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Abstract

Hirudin is a 65-amino acid polypeptide originally isolated from the salivary glands of the medicinal leech
Hirudo medicinalis, represents the most potent and specific natural inhibitor of thrombin discovered to date.
Since its initial characterization in the 1950s, hirudin has evolved from a scarce natural product to a clinically
available recombinant anticoagulant, with multiple derivatives approved for therapeutic use including lepirudin,
desirudin, and bivalirudin. This review provides a comprehensive analysis of hirudin's discovery history,
molecular structure, physicochemical properties, extraction and purification methodologies, pharmacokinetics,
and extensive pharmacological activities. Beyond its established role as an anticoagulant, emerging evidence
demonstrates that hirudin possesses diverse bioactivities including anti-inflammatory, antioxidant,
neuroprotective, anti-fibrotic, wound-healing, anti-tumor, and anti-hyperuricemic effects. Clinical experience
with hirudin and its derivatives spans acute coronary syndromes, heparin-induced thrombocytopenia, venous
thromboembolism prophylaxis, and other thrombotic disorders. However, challenges including narrow
therapeutic index, bleeding risk, renal dependence, and immunogenicity continue to limit broader application.
This review synthesizes current knowledge while identifying critical gaps requiring further investigation,
including optimization of dosing strategies, development of safer derivatives, expansion of non-anticoagulant
therapeutic applications, and elucidation of molecular mechanisms underlying recently discovered
bioactivities.
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1 Introduction

Hirudin is an acidic polypeptide secreted by the salivary glands of Hirudo medicinalis, commonly known as
the medicinal leech (Grzimek, 1974; Sawyer, 1986; Miiller et al., 2016, 2017, 2020; Lukas et al., 2019; Chen
et al.,, 2021; Wikipedia, 2026). As the strongest natural specific inhibitor of thrombin identified thus far,
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hirudin has garnered sustained scientific and clinical interest since its discovery (Elliott and Tullett, 1984;
Markwardt, 1994; Chen et al., 2021). The anticoagulant properties of leech extracts were first documented by
Haycraft in 1884, with the active component subsequently designated "hirudin” by Jacoby in 1904 (Haycraft,
1883, 1884; Chen et al., 2021; Markwardt, 1991). However, the limited availability of natural hirudin
constrained both research and therapeutic application for decades (Chen et al., 2021).

The advent of recombinant DNA technology in the 1980s revolutionized hirudin research and clinical
development. In 1986, recombinant hirudin (r-hirudin) became available through genetic engineering, enabling
large-scale production of biologically active hirudin with pharmacological properties closely resembling those
of the natural compound (Chen et al., 2021; Rosenfeld et al., 1996). This technological breakthrough catalyzed
extensive investigation into hirudin's therapeutic potential, culminating in the approval of several hirudin
derivatives for clinical use (Chen et al., 2021; Markwardt, 2002; Nowak and Schrér, 2007).

Hirudin functions as a bivalent direct thrombin inhibitor, binding to both the catalytic active site and the
anion-binding exosite | (fibrinogen recognition site) of thrombin (Greinacher & Warkentin, 2008; Rydel et al.,
1990, 1991). This dual binding mechanism confers exceptional potency and specificity, distinguishing hirudin
from indirect anticoagulants such as heparin that require antithrombin Il as a cofactor (Markwardt, 1994;
Johnson, 1994). Importantly, hirudin inhibits both free and clot-bound thrombin, a property that may confer
clinical advantages in certain thrombotic conditions (Weitz et al., 1990; Greinacher & Warkentin, 2008).

Beyond its established anticoagulant and antithrombotic effects, accumulating evidence over the past two
decades has revealed a broader pharmacological profile for hirudin and its derivatives (Sohn et al., 2001).
These include wound repair promotion, anti-fibrotic activity, beneficial effects on diabetic complications,
anti-tumor properties, anti-hyperuricemic effects, and neuroprotective actions in cerebral hemorrhage and
ischemic stroke (Chen et al., 2021; Liu et al., 2020; Xia et al., 2023). The molecular mechanisms underlying
these diverse bioactivities have been partially elucidated, revealing interactions with multiple signaling
pathways including NF-xB, Nrf-2/HO-1, ERK1/2, and mTOR-regulated autophagy (Liu et al., 2020; Xia et al.,
2023; Ma et al., 2023).

Despite these advances, hirudin's clinical application remains constrained by several limitations. Natural
hirudin production is insufficient for large-scale therapeutic use, while recombinant hirudin exhibits a narrow
therapeutic index with dose-dependent bleeding risk (Folkers et al., 1989; Chen et al., 2021; Direct Thrombin
Inhibitor Trialists' Collaborative Group, 2002). Additionally, hirudin's predominantly renal elimination
necessitates dose adjustment in patients with impaired kidney function (Fischer, 2002; Garcia et al., 2012).
Immunogenicity, though weak, may lead to diminished or enhanced responsiveness upon repeated exposure
(Greinacher & Warkentin, 2008).

This comprehensive review aims to synthesize the extensive body of literature on hirudin, spanning its
discovery and structural characterization, extraction and production methodologies, pharmacokinetic
properties, diverse pharmacological activities and underlying mechanisms, clinical applications and trial
outcomes, safety considerations, and quality control standards. By systematically examining both established
knowledge and emerging frontiers, this review seeks to provide a foundation for future research directions and
therapeutic innovations involving hirudin and its derivatives.

2 Discovery and History

2.1 Early Observations and Initial Characterization

The medicinal use of leeches dates back to ancient civilizations, with records of leech therapy appearing in
traditional medical texts across diverse cultures (Chen et al., 2021). In traditional Chinese medicine, leeches
(Shuizhi; 7K#E) were documented in Shennong's Classic of Materia Medica as possessing the efficacy of
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breaking blood stasis, expelling stagnation, and freeing the collateral vessels (Chinese Pharmacopoeia
Committee, 2020; Chen et al., 2021; Fig. 1). However, the scientific investigation of leech-derived
anticoagulant activity began in the late nineteenth century.

Fig. 1 Hirudo medicinalis (Dreamstime. 2026).

In 1884, Haycraft made the seminal observation that extracts from Hirudo medicinalis exhibited
anticoagulant properties (Haycraft, 1884; Chen et al., 2021; Markwardt, 2002). This discovery marked the first
scientific documentation of leech-derived anticoagulant activity. In 1904, Jacoby formally designated the
active anticoagulant component as "hirudin" (Chen et al., 2021; Markwardt, 1991). Despite this early
recognition, progress in isolating and characterizing hirudin remained limited for the subsequent half-century
due to technical constraints.

2.2 Isolation and Structural Elucidation

A major milestone occurred in 1955 when Markwardt successfully obtained relatively pure hirudin from the
salivary glands of Hirudo medicinalis, greatly facilitating subsequent research on thrombin inhibitors
(Markwardt, 1955; Chen et al., 2021). This achievement enabled more detailed pharmacological
characterization of hirudin's anticoagulant properties (Markwardt, 1970).

The complete amino acid sequence of hirudin was first described by Dodt and colleagues in 1984,
representing a crucial advance in understanding the molecular basis of hirudin's biological activity (Dodt et al.,
1984; Chen et al., 2021; Fig. 2). Hirudin was characterized as a single-chain polypeptide containing 65 amino
acids with a molecular weight of approximately 7,000 daltons (Dodt et al., 1984; DrugFuture, 2024; Fig. 2).
Several isoforms of hirudin were subsequently identified, including hirudin variant 1 (HV1, also designated
hirudin-VV), hirudin variant 2 (HV2, or hirudin-IT), and hirudin variant 3 (HV3) (Wistenhagen et al., 2020;
Chen et al., 2021; Dodt et al., 1986).

The three-dimensional structure of hirudin and its interaction with thrombin were elucidated through X-ray
crystallographic studies. The crystal structure of the hirudin-thrombin complex revealed that the
amino-terminal domain of hirudin interacts with the active site of thrombin's catalytic triad residue serine-195,
while the carboxy-terminal domain binds to the positively charged anion-binding exosite | (Rydel et al., 1990,
1991; Skrzypczak-Jankun et al., 1991; Fig. 2). Additional contact sites were identified that further enhance the
binding affinity of hirudin to thrombin (Rydel et al., 1991). These structural insights provided the foundation
for rational design of hirudin derivatives and synthetic thrombin inhibitors.

IAEES WWW.iaees.org


https://pubmed.ncbi.nlm.nih.gov/?term=%22W%C3%BCstenhagen%20DA%22%5bAuthor%5d�

Network Biology, 2027, 17(1): 20-45 23

Fig. 2 Hirudin molecule (PubChem, 2004).

