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1.1 Introduction

The leading causes of the subsequent global increase in mortality are cardiovascular
disease (CVDs) for individuals with myocardial infarction, hypertension, hyperlipidemia,
diabetes mellitus, stenocardia, or coronary heart disease [1-3]. Every year, CVDs claim
the lives of approximately 17.9 million people globally, causing them to be the primary
reason of illness and death in both industrialized and developing nations [4-6]. As per the
most recent data released by the World Health Organization (WHO), the top three causes
of death in 2019 were Acute Myocardial Infarction (AMI), Brain Stroke (BS), and
Chronic Obstructive Pulmonary Disease (COPD). AMI had the highest mortality rate,
with 8.9 million occurrences [7]. The American Heart Association has released estimates
about CVDs, stating that by 2030, 23.6 million deaths are expected worldwide [8].

A significant risk factor for cardiovascular diseases (CVDs) is thrombosis, a
circulatory condition promoting intravascular coagulation within blood vessels. The
principal protein constituent of the thrombus, fibrin, aggregates when the coagulation
cascade components are too active. This condition may result in partial or complete blood
flow restriction, ischemia, and tissue necrosis [9,10]. Therapeutic approaches, such as
surgical intervention, anticoagulants, antiplatelet medicines, and fibrinolytic drugs, which

dissolve acute thrombi in arteries, are frequently used to manage thrombosis [11].

The two mechanisms of thrombolysis that underpin the pharmacological approach
of fibrinolytic agents are the indirect mechanisms of thrombi lysis, which rely on the
biological conversion of plasminogen into plasmin through the action of plasminogen
activators such as streptokinase, urokinase, and tissue plasminogen activating factor (t-
PA); and the direct pathways of thrombus breakdown, which employ plasmin and
nattokinase [12,13]. These thrombolytic medications can trigger allergic responses
(urticaria), hemorrhagic consequences, and inflammatory response; as a result, their use
may be limited or even avoided. Additionally, these agents often have expensive costs,
limited half-lives, and poor selectivity for fibrin [14,15].

1.2 Progression of blood clotting or thrombus formation

The process of preventing loss of blood through clot formation is known as haemostasis.
Thrombus formation is the term used to describe an obstructive clot that forms inside a

blood vessel [16]. Primary haemostasis, or immediate platelet activation, and secondary
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haemostasis, or additional coagulation cascade that produces fibrin strands, are the two
forms of haemostasis [17]. Circulating platelets attach to damaged endothelium collagen
using distinct surface glycoproteins when they come in contact with it. Platelet integrins
are activated, causing platelets to adhere to the injury site [18]. Activated platelets
transform their shape to stellate from spherical. They exclude several substrates,
including thromboxane A, secretion, and platelet-activating Factor (PAF), which

stimulate more platelets and improve their ability to bind fibrinogen [19].

In secondary haemostasis, many inactive enzyme precursors, or zymogens, are
sequentially activated by proteolytic activity. Each activated zymogen triggers the
activation of a subsequent zymogen, which ultimately causes blood to coagulate [19].
Three pathways make up the process of coagulation: the tissue factor pathway (also called
the extrinsic pathway), the contact activation pathway (also known as the intrinsic
pathway), and the final common pathway [20]. Prothrombin, a proteolytic enzyme,
combines with active FX and FV to produce a prothrombinase complex, which converts

prothrombin zymogen into active thrombin [21,22].

Throughout the tissue factor pathway, blood contains more FVII than other
coagulation factors, and thrombin builds up rapidly. Thrombin's primary function is to
change the inactivated fibrinogen zymogen into activated monomer, which combines
with other components to form a haemostatic plug. Thrombin also has various functions,
including activating platelets, FVIII, FV protein C (when thrombomodulin is present),
and FXIII (which aids in the formation of a covalent link between fibrin polymer and

zymogens) [19].
1.3 Thrombolysis and fibrinolysis

Thrombolysis normally refers to the dissolution of the thrombus, while fibrinolysis
usually stands for the breakdown of fibrin within blood clots. The final product of the
coagulation pathway is fibrin. The serine protease enzyme plasmin, which resembles
trypsin, dissolves fibrin. Plasmin is the active component of plasma zymogen, also known
as plasminogen. There are two main glycoforms of plasminogen in humans: type |
plasminogen has two glycosylation molecules, while type Il plasminogen only has one
glycosylated molecule [23]. Circulating plasminogen acquires an open conformation
upon binding to a blood clot or cell surface, which cleaves between Arg-561 and Val-562

to generate active plasmin. Numerous enzymes, including tissue plasminogen activator
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(tPA), urokinase-type plasminogen activator (uPA), Kallilrein, and factor XII, are

involved in this cleavage [24-26].

Plasmin converts fibrin into soluble breakdown products once it is fomed [27].
Two steps make up fibrinolysis: first, plasminogen activates on the surface of fibrin clot
to generate plasmin; in the second stage, second, plasmin breaks fibrin, revealing more
binding sites on the broken-down fibrin and hastening the dissolution of the clot [28].
While primary fibrinolysis is a natural physiological mechanism, secondary fibrinolysis

can be induced by pharmaceutical agents like thrombolytics and fibrinolytics [29].

1.4 Molecular mechanism of fibrin formation

Fibrinogen, a 340 kDa trinodular protein secreted by hepatocytes and present in plasma
at high concentrations (2-4 mg/mL), is the fundamental component of blood clots. It is
made up of a dimer in which each subunit is made up of three polypeptide chains that are
linked together as thread-like structures by 29 disulphide connections (aA, BB, and yY
chains) [30,31]. It participates in various biological activities, including angiogenesis,

atherosclerosis, thrombosis, inflammation, wound healing, haemostasis, etc [32].

