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ARTICLE INFO ABSTRACT

Keywords: Fibrinolytic enzymes cleave fibrin which plays a crucial role in thrombus formation which
Cardiovascular diseases otherwise leads to cardiovascular diseases. While different fibrinolytic enzymes have been puri-
Nattokinase

fied, only a few have been utilized as clinical and therapeutic agents; hence, the search continues
for a fibrinolytic enzyme with high specificity, fewer side effects, and one that can be mass-
Staphylokinase produced at a lower cost with a higher yield. In this context, this review discusses the physio-
Streptokinase logical mechanism of thrombus formation and fibrinolysis, and current thrombolytic drugs in use.
Fermented foods Additionally, an overview of the optimization, production, and purification of fibrinolytic en-
zymes and the role of Artificial Intelligence (AI) in optimization and the patents granted is pro-
vided. This review classifies microbial as well as non-microbial fibrinolytic enzymes isolated from
food sources, including fermented foods and non-food sources, highlighting their advantages and
disadvantages. Despite holding immense potential for the discovery of novel fibrinolytic enzymes,
only a few fermented food sources limited to Asian countries have been studied, necessitating the
research on fibrinolytic enzymes from fermented foods of other regions. This review will aid
researchers in selecting optimal sources for screening fibrinolytic enzymes and is the first one to
provide insights and draw a link between the implication of source selection and in vivo
application.

Therapeutic enzymes
Thrombolytic drugs

1. Introduction

Global mortality is predominantly attributed to cardiovascular diseases (CVDs), standing as the foremost factor behind fatalities
[1]. The number of people dying of heart diseases has gone from more than 2 million cases in 2000 to nearly 17.9 million in 2019 [2].
Furthermore, the incidence of cardiovascular damage has been positively associated with higher COVID-19 mortality, thus further
increasing the global burden [3]. The most common reason behind cardiovascular disorders like ischemic heart disease (acute cor-
onary syndrome), peripheral vascular disease (PVD), pulmonary embolism (PE), venous thromboembolism (VTE) and stroke is
thrombosis, resulting in the blocking of artery or vein by a blood clot (thrombi) [4]. Principally, the formation of a blood clot is the
body’s natural mechanism to seal the vessel wall injury (Fig. 1); given this, it is to wonder how the formation of blood clots contributes
to the development of thrombosis. It is a well-established fact that under normal physiological conditions, an optimal balance between
coagulation and anticoagulation of blood is maintained by a tightly regulated process called hemostasis. This is achieved by two
oppositely acting systems, namely ‘coagulation’, to prevent blood loss during injury and ‘anticoagulation’, to maintain blood fluidity
[5]. However, an imbalance of any kind in this state of equilibrium can lead to prolonged bleeding at the site of the wound, internal
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bleeding, or thrombosis.

The aggregation of platelets, fibrin, and thrombin in the arteries causes arterial thrombosis, contributing to the emergence and
spreading of atherosclerotic plaque, resulting in myocardial infarction [6,7]. The thrombus formed can be treated either by removing
or preventing them from forming in the first place. The process of dissolution of thrombi is called thrombolysis, whereas degradation of
only the fibrin mesh around the blood clot is called fibrinolysis [8]. The treatment of thrombosis includes using various anticoagulants,
antiplatelet medications, fibrinolytic medicines, and surgical techniques [9]. Currently, patients with CVDs are administered with
plasmin activators, such as streptokinase, alteplase (t-PA), anistreplase, reteplase (r-PA), and tenecteplase (TNK-t-PA), which are
commercially available and FDA-approved thrombolytic drugs. However, due to their limited affinity for fibrin and short half-life, they
must be constantly injected to be effective, but they also cause other negative effects like internal haemorrhages and allergic responses
[10].

Fibrinolytic enzymes, on the other hand, have specificity for fibrin, enabling them to directly lyse the pre-existing thrombi (Minh
et al., 2022). Fibrinolytic enzymes are prevalently found in a wide variety of sources including food as well as non-food sources,
however, are predominantly found in microbes isolated from these sources. Fibrinolytic enzymes have also been discovered from non-
food sources such as snake venom, earthworms, plants, and algae. However, the search for safe, effective, and economical fibrinolytic
enzymes continues due to the inherent side effects of current fibrinolytic medicines. While those from food sources, especially fer-
mented foods have various advantages over those currently in use. Microbial fibrinolytic enzymes of food origin are gaining mo-
mentum due to their ubiquitous nature, low cost of production, high substrate specificity, and reduced toxicity. The current impetus is
on exploring traditional fermented foods as sources of fibrinolytic enzymes due to their rich microbial diversity and long-standing
history of safe consumption. This review is an attempt to provide valuable insights into fibrinolytic enzymes and their sources, cur-
rent thrombolytics, and innate mechanisms of both clot formation as well as dissolution. By categorising fibrinolytic enzymes purified
from microbes isolated from food and non-food sources, this review facilitates researchers’ search for better fibrinolytic enzymes. In
particular, it will help researchers compare microbial fibrinolytic enzymes isolated from food and non-food sources and determine if
there are any significant differences in efficacy or other properties. It will also assist the food industry in identifying specific food
sources that could be used in the creation of fermented food products with potential health benefits. By marketing such products as
functional foods, the industry could tap into growing consumer demand for foods offering health benefits beyond basic nutrition. In
summary, the readers of the review will be facilitated to focus their research efforts, compare different types of fibrinolytic enzymes
and their sources, and identify potential applications in the pharmaceutical and food industries.

2. Fibrinolytic enzymes

Fibrinolytic enzymes are peptidase-acting proteases which belong to the hydrolase class of enzymes (EC 3.4) [11], that degrades
fibrin, the major protein involved in blood clotting. Thus, they play a huge role in dissolving blood clots, also known as thrombi, which
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Fig. 1. A simplified representation of the coagulation system illustrating how clot formation safeguards against blood loss resulting from the
vascular injury.



C. Hazare et al. Heliyon 10 (2024) 26668

ensure smooth blood flow through the vessels during normal homeostasis. The fibrinolytic enzymes work in two ways. They can either
indirectly promote the lysis of fibrin by activating circulating plasminogen, converting it into active plasmin that acts on the fibrin, the
process being called indirect fibrinolysis, or it can directly degrade pre-existing insoluble fibrin into smaller fragments called fibrin
degradation products by direct fibrinolysis, thereby restoring typical vascular function.

In 1958, the initial human trials of Streptokinase, a fibrinolytic enzyme sourced from haemolytic Streptococci, were conducted
[12]. This was before the discovery and advancement of tPA and uPA, but it was not until the 1980s, when the advent of recombinant
DNA technology facilitated large-scale production, that these agents gained prominence. Initially, thrombolysis as a treatment was
used only for patients with myocardial infarction. However, during the mid-1990s, tPA was given approval for a specific purpose:
treating patients diagnosed with acute ischemic stroke, with certain restrictions [13]. The most used enzyme-based fibrinolytic
medicines are urokinase, streptokinase, genetically modified tissue plasminogen activator (r-tPA), and nattokinase. First-generation
fibrinolytic drugs include streptokinase and tPA, and second and third-generation fibrinolytic agents include alteplase and staph-
ylokinase, respectively [10]. These drugs exert their effects via diverse mechanisms and exhibit varying levels of selectivity towards
fibrin clots. Furthermore, fibrinolytic enzymes lyse pre-existing thrombus, unlike warfarin and heparin, which only prevent throm-
bosis extension and recurrence. Administration of streptokinase and urokinase to patients with pulmonary embolism increases the
likelihood of clot clearance, three times compared to patients treated with heparin alone [14].