2.3 Recombinant Technology and Clinical Translation

The limited availability of natural hirudin from leech salivary glands constituted a major obstacle to both
research and clinical development. The advent of recombinant DNA technology in the 1980s fundamentally
transformed this landscape (Al-Badran and Al-Fadal, 2017). In 1986, recombinant hirudin (r-hirudin) was
successfully produced through genetic engineering, with the cloned cDNA expressed in various host systems
including Escherichia coli, Saccharomyces cerevisiae, and Pichia pastoris (Folkers et al., 1989; Haruyama and
Wathrich, 1989; Rydel et al., 1990, 1991; Rosenfeld et al., 1996; Johnson, 1994; Greinacher and Lubenow,
2001; Markwardt, 2002; Hsieh et al., 2014).

Recombinant hirudin differs from natural hirudin in one key structural aspect: natural hirudin contains a
sulfated tyrosine residue at position 63, whereas recombinant hirudin lacks this post-translational modification
(Folkers et al., 1989; Rydel et al., 1990, 1991; Marki et al., 1991). This desulfation results in an approximately
two-fold reduction in potency without altering the specificity of thrombin inhibition.

The availability of recombinant hirudin enabled large-scale clinical investigation (Haruyama and W(thrich,
1989; Folkers et al., 1989; Rydel et al., 1990, 1991). Early clinical studies demonstrated that hirudin provided
more consistent anticoagulation compared with heparin, as gauged by activated partial thromboplastin time
(@PTT) (Antman, 1994). Several hirudin derivatives subsequently received regulatory approval for clinical use,
including lepirudin (Refludan), desirudin (Iprivask/Revasc), and the synthetic hirudin analog bivalirudin
(Angiomax) (Chen et al., 2021; Greinacher & Warkentin, 2008).

The search for the development of hirudin from leech extract to genetically engineered products as an
alternative anticoagulant has been extensively documented, with progress in molecular biology stimulating
interest in the structure and function of hirudin (Markwardt, 2002). This historical trajectory illustrates the
transformation of an ancient natural remedy into a modern biopharmaceutical agent.
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3 Properties and Extraction

3.1 Sources of Hirudin

3.1.1 Natural Sources

Natural hirudin is secreted by the salivary glands of hematophagous leeches, primarily Hirudo medicinalis
(Chen et al., 2021; Markwardt, 1994; Fig. 1). Other leech species have also been identified as sources of
hirudin-like anticoagulant proteins, though H. medicinalis remains the most extensively studied source
(Markwardt, 2002). The salivary glands of medicinal leeches produce hirudin as an evolutionary adaptation to
prevent blood coagulation during feeding, enabling sustained blood ingestion.

Traditional Chinese medicine has utilized leeches (Shuizhi) for centuries, with documented applications in
promoting blood circulation and removing blood stasis (Chen et al., 2021; Chinese Pharmacopoeia Committee,
2020). The recognition of leeches' therapeutic value in traditional medicine systems across multiple cultures
provided early empirical evidence of hirudin's biological activity, preceding its scientific characterization by
centuries (Chen et al., 2021).

3.1.2 Recombinant Production Systems

The limited yield of natural hirudin from leech salivary glands necessitated the development of recombinant
production systems. Recombinant hirudin has been successfully expressed in multiple heterologous hosts, each
offering distinct advantages and limitations (Rosenfeld et al., 1996; Markwardt, 2002).

Escherichia coli expression systems were among the earliest platforms developed for recombinant hirudin
production. However, the absence of eukaryotic post-translational modification machinery and the tendency
for inclusion body formation presented challenges for obtaining biologically active protein (Rosenfeld et al.,
1996; Zhang et al., 2007).

Yeast expression systems have proven particularly successful for hirudin production. Saccharomyces
cerevisiae has been employed for recombinant hirudin expression and secretion to the culture medium
(Rosenfeld et al., 1996). The methylotrophic yeast Pichia pastoris has demonstrated remarkable efficiency,
with one clone secreting recombinant hirudin at levels reaching 1.5 g/L (Rosenfeld et al., 1996). Using P.
pastoris expression, recombinant hirudin was purified to greater than 97% purity with a recovery yield of 63%,
and the purified product exhibited the predicted N-terminal amino acid sequence and thrombin inhibition
kinetics comparable to hirudin isoforms produced in other heterologous systems (Rosenfeld et al., 1996).

Bacillus subtilis has also been explored as an expression host for recombinant hirudin (Rosenfeld et al.,
1996). Optimization of fermentation conditions has been shown to dramatically increase recombinant hirudin
expression levels across multiple expression systems (Rosenfeld et al., 1996; Zhang et al., 2007).

3.2 Chemical Structure

3.2.1 Primary Structure

Hirudin is a single-chain polypeptide composed of 64-66 amino acids, with a molecular weight of
approximately 7,000 daltons (DrugFuture, 2024; Chen et al., 2021; Dodt et al., 1984). The primary structure of
hirudin variant 1 (HV1) consists of 65 amino acid residues (Wustenhagen et al., 2020; DrugFuture, 2024; Fig.
2). Several isoforms have been identified, designated as hirudin variant 1 (HV1, or hirudin-VV), hirudin
variant 2 (HV2, or hirudin-IT), and hirudin variant 3 (HV3) (Chen et al., 2021; Dodt et al., 1986).

A key structural feature distinguishing natural hirudin from recombinant hirudin is the sulfation status of
the tyrosine residue at position 63. Natural hirudin contains a sulfated tyrosine at this position, whereas
recombinant hirudin produced in prokaryotic or yeast expression systems lacks this post-translational
modification (Marki et al., 1991). Desulfation results in approximately two-fold reduction in antithrombin
potency, without altering the specificity of thrombin inhibition.

3.2.2 Secondary and Tertiary Structure
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The three-dimensional structure of hirudin is stabilized by three intramolecular disulfide bridges, which are
essential for maintaining the proper folding and biological activity of the polypeptide (Dodt et al., 1986). The
compact globular structure of the N-terminal domain contains the disulfide-bonded core, while the C-terminal
domain adopts an extended conformation that facilitates interaction with thrombin's anion-binding exosite |
(Rydel et al., 1990, 1991).

X-ray crystallographic analysis of the hirudin-thrombin complex has provided detailed insights into the
molecular interactions underlying hirudin's potent inhibitory activity. The amino-terminal domain of hirudin
interacts with the active site of thrombin's catalytic triad, specifically residue serine-195, while the
carboxy-terminal domain binds to the positively charged anion-binding exosite I, also known as the fibrinogen
recognition site (Rydel et al., 1990, 1991; Skrzypczak-Jankun et al., 1991). Additional contact sites have been
identified that may further enhance the binding affinity of hirudin to thrombin (Rydel et al., 1991). These
interactions result in an essentially irreversible complex formation.

3.2.3 Physicochemical Properties

Hirudin is characterized as a gray or white flaky substance or powder (DrugFuture, 2024). The isoelectric point
(p1) of hirudin is approximately 3.9, reflecting its acidic nature due to the abundance of acidic amino acid
residues (DrugFuture, 2024). Hirudin is soluble in water, physiological saline solution, and pyridine, but
practically insoluble in alcohol, ether, acetone, and benzene (DrugFuture, 2024).

Stability studies indicate that hirudin deteriorates upon storage in sealed ampules, exposure to heat, and
when maintained in solution with dilute acids (DrugFuture, 2024). These stability characteristics have
implications for pharmaceutical formulation, storage conditions, and clinical handling of hirudin-based
therapeutic products. Electricwala and colleagues (1990) conducted comprehensive physicochemical
characterization of recombinant desulfatohirudin, providing essential data for pharmaceutical development.

3.3 Extraction and Purification

3.3.1 Natural Hirudin Isolation

The isolation of natural hirudin from leech salivary glands was first successfully achieved by Markwardt in
1955 (Markwardt, 1955; Chen et al., 2021). Subsequent improvements in isolation methodology were reported
by Walsmann and Markwardt in 1985, enabling the preparation of hirudin with enhanced purity (Walsmann &
Markwardt, 1985; DrugFuture, 2024). However, the inherent limitations of natural source extraction, including
low yield and batch-to-batch variability, precluded large-scale therapeutic application (Markwardt, 2002; Chen
etal., 2021).

3.3.2 Recombinant Hirudin Purification

The development of recombinant production systems necessitated robust purification methodologies to obtain
hirudin of sufficient purity for research and clinical applications. Multiple chromatographic approaches have
been developed and optimized for recombinant hirudin purification.

Hydrophobic chromatography and anion exchange chromatography have been successfully combined to
achieve high-purity recombinant hirudin from fermentation broth (Zhu et al., 2021). This method effectively
removes endotoxin and host cell proteins, yielding recombinant hirudin with high specific activity and purity
suitable for pharmaceutical applications (Zhu et al., 2021).