The six polypeptide chains are arranged as follows: i) the N terminal of the E
nodule; ii) the C terminal of the y- and BB-chains from the D nodule facing outwards; iii)
the globular C terminal of the aA-chains, which is located close to the E nodule (Figure
1 A) [31,32]. Active factors X and V convert prothrombin to thrombin, and fibrin is then
generated from fibrinogen in a sequential process that leads to the formation of fibrin

threads by the assembling of these fibrinogens [32-35].

Firstly, thrombin cleaves the N terminal peptides of the Aa- and BB-chains after
adhering to the central E nodule (Figure 1 B). Secondly, fibrinopeptide A with an N
terminal (16 residues) is released from Aa-chains when thrombin cleaves first and more
quickly, revealing the binding site with Gly-Pro-Arg in the E region (A knob) (Figure 1
C). Thirdly, A knob possesses a y-chain D region (a hole) that is complimentary to it,
generating an interaction (A: a) that mediates the production of protofibrils, which are
metastable peptide assemblies seen when a variety of peptides evolve into amyloid fibrils
(Figure 1 D). Fourthly, after fibrinopeptide B with its N terminal (14 residues) is removed,
arelease occurs that reveals the Gly-His-Arg binding site in the E region (B knob) (Figure

1 C). Additionally, the B knob possesses a corresponding binding site of the B chain D
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region (b hole), generating a (B: b) interaction that mediates the fibrinogen's lateral
aggregation (Figure 1 D). This process produces protofibrils, and the blood clotting factor
X111 subsequently helps convert them into fibrin fibres [36].
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Figure 1.1: Clot formation mechanism. (A) The E nodules's N terminal, the y- and BB-
chain's terminals, and the aA-chain's C terminal are located close to the nodule; (B)
Thrombin attaching itself to the central E nodule and cleaving the Aa- and BB-chains' N
terminal peptides; (C) Thrombin-induced cleavage of Aa-chains; (D) Complementary
binding sites of the D region's of y- and -chains mediated the production of protofibrils

and lateral fibrinogen aggregation, respectively. This figure is adapted from [37].

A heterologous tetramer, Factor XII1 comprises two catalytic A subunits (XII1 A)

made by bone marrow and two inhibitory/carrier B subunits (XIII B) formed by
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hepatocytes. Inactive factor XIIlI is converted to active Factor XIIl (active
transglutaminase) by the concentrated activity of thrombin and calcium ions. Activation
peptide XII1 is first broken apart by thrombin, dissociating XIII B in the incidence of
calcium ions. This cleaved XII A dimer is assumed to represent an active enzymatic
structure of Factor XI1I (XIl1a) [32]. The lateral structure and the individual protofibrils’
elasticity and stability are increased when Xllla creates an isopeptide bond among two
adjacent ao- and ay-chain monomers to produce fibrin fibres. To keep the blood clot from

lysing, activated Factor XIII integrates o2-antiplasmin into fibrin a-chains [38].

1.5 Classification of thrombolytic agents

Medications known as thrombolytic medicines dissolve thrombus or blood clots that have
developed inside blood vessels and reopen the channels (veins or arteries). Thrombolytic
drugs can be used to treat a variety of CVDs, such as heart attacks, strokes, pulmonary
emboli, deep vein thrombosis, and clots in deep leg veins. Thrombolytic drugs include
urokinase, prourokinase, alteplase, an isolated, purified streptokinase activator complex
(APSAC), and streptokinase. However, all thrombolytic medicines currently on the
market are categorized as first, second, third, or fourth-generation agents [39,40].
Occasionally, fibrinolytic agents are divided into two groups: agents specific to fibrin and
not[41].

However, the modes of action of various thrombolytic drugs vary. These
mechanisms distinguish two categories of thrombolytic drugs. i) Plasminogen activators
break down fibrin by converting plasminogen into active plasmin. These can come from
bacterial sources, such as streptokinase, or they can occur natively in the blood, like
tissue-type plasminogen activator (tPA) [42] and urokinase-type plasminogen activator

[43]. ii) Plasmin-like proteins break down blood clot fibrin and disintegrate the thrombi.

Well-known plasmin-like proteins include snake venom fibrolase and earthworm
venom lumbrokinase [44,45]. Alternatively, thrombolytic agents can be categorized
based on the active site as either i) serine protease (NK, subtilisin DFE, and CK); ii)
metalloprotease (jeot-gal enzyme, AMMP, and Bacillokinase I1); or iii) a combination of

serine and metalloprotease (R. chinensis 12 and Streptomyces sp. Y405) [46].
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Table 1.1: List of different thrombolytic agents. This table is adapted from [47]

SI.  Thrombolytic
No. agents

1.  Streptokinase

2. Staphylokinase

3. Urokinase

4.  Tissue
plasminogen
activator (t-PA

5. Alteplase

6.  Reteplase

7. Tenecteplase

8.  Desmoteplase

9. Nattokinase

Molecular Source

weight
47 kDa

16.5 kDa

35-54 kDa

70 kDa

)
70 kDa

40 kDa

70 kDa

52 kDa

27.7 kDa

B-hemolytic
Streptococci
Staphylococcus

aureus

Human  neonatal
kidney cells

Naturally in blood

Recombinant DNA
technology  from
human melanoma
cell line
Single chain
deletion variant of

alteplase

Deletion and single
point mutation of
wild-type tPA

From the saliva of
the vampire bat
Desmodus rotundus

Fermented food

1.5.1 Direct-acting fibrinolytic enzymes

1.5.1.1 Nattokinase

Fibrin

specificity

Non-
specific

Specific

Non-
specific

Specific

Specific

Specific

Specific

Specific

Specific

Dosage

1.5 mU/hr

15 mg + 15
mg  double

bolus

3 mU/hr

Unknown

15 mg bolus +
3 hr infusion

upto 85 mg

Double bolus
(10U + 10U,
30 min apart)

