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Abstract

Introduction: Sulodexide represents a mixture of fast-moving heparin (FMH) and dermatan sulfate (DS) and has been used
for the management of venous diseases such as DVT and related disorders. The purpose of this study is to compare sulodexide
and its components with unfractionated heparin (UFH) to determine its suitability for the indications in which UFH is used.
Materials and Method: Active pharmaceutical ingredients (APl) versions of sulodexide, FMH and DS were obtained from
Alfasigma. API versions of UFH were obtained from Medefil Inc. Normal human citrated plasma was obtained from blood bank of
the Loyola University Medical Center. Each of the individual agents were supplemented in plasma at a graded concentration of
0.0-10 pg/mL. Clotting assays (PiCT, aPTT, PT and TT), anti-Xa and anti-lla and thrombin generation studies were carried out.
Results were compiled as mean + SD of 3 individual determination. Result: In the clot based (PiCT, aPTT and TT), anti-Xa and lla
assays, both the UFH and FMH produced stronger activities in these assays followed by sulodexide. DS did not show any
anticoagulant activity. In the thrombin generation assay, FMH and UFH produced comparable inhibition of thrombin generation as
measured by various parameters. Sulodexide was slightly weaker in this assay, whereas DS produced relatively weaker effects.
Conclusion: In comparison to sulodexide, both UFH and FMH exhibit comparable anticoagulant activity despite differences in
their molecular weight. These results suggest that sulodexide can be developed as a parenteral anticoagulant for indications in
which UFH is used.
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Introduction

Since the discovery of unfractionated heparin (UFH) this drug
remains to be the anticoagulant of choice for various indica-
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tions including medical, surgical and interventional proce-
dures.! UFH is the only anticoagulant with an effective
antidote, protamine sulfate. UFH belongs to the glycosamino-
glycans (GAGs) group and is extracted from mammalian
sources including bovine (cow), ovine (sheep) and porcine
(pig) mucosal tissues. The currently approved UFH prepara-
tions are obtained from porcine mucosal tissue, while other
UFHs prepared from bovine and ovine sources are not available
at this time. The UFH obtained from bovine mucosal tissue was
initially used clinically, but it was withdrawn from the market
due to the bovine spongiform encephalopathy (BSE).* Since
then improved methods for viral de-loading and safer bovine
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heparin preparations have become available.? In 2008, global
contamination of UFH resulted in the withdrawal of this
anticoagulant from the market resulting in the shortage of this
drug.*® Since then, the regulatory agencies have provided
stringent measures to quality assure this drug. Other factors
impacted the supply of this anticoagulant including the avail-
ability of the porcine mucosal raw material which is primarily
supplied by China. In 2018, the outbreak of African swine flu
(ASF) in China and other countries resulted in a severe short-
age of porcine tissues impacting the global supply of this
drug.” Several investigators have reported on the imminent
risk of a global heparin shortage because of the impact of ASF
in Europe and Asia on the pig population.® Almost 50% of the
population of pigs in China are affected which represent
almost 70% of the anticoagulant used clinically.” Recent
improvements in manufacturing, viral de-load and other
quality measures, have resulted in high quality bovine heparin
that has become widely available.” The potential shortage of
porcine mucosal heparin has prompted several initiatives at
industrial and regulatory levels.'® The reintroduction of
bovine heparin, and development of ovine mucosal heparin
are now considered as viable options. Additionally, synthetic
and biotechnological approaches have been used to develop
UFH and related drugs. Such agents as sulodexide, danapar-
oid and pentosan polysulfate (PPS) may be considered as
substitute parenteral anticoagulant for UFH.

Both the heparin and sulodexide represent glycosaminogly-
can (GAGs) mixture of known composition which is extracted
from porcine intestinal tissue.'' However, both agents can also
be produced by using other mammalian tissues of bovine and
ovine origin. Sulodexide is composed of low molecular weight
heparin (LMWH) and dermatan sulfate (DS). This mixture
contains 80% iduronyl glycosaminoglycan sulfate (IGS, known
as fast-moving heparin [FMH] because of its electrophoretic
mobility in the barium propane diamine system), and 20%
DS.'*!3 Sylodexide can be used clinically as an oral or par-
enteral (intravenous, IV and intramuscular IM) agent. The
pharmacologic properties of sulodexide are comparable to
UFH and are mediated by antithrombin (AT) and heparin
cofactor I (HCII)."* Sulodexide is also capable of inhibiting
thrombin generation which is a result of the synergistic effects
of both FMH and DS."* Sulodexide has been used for various
clinical indications including chronic venous disease (CVD),
prevention of recurrent venous thromboembolism (VTE) and
treatment of other vascular disorders.'®!'” As sulodexide is
similar to heparin and its composition, it may possess certain
undesirable attributes such as the interaction with platelet fac-
tor 4 and the potential generation of anti-heparin platelet factor
4 antibodies. The parenteral versions of sulodexide possess
stronger anticoagulant effects which may lead to bleeding and
uncontrolled situations, thus an antidote such as protamine
sulfate may be required to control potential hemorrhagic com-
plications. Additionally, the parenteral form of sulodexide may
need standardization in terms of anticoagulant activity as refer-
enced against standard.