Immobilized metal affinity chromatography (IMAC) has been identified as among the most efficient
purification approaches with respect to purification fold and yield (Rosenfeld et al., 1996). Preparative
high-performance liquid chromatography has also been employed for isolation of recombinant hirudin variant
2-Lys47 (rHV2-Lys47) produced by genetically engineered yeast strains (Rosenfeld et al., 1996).

A straightforward two-step chromatography procedure was developed for purifying recombinant hirudin
expressed in P. pastoris, achieving greater than 97% purity with a recovery yield of 63% (Rosenfeld et al.,
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1996). This process yielded multigram quantities of biologically active recombinant hirudin suitable for
structure-function analyses and preclinical studies (Rosenfeld et al., 1996).

For recombinant hirudin produced in S. cerevisiae, purification schemes have been developed that include
ammonium sulfate precipitation followed by chromatographic steps, providing evidence supporting the
feasibility of scale production and clinical application of recombinant hirudin produced by genetic engineering
methods.

3.3.3 Process Scale-Up Considerations

The translation of laboratory-scale purification protocols to industrial-scale production presents multiple
challenges. Process development for the production of recombinant hirudin in S. cerevisiae has been
systematically investigated, encompassing both upstream fermentation optimization and downstream
purification (Rosenfeld et al., 1996). Factors influencing overall process yield include fermentation conditions,
cell harvesting efficiency, and optimization of chromatographic parameters.

Decolorization steps may be required during purification of recombinant hirudin to meet pharmaceutical
quality specifications (Lehman et al., 1993). The development of robust, scalable, and cost-effective
purification processes remains essential for ensuring adequate supply of pharmaceutical-grade hirudin for
clinical applications.

3.4 Pharmacokinetics

3.4.1 Absorption and Distribution

The pharmacokinetic properties of hirudin have been extensively characterized in healthy human subjects and
various animal models. Following intravenous administration, hirudin exhibits first-order elimination kinetics
after an initial distribution phase (Markwardt et al., 1984). The plasma concentration decline is most
adequately described by a biexponential equation corresponding to a two-compartment model (Markwardt et
al., 1984).

The volume of distribution of hirudin is relatively small, with a mean value of 12.9 liters calculated in
healthy human subjects following intravenous administration (Markwardt et al., 1984). This limited
distribution volume is consistent with the predominantly intravascular localization of hirudin and its primary
action on circulating and clot-bound thrombin.

After subcutaneous injection, hirudin maintains low but sustained plasma levels (approximately 0.5
AT-U/mL) for a prolonged period (Markwardt et al., 1984). Maximum plasma concentrations following
subcutaneous administration occur at approximately 128 + 55 minutes in horses, with a terminal half-life of
561 + 364 minutes (Feige et al., 2010). These pharmacokinetic characteristics support both intravenous and
subcutaneous routes of administration, providing flexibility for different clinical scenarios.

3.4.2 Elimination and Half-Life

The plasma half-life of hirudin following intravenous administration ranges from 50 to 65 minutes in humans
(Sciencedirect Neuroscience, 2024; Markwardt et al., 1984). The biologic half-life is approximately 2 hours
(Sciencedirect Neuroscience, 2024). Studies in healthy human subjects have reported a mean elimination
half-life of 0.84 hours (approximately 50 minutes) following intravenous administration of 1000 AT-U/kg
(Markwardt et al., 1984).

Following subcutaneous administration, the half-life is prolonged, with reported values of 150-240 minutes
in humans. In horses, elimination half-lives of 58 and 80 minutes were observed in two animals following
intravenous injection, while subcutaneous administration resulted in a terminal half-life of 561 + 364 minutes
(Feige et al., 2010).

Hirudin is excreted predominantly by the kidneys, with up to 50% of the administered dose appearing in
the urine in active form within 24 hours (Markwardt et al., 1984; Fischer, 2002). The renal clearance of hirudin

IAEES WWW.iaees.org



Network Biology, 2027, 17(1): 20-45 27

has important clinical implications, necessitating dose adjustment in patients with impaired kidney function to
avoid accumulation and excessive anticoagulation (Fischer, 2002; Garcia et al., 2012).

Metabolic fate studies indicate that hirudin is catabolized predominantly in the kidney, whereas the
thrombin-hirudin complex undergoes catabolism in both liver and kidney (Sciencedirect Neuroscience, 2024).
This differential catabolism may influence the pharmacokinetic-pharmacodynamic relationship under various
physiological and pathological conditions.

3.4.3 Pharmacokinetic-Pharmacodynamic Relationships

Hirudin prolongs coagulation parameters including thrombin time (TT), partial thromboplastin time (PTT),
and prothrombin time (PT) in a dose-dependent manner that correlates with plasma hirudin concentration
(Markwardt et al., 1984).

The relationship between hirudin plasma concentration and anticoagulant effect is relatively predictable,
contributing to the more consistent anticoagulation observed with hirudin compared with heparin (Antman,
1994). However, inter-individual variability in pharmacokinetic parameters has been documented, supporting
the need for monitoring in certain clinical settings.

Notably, hirudin does not prolong bleeding time when administered to normal volunteers at therapeutic
doses, suggesting that the antithrombotic effect can be achieved without necessarily impairing primary
hemostasis. This dissociation between anticoagulant effect and bleeding time prolongation may represent a
favorable characteristic compared with other anticoagulants.

4 Pharmacological Activities and Mechanisms

Like other regulators for biological network (Huang and Zhang, 2012; Li and Zhang, 2013; Zhang, 2016a-b,
2017e, 2018, 2026, 2027a-d, 2028a-c), hirudin plays an important role in various aspects. Fig. 3 dipicts the
pharmacological activities and mechanisms of hirudin.

4.1 Anticoagulant and Antithrombotic Effects

4.1.1 Mechanism of Thrombin Inhibition

Hirudin functions as the most potent and specific known inhibitor of thrombin, the serine protease that plays a
central regulatory role in hemostasis and blood coagulation (Markwardt, 1994; Li et al., 1998). As a bivalent
direct thrombin inhibitor, hirudin binds to both the catalytic active site and the fibrinogen-binding exosite | of
thrombin, forming an essentially irreversible 1:1 stoichiometric complex (Greinacher & Warkentin, 2008;
Rydel et al., 1990, 1991).

The amino-terminal domain of hirudin interacts with the active site pocket containing the catalytic triad of
thrombin, while the carboxy-terminal domain binds to the positively charged anion-binding exosite I, which
serves as the recognition site for fibrinogen and other thrombin substrates (Rydel et al., 1990, 1991;
Skrzypczak-Jankun et al., 1991). This dual binding mechanism confers exceptional potency, with a
dissociation constant in the picomolar range (Markwardt, 1994; Johnson, 1994).

Unlike heparin, which requires antithrombin 11l as a cofactor, hirudin inhibits thrombin directly and
independently of other coagulation factors (Markwardt, 1994; DrugFuture, 2024). Furthermore, hirudin
inhibits both free circulating thrombin and thrombin bound to fibrin clots, a property that may confer clinical
advantages in preventing thrombus extension and re-thrombosis (Weitz et al., 1990; Breddin, 1994; Greinacher
& Warkentin, 2008).

The formation of the hirudin-thrombin complex prevents fibrinogen cleavage to fibrin and inhibits all other
thrombin-catalyzed reactions, including activation of clotting factors V, VIII, and XIlI, as well as
thrombin-induced platelet activation (Desirudin, 2024; Markwardt, 1994). This comprehensive inhibition of
thrombin's multiple functions distinguishes hirudin from agents that selectively target only certain
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thrombin-mediated processes (Binnie et al., 1990).

Fig. 3 Pharmacological activities and mechanisms of hirudin.

4.1.2 Antithrombotic Efficacy

Hirudin has been demonstrated to possess potent antithrombotic effects in numerous preclinical and clinical
studies (Chen et al., 2021; Fenton et al., 1998; Li et al., 1998). The antithrombotic activity of hirudin derives
from its ability to prevent thrombus formation and limit thrombus extension through inhibition of
thrombin-mediated fibrin formation and platelet activation.

Experimental studies have shown that hirudin prevents thrombus formation after arterial injury, with two
large clinical trials demonstrating marked reduction in acute clinical events (Clinical Trials, 2024). Hirudin is a
specific thrombin inhibitor which acts independent of antithrombin 111 and is able to bind to fluid phase and
clot bound thrombin, producing a relatively stable level of anticoagulation when compared with heparin
(Recombinant Hirudins, 2012).

The antithrombotic efficacy of hirudin has been evaluated across multiple clinical indications, including
acute coronary syndromes, venous thromboembolism, and prevention of thrombosis in patients undergoing
surgical procedures (Greinacher & Warkentin, 2008; Direct Thrombin Inhibitor Trialists' Collaborative Group,
2002).