0.5 mg/kg

single bolus

0.125 mg/kg

single bolus

100 mg/day

First isolated by Sumi and colleagues, nattokinase is a serine protease produced from

natto, a fermented food from Japan [48]. It is a single, 27.7 kDa polypeptide chain that is
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275 aa long and functions at pH levels between 6-12 and temperatures as high as 60° C
(Figure 2) [49]. Nattokinase strenghthens the body's inherent capability to break down
blood clots and also has numerous benefits, including oral administration, effectiveness,
affordability, long-lasting impacts, stability in the gastrointestinal tract, and the potential

to enhance the body's production of plasmin and urokinase [50].

The innate capacity of nattokinase to enhance the body's processes for breaking
down blood clots is accomplished in several ways: a) oral administration: this form of the
fibrinolytic enzyme is thought to function directly since in vivo studies have shown
decreased euglobulin clot lysis time (ECLT), prolonged partial thromboplastin time
(PATT), and prevented platelet aggregation [51,52]; b) intraduodenal administration: data
supports the movement of NK through the intestines and its hydrolysis of plasma
fibrinogen[53]; c) efficacy: increases plasmin formation by increasing the synthesis of
PLG activator and promotes fibrinolysis by breaking down plasminogen activator
inhibitor-1 (PAI-1)[51,54]; d) affinity: increases affinity for cross-linked fibrin and

reduces specificity for fibrinogen [55].

In human trials, two capsules of (2000 FU/capsule) were given orally to patients
receiving dialysis, individuals with cardiovascular conditions, and healthy volunteers
daily. Two months later, Factor VII and VIII were found to have decreased, which
allowed fibrinogen to be seen in all three cases and the body weight, uric acid production,
and heart rate remained stable with no adverse side effects. Four NK capsules (2000
FU/capsule) given orally to dogs caused a complete dissolution of the chemically
generated blot clot (thrombi) in the major leg vein in 5 hours, re-establishing normal blood
flow. Likewise, when NK was used to treat a rat's carotid artery thrombosis, 62% of the

arterial blood flow was restored.

Additionally, in vitro and in vivo toxicology investigations have conclusively
shown the safety of the enzyme for oral ingestion by humans [56]. As a result, nattokinase
has been thoroughly investigated in China, Japan, and Korea as a promising enzyme for
breaking up blood clots [57]. Moreover, the United States hosts clinical studies to prevent
atherothrombosis [57]. In conclusion, compared to plasmin, using NK has many benefits,

including its effectiveness in clot dissolution and the arterial blood flow restoration [58].
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Figure 1.2:  Structure of Nattokinase (Source:  Wikipedia,
https://en.wikipedia.org/wiki/Nattokinase)

1.5.2 Indirect-acting fibrinolytic enzymes

1.5.2.1 Streptokinase

The utmost widely used first-generation thrombolytic agent is streptokinase (SK). Itis a
47 kDa protein with 414 amino acids (AA) residues that reaches its peak activity at a pH
of about 7.5 (Figure 3) [59]. Streptokinase is attained from many B-hemolytic
Streptococci strains belonging to Lancefield groups A, C, and G [60,61]. For the
manufacture of streptokinase, Streptococcus equisimilis GCS strains H464 and group C
have been primarily utilized [62]. Three structural domains, a, B, and vy, are present in SK
and are catenated by two flexible coil sections at the A locations of 1-146, 147-290, and
291-414 [63,64]. Streptokinase half-life is about half an hour. Johnson and Tillett reported
that intravenous infusion of Streptokinase effectively dissolved experimentally created
intravascular clots in rabbits' ear veins caused by sodium morrhuate, indicating the

thrombolytic potential of Streptokinase. This observation was made in 1952 [65].

Furthermore, the direct use of plasmin as a clot breaker was made possible by
Kline's extensive purification of human plasminogen [66]. However, the significant
caution associated with using plasmin directly or with Sk-mediated plasminogen
activation may lead to indiscriminate systemic plasmin generation and significant
reduction of circulating PLG and a-2-antiplasmin [67,68], which can seriously increase
the risk of bleeding and significantly reduce blood clotting ability. Restricting the use of
plasminogen activators as a therapeutic treatment instead of plasmin that is in circulation.

The SK gene can be cloned from non-pathogenic microorganisms to produce fortified
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recombinant SK (rSK), which reduces the chance of contracting potentially harmful

Streptococci [69].

SK exerts control over the fibrinolysis cascade, resulting in the stoichiometric
binding of plasminogen. The conformational change in plasminogen leads to the
development of the enzymatically active streptokinase-plasminogen (SK-PLG) complex
[70,71]. The highly selective SK-PLG complex protease can cleave additional circulating
PLG molecules and transform them into active serine protease, plasmin, which can then

break down the fibrin clot by binding to its particular lysine binding site [72,73].

SK domains consist of multiple functional areas, such as the a domain, where
binding to PLG is regulated by the Asp41-His48 sequences between 1-59 aa residues
[71,74]. 1t also includes single residues (V19F, V35E, and S44K) that are essential for
substitution and the activation of the SK-plasmin complex [73,75]; (ii) the B domain,
whose Lys 256, 257, and Val158-Arg219 region help recognize and process PLG and
form the SK-plasmin complex [76]; and (iii) the y domain, which is a coiled region
(Leu314-Ala342) that is vital for stabilizing the SK-micro plasmin complex for PLG
activation. The Food and Drug Administration (FDA) first authorized SK as a PLG

activator for treating thrombosis.

