygen of the xylopyranose moiety was exchanged
alternatively or simultaneously by sulfur (15). The data
depicted in Figure 2 are in accordance with the expecta-
tion that the activity of the xylopyranosides could be sub-
stantially increased by exchanging one or both oxygen
atoms with sulfur and that the dithio derivative was
already active in rabbits.
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investigation. However, the development of this com-
pound was also terminated since human volunteers
experienced mild rashes and itching (Table I).

Our institute has been involved in antithrombotic
research for decades, and in the synthesis and evaluation
of peptide derivatives in particular. This line of investiga-
tion led to the discovery of the highly active tripeptide
aldehyde, GYKI-14766 (efegatran) (17, 18). As this com-
pound had only moderate oral bioavailability, further
research was centered mainly on orally active derivatives.
In order to extend this project to nonpeptide structures,
we broadened the SAR investigations in the field of the
thioglycosides, initiated by Fournier. Actually, we pursued
three lines in our investigation: 1) the influence of the
change of the p-substituent of the aglycon in beciparcil; 2)
the role of the individual hydroxyl groups of the xylopyra-
nose residue; and 3) the role of the structure and stereo-
chemistry of the carbohydrate moiety.

Beciparcil analogs differing in substitution
of the aglycon

The Pescador model was chosen to examine the bio-
logical activity of the new derivatives (19). This model is a
quantitative venous thrombosis model with stasis based
on vascular lesion in rats and differs from the Wessler
venous model in the provocation of the thrombus. In this
rat model, thrombus formation was induced with stasis
and human serum. According to our earlier experience,
the Pescador model is reliable and reproducible and
gives satisfying dose-activity relationships although the
results are often different from those in which other types
of provocation are used. Consequently, the activities of
the different compounds obtained using different test
methods should not be compared as this would result in
misleading conclusions as far as SAR are concerned.

As shown in Table II, the activity of the reference
compound beciparcil was only 25 mg/kg in this model (20,
21). According to another study (15), its ED50 value was
8.5 determined by the Wessler model using factor Xa.
However, this activity could be substantially increased by
converting the cyano group into carboxylic acid deriva-
tives. Among these new compounds, the methylthioimino
derivative showed the highest activity and was chosen for
further biological investigations.

Beciparcil analogs differing in substitution
of the xylopyranose residue

To investigate the role of the individual hydroxy
groups of the xylopyranose moiety on biological activity,
we exchanged them for hydrogen or azide. First of all, the
2-OH group, as any group vicinal to the anomeric sub-
stituent, may substantially influence the biological activity
(see RNA → DNA) (Table III).

According to the data shown in Table III (20-25), the
corresponding 2-deoxy derivative proved to be ~3.5-fold

The antithrombotic effect of the dithioxylosides could
be further increased by alteration of the aglycon and final-
ly, the 4-(4-cyanobenzoyl)phenyl 1,5-dithio-β-D-xylopyra-
noside was submitted under the name naroparcil to clini-
cal investigation (15, 16) (Fig. 3).

It is noteworthy that the antithrombotic effect of these
derivatives appears only hours after administration (usu-
ally 2 h after i.v. and 4 h after oral administration), sug-
gesting that some metabolic processing of these com-
pounds is required. Furthermore, these compounds have
no effect in classic in vitro coagulation tests such as the
activated partial thromboplastin time or thrombin time
assays and the sensitized thrombin time assay was only
affected at very high doses of 400 mg/kg, exceeding
~ 50 times the ED50 dose (13). As naroparcil was well tol-
erated in cynomolgus monkeys up to 2000 mg/kg p.o. for
28 days, it was submitted to clinical trials but failed due to
its extensive metabolization. As the aglycon was the main
site of metabolism, a number of simpler structures, i.e.,
substituted thiophenol xylosides, were synthesized and
investigated (15).

As can be seen from Table I, electron withdrawing
substituents substantially increased the activity of the
unsubstituted derivative (R = H). Accordingly, the most
active compound, beciparcil, was submitted to clinical

S S

O

OH

OH

OH

CN

Rat ED50 8.5 mg/kg
Rabbit ED50 36.0 mg/kg

Fig. 3. Oral antithrombotic activity of naroparcil.

Table I: Antithrombotic activity of substituted phenyl 1,5-dithio-β-
D-xylopyranosides in rat venous thrombosis model (Wessler-
using factor Xa) 4 h after oral administration (15).

R Activity %*

4-CN (beciparcil) 90
3-CN 79
2-CN 89
4-NO2 67
4-Me 37
4-OMe 9.5
H 11
4-Cl 6

*Inhibition at 12.5 mg/kg.