4.1.3 Comparison with Heparin

Several important distinctions exist between hirudin and heparin anticoagulants. Hirudin does not require
antithrombin 11l for activity, inhibits clot-bound thrombin (which heparin cannot access), does not bind to
platelet factor 4, and does not elicit antibodies that induce platelet and endothelial cell activation (Greinacher
& Warkentin, 2008; Garcia et al., 2012). These properties make hirudin particularly suitable for patients with
heparin-induced thrombocytopenia (HIT), a serious immune-mediated adverse reaction to heparin therapy.

However, hirudin also inhibits the ability of thrombin to activate fibrinolysis through complexing with
thrombomodulin and thus activating protein C (Sciencedirect Neuroscience, 2024). This inhibition of the
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endogenous anticoagulant pathway may partially offset the antithrombotic benefits of direct thrombin
inhibition.

4.2 Anti-inflammatory and Antioxidant Effects

4.2.1 Anti-inflammatory Mechanisms

Beyond its anticoagulant properties, hirudin exhibits significant anti-inflammatory effects that have been
documented in multiple experimental systems. Hirudin has been shown to possess anti-inflammatory
properties in studies of cerebral ischemia and other pathological conditions (Xia et al., 2023).

In a rat model of cerebral ischemia, intracerebral hirudin injection reduced brain infarction and
neurological damage, effects that were associated with attenuation of inflammatory responses (Xia et al., 2023).
Hirudin treatment significantly ameliorated neurological scores and attenuated brain edema, blood-brain
barrier permeability, inflammatory response, and microglia activation in subarachnoid hemorrhage rats
(Hirudin Alleviates Early Brain Injury, 2025).

The anti-inflammatory effects of hirudin are mediated, at least in part, through inhibition of the nuclear
factor-kB (NF-xB) signaling pathway. Studies in high glucose-treated rat dorsal root ganglion neurons
demonstrated that hirudin inhibited activation of the NF-xB pathway (Liu et al., 2020). NF-kB is a central
transcription factor regulating the expression of numerous pro-inflammatory cytokines, chemokines, and
adhesion molecules (Huang and Zhang, 2012; Li and Zhang, 2013; Zhang, 2016a-b, 2017e, 2018, 2026,
2027a-d, 2028a-c).

In acute lung injury models, hirudin inhibited inflammation and fibrosis caused by lung injury and played a
role in lung protection as an anti-inflammatory mediator (Effect of hirudin on acute lung injury, 2011). The
protective effect of hirudin in acute lung injury may be partly related to protection of the endothelial barrier
and attenuation of polymorphonuclear neutrophil transendothelial aggregation in lung (The protective effect of
hirudin on acute lung injury, 2011).

4.2.2 Antioxidant Effects

Hirudin possesses antioxidant properties that contribute to its protective effects in various pathological
conditions characterized by oxidative stress. In a rat model of cerebral ischemia, hirudin alleviated oxidative
stress and enhanced neurogenesis in ischemic rats (Xia et al., 2023).

Studies in high glucose-induced oxidative stress models have elucidated the molecular mechanisms
underlying hirudin's antioxidant effects. Hirudin treatment of dorsal root ganglion neurons exposed to high
glucose resulted in scavenging of reactive oxygen species (ROS) and up-regulation of the nuclear factor
erythroid 2-related factor 2/heme oxygenase-1 (Nrf-2/HO-1) pathway (Liu et al., 2020). The Nrf-2/HO-1
pathway is a critical endogenous antioxidant defense mechanism that regulates the expression of multiple
cytoprotective enzymes.

Quantitative analysis demonstrated that hirudin treatment reduced ROS levels in high glucose-exposed
neurons (Liu et al., 2020). The expression of Nrf-2 protein in hirudin groups was significantly higher than in
the high glucose group, while the expression of HO-1 protein in hirudin groups was also elevated compared
with the high glucose group (Liu et al., 2020). These findings indicate that hirudin activates the Nrf-2/HO-1
antioxidant pathway, contributing to cellular protection against oxidative injury.
4.2.3 Combined Anti-inflammatory and Antioxidant Effects
The anti-inflammatory and antioxidant effects of hirudin often occur concurrently and synergistically in
pathological conditions. In cerebral ischemia, hirudin alleviates cognitive deficits by attenuating oxidative
stress and promoting hippocampal neurogenesis through the regulation of ERK1/2 and serine-threonine kinase
in MCAO-subjected rats (Xia et al., 2023).

The ability of hirudin to simultaneously modulate inflammatory and oxidative stress pathways may confer
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particular therapeutic advantages in conditions where both processes contribute to tissue injury, including
ischemic stroke, diabetic complications, and acute lung injury.

4.3 Neuroprotective Effects

4.3.1 Protection in Ischemic Stroke

Hirudin has demonstrated beneficial effects in ischemic stroke through multiple mechanisms. Intracerebral
hirudin injection reduced brain infarction and neurological damage in rats subjected to middle cerebral artery
occlusion (MCAO) (Xia et al., 2023). Hirudin alleviated cognitive deficits by attenuating oxidative stress and
promoting hippocampal neurogenesis through regulation of ERK1/2 and serine-threonine kinase signaling
pathways (Xia et al., 2023).

The neuroprotective effects of hirudin in ischemic stroke involve both attenuation of oxidative stress and
enhancement of neurogenesis in ischemic rats (Xia et al., 2023). These dual actions—protection of existing
neurons and promotion of new neuron formation—suggest that hirudin may facilitate both acute
neuroprotection and longer-term functional recovery following ischemic brain injury.

4.3.2 Effects in Cerebral Hemorrhage

The role of hirudin in cerebral hemorrhage represents a complex and clinically significant area of investigation.
Research progress on the pharmacological effects of hirudin in preventing and treating cerebral hemorrhage
has been summarized, with mechanisms including anti-thrombin activity, inhibition of apoptosis, reduction of
oxidative stress response, decrease of inflammatory reaction, inhibition of aquaporin-4 expression, prevention
of glial fibrillary acidic protein upregulation, inhibition of thrombospondin expression, and regulation of Na+,
K+-ATPase activity (Research progress on hirudin in cerebral hemorrhage, 2024).

Edema formation has been linked to thrombin toxicity induced by blood clot at the acute stage of
intracerebral hemorrhage (Recombinant hirudin treatment modulates aquaporin-4, 2024). Thrombin induces
cell toxicity in neurons, microglia, and astrocytes. Recombinant hirudin treatment modulates aquaporin-4 and
aquaporin-9 expression after intracerebral hemorrhage in vivo (Recombinant hirudin treatment modulates
aquaporin-4, 2024).

In subarachnoid hemorrhage models, hirudin treatment significantly ameliorated neurological scores and
attenuated brain edema, blood-brain barrier permeability, inflammatory response, microglia activation, and
pyroptosis (Hirudin Alleviates Early Brain Injury, 2025). The neuroprotective effect of hirudin on early brain
injury following subarachnoid hemorrhage is attributed to its ability to inhibit pyroptosis mediated by the
NLRP3 inflammasome (Hirudin Alleviates Early Brain Injury, 2025).

4.3.3 Neuroprotection in Diabetic Neuropathy

Hirudin has demonstrated protective effects in models of diabetic neuropathy. The effects of hirudin on high
glucose-induced oxidative stress and inflammatory pathways in rat dorsal root ganglion neurons have been
investigated (Liu et al., 2020). The activity of dorsal root ganglion neurons can be promoted by hirudin under
high glucose conditions (Liu et al., 2020).

The protective effects of hirudin on the inhibition of high glucose-induced dorsal root ganglion neuron
damage mainly include scavenging reactive oxygen species, up-regulating the Nrf-2/HO-1 pathway, inhibiting
activation of the NF-xB pathway, down-regulating the expression of Caspase-3, and reducing dorsal root
ganglion neuron apoptosis (Liu et al., 2020). These findings suggest potential therapeutic applications for
hirudin in diabetic peripheral neuropathy.

4.4 Anti-fibrotic Effects

4.4.1 Mechanisms of Anti-fibrotic Activity

Hirudin has been demonstrated to possess anti-fibrosis effects across multiple organ systems (Chen et al.,
2021). The anti-fibrotic activity of hirudin is attributed to its ability to inhibit thrombin-mediated activation of
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protease-activated receptors (PARs), particularly PAR-1, which play central roles in promoting fibroblast
activation and extracellular matrix deposition.

In renal fibrosis models, hirudin has been shown to reduce renal tubule injury and inflammation in
unilateral ureteral obstruction (UUQO) mice (Recombinant Hirudin, 2024). The anti-fibrotic effects of hirudin in
the kidney involve attenuation of inflammatory cell infiltration and reduction of pro-fibrotic cytokine
expression.