Figure  1.3:  Structure of  Streptokinase  (Source:  Drugbank  online,
https://go.drugbank.com/drugs/DB00086)

1.5.2.2 Stapkylokinase

The antithrombin activity of Staphylokinase, a third-generation plasminogen activator

derived from Staphylococcus aureus GH38, is achieved by changing passive plasminogen
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to active plasmin. Staphylokinase, a 136 aa monomer of 15.5 kDa, is made up of two
domains of equal size that are shaped like flexible dumbbells (Figure 4) [77,78]. Like
streptokinase, Staphylokinase also acts as a thrombolytic agent by changing plasminogen
into plasmin. It can combine with plasmin or plasminogen to produce a 1:1 stoichiometric
complex, activating other plasminogen molecules and ultimately dissolving the blood clot
[79].

According to reports, methionine-26, or aa at position 26, has a structural role in
PLG activation by Staphylokinase. Remarkably, substituting arginine or valine for this aa
results in the loss of functional activity, while leucine or cysteine has little to no influence

on functional activity [80].

Figure  1.4: Structure  of  Staphylokinase  (Source: RCSB  PBD,
https://www.rcsb.org/structure/1BUI)

1.5.2.3 Urokinase

In 1947, MacFarlane and Pilling [81] identified a new fibrinolytic enzyme in human
urine; it was acknowledged as urokinase by Sobel, Mohler, Jones, Dowdy, and Guest a
decade later (Figure 5) [82]. Renal epithelial cells, macrophages, endothelial cells, and
specific tumour cells are among the sources of urokinase. Pro-urokinase, pro-uPA, or scu-
PA is the term for urokinase in its active form, which is a single polypeptide glycosylated
zymogen consisting of 411 amino acids [83]. Three different domains constitute this pro-
urokinase: the growth factor domain (GFD), which covers amino acids 1 to 49; the kringle
domain (KD), which covers amino acids 50 to 131 and is located at the N-terminus; and
the serine protease domain (P), which is located at the C-terminus and covers amino acids

159 to 411. The linker segment consisting of amino acids 132 to 158 connects the N-
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terminal and C-terminal domains [84]. Following secretion, the glycosylated zymogen
(pro-uPA) is subjected to a two-step proteolytic process to convert it into its active form.
The most effective proteolytic enzyme for this process is plasmin. Still, other proteolytic
enzymes that work similarly include nerve growth factor-g, cathepsin B and L, trypsin,
thermolysis, kallikrein, and mast cell tryptase [85-88].

Furthermore, proteases like thrombin and elastase can cleave pro-uPA at various
sites [85]. The linker region connecting Lys 158 and Ile 159 is broken during the initial
round of proteolysis, leaving two chains with a molecular weight of 54 kDa that are still
connected by a disulphide bond. The complete division of the two uPA chains is then
achieved by another phase of protein breakdown at the peptide link involving Lys 135
and Lys 136. As a result, an active low molecular weight version of uPA (33 kDa)
comprising the serine protease domain forms in addition to an active amino-terminal
fragment (ATF) consisting of the kringle domain and the growth factor domain (GFD).
Lastly, pro-uPA and the two-chain uPA variants, or tcu-PA, which are composed of an
inactive ATF with growth factor domain and kringle domain and an active serine protease

domain, attach to their respective receptors, uPAR, with comparable affinity.

Figure 1.5: Structure of Urokinase (Source: RCSB PBD,
https://www.rcsb.org/structure/1SQT)

1.5.2.4 Tissue plasminogen activator

A serine protease with thrombolytic activity specific to fibrin is called tissue plasminogen
activator. It is composed of 527 amino acids and has a molecular weight of 70 kDa (Figure

6). There are five domains in it; i) a fibronectin type | domain at N-terminal with 47 amino
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acid residues, ii) an epidermal growth factor domain, iii) kringle 1, iv) kringle 2, and v) a

serine protease domain [78,89].

Without fibrin, plasminogen activator's action is negligible; however, fibrin
significantly boosts the activator's activity. Moreover, PA-1 inhibits its activity in vivo,
and the amino acids at positions 296-299 are essential for this inhibition [90].
Recombinant DNA technology has been used to create several recombinant tPA forms,
such as Alteplase, Reteplase, Tenecteplase, and Desmoteplase, to get around these
problems. Of them, only two-Tenecteplase and Reteplase-had clinical approval [91], yet
they continue to have adverse effects related to allergic responses, fibrin specificity, and
bleeding problems [90]. As a result, extensive research is underway to mitigate these
detrimental effects and enhance the efficacy of these fibrinolytic enzymes. Desmoteplase,
another r-tPA, is now in a Phase IlI clinical study. Lundbeck, a Danish pharmaceutical
firm, has the global rights to this drug. Lanoteplase, saruplase, anistreplase, and

pamiteplase are further recombinant tissue plasminogen activators (tPAS).

Figure 1.6: Structure of Tissue-plasminogen activator (Source: Wikipedia,

https://en.wikipedia.org/wiki/Tissue-type_plasminogen_activator)

1.5.3 Anticoagulant

Anticoagulants are frequently used in the treatment and prevention of thromboembolic
illness. Their use is indicated for the medical management and avoidance of venous
thromboembolism (before thromboembolism, patients who are immomilized, patients
following major surgery, etc.) as well as preventing embolic stroke (prosthetic heart valve

patients, non-valvular atrial fibrillation patients) [92-95].
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Anticoagulants function by modifying the procoagulation and anticoagulant
physiological pathways [96], which is accomplished in two ways: one is by inhibiting the
clot from forming, and the other is by decreasing the expansion of an already-existing
clot [97]. The coagulation cascade is the basis for understanding the mechanism of the
anticoagulant drugs now on the market. However, a new trend towards more targeted
anticoagulant therapy has emerged due to advances in pharmacology and coagulation
pathways [94,97]. Conventional anticoagulants, namely heparins and vitamin K
antagonists (VKA), have drawbacks that have led to this trend. These drugs can have a
limited therapeutic window and impulsive impact on clotting, necessitating periodic

surveillance to guarantee safety and effectiveness [94,96-99].