Streptokinase is a thrombolytic drug derived from Streptococci, mainly used to treat acute myocardial infarction and pulmonary
thromboembolism. Its mechanism of action involves converting plasminogen to plasmin, thus improving the body’s natural fibrino-
lytic processes. However, as it originates from a haemolytic bacterial source, it triggers an antigenic response, and upon repeated
administration results in the formation of neutralizing antibodies and causes allergic reactions [15]. Urokinase is another such
thrombolytic drug which acts by activating plasminogen and was first identified in 1947 in human urine [16]. On the other hand, r-tPA
is made using recombinant DNA technology and acts as a substitute for endogenous tPA that activates the fibrinolytic system. It doesn’t
elicit any allergic reaction and possesses high specificity towards the clot. The drawback, however, is its short half-life and the
requirement for continuous drug infusion to obtain maximum efficacy. Other adverse effects may include gastrointestinal bleeding due
to the lack of site-specificity, but severe anaphylaxis is uncommon [15]. Fibrinolytic enzyme therapy is costly, for example the
intravenous administration of urokinase, and further may lead to undesirable side effects such as the occurrence of acute resistance to
reperfusion, bleeding complications and coronary reocclusion [17]. As a result, researchers have tried isolating fibrinolytic enzymes
from various sources, including non-microbial and microbial sources of food and non-food origin, in order to improve the specificity
and efficacy of fibrinolytic therapy. Fibrinolytic enzymes have been purified from microbes isolated from non-food sources such as soil,
marine environments and directly from plants, snake venom, and algae. Food sources are rich in microbial fibrinolytic enzymes mostly
comprise fermented foods such as Japanese Natto [18], Korean Chungkook-Jang soy sauce [19] as well as non-fermented food sources
such as edible honey mushrooms [20], to name a few. Fibrinolytic enzymes isolated from food sources are gaining traction because
they show the ability to dissolve blood clots efficiently and restore normal vascular function [21]. Enzymes from fermented foods,
especially those of microbial origin, can be mass-produced cost-effectively and can even be administered as supplements. Nattokinase,
for instance, was the first fibrinolytic enzyme to be purified from a food source. In 1980, Prof. Hiroyuki Sumi, a Japanese researcher at
the Chicago University Medical School, discovered that natto can dissolve artificial fibrin. Sumi and his team extracted an enzyme from
natto that not only degraded fibrin but also a plasmin substrate. He named this novel, fibrinolytic enzyme “nattokinase”. It is a serine
protease purified from natto; a Japanese traditional food produced from the fermentation of soybeans with the bacterium, Bacillus
subtilis (natto) [18].

Numerous microorganisms have been discovered as source of fibrinolytic enzymes. For instance, Streptococcus hemolyticus produces
streptokinase (Banerjee et al., 2004), Bacillus subtilis produces nattokinase (Weng et al., 2017), Bacillus sp. Produces bafibrinase
(Mukherjee et al., 2012), Serratia sp. also contributes to this group (Taneja et al., 2017). Additionally, the fibrinolytic enzymes derived
from Bacillus sp. isolated from traditional fermented foods have already been developed as effective food additives and medications for
treatment or to prevent the onset of thrombosis and related disorders. According to Peng, Huang, Zhang and Zhang [22], the microbial
fibrinolytic enzyme subtilisin DFE from Bacillus subtilis demonstrated high specificity and low production cost. A relatively high yield
in mass culture was also reported with the potential for further improvement through genetic engineering [23]. In addition, by
focusing on specific enzymes like subtilisin DFE, a better understanding of the unique characteristics and potential applications of
food-derived microbial fibrinolytic enzymes can be achieved. On the other hand, the microbial and non-microbial fibrinolytic enzymes
isolated from non-food sources had low specificity towards fibrin. Moreover, the majority of enzymes investigated from non-food
sources have been shown to induce fibrinogenesis, in addition to causing fibrinolysis, thus adversely affecting normal hemostasis
[24]. Hence, the unconventional sources have failed to exhibit the expected results and come with significant constraints.

3. Fibrinolytic enzyme categories

Fibrinolytic enzymes fall under the family of protease enzymes. Most proteases range in size from ~20 kDa simple catalytic units to
0.7-6 MDa complex proteolytic machinery that cleaves a-peptide bonds and isopeptide bonds of target proteins leading to proteolysis
or sometimes even self-hydrolyze their polypeptide chains [25]. They are the largest single family of enzymes, accounting for around
2% of the human genome [26]. Proteases are categorized into six distinct groups based on the active site amino acid or metal ion
responsible for catalysing the cleavage of peptide-bond. Among these groups, aspartate, glutamate, and metallopeptidases utilize
acid-base catalysis, while serine, cysteine, and threonine peptidases employ covalent catalysis [27]. Similarly, fibrinolytic enzymes, on
their mechanism of action can be widely classified into three different types, viz., serine proteases, metalloproteases and serine
metalloproteases [28].
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3.1. Serine protease

Serine proteases, which make up more than one-third of all known proteolytic enzymes, are endopeptidases or types of enzymes
that cleave peptide bonds in proteins. These enzymes feature serine at their active site as the nucleophilic amino acid [29]. Fibrinolytic
enzymes belonging to the serine protease group display indirect and direct fibrinolytic activity and get inactivated in the presence of
the PMSF inhibitor [30]. Serine proteases have been extensively researched for their fibrinolytic characteristics, and it is known that
serine proteases such as brinase, plasmin, and trypsin, can directly hydrolyze thrombin, leading to their dissolution [31]. However,
fibrinolytic therapy involving the use of serine proteases with direct fibrinolytic action poses the risk of non-specific lysis of clots, that
is those necessary for homeostasis, such as those essential for the maintenance of the blood-brain barrier [32]. Until now, tPA and uPA
are the only two indirect serine proteases licensed by the Food and Drug Administration [33]. Recently, fibrinolytic enzymes from the
serine protease group have been isolated from various sources such as mushroom Agrocybe aegerita [34], bacteria Bacillus flexus BF12
[35], Streptomyces parvulus [36], Antarctic krill Euphausia superba [37], tree Pseuderanthemum latifolium [38] and so on.