4.4.2 Pulmonary Fibrosis

Hirudin inhibits inflammation and fibrosis caused by lung injury and plays a role in lung protection as an
anti-inflammatory mediator (Effect of hirudin on acute lung injury, 2011). The ability of hirudin to attenuate
both inflammatory and fibrotic responses in the lung suggests potential therapeutic applications in conditions
such as idiopathic pulmonary fibrosis and acute respiratory distress syndrome.

In studies examining the effect of hirudin on acute lung injury, hirudin treatment reduced the expression of
matrix metalloproteinase-12 (MMP-12), an enzyme implicated in extracellular matrix degradation and tissue
remodeling (Effect of hirudin on acute lung injury, 2011). The correlation between inflammation factors and
expression of protease-activated receptor-1 (PAR-1) was examined after hirudin pre-treatment (Effect of
hirudin on acute lung injury, 2011).

4.5 Anti-tumor Effects

4.5.1 Glioma

Hirudin has demonstrated anticancer pharmacological effects through suppression of glioma cell progression
(Ma et al., 2023). Hirudin inhibits glioma growth through mTOR-regulated autophagy (Ma et al., 2023).
Glioma is the most common primary malignant brain tumor, and survival outcomes remain poor, highlighting
the need for novel therapeutic approaches (Ma et al., 2023).

The molecular target and mechanism of hirudin's anti-glioma activity have been investigated, revealing
that hirudin dose-dependently inhibits glioma cell proliferation and induces autophagy through modulation of
the mTOR signaling pathway (Ma et al., 2023). These findings suggest potential applications of hirudin or
hirudin-derived agents in neuro-oncology.

4.5.2 Hepatocellular Carcinoma

Hirudin has been shown to exhibit significant inhibitory effects on the proliferation of hepatocellular
carcinoma cells. Studies using HepG2 and Huh-7 hepatocellular carcinoma cell lines demonstrated that hirudin
suppressed cell proliferation in a concentration-dependent manner (Inhibitory Effect of Hirudin on
Hepatocellular Carcinoma Cells, 2024).

In vivo studies using H22 hepatoma-bearing mice have further demonstrated the anti-tumor effects of
hirudin (Anticancer effect of hirudin on H22 tumor cells, 2011). The mechanism may involve down-regulation
of C-met expression in hepatoma cells (Anticancer effect of hirudin on H22 tumor cells, 2011). Additional
studies have examined the effects of hirudin on histone H1 expression in mice bearing H22 hepatocarcinoma
cell-derived tumors (Effects of Hirudin on Histone H1 Expressions, 2024).

4.5.3 Other Tumors

It has been reported that hirudin exhibits excellent anticancer activities in the treatment of various tumors,
including human glioma, non-small cell lung cancer, and bladder cancer (Ma et al., 2023). The role of
endogenous thrombin in tumor implantation, seeding, and spontaneous metastasis has been investigated, with
hirudin inducing a considerable lag period in the appearance of tumor growth compared with
phosphate-buffered saline treatment, though it had no effect on established tumor nodule growth in vivo or on
tumor growth in vitro (Role of endogenous thrombin in tumor implantation, 2024). Hirudin treatment induced
central necrosis of tumor nodules, and greater protection was noted with longer duration of treatment (Role of
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endogenous thrombin in tumor implantation, 2024).

4.6 Wound Healing Effects

Hirudin has demonstrated potent wound repair effects in experimental studies (Chen et al., 2021; Recombinant
Hirudin, 2024). Hirudin promotes wound healing in Sprague-Dawley rats after laser surgery at doses of 10 and
15 mg/kg (Recombinant Hirudin, 2024).

In vitro and in vivo studies have examined the inhibition of skin scar formation by hirudin (In vitro and In
vivo Inhibition of Skin Scar by Hirudin, 2015). The results showed that hirudin can inhibit the proliferation of
fibroblasts in human skin scars, and hirudin ointment demonstrated practical potential in treatment and
prevention of animal skin scar hyperplasia (In vitro and In vivo Inhibition of Skin Scar by Hirudin, 2015).

The wound healing effects of hirudin are likely mediated through multiple mechanisms, including
improved microcirculation through antithrombotic activity, modulation of inflammatory responses, and direct
effects on fibroblast function and extracellular matrix remodeling.

4.7 Anti-hyperuricemic Effects

Hirudin has been reported to possess anti-hyperuricemia effects (Chen et al., 2021; Recombinant Hirudin,
2024). The anti-hyperuricemic activity of hirudin adds to its diverse pharmacological profile and suggests
potential applications in the management of gout and other conditions associated with elevated uric acid levels.
The mechanisms underlying this effect remain to be fully elucidated but may involve modulation of urate
transporter expression or activity.

4.8 Effects on Blood Pressure and Lipid Metabolism

4.8.1 Blood Pressure Regulation

Hirudin has been shown to have effects on blood pressure regulation. In hypertensive patients, hirudin
inhibited thrombin activity and protected vascular endothelium, effectively improving coagulation function
and endothelial function (Effect of hirudin on coagulation and endothelial function in hypertensive patients,
2019). The improvement in endothelial function was associated with increased nitric oxide (NO) levels (Effect
of hirudin on coagulation and endothelial function in hypertensive patients, 2019).

An antiprocoagulant complex isolated from lyophilized medicinal leeches exerted pronounced
antithrombotic, thrombolytic, and hypotensive effects in experimental animals after intravenous injection
(Biological activity and pharmacological properties, 1999). These findings suggest that hirudin may contribute
to blood pressure reduction through improvement of vascular function and microcirculation.

4.8.2 Lipid Metabolism

Recombinant hirudin has been shown to significantly improve lipids and endothelial functions in
apolipoprotein E knockout (ApoE-/-) mice, down-regulating expression levels of STIM1, Orail, and TRPC1,
and thus delaying the occurrence and development of atherosclerosis (Effect and mechanism of recombinant
hirudin on atherosclerotic plaques, 2016).

Studies have indicated that hirudin can affect lipid metabolic pathways, increasing fatty acid oxidation and
thereby enabling the liver to more fully utilize fat in energy metabolism, reducing triglyceride synthesis (Effect
of hirudin on triglycerides, 2025). These lipid-modulating effects, combined with hirudin's anticoagulant and
anti-inflammatory properties, suggest potential benefits in the prevention and treatment of atherosclerosis and
related cardiovascular diseases.

4.9 Respiratory System Effects

Hirudin has demonstrated protective effects in acute lung injury models. Hirudin significantly limited lung
ischemia-reperfusion injury-induced derangements in vascular permeability and intraalveolar inflammatory
cell sequestration, resulting in improved arterial oxygenation after ischemia and 4 hours of reperfusion
(Crosstalk Between Thrombosis and Inflammation, 2006). Thrombin promotes lung ischemia-reperfusion
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injury, and hirudin protected against experimental acute lung injury (Crosstalk Between Thrombosis and
Inflammation, 2006).

The protective effect of hirudin on acute lung injury with collaterals damaged by toxic stasis in mice has
been examined, revealing that the pathophysiological mechanism of hirudin in the acute lung injury
experimental model may be partly related to the protection of endothelial barrier and thus attenuating
polymorphonuclear neutrophil transendothelial aggregation in lung (The protective effect of hirudin on acute
lung injury, 2011).

4.10 Effects on Diabetic Complications

Hirudin has demonstrated beneficial effects on diabetic complications, including diabetic nephropathy and
diabetic neuropathy (Chen et al., 2021; Research progress on diabetic nephropathy with leech, 2024). Hirudin
demonstrates anti-coagulant, anti-fibrotic, anti-thrombotic, and anti-inflammatory properties, exhibiting
significant protective effects on the kidneys (Research progress on diabetic nephropathy with leech, 2024).

The protective effects of hirudin in diabetic complications are likely mediated through multiple
mechanisms, including attenuation of oxidative stress, inhibition of inflammatory pathways, reduction of
fibrosis, and improvement of microcirculation. These multi-target actions may provide particular advantages in
the complex pathophysiology of diabetic complications.

5 Clinical Trials and Outcomes

5.1 Clinical Applications and Formulations

5.1.1 Approved Hirudin Derivatives

Several hirudin derivatives have received regulatory approval for clinical use. Lepirudin (Refludan) is a
recombinant hirudin consisting of 65 amino acids with a molecular weight of 6,979.5 kDa, which can directly
inhibit the active site pocket and the fibrinogen binding site of free and clot-bound thrombin (Chen et al.,
2021). Desirudin (Iprivask/Revasc) is identical in amino acid sequence to natural hirudin variant 1 except that
it lacks a sulfate group on tyrosine at residue 63 (DrugFuture, 2024). Desirudin is approved for prevention of
venous thromboembolism in patients undergoing elective hip replacement surgery (Desirudin, 2024).