S S

OH

OH

OH

R
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biologically active carbohydrate derivatives. The anti-
thrombotic activity of the 2-azido derivative equaled that
of the 2-deoxy analog. Consequently, the hydrogen bond
forming capacity of the 2-OH group was not essential for
this activity. The same holds true for the 3-OH group as
its exchange by H or by the N3 group increased the activ-
ity of beciparcil to about the same extent. While the activ-
ity was essentially unchanged by the reduction of the 3-
azide to an amino group, acetylation of the latter led to a
substantial loss in activity. Exchange of the 4-OH group
by azide also had a beneficial influence on activity. These
data led to the rather surprising conclusion that none of
the OH groups of the 5-thio-D-xylopyranose moiety had a
particular influence on the antithrombotic activity of the
corresponding thioglycosides.

Thioglycosides containing carbohydrate moieties
differing in structure from ββ-D-xylopyranose

In further attempts, we investigated the role of the
length of the carbohydrate skeleton, that is, tested the
corresponding 5-thio-hexosides. For this reason, the cor-
responding 5-thio-D-gluco derivatives were synthesized
because D-glucose has essentially the same configura-
tion as D-xylose and differs only at the substitution at C-5
(CH2OH instead of H). 

As seen in Table IV (20, 29), the D-gluco analog was
again ~3.5 times as active as beciparcil but, when the ter-
minal CH2OH group was reduced or the corresponding
OH group was eliminated via formation of a double bond,
the activity dropped significantly. This data was in con-
trast to a report Bellamy et al. (12) which stated that
the D-xylo configuration of the carbohydrate moiety is
essential for the antithrombotic activity. This assumption
was based on data obtained from normal glycosides, in
which both the endocyclic and the exocyclic oxygens
were present. However, the exchange of these two atoms
to sulfur essentially alter the properties of the corre-
sponding analogs including the chemical reac-
tivity, structural parameters, conformational flexibility and
biological properties. Furthermore, the fact that

as active as beciparcil and the 2,3-dideoxy derivative was
even more active. Generally, the role of the hydroxy
groups in carbohydrate derivatives is important because
of the formation of hydrogen bridges ensuring water sol-
ubility as well as their interaction with the active sites of
the corresponding receptor molecules. On the other
hand, 2-deoxy derivatives are usually much more acid-
sensitive as compared to their 2-OH analogs (26), and
the presence of the 2-OH group may influence the chem-
ical reactivity of the glycosidic bond by neighboring group
participation.

For this reason, synthesis of the corresponding
2-azido analog was decided, as the OH → N3 change
would eliminate the possibility of hydrogen bond forma-
tion without altering the acid sensitivity of the glycosidic
bond. However, as documented in the case of the syn-
thesis of active anti-HIV nucleosides (27, 28), such a sub-
stitution may cause a dramatic shift in the properties of
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Table II: Antithrombotic activity of substituted phenyl 1,5-dithio-β-
D-xylopyranosides in rat venous thrombosis model (Pescador)
3 h after oral administration (20).

R ED50 (mg/kg)

CN (beciparcil) 25
C(=NH)OMe 10
CSNH2 5
C(=NH)SMe.HI 1.5
C(=NH)NH2.AcOH 5
C(=NH)NHNH2 2

S S

OH

OH

OH R

Table IV: Antithrombotic activity of 4-cyanophenyl 1,5-dithio-β-D-
hexopyranosides in rat venous thrombosis model (Pescador) 3 h
after oral administration.

R ED50 (mg/kg) Ref.

H 25 20
CH2OH 7 29
CH3 12 29
CH2= 15 29

S S

CNOH

OH

OH

R

Table III: Antithrombotic activity of 4-cyanophenyl 1,5-dithio-β-D-
xylopyranosides in which the individual OH groups of the sugar
residue are exchanged by H or N3 groups, in rat venous throm-
bosis model (Pescador) 3 h after oral administration.

R1 R2 R3 ED50 (mg/kg) Ref.

OH OH OH 25 20
H OH OH 7 22
H H OH 3 23
N3 OH OH 7 24
OH N3 OH 10 24
OH NH2 OH 13 24
OH NHAc OH 50 24
OH OH N3 6.5 25

S S

CNR1

R2

R3



Finally, we investigated the role of the endocyclic sul-
fur atom in the carbohydrate moiety in order to synthesize
derivatives in which the intermolecular thioether bridge is
not a part of the glycosidic system. Theoretically, such
compounds can be derived from 6-thio-D-glucopyrano-
sides by closing a 2,6-anhydro bridge which would lead,
along with inversion of configuration at C-2, to the corre-
sponding 2,6-thioanhydro-D-mannopyranosides (Fig. 4).
The 3-OH group of these derivatives can be exchanged
by an azido group or it can be inverted to afford the D-altro
configuration.