3.2. Metalloprotease

Metalloproteases comprises of a diverse group of proteolytic enzymes, including both exopeptidases and endopeptidases [39].
Metalloproteases contain one or two divalent metal ions at their active site, coordinated by three amino acid sidechain ligands [40]. In
the hydrolysis of the peptide bond, a water molecule plays a crucial role and also serves as a fourth ligand to coordinate with the metal
ion in the active form of metallopeptidases. The metal ligands known in metalloproteases include His, Glu, Asp, or Lys [40]. These
ligands occur at the catalytic site as follows: His > Glu > Asp > Lys. Although most metalloproteases only require one metal ion for
catalysis, some have two metal ions that act co-catalytically. Furthermore, fibrinolytic enzymes belonging to the class metalloprotease
require metal ions (divalent) e.g., Hg?>", Mg?*, Zn2*, Co?*, or Ca®" to exert their catalytic activity [41]. Hence, the diagnostic feature
of metalloproteases is a chelating agent such as EDTA, which inhibits the enzyme activity. Several studies suggest that metal ions,
including Na®, K* and Ca?", activate metalloproteases [42,43]. Though many researchers have reported the effect of metal ions on
crude fibrinolytic metalloprotease extracts from various sources, only a few have succeeded in purifying fibrinolytic metalloproteases.
Some examples include CMase [44], PoFE [45], FVP-I [46], AMMP [46], BKII (Bacillokinase II) [47] and TSMEP I [48].

3.3. Serine metalloprotease

Serine metalloproteases are proteases which possess characteristics of both serine as well as metalloproteases and hence are
classified as the third category of fibrinolytic enzymes. These enzymes are involved in physiological and pathological processes, such as
blood coagulation, fibrinolysis, extracellular matrix remodelling, and immune response. Serine metalloproteases contain a catalytic
domain with the characteristic serine residue in the active site, which is responsible for the proteolytic activity of serine proteases [49].
In addition, they have a metal ion site, which is a hallmark of metalloproteases. The presence of both catalytic domains makes these
enzymes unique in their ability to perform proteolysis using the mechanism of serine as well as metalloproteases. Examples of serine
metalloproteases include M179, CFR15, and AprE176. Velefibrinase from marine Bacillus velezensis Z01, is a serine metalloprotease as
it was inhibited by PMSF as well as EDTA [50]. Similarly, a fibrinolytic enzyme purified from marine Serratia marcescens subsp.
sakuensis showed dual activity of serine and metalloproteases [51]. Serine metalloproteases have also been purified from a microbial
fermented food source, for example, Bacillus licheniformis HJ4 isolated from the traditional Korean fermented seafood, Hwangseokae
jeotgal [52].

4. Thrombolytic agents
4.1. First generation thrombolytic agents

The first-generation thrombolytic agents include streptokinase and urokinase. These drugs are non-selective thrombolytic agents
and function in more than one way. Firstly, they may function by activating free circulating plasminogen to plasmin, breaking down
the blood clots. However, they may also directly lyse fibrin. In addition, they sometimes degrade clotting factors like fibrinogen, thus
interfering with the fibrin clot formation process. They have a broad range of applications such as dissolving blood clots, restoring
blood flow and preventing or reducing tissue damage and are used to treat conditions such as deep vein thrombosis (DVT) and
myocardial infarction [53].

4.1.1. Streptokinase

Streptokinase (SK, EC 3.4.99.22) was serendipitously discovered by Dr William Smith Tillet in the year 1933, which led to
development of thrombolytic therapy as a treatment for cardiovascular disorders [54]. Later in the 1950’s streptokinase got approval
from the FDA to become the first plasminogen activator thrombolytic drug. It is a plasminogen activator of microbial origin secreted by
various strains of f-hemolytic Streptococci including Lancefield groups A, C, and G. Among these, the Streptococcus equisimilis H46A
(ATCC 12449 (1945) and ATCC 9542 (1992)) belonging to the Lancefield group C strain of is preferred for streptokinase production.
This particular strain stands out for streptokinase production because it lacks erythrogenic toxins and has less demanding growth
requirements in comparison to other strains [55].

Streptokinase, a single-chain polypeptide, consisting of 414 amino acid residues, possesses a molar mass of 47 kDa and exerts its
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fibrinolytic action via indirect fibrinolysis, by activating the circulatory plasminogen [56]. Jackson and Tang (1982) were the first to
establish the complete amino acid sequence of streptokinase. The enzyme’s structure comprises three domains linked together with
flexible loops [57]. The enzyme’s action is indirect, as it converts plasminogen into active plasmin through a sequence of
protein-protein interactions that form the streptokinase-plasmin complex in a 1:1 ratio. As a result of this interaction, the complex
breaks down the arginine-valine bond within plasminogen, leading to the formation of this proteolytic enzyme ‘plasmin’, which
effectively degrades the thrombus matrix [54]. The thrombolytic activity thus aids in the removal of blood clots and artery blockages,
which are the primary causes of myocardial infarction and heart attacks [58].

The World Health Organization lists streptokinase as one of the essential thrombolytic medications. Commercially available
streptokinase is a sterile, purified preparation of the protein formulated as a lyophilized powder. It is a first-generation plasminogen
activator frequently utilized, partly in thrombolytic therapy in developing countries because of its economic viability compared to its
counterparts [59]. Although streptokinase has successfully saved many lives since its first clinical usage, it is accompanied by some
negative side effects. As a protein derived from a hemolytic bacteria, it can stimulate the production of antibodies in humans, making
the drug inactive and preventing its re-administration for at least six months after its first application [60]. Additionally, in the case of
previous Streptococcal infections, administration of streptokinase may increase the risk of severe, potentially fatal, allergic reactions in
humans. Furthermore, it being a non-fibrin-specific plasminogen activator, could result in bleeding. Notwithstanding the limitations,
the efficacy and cost-effectiveness of SK have made it an indispensable medicine in medical facilities, emergency rooms, and intensive
care units. Furthermore, efforts are underway to modify streptokinase to increase its half-life, reduce immunogenicity, reduce pro-
duction costs, and boost biological efficacy.

4.1.2. Urokinase/urokinase-type plasminogen activator

MacFarlane and Pilling (1947) [61] discovered an unnamed novel fibrinolytic enzyme in human urine, which was named as
urokinase half a decade later by Sobel, Mohler, Jones, Dowdy and Guest [62]. Urokinase is derived from various sources, including
macrophages, endothelial cells, certain tumor cells, and renal epithelial cells. In its inactive state, urokinase exists as a single poly-
peptide glycosylated zymogen comprising 411 amino acids, referred to as pro-urokinase, pro-uPA, or scu-PA [63]. This pro-urokinase
is composed of three distinct domains: a growth factor domain (GFD) spanning amino acids 1 to 49, a kringle domain (KD) covering
amino acids 50 to 131, both situated at the N-terminus, and a serine protease domain (P) spanning amino acids 159 to 411, situated at
the C-terminus. The N-terminal and C-terminal domains are connected by a linker segment comprising amino acids 132 to 158 [64].
After being secreted, the glycosylated zymogen (pro-uPA) undergoes a two-round proteolytic process before being converted to its
active form and this is accomplished by proteolytic enzymes like plasmin and others like nerve growth factor-g, cathepsin B and L,
trypsin, thermolysin, kallikrein, and mast cell tryptase while plasmin being the most effective [65-68]. In addition, pro-uPA can also be
cleaved at various sites by proteases such as elastase and thrombin [65]. Upon the first round of proteolysis, the linker region between
Lys 158 and Ile 159 is cleaved, resulting in two chains that are still linked by a disulphide bond and have a molecular weight of 54 kDa.
Subsequently, a second round of proteolysis occurs at the peptide bond between Lys 135 and Lys 136, leading to the complete sep-
aration of the two chains of uPA. Consequently, an inactive amino-terminal fragment (ATF) forms, comprising the kringle domain and
the growth factor domain (GFD), while resulting in the formation of an active low molecular weight form of uPA (33 kDa), containing
the serine protease domain [15]. Finally, both pro-uPA and the two-chain variants of uPA, or tcu-PA, comprising of an active serine
protease domain and an inactive ATF with growth factor domain and kringle domain, bind to their receptor, uPAR, with similar af-
finity. This similarity in binding affinity is likely attributed to the presence of GFD and the amino-terminal fragment (ATF) [69]. In the
past, human urine used to be the prime source of urokinase production, but currently, it is produced using tissue culture and re-
combinant DNA techniques (expressed in E. coli). Its clinical use in treating cardiovascular disorders has been approved by the FDA due
to its notable plasminogen activation activity [70].