Sulodexide exhibits poly-pharmacologic actions targeting
thrombo-inflammation which makes this drug very useful for
the management of venous disease. As COVID-19 associated
pathophysiology results in thrombo-inflammation, this
agent may be useful in the modulation of complex pathophy-
siology in COVID-19 associated coagulopathy. Sulodexide
is a multicomponent drug and produces additional
pharmacological actions including antiviral effects. Thus,
beside an anticoagulant, sulodexide may have similar pleio-
tropic therapeutic actions as UFH.

The average molecular weight of FMH is 7 kDa and its
pharmacological actions may be comparable to the LMWH.'®
The anticoagulant and antiprotease effects of FMH are depen-
dent on its interaction with AT and HCII, however it is
reported to have higher affinity to AT.'”° Dermatan sulfate
is composed of the disaccharide unit of l-iduronic acid and
D-N-acetyl galactosamine. The anticoagulant effects of DS
are dependent on binding to the HCII, targeting factor Xa and
ITa.'* Recent evidence suggests a novel biological action of
DS, namely inhibition of matrix metalloproteinases (MMP),
which plays a key role in extracellular matrix (ECM) remo-
deling, thus also conferring protective effects to sulodexide
against vascular wall damage and inflammation in chronic
venous diseases (CVD).2!'*? It has also been reported that
DS may act as an adjuvant factor for initiating and accelerat-
ing wound healing.>® Extensive studies on the effect of sulo-
dexide and its components on the conventional clotting
processes have been carried out including both the clot-
based and protease inhibitory assays. However, a parallel
study comparing these assays with thrombin generation inhi-
bitory potential of sulodexide is not available. The purpose of
this study is to determine the anticoagulant, antiprotease and
thrombin generation profile of sulodexide and its components
with reference to UFH.

Material and Method
Testing Agents

Active pharmaceutical ingredients (API) versions of sulodex-
ide, fast moving heparin and dermatan sulfate were obtained
from Alfasigma (Bologna, Italy). Pharmaceutical grade of
unfractionated heparin (190 U/mg) was obtained from Medefil,
Inc., (Glendale Heights, Illinois, USA). All agents were dis-
solved in 0.9% NaCl to make stock solution of 10 mg/ml.
Working dilutions were prepared at 100 pg/mL.

Anticoagulant Assay

Each of the agents were supplemented in citrated plasma over a
concentration range of 0.0-10.0 pg/mL. Saline was used for
referencing purpose. For prothrombinase-induced clotting time
(PiCT), reagents were obtained from PentaPharm (Basel, Swit-
zerland) and samples were analyzed by using 2-stage tech-
nique. For activated partial thromboplastin time (aPTT)
testing, the TriniCLOT aPTT reagent was obtained from Diag-
nostica Stago (Parsippany, New Jersey, USA). Alfa human
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Figure |. Anticoagulation profiling of the sulodexide and its components in comparison to UFH. A. Prothrombinase-induced clotting time
(PiCT), B. Activated partial thromboplastin time (aPTT), C. Thrombin time (TT), D. Prothrombin time (PT).

thrombin was obtained for thrombin time (TT) from Enzyme
Research Laboratories (South Bend, Indiana, USA). The PT,
HemoslL reagent was obtained from Instrumentation Labora-
tory (Bedford, Massachusetts, USA). Thrombin was reconsti-
tuted with 0.025 M CaCl, at a concentration of 5 U/ml which
was used to measure TT. ACL-Elite (Instrumentation Labora-
tory, Bedford, Massachusetts, USA) was used to analyze aPTT,
TT and PT. The PiCT test was measured on the ST4 clot
analyzer (Diagnostica Stago, Paris, France). Results were com-
piled in terms of average mean + SD of 3 runs.