The data in Table VI (31) illustrate that both anomers
of the corresponding 4-cyanophenyl thioglycosides were
isolated and showed equally strong antithrombotic activi-
ty. In this overbridged system, the pyranose ring adopts a
boat conformation and the steric arrangement of the
anomeric center cannot be compared directly to that of
5-thio-xylopyranosides. Nevertheless, the substitution of
the endocyclic sulfur atom by a thioether bridge seems to
satisfy the SAR requirements. On the other hand, the
transformation of the p-substituent of the aglycon into
other derivatives, which enhanced the activity in the case
of the beciparcil analogs, had the opposite effect in these
types of compounds. The same holds for the substitution
of the 3-OH group by azide and the inversion of the con-
figuration at C-3 (manno  altro). 

It is very difficult to draw any definite SAR relationship
from the above data, which raises the question as to
whether all of these different compounds exert their
antithrombotic activity via the same biological pathway. A
further finding which strengthens this hypothesis is the
fact that different in vivo methods result in divergent
SARs which can be explained by assuming that the
individual methods measure distinct factors playing differ-
ent roles in the very complex biological pathways
involved in thrombus formation (32). Taking into consider-
ation these possibilities, 3 candidates were chosen for
further biological investigation: GYKI-39484, GYKI-39521
and GYKI-39541. 

thioglycosides are usually not only more resistant towards
enzymatic hydrolysis but can also act as glycosidase
inhibitors (12) led to the following hypothesis. It was
demonstrated that certain xylosides inhibit the synthesis
of endogenous GAG molecules (9) in which a transgalac-
tosidase (8) is involved. Accordingly, it could be pre-
sumed that these thioxylosides exert their antithrombotic
activity by selectively inhibiting this enzyme. That means
that the corresponding 5-thio-D-galactosides should also
possess antithrombotic activity. Since the synthesis of 5-
thio-D-galactose would be too demanding, the analogous
5-thio-pentose thioglycosides were synthesized. First, the
corresponding thioglycosides of 5-thio-L-arabinose were
synthesized as L-arabinopyranose, differing from D-galac-
topyranose only in the substitution at C-5 (H instead of a
CH2OH group).

As shown in Table V (30), not only the β-anomers but
also the α-pyranosides were more active than beciparcil,
and among the L-isomers, the 4-nitrophenyl 1,5-dithio-β-
L-arabinopyranoside proved to be the most active. This
seemed to be in accordance with the hypothesis that
these derivatives may inactivate a certain galactosyl-
transferase which would enhance the synthesis of the
endogenous GAGs. However, the synthesis and investi-
gation of the corresponding D-isomers disproved this idea
since the 4-cyanophenyl 1,5-dithio-β-D-arabinopyra-
noside was even more active (25 times as active as beci-
parcil) and both anomers of the 4-nitrophenyl analog
showed similar ED50 values (3.5 mg/kg). It is highly
unlikely that both anomers of both antipodes could act
with similar efficacy on the same substrate. Nevertheless,
it should be mentioned that the 5-thio-arabinopyranosides
differ significantly in their conformational mobility from the
corresponding 5-thio-xylopyranosides, as the latter
entirely occupy one stable conformation (4C1) in solution,
while the former is present in a conformational equilibrium
(4C1 = 4C

1). 
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Table V: Antithrombotic activity of 4-cyano- and 4-nitrophenyl
1,5-dithio-D-and L-arabinopyranosides* in rat venous thrombosis
model (Pescador) 3 h after oral administration (30).

Structure R ED50 (mg/kg)

α-L CN 15
β-L CN 5
α-L NO2 2
β-L NO2 1.5
α-D CN 1
β-D CN 3.5
α-D NO2 3.5
β-D NO2 3.5

*The structures are given for the L-isomers.
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Fig. 4. Transformation of the 6-thio-D-gluco derivatives into 2,6-
anhydro-D-manno and D-altro derivatives.



ic effects, while greater differences were observed in the
Wessler model (stasis/human serum) (33) in rabbits. All
compounds were more effective antithrombotics in rats as
compared to rabbits.