4.2. Second generation thrombolytic agents

The need for targeted thrombolysis drove the development of second-generation thrombolytic agents, as their predecessors caused
non-specific fibrin degradation and degradation of other hemostatic proteins, ultimately leading to haemorrhage. Specifically, the
major motivation for developing these agents was to improve their selectivity and specificity towards fibrin-rich thrombi, while
minimizing the risk of bleeding complications associated with systemic fibrinolysis. Second-generation thrombolytic agents offer a
more promising approach to treating thrombotic disorders by addressing these limitations. Second-generation thrombolytics include
alteplase, reteplase, and tenecteplase. These drugs are more selective than first-generation thrombolytics and only activate plas-
minogen bound to fibrin in blood clots. This makes them more effective and reduces the risk of bleeding. Second-generation
thrombolytics are used to treat conditions such as acute ischemic stroke and pulmonary embolism.

4.2.1. Anistreplase or Anisoylated plasminogen-streptokinase activator complex (APSAC) or Eminase)

Anistreplase is a derivative of streptokinase, chemically modified to form an equimolar complex with human lys-plasminogen of
131 kDa. This complex consists of the catalytic site of plasminogen acylated with p-amidinophenyl p’anisate hydrochloride (APAN),
which acts as a reversible acylating compound [71]. Through the acylation process, the compound is rendered catalytically inactive,
allowing for its administration as a single-bolus injection and safeguarding it from neutralization by plasmin inhibitors. After injection,
the deacylation process commences with the hydrolysis of the p-anisate group, leading to the formation of the active
plasminogen-streptokinase complex and initiating the thrombolysis process [59]. This strategy allows for the drug to be sustained in
circulation for a considerably longer period. Compared to streptokinase, Anistreplase demonstrates improved plasma stability and
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possesses a longer half-life, approximately 90-105 min, enhanced fibrin binding, as well as a shorter administration time (60 min to
2-5 min). Furthermore, APSAC exhibits a greater degree of selectivity towards plasminogen bound to a blood clot [16]. The
single-bolus dose regimen of APSAC is particularly suitable for pre-hospital Acute Myocardial Infarction (AMI) treatment. According to
the ‘Third International Study of Infarct Survival’ (ISIS-3) which underwent a 3 x 2 factorial trial to compare the three thrombolytic
drugs to each other, APSAC and streptokinase were found to be similarly effective in improving patient outcomes and reducing
mortality rates. Furthermore, APSAC is similar to streptokinase in terms of its ability to trigger an immune response (antigenicity) and
has a similar safety profile [59].

4.2.2. Prourokinase (r-scuPA, saruplase, pro-uPA)

Pro-urokinase is an inactive precursor of urokinase and is also referred to as ‘single chain urokinase-type plasminogen activator’ or
‘scu-PA’. This naturally occurring glycoprotein consists of 411 amino acid residues and has been studied as a potential fibrinolytic
agent. A notable benefit of scu-PA lies in its ability to promote clot-specific lysis in the presence of fibrin, which is not observed with
tcu-PA due to its lack of fibrin specificity [72]. Furthermore, in vivo, pro-uPA has the capability to undergo cleavage, resulting in the
formation of the two-chain urokinase, subsequently leading to the generation of plasmin [73]. Compared to urokinase, pro-uPA has a
longer half-life of more than 24 h and can achieve complete lysis of fibrin in 90 min, while urokinase requires 180 min for fibrinolysis
[74].

Prourokinase (r-proUK) can be produced using recombinant technology using bacterial systems (E. coli) as well as mammalian cell
lines and has undergone many clinical studies. Prolyse®, is a recombinant prourokinase (r-proUK) by Abbott Laboratories effective for
myocardial infarction and stroke (Sun et al., 1998; Ouriel 2002). The efficacy of direct local intraarterial thrombolysis using intra-
arterial administration of prourokinase (Prolyse; Abbott Laboratories, Abbott Park, IL) is effective in treating large-vessel middle
cerebral artery occlusions within 6 h of a stroke. The success of this treatment approach has been shown through anecdotal case series
and a clinical trial called the ‘Prolyse in Acute Cerebral Thromboembolism’ or (PROACT) II study conducted by Furlan, Higashida,
Wechsler, Gent, Rowley, Kase, Pessin, Ahuja, Callahan and Clark [75]. Unfortunately, the study did not lead to approval of Prolyse or
the intraarterial method by the US Food and Drug Administration due to inadequate statistical power in the randomized trial.

4.2.3. Tissue plasminogen activator (t-PA)

Tissue plasminogen activator (tPA or PLAT, EC 3.4.21.68) is an endogenous serine protease, secreted into the bloodstream by
endothelial cells [76]. In their pioneering work, Rijken, Wijngaards, Zaal-de Jong and Welbergen [77] initially isolated tPA from the
human uterus and subsequently confirmed that vascular endothelial cells synthesize and secrete tPA into the bloodstream. This 70 kDa
single-chain polypeptide human tPA, which is found on chromosome 8, is composed of 527 amino acid molecules. It contains 35
cysteine residues involved in forming 17 disulphide bonds, demonstrating the disulfide-rich protein model in the human body [78]. It
is a glycoprotein with five domains: a) 47-amino-acid fibronectin type I domain (F, 4-50 residues), b) an epidermal growth factor
domain (EGF, 50-87 residues), c¢) kringle 1 (K1, 87-176 residues), d) kringle 2 (K2, 176-262 residues), all four located N-terminally
and the fifth, e) a serine protease domain (P, residues 276-527), located C-terminally [79]. The main role of the tissue plasminogen
activator is to catalyze the conversion of plasminogen to plasmin, a pivotal enzyme involved in dissolving blood clots. Specifically, tPA
binds to fibrin on the surface of the clot and cleaves plasminogen at the Arg561-Val562 peptide bond, resulting in the active form of
plasmin, a serine protease. Subsequently, plasmin disintegrates the cross-links between fibrin molecules, leading to the clot’s disso-
lution. Fortunately, plasmin is only active for a short period, preventing the fibrinolytic system from being activated indefinitely [76].
Considering its ability to catalyze the degradation of thrombus, it is categorized as the second-generation thrombolytic drug and is used
in treating acute myocardial infarction, pulmonary embolism, and cerebrovascular thrombotic stroke [59].