Bivalirudin (Angiomax) is a synthetic 20-amino acid hirudin analog that retains the bivalent binding
properties of hirudin but has a shorter duration of action and improved safety profile (Direct Antithrombins,
2024). Bivalirudin has the same binding sites to thrombin as hirudin but has a shorter pharmacological action
and is safer for clinical use (Direct Antithrombins, 2024).

5.1.2 Novel Derivatives in Development

In recent years, a number of novel derivatives have been exploited because of the great demand for hirudin in
physicochemical and clinical studies, including recombinant RGD-hirudin, boronophenylalanine-modified
hirudin, neorudin, Annexin V-hirudin 3-ABD, and others (Chen et al., 2021). Advantages of these derivatives
include reducing bleeding risks through targeting thrombus sites and increasing antithrombotic efficacy (Chen
etal., 2021).

Recombinant neorudin is a developing anticoagulant drug for thrombotic diseases whose phase | clinical
studies have been conducted, revealing that recombinant neorudin significantly increased Thrombin Time (TT)
in both plasma surrounding the thrombus and peripheral blood, and reduced the wet weight of the thrombus
(Recombinant neorudin, 2024).

5.2 Clinical Studies in Cardiovascular Disease

5.2.1 Acute Coronary Syndromes

Hirudin has been extensively studied in patients with acute coronary syndromes (ACS). Initial clinical trials
showed promising results: hirudin, as compared with heparin, provided a more consistent level of
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anticoagulation, as gauged by the activated partial thromboplastin time (About: Hirudin in acute myocardial
infarction, 2024). Doses of intravenous hirudin and heparin were established, which should allow testing of the
"thrombin hypothesis": that more potent inhibition of thrombin will translate into improved clinical outcome
for patients with acute myocardial infarction (About: Hirudin in acute myocardial infarction, 2024).

The GUSTO IlIb trial included patients with non-ST segment elevation ACS who received either
unfractionated heparin (UFH) or hirudin (0.1 mg/kg bolus, 0.1 mg/kg/hr infusion). At 24 hours, the risk of
death or nonfatal myocardial infarction was reduced in hirudin-treated patients compared with UFH-treated
patients (1.3% versus 2.1%, respectively; P = 0.001) (Sciencedirect Neuroscience, 2024). The primary
endpoint of death or nonfatal MI at 30 days was reached in 8.9% and 9.8% of patients, respectively (OR, 0.89;
P = 0.006) (Sciencedirect Neuroscience, 2024). The risk of moderate bleeding was increased with hirudin
treatment (8.8% versus 7.7%, respectively; P = 0.03) (Sciencedirect Neuroscience, 2024).

The OASIS-1 study included 909 patients with unstable angina or suspected MI without ST segment
elevation who were randomly assigned to receive UFH, low-dose hirudin (0.2 mg/kg bolus, 0.1 mg/kg/hr
infusion), or moderate-dose hirudin (0.4 mg/kg bolus, 0.15 mg/kg/hr infusion) (Sciencedirect Neuroscience,
2024). Hirudin reduced the incidence of the composite outcome of cardiovascular death, MI, or refractory
angina at 7 days compared with UFH (OR, 0.57; 95% ClI, 0.32 to 1.02) as well as the composite outcome of
death, MI, or refractory/severe angina requiring revascularization at 7 days (OR, 0.49; 95% ClI, 0.27 to 0.86)
(Sciencedirect Neuroscience, 2024). Overall event rates were lowest in the moderate-dose hirudin group
(Sciencedirect Neuroscience, 2024).

The favorable results in the OASIS-1 study prompted the large phase 3 OASIS-2 trial, which randomly
assigned 10,141 patients with non-ST segment elevation ACS to receive a 72-hour infusion of either
moderate-dose hirudin or UFH (Sciencedirect Neuroscience, 2024). The primary outcome (composite of death
or Ml at 7 and 35 days) was reported to occur in 3.6% of patients treated with hirudin and 4.2% of those
treated with UFH (OR, 0.87; 95% CI, 0.75 to 1.01) (Sciencedirect Neuroscience, 2024).

However, despite these encouraging efficacy results, early randomized trials failed to demonstrate a clear
net clinical benefit of hirudin compared with heparin because of a higher bleeding risk and only modest
efficacy gains (John W. Eikelboom, 2024). Higher hirudin doses, when given with thrombolytic therapy, were
associated with intracranial bleeding complications in the GUSTO IlIA, TIMI 9A, and HIT 1l trials,
necessitating premature halting of these studies (Gusto, 1994; Neuhaus et al., 1994; Antman, 1994).

5.2.2 Meta-analysis Findings

A comprehensive meta-analysis (Zhang, 2024) based on individual patients' data from randomized trials
comparing direct thrombin inhibitors (hirudin, bivalirudin, argatroban, efegatran, or inogatran) with heparin
included 35,970 patients from 11 randomized trials (Direct Thrombin Inhibitor Trialists' Collaborative Group,
2002; Shabareesh andKaur, 2016). Compared with heparin, direct thrombin inhibitors were associated with a
lower risk of death or myocardial infarction at the end of treatment (4.3% vs 5.1%; odds ratio 0.85 [95% CI
0.77-0.94]; p=0.001) and at 30 days (7.4% vs 8.2%; 0.91 [0.84-0.99]; p=0.02) (Direct Thrombin Inhibitor
Trialists' Collaborative Group, 2002).

This benefit was due primarily to a reduction in myocardial infarctions (2.8% vs 3.5%; 0.80 [0.71-0.90];
p<0.001) with no apparent effect on deaths (1.9% vs 2.0%; 0.97 [0.83-1.13]; p=0.69) (Direct Thrombin
Inhibitor Trialists' Collaborative Group, 2002). A reduction in death or myocardial infarction was seen with
hirudin and bivalirudin but not with univalent agents (Direct Thrombin Inhibitor Trialists' Collaborative Group,
2002). Compared with heparin, there was an increased risk of major bleeding with hirudin, but a reduction
with bivalirudin (Direct Thrombin Inhibitor Trialists' Collaborative Group, 2002). There was no excess in
intracranial hemorrhage with direct thrombin inhibitors (Direct Thrombin Inhibitor Trialists' Collaborative
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Group, 2002).

Based on the results of this meta-analysis, hirudin appears to be more effective than unfractionated heparin
in the treatment of patients with ACS, but it is associated with an increased rate of major bleeding (Direct
thrombin inhibitors, 2024).

5.2.3 Coronary Angioplasty and Percutaneous Coronary Intervention

In randomized studies in patients with coronary artery disease, hirudin shows a slight decrease in
angioplasty-associated acute ischemic complication without a higher risk of bleeding (Glusa, 1998). However,
the beneficial effect on long-term outcome could not be demonstrated.

Two large clinical trials showed marked reduction in acute clinical events but no long-term benefits in
reducing restenosis during angioplasty (Clinical Trials, 2024). These findings suggest that while hirudin
provides acute antithrombotic protection during and immediately following percutaneous coronary
intervention, it does not prevent the longer-term processes of neointimal hyperplasia and restenosis.

5.3 Heparin-Induced Thrombocytopenia

Hirudin has established a critical role in the management of heparin-induced thrombocytopenia (HIT), a
serious immune-mediated adverse reaction to heparin therapy characterized by thrombocytopenia and
paradoxical thrombosis. Hirudin does not bind to platelet factor 4, nor does it elicit antibodies that induce
platelet and endothelial cell activation; thus it can be safely administered to patients with HIT (Sciencedirect
Neuroscience, 2024; Greinacher & Warkentin, 2008).

The use of hirudin in the management of HIT is discussed extensively in the literature, with hirudin
recognized as an important therapeutic option for patients who develop this complication (Sciencedirect
Neuroscience, 2024; Greinacher & Warkentin, 2008). The most important adverse effects in this population
are hemorrhages and the induction of anti-hirudin antibodies (Heparin-induced thrombocytopenia, 2024).
Major hemorrhages were not significantly increased in patients with HIT compared with a historical control
group, but prospective data comparing hirudin and heparinoids such as danaparoid are lacking
(Heparin-induced thrombocytopenia, 2024).

A systematic review and meta-analysis examining the effectiveness and safety of non-heparin
anticoagulants for the treatment of HIT included bivalirudin and other hirudins among the evaluated agents
(Nilius et al., 2021). The pooled rates of platelet recovery ranged from 74% (bivalirudin) to 99%
(fondaparinux), thromboembolism from 1% (fondaparinux) to 7% (danaparoid), major bleeding from 1%
(DOAC) to 14% (bivalirudin), and death from 7% (fondaparinux) to 19% (bivalirudin) (Nilius et al., 2021).
Confidence intervals were mostly overlapping, and results were not influenced by patient population,
diagnostic test used, study design, or type of article (Nilius et al., 2021).