In order to further elucidate the supposed mechanism
of action of the compounds, the level of the tissue factor
pathway inhibitor (TFPI), a potent inhibitor of the extrinsic
coagulation system, was monitored. TFPI is present in
the plasma at very low levels but can be released from
the endothelial pool into the circulating blood by unfrac-
tioned heparin, low molecular weight heparin as well as
other glycosaminoglycans (e.g., pentosan polyphos-
phate) (34). Plasma TFPI concentration was detected by
the TFPI activity assay in both rats and rabbits (35, 36).
Beciparcil and the new compounds significantly
increased TFPI levels in both species (21, 37). This activ-
ity was dose- and structure-dependent, persisting for 1-4
h (Table VIII). Accordingly, this effect may contribute to
the antithrombotic activity of these compounds.

The anticoagulant effects of the new compounds were
evaluated by measuring various clotting parameters (sen-
sitized thrombin time, diluted prothrombin time, Heptest)
in rats and rabbits. As expected, all of the compounds
exerted only a weak anticoagulant effect. In addition, in a
rabbit model of hemorrhage (38, 39), the compounds
showed only a marginal effect even with an oral dose of
100 mg/kg (Table IX).

Conclusions

Thioglycosides have been shown to be orally active
antithrombotics possessing only weak anticoagulant

The antithrombotic activity of these 3 compounds
(Table VII) was studied in various thrombosis models in
rabbits. In an extracorporeal arteriovenous shunt model
(19), the compounds displayed comparable antithrombot-
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Table VI: Antithrombotic activity of 4-substituted phenyl 2,6-
anhydro-1,2-dithio-D-manno- and altropyranosides in rat venous
thrombosis model (Pescador) 3 h after oral administration (31).

Structure R R2 ED50 (mg/kg)

α-D-manno OH CN 2

β-D-manno OH CN 2

β-D-manno OH C(=NH)OMe 10

β-D-manno OH CSNH2 9

β-D-manno OH C(=NH)SMe 5

β-D-manno OH C(=NH)NH2 13

α-D-manno OH NO2 4

β-D-manno OH NO2 15

β-D-manno OH NHAc 20

β-D-manno N3 CN 4

β-D-manno N3 NO2 14

α-D-altro OH CN 12
β-D-altro OH CN 10

D-manno

SO

OH

S

R1

R2

D altro

SO

OH

S

R1

R2

D-manno D-altro

Table VII: Antithrombotic activity of selected thioglycosides of 5-thio-pyranosides.

ED50 (mg/kg)
Rat Rabbit

Compound Structure Wessler* Pescador Wessler* Shunt

GYKI-39484 1.4 0.5 23 22
(RGH-1876)

GYKI-39521 0.6 1.6 60 21
(RGH-1875)

GYKI-39541 1.3 3.6 14 44
(RGH-1962)

Beciparcil 1.1 25 33 41

*Using human serum as activator (33).
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effects. Elevation of the plasma level of tissue factor path-
way inhibitor has been suggested to contribute, at least in
part, to their antithrombotic effect.
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Table VIII: Changes in TFPI level after oral doses of thioglycosides (AUC).

Dose (mg/kg) GYKI-39521 GYKI-39541 GYKI-39484 Beciparcil

Rabbit

12.5 189.1 51.4 162.1 35.6
25 232.9 70.8 188.9 49.5

Rat
12.5 138.8 61.5 125.6 �
25 185.1 80.0 205.2 71.7

Table IX: Anticoagulant activities and hemorrhage index of thioglycosides (100 mg/kg p.o.).

GYKI-39521 GYKI-39541 Beciparcil
Parameter (ratioa) Species Mean ± SEM Mean ± SEM Mean ± SEM

dPT Rat 1.16 ± 0.03** 1.16 ± 0.02** 1.23 ± 0.03
Rabbit 1.16 ± 0.02* 1.44 ± 0.08** 1.17 ± 0.06

sTT Rat 7.88 ± 0.18** 1.17 ± 0.04** 6.02 ± 0.78**
Rabbit 1.19 ± 0.03** 1.29 ± 0.07* 1.35 ± 0.19*

Heptest Rat 1.58 ± 0.06** 1.22 ± 0.03** 1.35 ± 0.03**
Rabbit 1.15 ± 0.03* 1.06 ± 0.02 1.27 ± 0.03**

Bleeding time Rabbit 1.36 ± 0.05* 1.29 ± 0.07* 1.43 ± 0.04*

aValue calculated as time ratio between treated and control values. dPT = diluted prothrombin time; sTT = sensitized thrombin time
*p < 0.05, **p < 0.01.
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