Tissue plasminogen activator, in contrast to uPA, exhibits a strong affinity for fibrin and significantly enhances (~500-fold)
plasminogen activation. This allows fibrin to self-destruct, which is necessary as it only serves as a temporary matrix [80]. Despite the
advancements in endovascular clot removal (ECR), thrombolysis using tPA (alteplase) continues to be the principal mode of treatment
for acute ischemic stroke. However, tPA has a limited plasma half-life of 4-6 min due to rapid liver clearance, which is one of its
disadvantages [81]. In emergency situations, using tPA intravenously poses challenges for drug administration. Administering a 100%
bolus of tPA is not sufficient for sustaining its lytic function over an extended period. To achieve an effective removal of blood clots, a
10% bolus followed by a 1-h infusion of tPA is necessary. Nevertheless, this approach has its drawbacks, and a more practical solution,
especially in time-sensitive conditions like acute ischemic stroke, would be to use a thrombolytic agent with an extended plasma
half-life [13]. Additionally, the presence of fibrin greatly enhances the activity of the plasminogen activator, while its activity is weak
in the absence of fibrin. Moreover, the inherent plasminogen activator inhibitor 1 (PAI-1) inhibits its activity in vivo by binding to tPA
and forming an inactive complex, and the amino acids 296-299 are critical for this inhibition. The liver then removes this inactive
complex from the circulation via the scavenger receptor named LDL receptor-related protein 1 (LRRP1), which explains why it has a
short half-life [82]. These practical considerations were the driving force behind developing third-generation thrombolytic agents.

4.2.4. Alteplase

Alteplase is a recombinant tissue plasminogen activator (t-PA) that has been cloned to be fibrin-specific. It is produced in Chinese
hamster ovary (CHO) cells using recombinant DNA technology, which results in a t-PA that is similar but not identical to native
plasminogen due to potential differences in post-translational modifications. It contains a triple mutation consisting of T103 N and
N117Q within the K1 domain, as well as the substitution of residues 296-299 with tetra-alanine in the protease domain. These mu-
tations are crucial for providing a prolonged half-life and resistance to the inhibitory action of plasminogen activator inhibitor-1 (PAI-
1), unlike t-PA [83]. In 1986, human t-PA became the first therapeutic protein from recombinant mammalian cells to obtain market
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approval [84]. Similar to the native t-PA, it consists of a single 70-kDa polypeptide chain containing 527 amino acids. When
administered intravenously, a 100 mg dose of alteplase is estimated to decrease plasma fibrinogen levels by 16-33%. It is marketed by
the brand name Activase®, Actilyse and Cathflo and has a half-life of about 4-6 min. It is produced from a human melanoma cell line
and native human t-PA. Alteplase, being a recombinant form of human t-PA and not bacterial-derived, is non-immunogenic, display
excellent selectivity and affinity for fibrin [85]. It may activate clot-bound plasminogen more effectively than circulating plasminogen,
leading to plasminogen conversion at the clot site rather than in systemic circulation. However, its use is associated with an elevated
risk of bleeding, intracerebral haemorrhage, and a shorter plasma half-life [86].

4.3. Third generation thrombolytic agents

These are modified versions of the second-generation thrombolytics, designed to have an even higher affinity for fibrin, a longer
half-life, lower bleeding risks and convenience compared to earlier generations. Examples include tenecteplase and desmoteplase.
They are associated with even lower bleeding complication rates and are more convenient to administer, as they can be given as a
single bolus injection.

4.3.1. Tenecteplase (TNK)

Tenecteplase (TNK) is a tissue plasminogen activator (tPA) variant developed in 1994. TNK is very similar to tPA, differing from it
by only six amino acids and sharing 97% amino acid identity with tPA. TNK has a molecular weight of 65 kDa with 527 amino acid
residues and has three-point mutations wherein Thr103 is replaced with Asn, Asn 117 with Gln, and Lys296-His297-Arg298-Arg299
each with alanine [87]. This has led to an increase in its plasma half-life to 30 min while retaining its advantageous properties. These
modifications have improved its resistance to against the action of plasminogen activator inhibitor-1 (PAI-1) and resulted in a
longer-lasting tPA-like molecule that has a greater affinity towards fibrin. TNK is more fibrin selective and has a 14-fold increased
affinity towards fibrin compared to its counterpart tPA. Its extended half-life allows for rapid administration in a single bolus, enabling
its use outside a hospital setting. The drug is manufactured using Chinese hamster ovary (CHO) cells and is marketed in the United
States as TNKase™ (Genentech, Inc.) and in Europe as Metalyse® (Boehringer Ingelheim GmbH). E. coli has been commonly used to
produce recombinant tPA, but Pichia pastoris, a methylotrophic yeast, has also been identified as a viable alternative for both
eukaryotic and prokaryotic expression systems for r-tPA production [59].

4.3.2. Staphylokinase (specific)

Staphylokinase (SAK, EC 3.4.99.22), although an extracellular protein produced by Staphylococcus aureus is considered a third-
generation fibrinolytic enzyme as it selectively activates plasminogen at the site of clot formation [53]. It is also referred to as
staphylococcal fibrinolysin or Miiller’s factor consisting of 136 amino acid residues and is a single-chain polypeptide with a 15.5 kDa
molecular weight [88]. Staphylokinase shares a similar thrombolytic activity with streptokinase wherein it acts by converting plas-
minogen to plasmin. It has the ability to form 1:1 stoichiometric complex with plasmin or plasminogen, thereby triggering the acti-
vation of additional plasminogen molecules and eventually dissolving the blood clot [59]. However, staphylokinase naturally
produced by S. aureus causes a high immune response when injected intravenously as a drug, while obtaining high yields of staph-
ylokinase during production also poses challenges. To address this challenge, researchers have utilized recombinant DNA technology
and protein engineering to develop various expression systems capable of producing engineered recombinant staphylokinase mole-
cules. These modifications aim to enhance the fibrinolytic activity and overcome the limitations of the existing drug. The goal is to
provide recombinant staphylokinase with higher yields, improved fibrinolytic activity, and reduced immunogenicity. Although
third-generation recombinant thrombolytic agents have shown promise in improving fibrin specificity and efficacy while reducing
bleeding risk, more clinical trials are needed to confirm these findings.

In the last few decades, extensive clinical trials have been conducted on various medications that act as fibrinolytic agents and
anticoagulants via various mechanisms and treatment methods. Since the 1980s, the FDA has approved several fibrinolytic enzymes,
listed in Table 1 while patents related to fibrinolytic enzymes are listed in Table 2.

Table 1
FDA approved thrombolytic agents (Food and Drug Administration 2021).