Chromogenic Assay

Anti-factor Xa and anti-factor Ila activities were measured by
using a kinetic amidolytic method on the ACL-Elite instrument
(Instrumentation Laboratory, Bedford, Massachusetts, USA).
Alfa human thrombin and bovine factor-Xa were obtained from
Enzyme Research Laboratories (South Bend, Indiana, USA)
and both the factor-Xa agent and thrombin were diluted in 50
nM Tris buffer (pH = 8.4) to a concentration of 1.25 [U/mL.
Factor Xa and Ila substrate used in this assay were obtained
from BioMedica Diagnostics (Connecticut, USA). Factor Xa
substrate was reconstituted in sterile water to make 2.5 uM and
factor Ila substrate at 1.0 pM. Each of the agents were supple-
mented in citrated normal human plasma over a concentration
range of 0.0-10.0 pg/mL. Saline was used for referencing pur-
pose. Results were compiled in terms of average mean + SD of
3 runs.

Inhibition of Thrombin Generation

Inhibition of thrombin generation was measured by using a
Fluoroskan Ascent Fluorimeter, calibrated automated thrombo-
gram (CAT), (Diagnostica Stago, Parsippany, New Jersey,
USA). Reagents used in this assay included the fluo-
substrate, fluo-buffer, tissue factor high reagent (mixture of
tissue factor and phospholipids) and a thrombin calibrator. The
thrombin generation studies were carried out in 96-well Immu-
lon 2HB transparent round bottom plates. Drugs were supple-
mented in citrated normal human pooled plasma in a
concentration range from 0.0-10.0 pg/mL. The thrombin gen-
eration potential was measured in terms of the peak thrombin
concentration, lag time and endogenous thrombin potential
(ETP)/area under the curve (AUC). Results were compiled in
terms of average mean + SD of 3 runs.

Results
Anticoagulant Assay

The detailed analysis of the anticoagulation studies with the
sulodexide and its components and their comparison with UFH
is represented in Figure 1A to D. All agents produced concen-
tration dependent effects with the exception of DS. In the PiCT
test sulodexide, FMH and UFH showed comparable response at
lower concentration’s, however UFH showed maximal
response at the higher concentration. In the aPTT assay, FMH
and UFH showed strong and almost comparable responses,
however sulodexide showed slightly weaker anticoagulant
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activities. In TT assay, sulodexide, FMH and UFH all showed
comparable and maximum response at higher concentration. In
the PT assay, all of these agents showed no anticoagulant
effects in the assay range 0.0-10.0 pg/mL.

Chromogenic Assay

The amidolytic anti-Xa and anti-Ila activities of these agents
are depicted in Figure 2A and B. All agents produced concen-
tration dependent inhibitory responses toward factor Xa and Ila
activities with the exception of DS. In both the anti-Xa and
anti-Ila assay, UFH and FMH produced strong antiprotease
effects. Sulodexide showed slightly weaker effects compared
to UFH and FMH.

Inhibition of Thrombin Generation

The results of the thrombin generation inhibition of UFH,
FMH, sulodexide and DS are shown in Figure 3A to D and
Figure 4A to C. The effect of sulodexide, its components and
UFH on the inhibition of thrombin generation was measured in
terms of peak thrombin, ETP/AUC and lag time. The kinetics
of thrombin generation of each of the agent is shown in Figure
3A to D. All agents produced concentration dependent effects
however DS was relatively weak. FMH and sulodexide pro-
duced strong inhibition of thrombin generation in a comparable
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Figure 2. Antiprotease activity of the sulodexide and its components
in comparison to UFH. A. Anti-Xa activity, B. Anti-lla activity.
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Figure 4. Parameter of thrombin generation for sulodexide and its
components in comparison to UFH. A. Peak thrombin, B. Lag time, C.
Area under the curve (AUC).

fashion and the thrombin generation was completely inhibited
at a concentration of 2.5 pg/mL. UFH completely inhibited the
thrombin generation at 5.0 pg/mL. A comparison of the indi-
vidual thrombin generation parameters for all of these drugs is
shown in Figure 4A to C. In peak thrombin and AUC measure-
ments, FMH showed stronger inhibition of thrombin generation
followed by UFH and sulodexide. The same trend was
observed in the lag time. FMH showed an increase in the time
for the generation of thrombin followed by UFH and sulodex-
ide, however the difference between each of the agents was
minimal.