Warfarin is still one of Australia’'s most widely used anticoagulants despite its
erratic pharmacological profile. Because Warfarin may be taken orally, it continues to be
the anticoagulant of choice when compared to parental options like Heparin. Warfarin is
a beneficial medication for treating thromboembolic disease when used judiciously, but
one drawback is that it necessitates frequent surveillance of a patient's international
normalized ratio (INR). Patients may receive suboptimal anticoagulation as a result of
noncompliance with warfarin medication and INR testing, which increases the risk of

either uncontrolled bleeding or thromboembolic events.

Alternatives have been discovered to offer a useful, dependable oral anticoagulant
due to the issues with Warfarin's limited efficacy for therapy and multiple drug-drug and
food-drug interactions [93,97,98,100]. The Therapeutic Goods Administration (TGA) in
Australia has approved using some drugs known as novel oral anticoagulants (NOAC's).
Currently, the TGA has approved dabigatran (Pradaxa), rivaroxaban (Xarelto), and
apixaban (Eliquis). These medications are being used more frequently to address issues

related to warfarin use [93,101].

1.5.3.1 Heparin

In the 1930s, Heparin was first made available as an anticoagulant medication (Figure 7)
[97]. Nevertheless, it needs careful observation and can only be administered as a parental
agent, which restricts its mode of administration [97]. Heparin is given intravenously or
subcutaneously to avoid venous thromboembolism (VTE), usually in the event of acute
thromboembolic events or following major surgery that necessitates hospitalization [102].

Heparin prevents blood coagulation by attaching to and upregulating antithrombin by
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inhibiting Factors 1Xa, Xa, and thrombin [99,102]. As a result, the thrombin-fibrinogen
process is inhibited [102]. Heparins affect coagulation and prevent platelet activation
caused by thrombin [102].

Heparins can be further separated into low-molecular-weight (LMW) heparin and
unfractionated Heparin (UFH) [99,102]. UFH is linked to thrombocytopenia caused by
heparinand has a brief half-life, frequently losing its anticoagulant effects six hours after
discontinuing use [94,99,102]. On the other hand, compared to unfractionated Heparin,
LMW heparin has a more prolonged period of action, improved bioavailability since it
binds to fewer proteins, and fewer antiplatelet effects [99,102].

Figure 1.7: Structure of Heparin (Source: Wikipedia,
https://en.wikipedia.org/wiki/Heparin)

1.5.3.2 Vitamin K antagonist

Vitamin K antagonists (VKA), such Warfarin (Figure 8) and its variations, which were
created in 1940, were the only oral anticoagulants on the market until recently [97]. These
oral anticoagulants resolved the issues related to Heparin's administration [97]. Warfarin
is the most frequently used VKA, which the upper gastrointestinal system can absorb
easily. After oral administration, the plasma concentration takes 60-90 minutes to peak
[97,99,102]. Binding to vitamin K reductase opposes the production of coagulation
components dependent on vitamin K [99,102]. Warfarin inhibits thrombin, Factor VII,
IX, X, and proteins C and S, which are coagulation factors [99,102]. Though Heparin is
rapidly absorbed, its effects take 8-12 hours to manifest and peak after 36 hours [102].

However, Heparin is still relevant when a quick anticoagulant action is needed
[94]. The cytochrome p450 complex is primarily responsible for the liver's Warfarin

metabolism, resulting in notable pharmacological variability among individuals
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[94,99,102]. It is advised that INR be used to evaluate the effectiveness of patients on
Warfarin due to the drug's limited therapeutic range and the high degree of patient
variability in effect [96,99,102].

O
OH

=

O 0

Figure 1.8: Structure of Warfarin (Source: Wikipedia,
https://en.wikipedia.org/wiki/Warfarin)

1.5.3.3 Novel Oral Anticoagulants

Anticoagulant medications targeting thrombin and Factor Xa coagulation factors have
been created to produce a more predictable result [93,94]. The NOAC class of
medications is intended to address the drawbacks of traditional anticoagulants. These
medications function by either directly suppressing thrombin or by blocking its synthesis
[92-94]. Medication targeting Factor Xa can stop the production of thrombin. In contrast,
thrombin inhibitors stop the fibrin meshwork from forming by slowing the transformation

of fibrinogen to fibrin and thrombin-induced platelet aggregation [92].

The very first direct thrombin inhibitors demonstrated the effectiveness of direct
thrombin inhibition, but their use was restricted to particular patient populations due to
their unique pharmacokinetic and pharmacodynamic characteristics [94]. Inactivating
both bound and soluble thrombin, direct thrombin inhibitors prevent thrombogenesis and
thrombus formation [93,99]. In 2004, Ximelegatran, the first oral thrombin inhibitor, was
introduced in Europe to assist patients recovering from orthopaedic surgery in avoiding
VTE (Figure 9A) [93,94,99]. It was never certified for usage in the US or Australia,
though, and was discontinued from the market in 2006 due to possible liver toxicity
[93,94].