Fibrinolytic drugs Commercial name Manufacturer Year approved
u-PA (Urokinase) Abbokinase® Abbott Labs 1978
t-PA (Alteplase) Activase® Genentech, Inc. 1987
t-PA (Alteplase) Cathflo Genentech, Inc. 1996
Reteplase Retavase® and Rapilysin Boehringer Mannheim and GmbH 1996
FIX (Factor IX) BeneFIX® Pfizer 1997
FVIIa (Factor VIIa) NovoSeven® and NovoSeven® RT Novo Nordisk 1999
Pharmaceuticals Inc.
TNK-tPA (Tenecteplase) TNKase™ and Metalyse® Genentech, Inc. 2000
t-PA (Alteplase) Activase® Genentech, Inc. 2002
Thrombin (Thrombin in bandages for topical use) THROMBIN-JMI GenTrac 2006
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5. Scope for identification of newer and novel fibrinolytic enzymes from untapped sources

Fibrinolytic enzymes can be obtained from a variety of sources, including directly from food and non-food sources as well as
microbes isolated from these sources. Food sources of fibrinolytic enzymes include fermented as well as non-fermented foods. Non-
food sources of fibrinolytic enzymes include microbes isolated from soil and marine environment, fungi, animals, etc. While non-
food sources of fibrinolytic enzymes are generally known to be potent, food sources have the added benefit of being easily acces-
sible, cost-effective, safer for oral consumption and may provide additional health benefits beyond their fibrinolytic activity. For
example, fibrinolytic enzymes such as bromelain [96] and papain [97] from pineapple and papaya, respectively, have been shown to
possess anti-inflammatory and digestive benefits, while nattokinase is associated with cardiovascular health benefits [98]. Addi-
tionally, consuming fibrinolytic enzymes in the form of whole foods may offer a more balanced and varied approach to obtaining these
enzymes instead of relying solely on supplements or medication. Detailed information on the sources of fibrinolytic enzymes is dis-
cussed in the following sections, including specific enzymes, their properties, and potential health benefits.

5.1. Major non-food sources of fibrinolytic enzymes

Fibrinolytic enzymes are abundantly present in a diverse range of natural sources. For example, they have been reported from non-
food sources (Table 3) such as microbes from soil [99], plants [100], marine microbes and fauna [101], earthworms [102], bacteria
[103], algae [104], fungi [34], snake venom [105] and so on, out of which snake venom constitutes the largest source of non-microbial
fibrinolytic enzyme. The invertebrates including caterpillars [106], praying mantis [107] and dung beetles [108] also produce strong
fibrinolytic enzymes. Among the higher organisms, the salivary plasminogen activator from vampire bats is the most studied [109]. In
addition, strong fibrinolytic enzymes are also produced by marine algae and many microorganisms [110]. Although some of them
offered hope as cardiovascular treatments, more research is needed to determine their safety and efficacy.

There are certain disadvantages associated with using non-food sources for fibrinolytic enzymes. Firstly, the extraction process for
these enzymes from most non-food sources such as snake venom, earthworms, plants, etc. can be more complex and time-consuming.
Furthermore, the yield may be relatively lower than that of microorganisms isolated from food sources due to their high production
capability and cost-effective media requirements. Additionally, non-food sources often yield less specific and less potent enzymes that
may not be as effective in treating thrombotic disorders [11]. Furthermore, many non-food sources of fibrinolytic enzymes, such as
snake venom and earthworms, are associated with toxicity and immunogenicity, which limit their therapeutic use. The production of
these enzymes often requires significant ethical considerations, as well as specialized handling and disposal procedures. These factors
can increase the cost and complexity of developing fibrinolytic enzymes from non-food sources, making them less attractive as
compared to those purified from microbes isolated from food sources, which offer greater ease of production and purification and a
lower risk of toxicity and immunogenicity. Thus, while non-food sources of fibrinolytic enzymes may provide promising leads for novel
enzymes, their drawbacks make them unsuitable for practical applications in the medical field. However, these enzymes may provide a
basis for developing novel drugs, and their study may yield important insights into the biological mechanisms underlying fibrinolysis.
Some examples of fibrinolytic enzymes from non-food sources and their advantages and disadvantages are outlined below.

5.1.1. Soil

The soil is rich in minerals, nutrients and salts, and variations in temperature, humidity and pH provide an ideal environment for a
wide range of microorganisms. Fibrinolytic activity has been reported from various microbes isolated from soil including bacteria [99],
fungi [123], protozoa [124] etc. For example, Xin et al. (2018) discovered a novel extracellular fibrinolytic enzyme producing Bacillus
tequilensis from a soil sample in Zhuai city, China. The enzyme was thermostable at 45 °C and could be stored in normal conditions.
Another novel fibrinolytic enzyme-producing microorganism namely Stenotrophomonas maltophilia designated as Gd2 strain, was
isolated from soil samples of the Godavari river basin in India by Khursade, Galande, Krishna and Prakasham [125]. It exhibited
74.88% clot lysis in vitro on fibrin with 36 Umg ™! specific activity which was higher than many other fibrinolytic enzymes reported
from B. subtilis strain Al (Jeong et al., 2004), B. cereus NS-2 (Bajaj et al., 2013), B. Subtilis natto B-12 (Wang et al., 2009) and Bacillus sp.
KDO-13 (Lee et al., 2001). However, the above-mentioned studies did not check for non-specific proteolysis of other blood proteins

Table 2
Patents on fibrinolytic enzymes and sources.
Fibrinolytic enzyme/Substance/ Patent number Year Patent description Reference
Source
Bacillus amyloliquefaciens CN104694424B 2017  Fibrinolytic strain isolated from fermented soybean [89]
Nanorod US9545383B2 2017  Anagent that prevents blood coagulation and reverses the effect of the thrombin ~ [90]
inhibitor
Fibrinolytic nanoparticles US9675560B2 2017  Use of nanoparticles for the controlled lysis of blood clots [91]
Nattokinase CN103238829B 2015 A novel nattokinase enteric coated capsule. [92]
Streptokinase US9115210B2 2015  Methods to produce novel mutants of streptokinase with improved therapeutic ~ [93]
properties
Nattokinase CN103977397B 2014 Nattokinase oral emulsion. [94]
Sea earthworm fibrinolytic enzyme =~ CN102757973B 2013  The cDNA sequence and amino acid sequence of a sea earthworm fibrinolytic [95]
enzyme
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Table 3

Fibrinolytic enzyme producers and their non-food sources.
Non-food sources Bacteria/fungus isolated Reference
Earthworm (Lumbricus rubellus) - [111]
Marine worm (Sipunculus nudus) Bacillus amyloliquefaciens GXU-1 [112]
Desert soil (Pakistan) Bacillus tequilensis ZMS-2 [113]
Earthworm (Pheretima vulgaris) - [114]
Garbage dump soil (India) Serratia sp. KG-2-1 [42]
Marine source (India) Serratia marcescens sp. sakuensis [51]
Marine source (India) Serratia rubidaea KUAS001 [115]
Plant roots Paenibacillus graminis MC 2213 [116]
Sea-mud (China) Bacillus subtilis D21-8 [117]
Soil Bacillus atrophaeus V4 [118]
Soil Streptomyces fumanus [119]
Soil (India) Bacillus cereus RSA1 [120]
Soil (India) Bacillus sp. IND12 [121]
Stem of Catharanthus roseus (India) Xylaria curta® [122]

# Enzyme xylarinase has been reported from Xylaria curta.

which could further lead to low platelet count and other complications when used as a therapeutic.