Discussion

Unlike UFH, sulodexide represent a balance mixture of FMH
and DS, while the FMH component mediates it effects with AT
and HCIL'*'"> DS mediates its effects primarily via HCIL'!
Conventional clotting assays such as aPTT and TT have been

used to profile the anticoagulant effects of sulodexide and its
components. However, in the current studies we have also used
PiCT test to profile sulodexide and its components in compar-
ison to UFH. Amidolytic assays to measure the anti-Xa and
anti-Ila properties of UFH have been conventionally used.
These assays also reflect the interaction of sulodexide and its
components with HCII and AT. Thrombin generation potential
of plasma is now considered to be an important measure of the
overall protease activity reflecting the endogenous thrombin
generation potential of plasma.>* This test has been widely
used in the evaluation of anticoagulant drugs. The composition
of plasma and other physiological factors also contribute to the
thrombin generation potential. In our studies, we have com-
pared the effect of sulodexide and its components with UFH for
their inhibitory effects on thrombin generation potential in
terms of various parameters. These studies were carried out
at mass adjusted concentrations.

In the clot-based assays, all agents produced concentration
dependent anticoagulant effects in the range of 0.0-10.0 pg/mL
in the PiCT, aPTT and TT assays however no effect was
observed on the PT assay. FMH and UFH consistently pro-
duced near comparable effects in the aPTT, PiCT and TT assay
in comparison to sulodexide. However, DS didn’t have any
sizable effects on these assays. Despite its lower molecular
weight, the FMH exhibited comparable or slightly higher antic-
oagulant effects, this may be due to stronger interaction of
FMH with AT. Sulodexide was relatively weaker compared
to the UFH and FMH in the aPTT and PiCT assay, however
it produced the comparable effect on TT.

The antiprotease activities were measured by the anti-Xa
and anti-Ila activities. FMH produced higher anti-Xa activity
with an ICs( value of 1.1 pg/mL, whereas sulodexide and UFH
exhibited comparable ICs, values in the range of 2.1 pg/mL.
However, DS did not have any anti-Xa activity. These results
are slightly different than those noted in the clot-based assays,
where sulodexide was differentiated from UFH and FMH.
Interestingly, the anti-Ila activity of UFH and FMH was almost
comparable with the ICsq of 2.3 pg/mL. Sulodexide was rela-
tively weaker with the 1Cs, of 4.4 pg/mL. This may be due to
the compositional differences in sulodexide. These results sug-
gest that both the anti-Xa and anti-Ila activities can be used to
compare sulodexide and FMH to UFH.

Sulodexide, FMH and UFH produced strong inhibition of
thrombin generation as measured by various parameters. DS
on the other hand produced relatively weaker inhibition.
Interestingly the peak thrombin values revealed FMH to have
a stronger effect than UFH with a lower ICso of 0.5 pg/mL, in
contrast to UFH 1.55 pg/mL. Sulodexide exhibited a rela-
tively higher ICs, value for peak thrombin inhibition at 2.65
pg/mL. DS had an ICsy >10 pg/mL. All agents produced a
concentration dependent increase in the lag time value with
the exception of DS. This suggest that sulodexide and its
components can delay the generation of thrombin in a con-
centration dependent manner. Therefore, not only the amount
of thrombin generated but the initiation of its formation is
affected by sulodexide and its components in a similar fashion
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Table I. Effects of Sulodexide and its Components in Comparison to UFH in Different Laboratory assay.

Laboratory assays (10 pg/mL) Sulodexide FMH DS UFH
Clotting PiCT (seconds) 184.10 178.90 42.30 293.30
Assays aPTT (seconds) 256.50 + 61.52 300.00 + 0.00 56.10 + 2.26 300.00 + 0.00
TT (seconds) 300.00 + 0.00 300.00 + 0.00 26.05 + 3.89 300.00 + 0.00
PT (seconds) 12.80 13.30 11.40 12.20
Chromogenic Assays anti-Xa (% Inhibition) 90.17 + 8.30 96.88 + 2.15 6.84 + 2.60 94.98 + 0.60
anti-lla (% Inhibition) 81.20 + 6.51 85.27 + 2.92 6.37 + 1.03 79.83 + 5.87
Thrombin Generation Peak thrombin (nM) 1.58 + 0.19 0.44 + 0.15 64.66 + 3.16 0.63 + 2.23
Assay Lag Time (seconds) 13.67 + 141 1525 + 5.77 275 + O.11 14.30 + 0.00
AUC (nM*min) 0.00 + 0.00 0.00 + 0.00 376.06 + 2.77 0.00 + 0.00

PiCT, Prothrombinase-induced Clotting Time; aPTT, Activated Partial Thromboplastin Time; TT, Thrombin Time; PT, Prothrombin Time; AUC, Area Under the

Curve.