5.4 Venous Thromboembolism

Hirudin was shown to be slightly better than heparin in the prevention of venous thromboembolism in patients
undergoing hip replacement (Agnelli & Sonaglia, 2000). In the treatment of established deep vein thrombosis,
hirudin also demonstrated efficacy comparable or superior to heparin (Glusa, 1998).

Desirudin, a recombinant hirudin, is specifically approved for prevention of venous thromboembolism in
patients undergoing elective hip replacement surgery (Desirudin, 2024). Bleeding complications reported with
the use of desirudin in patients undergoing hip-replacement surgery are similar to those reported with heparin
and enoxaparin (Desirudin, 2024).

5.5 Other Clinical Applications

5.5.1 Hemodialysis

Hirudin has been evaluated as an anticoagulant in experimental hemodialysis (Hirudin as anticoagulant in
experimental hemodialysis, 2024). The use of hirudin in hemodialysis caused a long-lasting, dose-dependent
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anticoagulant effect, characterized by the prevention of increasing pressure before the capillary dialyzer and
reduced drop in fibrinogen and platelets during hemodialysis (Hirudin as anticoagulant in experimental
hemodialysis, 2024).

The properties of hirudin that make it suitable for hemodialysis anticoagulation include its predictable
dose-response relationship, lack of requirement for antithrombin 1l1, and absence of cross-reactivity with
heparin-induced antibodies.

5.5.2 Hirulog Clinical Evaluation

Hirulog (bivalirudin) has been extensively evaluated in clinical studies. In a randomized, placebo-controlled
study involving 54 human volunteers, intravenous infusion of hirulog over 15 minutes showed a rapid,
dose-dependent prolongation of activated partial thromboplastin time (APTT), prothrombin time (PT), and
thrombin time (TT) (Anticoagulant Activity of Hirulog, 2025). There was a corresponding dose-dependent
increase in plasma hirulog levels (Anticoagulant Activity of Hirulog, 2025).

The peptide was rapidly cleared with a half-life of 36 minutes and a total body clearance rate of 0.43
L/kg/h (Anticoagulant Activity of Hirulog, 2025). Similar activity was observed following subcutaneous
injection but with sustained pharmacodynamic and pharmacokinetic behavior (Anticoagulant Activity of
Hirulog, 2025). There was a significant correlation between pharmacokinetic and pharmacodynamic variables
for both intravenous (r = 0.8, p < 0.001) and subcutaneous administration (r = 0.7, p = 0.002) (Anticoagulant
Activity of Hirulog, 2025).

Aspirin administration did not modify the peptide's activity, and hirulog infusion in subjects who had
received aspirin was not associated with any significant changes in template bleeding time (Anticoagulant
Activity of Hirulog, 2025). During prolonged intravenous infusions for up to 24 hours, hirulog exhibited
sustained anticoagulant activity with no evidence for a cumulative effect (Anticoagulant Activity of Hirulog,
2025). In all phases of the study, hirulog administration was generally well-tolerated (Anticoagulant Activity
of Hirulog, 2025).

5.6 Quality Control and Quality Standards

5.6.1. Analytical Methods

Quality control of hirudin and its derivatives relies on multiple analytical methodologies. Laboratory assays for
the evaluation of recombinant hirudin have been developed, including a biochemically defined anti-lla assay
that may be useful in quality control since reagents are easily standardized (Laboratory Assays for the
Evaluation of Recombinant Hirudin, 2024). However, the relevance of the results of the anti-lla assay to
clinical conditions remains to be determined (Laboratory Assays for the Evaluation of Recombinant Hirudin,
2024).

Ultra-performance liquid chromatography/tandem mass spectrometry (UPLC-MS/MS) methods have been
developed and validated for simultaneously determining novel recombinant hirudin derivatives (such as
neorudin) and their active metabolites in human serum (Development, validation, and clinical pharmacokinetic
application, 2024). The extraction recoveries and matrix effects at three quality control levels were satisfactory,
and the stabilities during storage, preparation, and analysis were confirmed (Development, validation, and
clinical pharmacokinetic application, 2024).

High-performance liquid chromatography (HPLC) has been employed for the determination of hirudin
content, including measurement of hypoxanthine in Hirudo and determination of hirudin by thrombin-based
assays (Quality comparison of Hirudo, 2008). These analytical methods are essential for ensuring
batch-to-batch consistency and pharmaceutical quality of hirudin-based products.

5.6.2 Pharmacopoeial Standards
The Chinese Pharmacopoeia includes specifications for Hirudo (leech) and its processed products, including
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methods for quality assessment of both water and alcohol extracts (Quality comparison of Hirudo, 2008).
These standards provide a regulatory framework for ensuring the quality of leech-derived medicinal products
in traditional medicine applications.

5.6.3 Purity and Characterization

Recombinant hirudin produced for pharmaceutical applications must meet stringent purity specifications.
Typical purity requirements exceed 95% as determined by reverse-phase HPLC and SDS-PAGE analysis
(Hirudin Pichia Pastoris, 2024). The removal of endotoxin and host cell proteins from recombinant hirudin
fermentation broth is essential for producing material suitable for human administration (Zhu et al., 2021).

5.7 Safety Evaluation

5.7.1 Adverse Effects

The adverse effect profile of hirudin has been characterized in clinical studies and post-marketing surveillance.
Reported adverse effects include fever, injection site bleeding, epistaxis, gastrointestinal bleeding, hematuria,
abnormal liver function, heart failure, cough, and bronchospasm (Recombinant Hirudin Adverse Effects, 2024).
These adverse effects primarily reflect the anticoagulant activity of hirudin and its impact on hemostatic
function.

The most clinically significant adverse effect is bleeding, which is dose-dependent and represents the
primary safety concern with hirudin therapy. In a rabbit ear bleeding model, hirudin produced more bleeding
than heparin when the agents were used in doses that increased the APTT ratio to the same extent (Hirudin
causes more bleeding than heparin, 2024). These studies highlight the pitfalls of extrapolating from experience
with heparin when choosing tests to monitor new antithrombotics (Hirudin causes more bleeding than heparin,
2024).

Serious allergic reactions including anaphylaxis may occur with hirudins, with the highest risk on hirudin
re-exposure or in patients with glomerular filtration rate less than 30 mL/min (Direct Thrombin Inhibitor,
2024). Bleeding complications and epidural hematoma are additional safety concerns, with high risk if lumbar
puncture is performed while on direct thrombin inhibitors (Direct Thrombin Inhibitor, 2024).

5.7.2 Immunogenicity

Hirudin is a surprisingly weak immunogen, and its administration has exhibited no side effects, particularly on
platelets (About: Hirudin, a new therapeutic tool?, 2024). However, hirudin does have weak immunogenicity,
so that diminished (or, rarely, increased) responsiveness after repeated dosing is possible (Sciencedirect
Neuroscience, 2024).

Anti-hirudin antibodies have been documented in some patients receiving recombinant hirudin therapy
(Liebe et al., 2002). The formation of anti-hirudin antibodies may affect the pharmacokinetics and
pharmacodynamics of hirudin, potentially leading to altered anticoagulant response.

5.7.3 Drug Interactions

Hirudin interacts with other medications that affect hemostasis. When combined with drugs that increase
bleeding risk (such as oral anticoagulants), the anticoagulant effect is enhanced and the risk of bleeding
increases (Recombinant Hirudin Adverse Effects, 2024). This necessitates careful monitoring and dose
adjustment when hirudin is used in combination with other antithrombotic agents.

5.7.4 Special Populations

Recombinant hirudins are pregnancy category B drugs. Animal studies have not shown teratogenic effects, but
hirudins can cross the placental barrier in rats; it is unknown whether hirudins cross the human placenta
(Hirudin Derivative, 2024). The safety of hirudin in pregnancy has not been established through adequate and
well-controlled studies.

Hirudin requires dose adjustment in patients with renal impairment due to its predominantly renal
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elimination (Fischer, 2002; Garcia et al., 2012). Accumulation of hirudin in renal insufficiency increases the
risk of bleeding complications, necessitating careful monitoring and dose reduction.

5.7.5 Reversal and Monitoring

Unlike heparin, which can be reversed with protamine sulfate, there is no specific antidote for hirudin. This
lack of a reversal agent represents a significant limitation in clinical practice, particularly in settings of
bleeding complications or emergency surgery. The effectiveness of hirudin anticoagulation may be assessed
through measuring the PTT, although the relationship between PTT prolongation and clinical outcomes is not
perfectly defined (Hirudin Derivative, 2024).