5.1.2. Marine environment

Marine environments offer a vast and diverse range of flora, fauna, and microorganisms, many of which have the potential to
produce novel fibrinolytic enzymes. Recent studies have revealed the presence of various fibrinolytic enzymes from marine sources,
including bacteria, fungi, and algae. Marine-derived enzymes have been found to exhibit distinct properties and unique modes of
action, which could lead to the development of new and more effective thrombolytic agents. For instance, enzymes from marine
bacteria and fungi have been shown to have high fibrin specificity [126], while enzymes from marine algae possess high thermal
stability and resistance to proteolysis [127]. Fibrinolytic enzymes have been purified from various marine microorganisms; some
examples include Alteromonas piscicida [128], Marinobacter aquaeolei MS2-1 [129], Streptomyces lusitanus [130], Pseudomonas aeru-
ginosa KU1 [131], and microalgae like Tetraselmis subcordiformis [132], Chlorella vulgaris [104], Dunaliella tertiolecta [17]. The first
reported fibrinolytic protease purified from Streptomyces radiopugnans VITSD8 was isolated from marine sponges [101]. The marine
microbe Serratia marcescens subsp. sakuensis (KU296189.1) isolated from Arabian Sea near Surathkal, India has been identified as
another source of fibrinolytic enzymes. This enzyme exhibited a higher clot lysis rate of 38% for 3 h, which is more than what was
observed with streptokinase and heparin. Notably, when tested, the fibrinolytic enzyme displayed no proteolysis activity towards
blood plasma proteins, including haemoglobin, transferrin, and y-globulins (Krishnamurthy and Belur 2018). Krishnamurthy et al.
(2018) modified carboxylate residues of the same enzyme to achieve a 19-fold increase in specific activity. However, these studies were
not performed in vivo at physiological conditions, which are needed to confirm their toxicity, immune response, and stability. The
marine environment is, however, vast and a largely unexplored source of fibrinolytic enzymes, and further research is necessary to
fully harness the potential of these marine resources.

5.1.3. Earthworms

Earthworm, for centuries, has been used as a traditional medicine to treat thrombosis in some Asian countries. For example, in
China, Japan, Korea, and some other Asian countries, dried, powdered earthworm preparations called “Earth-dragon” is utilized as a
traditional folk treatment for heart diseases [133]. It has been noted that proteases with the capability to degrade thrombus are
abundant in earthworms. Such enzymes, referred to as earthworm fibrinolytic enzymes (EFE), are secreted by the alimentary tract of
earthworms and have shown significant potential in treating blood clotting disorders. For example, EfP-II and EfP-III-1 are present in
the epithelial cells of the alimentary canal surrounding the clitellum of Eisenia fetida. However, these enzymes have broad substrate
specificity, so that the earthworms can utilize a wide range of microbes and proteins during the digestive process. Hence EFE’s show an
inherent non-specificity which in turn is detrimental to the human system [134]. The first earthworm fibrinolytic enzyme was
characterised from Lumbricus rubellus, hence earning the term lumbrokinase (LK), which is currently categorized as a category of
fibrinolytic enzymes [135].

Fibrizyme is another fibrinolytic enzyme from a different type of earthworm, Eisenia andrei. Apart from these, other species such as
Eisenia andrei, E. fetida, Lumbricus bimastus etc., are also identified as fibrinolytic enzyme producers. However, the uniqueness of these
earthworms is their ability to produce more than one thrombolytic protease. For example, Lumbricus rubellus and Eisenia fetida produce
six and seven different lumbrokinase types [136,137]. Notably, they display a greater degree of specificity towards fibrin when
compared to plasminogen activators like t-PA and urokinase. Lumbrokinases are fibrinolytic enzymes known for their ability to
activate plasminogen, reducing platelet aggregation, and thinning blood, among other functions. Their molecular weights range from
20 to 35 kDa and are active across a wide pH range of (pH 1-11) [138]. Animal models were used to demonstrate that lumbrokinase
obtained from Eisenia andrei exhibit the potential to be developed as oral drug [139,140]. Lumbrokinase can also be produced
recombinantly using Pichia pastoris making it easier for purification and production at a large scale compared to its natural source
[141]. In comparison to other fibrinolytic enzymes, lumbrokinase is considered safer and carries a reduced risk of bleeding compli-
cations [142], However, there is a commercially available lumbrokinase product named Boluoke®, which has gained approval from
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the China Food and Drug Administration [143].

5.1.4. Snake venom

Fibrinolytic enzymes play a major role in assisting the spread of toxic components of snake venom throughout the circulatory
system after the snake envenomates its prey. By acting on fibrinogen, fibrin (ogen)olytic enzymes break down fibrin-rich clots and aid
in preventing further clot formation. A number of serine and metalloproteases are found in snake venom, including fibrinolytic
proteases. Since thrombolytic drugs should remain active in the presence of serine protease inhibitors in mammalian blood, the
fibrinolytic proteases found in snake venom could potentially serve as a model for creating new thrombolytic drugs that are suitable for
therapeutic applications [144]. Two types of fibrinolytic enzymes are found in snake venom: a-fibrin (ogen)ase and p-fibrin (ogen)ase.
As a result of this distinguishing trait, fibrinolytic snake venom enzymes have been developed as a prospective therapeutic medicine for
treating occlusive thrombi. Fibrolase, a zinc fibrinolytic metalloproteinase (23 kDa), is derived from the venom of the southern
copperhead snake (Agkistrodon contortrix). Its mechanism of action involves cleaving the a- and B-chains of fibrinogen, while leaving
the y-chain unaffected [145]. In vitro and in vivo studies have demonstrated the ability of fibrolase to dissolve fibrin clots directly
without the activation of plasminogen. This enzyme effectively breaks down human blood clots and fibrin in a dose-dependent manner.
In an animal model of arterial thrombosis, a single intravenous bolus treatment with fibrolase could dissolve femoral artery clots. To
prevent rethrombosis after thrombus breakdown by plasminogen activators, arginyl-glycyl-aspartic acid (RGD) containing drugs are
effective. As a result, fibrolase was modified by covalently attaching an RGD-like peptide, resulting in a more potent fibrinolytic
enzyme. By binding to the fibrinogen receptor integrin IIb3 on platelets, this chimera was demonstrated to retain fibrinolytic activity
and prevent platelet aggregation, resulting in thrombus lysis and rethrombosis inhibition [146]. Alfimeprase is another recombinant
fibrinolytic enzyme, developed as a clinical agent, modified from fibrolase which directly acts on fibrin [147,148]. Given that alfi-
meprase advanced to phase II and III studies, none of the studies was completed due to the lack of a significant difference compared to
the placebo [149]. However, alfimeprase is currently listed as an orphan medication in Europe for treating acute peripheral arterial
obstruction [150].