Another direct thrombin inhibitor, dabigatran, does not cause hepatotoxicity
(Figure 9B) [93,99,101]. The TGA authorized dabigatran in November 2008 to treat VTE
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in patients undergoing orthopaedic surgery. In April 2011, the drug was also licensed to
prevent thromboembolism associated with atrial fibrillation. It takes 30 min for the onset
of its action when taken via ingestion as a prodrug termed dabigatran etexilate
[94,95,97,101]. To improve the bioavailability, it is produced in capsules containing
tartaric acid, which facilitates absorption in the acidic milieu of the stomach and small
intestine [101]. The medication is not dialyzable because about one-third is protein-bound
[97,98]. The kidneys eliminate 80% of dabigatran, and hepatic metabolism does not
influence plasma concentration. Instead, it is influenced by p-glycoprotein transporter
activation or inhibition [94,97,101,103].

Direct Factor Xa inhibitors, unlike direct thrombin inhibitors, block the serine
proteases mediating thrombin production. As a result, they may be more potent
anticoagulants than those that block thrombin directly [93,94,99]. This is because the
leading amplification site in the coagulation cascade is Factor Xa [94]. These medications
are referred to as 'direct’ because they inactivate both free Factor Xa and Factor Xa, which
is linked to platelets inside the prothrombinase complex, altering the coagulation process
without the need for antithrombin [92,97]. Rivaroxaban, one of the earliest Factor Xa
inhibitors, demonstrated great promise in lowering thromboembolic events and
established that Factor Xa can be specifically suppressed (Figure 9C) [94]. However,
rivaroxaban raised the risk of significant bleeding when used in large dosages. As a result,

apixaban, a novel Factor Xa inhibitor, became rivaroxaban [94].

In Australia, the TGA approved the use of apixaban in April 2013 (Figure 9D)
and rivaroxaban in April 2012, respectively. These medications are prescribed to treat
atrial fibrillation patients by preventing thrombosis. Additionally, rivaroxaban is
recommended for the management of deep vein thrombosis (DVT) and the avoidance of

pulmonary embolism or recurrent DVT.

The active version of rivaroxaban is taken orally and takes 1-4 hours for the onset
of its action [94,95,97,98,101]. Unlike dabigatran, rivaroxaban is protein-bound to the
extent that dialysis cannot be used to eliminate rivaroxaban rapidly [95,97,103]. Because
rivaroxaban depends on the CYP344 system, it may interact with other medications using
this pathway [97,98]. Furthermore, the p-glycoprotein system is also necessary for the

clearance of rivaroxaban [97,98,101]. One-third of the medicine is eliminated unaltered
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in urine, another third is broken down in the liver and removed through the faeces, and a
third is broken down in the liver and excreted via kidneys [95,97,98,101,103].

Like rivaroxaban, apixaban is also taken via ingestion in its active version, and it
takes around 3 hours to onset its action [97,98]. 87% is protein-bound, and the CYP3A4
system eliminates 75% [97,98]. When compared to the other NOACSs, apixaban excretion
is the least reliant; approximately 70% of processed apixaban is eliminated through
faeces, and only 25% is eliminated via renal [94,95,97,103].
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Figure 19: (A)  Structure  of  Ximelegatran  (Source:  Pubchem,
https://pubchem.ncbi.nim.nih.gov/compound/656635); (B) Structure of Dabigatran
(Source: Pubchem,
https://pubchem.ncbi.nlm.nih.gov/compound/Dabigatran#section=2D-Structure);  (C)
Structure of Rivaroxaban (Source: Pubchem,
https://pubchem.ncbi.nim.nih.gov/compound/Rivaroxaban#section=2D-Structure); (D)
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Structure of Apixaban (Source: Pubchem,

https://pubchem.ncbi.nlm.nih.gov/compound/Apixaban#section=2D-Structure)

1.5.4 Antiplatelet drugs

The mainstay of treatment for cardiovascular disorders, such as coronary artery disease,
stroke, etc., which remain the leading cause of death and morbidity in the developed
world, is antiplatelet medication [104]. Antiplatelet medications have the potential to both
prevent and treat thrombotic disorders because platelets are essential to thrombosis [105].
Atherosclerotic plaque erosion or rupture is the primary source of thrombosis, which is
the major event that culminates in acute coronary syndrome (ACS). The significant
participants in this scenario are thrombin and platelets. Therefore, treating ACSs requires
a thorough understanding of platelet activation, adhesion, and aggregation physiology.
Numerous investigations have demonstrated that antiplatelet medication reduces

mortality while averting recurrent ischaemia episodes [106].

Upon exposure to platelet agonists, many transmembrane signalling pathways and
molecules with enzymatic activity and/or functions participate in the complex process of
platelet activation and aggregations [106]. Most antiplatelet medications under
development target the enzymes or receptors found on the surface of platelets. Aspirin
was the first antiplatelet medication ever developed; it inhibits the cyclo-oxygenase-1
enzyme. Even though other novel ways are being investigated to provide more potent
drugs, Aspirin remains and will remain the cornerstone of antiplatelet therapy in the years

to come.

Despite the advantages these antiplatelet medications offer, their broad
application is restricted due to problems associated with their administration, such as their
limited efficacy and narrow therapeutic window. Aspirin with Clopidogrel is currently
thought to be the paradigm of care for preventing platelet activation and aggregation,
which in turn prevents thrombosis and stroke. However, future initiatives for developing
additional antiplatelet medications and treatment regimens are being investigated since
the current antiplatelet therapies are laden with issues like resistance, optimal dosage,
safety concerns, etc [104].
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Antiplatelet medications restrict platelets in one way or another, which prevents
them from aggregating and forming clots at the sites of vascular damage, where they serve
as the initial haemostatic plug. Aspirin, ADP receptor inhibitors (ticlopidine),
clopidogrel), and GPIlIb/Illa inhibitors (abciximab, tirofiban, eptifibatide) are the

currently available antiplatelet medications currently in use [107].