6 Limitations, Unmet Needs, and Future Research Directions

6.1 Identified Limitations and Challenges

6.1.1 Narrow Therapeutic Index and Bleeding Risk

The narrow therapeutic index of hirudin represents a fundamental limitation to its broader clinical application.
The increased risk of major bleeding with hirudin compared with heparin, documented in multiple clinical
trials and meta-analyses, underscores the challenge of achieving optimal antithrombotic efficacy while
minimizing hemorrhagic complications (Direct Thrombin Inhibitor Trialists' Collaborative Group, 2002). The
results from GUSTO A, TIMI 9A, and HIT Il trials, which were prematurely halted due to intracranial
bleeding complications when hirudin was combined with thrombolytic therapy, highlight this limitation.

6.1.2 Renal Dependence

The predominantly renal elimination of hirudin creates significant challenges for patients with impaired kidney
function (Fischer, 2002; Garcia et al., 2012). Dose adjustment protocols have been developed, but the risk of
accumulation and bleeding remains elevated in this population. The development of hirudin derivatives with
alternative elimination pathways or reduced renal dependence would address an important unmet clinical need.
6.1.3 Lack of Specific Antidote

The absence of a specific reversal agent for hirudin distinguishes it unfavorably from heparin (which can be
reversed with protamine) and direct oral anticoagulants for which specific reversal agents (such as
idarucizumab for dabigatran and andexanet alfa for factor Xa inhibitors) have been developed. The
development of an effective hirudin antidote would substantially enhance the safety profile and clinical utility
of hirudin-based anticoagulants.

6.1.4 Immunogenicity

Although hirudin is generally a weak immunogen, the development of anti-hirudin antibodies can occur and
may alter the pharmacokinetic and pharmacodynamic response to therapy (Sciencedirect Neuroscience, 2024;
Liebe et al., 2002). Strategies to further reduce immunogenicity, including modifications to the hirudin
molecule or novel formulation approaches, warrant investigation.

6.1.5 Short Half-Life

The relatively short half-life of hirudin (50-65 minutes following intravenous administration) necessitates
continuous infusion for maintenance of therapeutic anticoagulation (Sciencedirect Neuroscience, 2024;
Markwardt et al., 1984). Longer-acting hirudin derivatives or sustained-release formulations could improve
convenience and potentially enhance therapeutic efficacy by providing more stable anticoagulation.

6.2 Areas Requiring Further Investigation

6.2.1 Mechanistic Studies of Non-anticoagulant Effects

While numerous bioactivities beyond anticoagulation have been documented for hirudin, including
anti-inflammatory, antioxidant, anti-fibrotic, anti-tumor, and neuroprotective effects (Chen et al., 2021; Liu et
al., 2020; Xia et al., 2023; Ma et al., 2023), the molecular mechanisms underlying many of these activities
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remain incompletely understood. Systematic investigation of these mechanisms could reveal novel therapeutic
targets and facilitate the rational design of hirudin derivatives optimized for specific indications.

6.2.2 Clinical Translation of Novel Indications

Many of the recently discovered pharmacological activities of hirudin have been demonstrated primarily in
preclinical models. Translation of these findings to clinical applications requires rigorous evaluation through
well-designed clinical trials. Priority areas for clinical investigation include neuroprotection in ischemic stroke
and cerebral hemorrhage, anti-tumor therapy in selected malignancies, treatment of fibrotic diseases, and
management of diabetic complications.

6.2.3 Optimization of Dosing Strategies

The optimal dosing of hirudin for various clinical indications remains incompletely defined. Further studies are
needed to establish evidence-based dosing regimens that maximize therapeutic benefit while minimizing
bleeding risk. Individualized dosing strategies based on patient characteristics (including renal function, age,
body weight, and concomitant medications) may improve the risk-benefit profile.

6.2.4 Development of Novel Derivatives

The development of hirudin derivatives with improved pharmacological properties represents an active area of
research. Advantages of newer derivatives include reducing bleeding risks through targeting thrombus sites
and increasing antithrombotic efficacy (Chen et al., 2021). Continued exploration of structure-activity
relationships may yield derivatives with enhanced selectivity, prolonged half-life, reduced immunogenicity,
and alternative routes of administration.

6.2.5 Long-term Outcomes and Safety

Most clinical trials of hirudin have focused on relatively short-term outcomes. Longer-term safety and efficacy
data are needed, particularly for chronic applications such as prevention of recurrent thrombosis or treatment
of chronic diseases where hirudin's non-anticoagulant effects may be relevant.

6.2.6 Comparative Effectiveness Research

Direct comparisons between hirudin derivatives and newer anticoagulants, including direct oral anticoagulants,
are limited. Comparative effectiveness research could help define the optimal positioning of hirudin-based
therapies within the broader anticoagulant armamentarium.

6.3 Future Perspectives

6.3.1 Precision Medicine Approaches

The application of precision medicine principles to hirudin therapy could enhance both efficacy and safety.
Pharmacogenomic factors influencing hirudin response, including polymorphisms in thrombin, coagulation
factors, or drug metabolism pathways, warrant investigation. Biomarker-guided dosing strategies may enable
more individualized and safer anticoagulation.

6.3.2 Novel Drug Delivery Systems

Innovative drug delivery systems could address several limitations of current hirudin formulations. Liposomal
encapsulation, nanoparticle-based delivery, and sustained-release formulations may prolong half-life, improve
bioavailability, enable oral administration, or achieve targeted delivery to specific tissues or pathological sites.
Studies of hirudin stabilization and release from lipid-assemblies coated with hydrophobically modified
dextran have demonstrated that coated liposomes stabilize hirudin and result in greater retention of its ability to
inhibit thrombin's enzymatic activity (The stabilization and release of hirudin from liposomes, 2024).

6.3.3 Combination Therapies

The combination of hirudin with other therapeutic agents may produce synergistic benefits. Combinations with
antiplatelet agents, thrombolytics, or agents targeting complementary pathways in inflammation, fibrosis, or
tumor biology could expand therapeutic applications. However, careful evaluation of potential additive or
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synergistic adverse effects, particularly bleeding risk, will be essential.

6.3.4 Biosimilar Development

As patents on original recombinant hirudin products expire, the development of biosimilar hirudin preparations
may increase accessibility and reduce costs. Robust analytical and clinical comparability assessments will be
necessary to ensure the safety and efficacy of biosimilar products.

6.3.5 Integration with Traditional Medicine

The long history of leech use in traditional medicine systems, particularly traditional Chinese medicine,
provides a rich empirical foundation for investigating hirudin's therapeutic potential (Chen et al., 2021,
Chinese Pharmacopoeia Committee, 2020). Systematic investigation of traditional applications using modern
scientific methodologies may reveal novel therapeutic indications and mechanistic insights.

7 Conclusion

Hirudin, from its initial isolation from medicinal leech salivary glands to its current status as a clinically
available recombinant anticoagulant, exemplifies the successful translation of a natural product into modern
biopharmaceutical therapy. The unique mechanism of hirudin as a bivalent direct thrombin inhibitor confers
potent and specific anticoagulant activity, with demonstrated clinical benefits in acute coronary syndromes,
heparin-induced thrombocytopenia, and venous thromboembolism prophylaxis (Warkentin, 2004; Shabareesh
and Kaur, 2016). The advent of recombinant DNA technology has enabled large-scale production of hirudin
and facilitated the development of multiple derivatives with improved pharmacological properties.

Beyond its established role as an anticoagulant, emerging evidence reveals a remarkably diverse
pharmacological profile for hirudin. Anti-inflammatory, antioxidant, neuroprotective, anti-fibrotic,
wound-healing, anti-tumor, and anti-hyperuricemic effects have been documented, suggesting potential
therapeutic applications extending far beyond thrombosis management. The molecular mechanisms underlying
these activities are being progressively elucidated, revealing interactions with multiple signaling pathways and
cellular processes.

However, significant challenges remain. The narrow therapeutic index of hirudin, its dose-dependent
bleeding risk, predominant renal elimination, lack of a specific antidote, and weak immunogenicity continue to
limit broader clinical application. Addressing these limitations through the development of novel derivatives,
optimized dosing strategies, innovative drug delivery systems, and precision medicine approaches represents a
critical research priority.

The rich history and ongoing scientific investigation of hirudin underscore the enduring value of natural
products as sources of therapeutic innovation. As our understanding of hirudin's complex biology continues to
expand, new opportunities for therapeutic application will undoubtedly emerge, potentially establishing
hirudin and its derivatives as versatile agents for a spectrum of diseases extending well beyond the
cardiovascular system.
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