All results are expressed as mean of 3 determination with + | SD with the exception of PiCT and PT test.

to UFH. ETP as measured by AUC values, represents total
thrombin generation and was comparable to UFH and FMH,
however sulodexide has a lower AUC value. DS produced
relatively weaker effects on this parameter.

These integrated studies of the thrombin generation inhibi-
tory profile of sulodexide in comparison to the anticoagulant
and antiprotease activities clearly demonstrate that the FMH
component of sulodexide is comparable to UFH in terms of
various measured activities. As depicted in Table 1, where
sulodexide and its components are compared in different assays
at fixed concentrations of 10 pg/mL, FMH and UFH produced
nearly comparable results, whereas sulodexide showed slightly
weaker activities in some of the assays. DS at 10 pg/mL
produced much weaker activities. Taken on a cumulative
basis, the UFH and FMH exhibit comparable activities. It is
interesting that the FMH reportedly exhibits much lower
molecular weight (7-8 kDa) in contrast to UFH which has a
much higher molecular weight in the range of 15-17 kDa. This
data also demonstrates that DS has relatively weaker bio-
chemical properties in comparison to sulodexide, FMH and
UFH. However, the presence of DS in sulodexide may have
other endogenous modulatory effects which are not measur-
able in the in vitro assays.

The data presented in this communication is highly sugges-
tive of sulodexide as a potential alternate to UFH. Parenteral
versions of sulodexide have been available and can be used as
an alternate to UFH. It should be noted that their safety profile
may be different for sulodexide in comparison to UFH due to
the much lower molecular weight of FMH. Currently available
sulodexide preparations are not standardized in terms of their
anticoagulant activity in reference to UFH, therefore the par-
enteral version of sulodexide should be cross referenced
against the pharmacopial standards such as the USP and the
EP reference. In our studies, we have used plasma-based assays
which can provide a comparative anticoagulant profile of sulo-
dexide. Additional studies in both animal models and clinical
settings are required to validate the pharmacologic effects of
sulodexide in comparison to UFH and LMWHs. Similarly, the
pharmacologic validation of the efficacy of this agent, such
indication as cancer associated thrombosis, auto-immune

diseases and other non-thrombotic usage will require additional
basic and clinical investigations.

As UFH and LMWHs are now widely used in the manage-
ment of COVID-19 associated thrombotic complications, sulo-
dexide may also be valuable for this indication.?> The
pleiotropic effects of sulodexide including anti-inflammatory,
profibrinolytic, cytoprotective, endothelial sparing among oth-
ers have been discussed in several previous reports.'®2¢-3°
Besides an anticoagulant, sulodexide has also been shown to
have other pharmacological properties, which may be benefi-
cial to the COVID-19 patients. The pharmacologic agents tar-
geting thrombo-inflammation in COVID-19 have been recently
reviewed by Bikdeli et al.*' As thrombo-inflammation is con-
sidered to be one of the major pathophysiologic focus, this
manuscript has provided a comprehensive account of pharma-
cologic agents which can be used in the management of
COVID-19. Sulodexide is discussed briefly with qualifying
statement that despite potential interest in sulodexide due to
its poly-pharmacologic nature there is no information on the
clinical use of sulodexide in this indication. As this agent pos-
sess both the anticoagulant and anti-inflammatory properties
which have been extensively investigated in both clinical and
experimental settings, sulodexide may be a useful alternate for
UFH and LMWHSs. A meta-analysis of the randomized trial on
sulodexide is reported, highlighting the broad-spectrum nature
of this agent covering a variety of cardiovascular indications
and the safety considerations.’® Thus sulodexide may have
beneficial effects, not only in the control of thrombo-
inflammation but in managing the cardiovascular complica-
tions observed in COVID-19 patients.

Conclusion

While the anticoagulant properties of sulodexide and its com-
ponents have been reported before, our studies provide a direct
comparison of sulodexide and its components in clot-based,
protease inhibitory and thrombin generation assays, suggesting
that this agent exhibits comparable anticoagulant effects to
UFH. Therefore, sulodexide can be developed for parenteral
usage for such indications as surgical, medical anticoagulation,
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hemodialysis and interventional procedures. The pharmacoki-
netic and pharmacodynamic properties of sulodexide may dif-
fer from UFH and LMWHs and should be taken into account
for dosage selection in different indications. Clinical validation
for the use of sulodexide in indications for UFH is warranted at
this time.
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