1.5.4.1 Aspirin

Aspirin blocks the thromboxane-mediated pathway by inhibiting the cyclo-oxygenase-1
enzyme (Figure 10). Aspirin has a resistant effect on platelets that lasts for the platelet's
lifespan, which is 7-10 days. Therefore, the daily aspirin administration will have a
cumulative inhibitory effect on platelets. Aspirin has an antiplatelet impact even at low
dosages, up to 160 mg daily, where it entirely and effectively inhibits the platelet's COX-
1 enzyme. Higher doses come with a higher risk of bleeding, are more toxic, and are less
effective. Numerous trials have demonstrated that it lessens the risk of mortality from
cardiovascular causes, new myocardial infarction (MI), and repeated ischaemia by about
40% [107]. Although the most commonly utilized dose range is 75-350 mg, efficacy has
also been shown at several other levels [108-110].

Figure 1.10: Crystal structure of  Aspirin (Source: Pubchem,

https://pubchem.ncbi.nim.nih.gov/compound/Aspirin#section=Crystal-Structures)

1.5.4.2 ADP receptor inhibitors: Ticlopidine and Clopidogrel

These medications inhibit platelets from aggregating when exposed to ADP. Currently
on the market, ticlopidine and Clopidogrel are both irreversible thienopyridine P2Y12
receptor antagonists that have been confirmed to be effective in lowering the hazard of
arterial thrombotic actions (Figure 11 A and B) [107]. Ticlopidine is a prodrug requiring
the cytochrome P450 enzyme first to transform it into its active metabolite. Creating a
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disulphide bond with the P2Y12 receptor is irreversible and blocks the receptor. The
antiplatelet action peaks 8-11 days after the treatment begins. The release of the active
metabolite from Clopidogrel depends on hepatic cytochrome P450. This metabolite binds
permanently to the P2Y12 receptor through covalent modification, preventing the

recovery of platelet function [107,111].

Regarding secondary stroke prevention, the medication is comparable to Aspirin,
and when combined with Aspirin, it seems to be just as successful as ticlopidine and
Aspirin [112]. It can be employed in established peripheral arterial disease, stroke,
myocardial infarction, or acute coronary syndrome, according to FDA approval. Platelet
aggregation and activation tests reveal a significant interindividual heterogeneity in
clopidogrel response, with up to 25% of patients only partially reacting to the medication
and 5-10% not responding [113].

(A)

(B)

Figure  1.11: (A)  Structure  of  Ticlopidine  (Source: Pubchem,
https://pubchem.ncbi.nim.nih.gov/compound/Ticlopidine#section=2D-Structure);  (B)
Structure of Clopidogrel (Source: Pubchem,

https://pubchem.ncbi.nlm.nih.gov/compound/Zyllt#section=2D-Structure)

1.5.4.3 GPIIb/II1a inhibitors
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A dimeric receptor for fibrinogen and von Willebrand Factor (VWF), Gpllb/llla is a
platelet surface integrin that anchors platelets to foreign surfaces and to one another,
hence inducing platelets to aggregate [105,114]. As a result, abciximab, tirofiban, and
eptifibatide, which are inhibitors of this receptor, are effective antiplatelet medications
(Figure 12 A-C). These medications are all parental formulations. Numerous
pharmacodynamic investigations on these medications showed an antiaggregatory impact
more significant than 80%. Abciximab was the first GPIIb/Illa receptor antagonist
utilised in a therapeutic context. The Fab segment of a humanized monoclonal antibody

that targets the GPIIb/I1la receptor is known as abciximab.

Additionally, it attaches itself to the vitronectin receptor found on smooth muscle,
vascular endothelium, and platelets. Even after the infusion is stopped, the effects last 18-
24 hours. Nevertheless, there are some issues with using abciximab, including its high
cost, immunogenicity, and irreversibility of the impact [107,115]. As a result,
micromolecule GPIIb/Illa receptor antagonists such as tirofiban and eptifibatide have
been established. Eptifibatide is a cyclic peptide inhibitor that inhibits the GPIIb/Illa
receptor's fibrinogen binding site. Because it doesn't also bind to the vitronectin receptor,
the advantage observed with it is slightly lesser than that of abciximab. Its duration of
action is transient; that is, platelet activity resumes 6-12 hours after the infusion is stopped
[104,107]. As a non-peptide with a short half-life, tirofiban functions similarly to
eptifibatide and is effective in treating non-Q-wave myocardial infarction associated with

unstable angina.

Furthermore, it doesn't block vitronectin receptors. Because tirofiban and
eptifibatide have low molecular weights, they cannot trigger an immunological response
[107,116]. Extensive clinical studies have confirmed their safety and clinical properties
in acute coronary syndrome. They are employed as supplemental treatment for
percutaneous coronary intervention (PCI). These medications are reportedly linked to
bleeding risks, though [116].

Chapter I Page 22



Computational analysis of fibrinolytic serine proteases from Bacillus spp and characterization of a
recombinant fibrinolytic enzyme from Bacillus subtilis

(©)

Figure  1.12: (A)  Structure  of  Abciximab  (Source:  Wikipedia,
https://en.wikipedia.org/wiki/Abciximab); (B) Structure of Tirofiban (Source: Wikipedia,
https://en.wikipedia.org/wiki/Tirofiban); (C) Structure of Eptifibatide (Source:
Wikipedia, https://en.wikipedia.org/wiki/Eptifibatide)

1.6 Limitations of thrombolytic drugs

A haemostasis imbalance can cause uncontrolled bleeding or the development of a
thrombus, which is an unsuitable blood clot that sticks to the intact walls of blood vessels.
The fibrin buildup in the blood vessels may impede the flow of blood, leading to
myocardial infarction along with other severe cardiovascular conditions. The tissue may
perish or suffer significant harm if blockages are not removed promptly. Massive injuries
would prevent the ventricles from conducting normal electrical signals, which could lead

to irregular heartbeats, cardiac arrests, or even death.

Commercial thrombolysis medicines such as tissue plasminogen activator,
streptokinase, and urokinase have been explored as a potential substitute for surgical
procedures aimed at dissolving blood clots or avoiding heart blockages. These

cardiovascular medications do, however, have certain drawbacks, including the
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possibility of gastrointestinal bleeding and allergic reactions. Additionally, these
medications are costly, making them unaffordable for the average person, particularly in

underdeveloped countries.

Thrombolytic therapy's significant side effect is bleeding from fibrinogenolysis or
fibrinolysis at the site of vascular damage. It is essential to monitor hypo-fibrinogenemia
with laboratory testing as it may occur. The incidence of second- and third-generation
agents occurs similarly for all agents at effective thrombolytic dosages. Halting treatment,
providing whole blood, platelets, or fresh frozen plasma, and administering protamine (if
Heparin is present) may be necessary in cases of life-threatening cerebral bleeding.

Bleeding is the primary side effect of Warfarin. The side effects of long-term
coumarin-type anticoagulant therapy are comparatively low. Bleeding can be visible (on
the skin or mucous membrane) or invisible (in the gastrointestinal tract, Uterine, renal,
hepatic, pulmonary or cerebral). Less common adverse effects include dermatitis,

urticaria, alopecia, purple toes, diarrhoea, and small intestine necrosis.

Haemorrhage is also the main adverse effect following heparin therapy. Adrenal
glands, the gastrointestinal system, and the urinary tract can also bleed. There can be
wound ecchymosis, hemarthrosis, severe haemorrhagic pancreatitis, and subdural
haematoma. Although rare, life-threatening bleeding occurs occasionally. 3-30% of
patients may experience acute and delayed onset thrombocytopenia caused by Heparin.
The delayed reaction involves the development of heparin-dependent antiplatelet

antibodies and the elimination of platelets from circulation.

In contrast, the rapid-type reaction is temporary and may not necessitate platelet
destruction. Heparin-induced thrombocytopenia may accompany white clot syndrome,
characterized by irreversible platelet aggregation. Hypersensitivity responses (rash,
pruritus, urticaria), alopecia, osteoporosis, fever, hypoaldosteronism, and ostealgia are
among the supplementary adverse effects of heparin treatment. Bleeding is the most
frequent adverse effect or risk of using antiplatelet medications because they all interfere
with normal blood coagulation. Bleeding risks vary from extremely small (nose bleeds)
to large, potentially fatal (bleeding into the brain). Fortunately, there is little to no risk of
bleeding, no threat to life, and no need for a blood transfusion. Patients on antiplatelet
treatment for acute myocardial infarctions and cerebrovascular accidents most frequently

experience bleeding in the locations where vascular catheters, such as intravenous
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catheters, have been placed. This include the region in groin, which is usually the location
of access during coronary angioplasty. Gastrointestinal bleeding is infrequent. Following
the administration of antiplatelet medicine, any bleeding from these places necessitates
further investigation, as such hemorrhaging sometimes stems from previously undetected
conditions, including malignancies or peptic ulcers. Uncommon adverse effects
associated with antiplatelet agents encompass rashes, hypersensitivity to Aspirin, and
reduced platelet count (thrombocytopenia) when administered with glycoprotein Ilb/Illa
inhibitors.

1.7 Aims and objectives of the study

The aim of this study, as delineated in the following parts, has taken into consideration
the scopes above. Because fibrinolytic protease(s) may be used to treat cardiovascular-
related illnesses, they have become more important in medicine. Although several
fibrinolytic enzymes have been previously described, there is limited information on non-
toxic target-specific medications and their potential for thrombolysis in vivo. The current
state of industrial biotechnology is a gold mine for finding more substantial and
commercially viable products due to the astounding abilities of microbial enzymes and
their diverse specificity and efficiency. Therapeutic enzymes are the best illustration of
this kind of effort. In particular, the Bacillus genus is widely known for synthesizing a

wide range of highly significant industrial enzymes, such as fibrinolytic enzymes.

The biochemical characterizations of most enzymes have substantially enhanced
their applicability in developing thrombolytic drugs. It is crucial to emphasize that food-
derived microorganisms are favoured in the pharmaceutical sector due to their multiple
benefits in producing fibrinolytic enzymes. Considering Northeast India is a global mega-
biodiversity hotspot, exploring new fibrinolytic enzymes from this region is promising.
The preliminary step in investigating the microbial diversity of these regions involves
isolating bacteria from diverse fermented food samples commonly utilized for both
consumption and non-toxic applications. The present work sought to employ in-silico
techniques to analyze fibrinolytic enzymes from the Bacillus genus and to discover potent
fibrinolytic enzyme-producing bacteria from the starter cultures of Northeast India.
Further, the gene sequence encoding for fibrinolytic enzyme derived from Bacillus
subtilis was codon-optimized according to Escherichia coli codon preference, and this

gene was synthetically cloned into the pET26b(+) vector followed by expression in E.
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coli under the T7 promoter, optimization of refolding conditions, purification using
affinity chromatography, pharmacological characteriation and in vivo toxicity

assessment.
The following objectives formed the basis of this investigation:

1. Computational (in silico) analysis to study bacterial fibrinolytic proteases'
structure-function and evolutionary relationship.

2. Isolation of fibrinolytic protease produces bacterial strains from fermented foods
in northeastern India.

3. Cloning, expression, purification and characterization of recombinant fibrinolytic

protease enzyme.
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