5.1.5. Plants

Plants, particularly plant lattices, are an abundant source of proteolytic enzymes, which play a crucial role in host-pathogen in-
teractions. Most of the plant derived proteolytic enzymes are classified as serine or cysteine proteases [151]. In vitro studies have
reported that crude extracts of plant proteases can dissolve clots and display remarkable stability across a broad temperature and pH
ranges. For example, Bacopa monnieri [152], Fagonia arabica [153], Leea indica [154], Urena sinuate [155], Trema orientalis [156],
Leucas aspera and Clausena suffruticosa, are few examples of the plants that produce thrombolytic enzymes. Latex enzymes showing
thrombolytic potential have been purified from various plants, such as Wrightia tinctoria, Calotropis gigantea, Cynanchum puciflorum,
Synadenium grantii, Pergularia extensa, and Asclepias curassavica are either serine proteases or cysteine proteases.

Cysteine proteases from fruits of Pseudananas macrodontes, Bromelia hieronym and B. balansae were examined for their potential
thrombolytic properties. Surprisingly, they exhibited procoagulant activity at low concentration and fibrinolytic activity at higher
concentration [157]. Additionally, extracts from Litchi chinensis were found to possess antiplatelet properties along with thrombolytic
and anticoagulant properties, with their fibrinolytic activity increasing with the increase in dose [158]. Fibrinolytic enzymes are also
reported in the latex of Plumeria rubra and Cryptostegia grandiflora. Rajesh, Shivaprasad, Gowda, Nataraju, Dhananjaya and Vishwanath
[159] found that enzymes from C. gigantea exhibited potent thrombolytic activity however it showed a high risk of haemorrhage,
whereas there was not risk of haemorrhage in enzymes from S. grantii and W. tinctoria. On the other hand, a fibrinogenolytic enzyme
Eumiliin was purified and characterized from the latex of Euphorbia milii var. hislopii. This enzyme, a 30 kDa cysteine protease,
demonstrated remarkable stability across a broad range of temperatures and pH, losing its activity only at 80 °C and primarily
degrading the fibrinogen a chain [160]. A serine protease which exists as a homodimer named ‘EuP-82’, with fibrinogenolytic po-
tential was isolated from Euphorbia cf. lactea. It was stable over a wide range of pH and temperatures [161]. Hirtin, a serine protease
with a molecular weight of 34 kDa was extracted from Euphorbia hirta’s latex, acted on both fibrin as well as fibrinogen. It was stable
between a pH range of 4-8 and temperatures ranging from 30 to 70 °C. During fibrinogenolysis, Hirtin displayed a higher affinity
towards the Aa chain of fibrinogen [162]. Likewise, AMP-48, another serine fibrinolytic enzyme, was isolated from the latex of
Artocarpus heterophyllus. This protease, with a molecular weight of 48 kDa, hydrolyses fibrinogen, completely dissolving the a subunit
followed by partial degradation of § and y subunits, similar to other fibrinolytic enzymes from plat sources [161].

5.2. Food sources of fibrinolytic enzymes

The global research on functional foods and nutraceuticals is rapidly advancing. Scientists are actively engaged in exploring the
health benefits of foods, delving into their functional constituents, understanding biochemical structures, and deciphering the un-
derlying mechanisms of their physiological roles. These discoveries are reshaping the nutritional paradigm, where food constituents
now extend from their role as just a dietary necessity for sustaining life and growth to promoting prevention, management, or delay of
the onset of chronic diseases in later stages of life. Similarly, since ancient times, herbal remedies have been used to heal diseases with
minimum adverse effects. Their ease of administration is the most appealing aspect, as they are a common part of many diet regimes. In
fact, the first fibrinolytic enzyme purified from fermented food and is now widely researched, nattokinase, was traditionally used as a
folk medicine for the treatment of heart and vascular diseases [18].

Fibrinolytic enzymes are also known to be found in a variety of foods, for example Japanese natto [18], edible honey mushroom
[20] and Korean chungkook-Jang soy sauce [19]. Researchers have successfully purified enzymes from these foods and isolated
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microbes associated with them, along with characterization of their physiochemical properties. Although fibrinolytic enzymes have
been isolated from fermented and non-fermented foods, most studies have focused on those derived from fermented foods. The fact
that so many fibrinolytic enzymes have been found in fermented foods strongly implies that these foods include many fibrinolytic
producers. Furthermore, fibrinolytic enzymes purified from food sources are safe for oral administration. Particularly, it was found that
fibrinolysis was enhanced when fibrinolytic enzyme extracted from Japanese natto was orally administered in dogs with experi-
mentally induced thrombosis [163]. More importantly, when human subjects were given nattokinase orally, the fibrinolytic activity,
levels of t-PA, and fibrin degradation by-products in plasma were found to double. This effect is associated with increased concen-
trations of D-dimer, FDP, and antithrombin in the blood, while a significant decrease in factor VIII was observed [164].

In contrast to fibrinolytic enzymes purified from non-food sources, those obtained from food sources have demonstrated minimal
side effects, making them a more favourable option for use as nutraceuticals. The safety of these enzymes for oral consumption has
been widely documented, with ease of purification and mass production [165]. Unlike enzymes derived from animal sources such as
earthworms and snake venom, studying food-derived enzymes does not require ethical clearance. Furthermore, these enzymes are
typically fibrin-specific and do not exhibit haemolytic properties [166] or cytotoxic effects [167], thus increasing their potential
medical application. Investigating traditional foods from diverse regions as sources of fibrinolytic enzymes could promote healthy
dietary habits with the aim of identifying a nattokinase-like enzyme or potentially discovering a more effective and safer fibrinolytic
enzyme.

5.2.1. Non-fermented food sources of fibrinolytic enzymes

Non-fermented food sources too are potential candidates as sources of fibrinolytic enzymes as well as microbes producing fibri-
nolytic enzymes. While fibrinolytic enzymes currently used are primarily derived from non-food sources, only a limited number of non-
fermented food sources have been explored for their fibrinolytic activity. Some studies have identified fruits, rice, bovine milk, and
mushrooms as potential food sources of fibrinolytic enzymes (Table 4). Similarly, mushrooms which are generally known to possess
various biological activities, also have a significant amount of fibrinolytic activity. Edible mushrooms such as Oysters (Pleurotus
ostreatus) [168], Quélet (Pleurotus eryngii) [169], Shiitake (Lentinula edodes) [170] and Pioppino (Agrocybe aegerita) [34] are known to
possess fibrinolytic activity. In a recent investigation, Petraglia, Latronico, Liuzzi, Fanigliulo, Crescenzi and Rossano [20] showed that
oyster mushrooms, Shiitake, Quélet and Pioppino possessed both fibrinolytic and fibrinogenolytic properties. However, the experi-
ments were carried out using crude extracts of fruiting bodies and further experiments need to be carried out using purified enzymes.
Though studies have shown the presence of fibrinolytic enzymes in edible mushrooms, highlighting their functional food properties
but have not shed any light on the enzymes’ large-scale production and purification for pharmaceutical applications. In this regard, a
handful of attempts have been made to clone fibrinolytic genes from mushrooms in a single-celled organism for cost-effective pro-
duction [45,171].

5.2.2. Fermented food sources of fibrinolytic enzymes

Fermented foods have long been recognized as a rich source of bioactive compounds with various health benefits. In particular,
fermented foods have shown promise as potential sources of fibrinolytic enzymes and their producers, which are crucial for the
dissolution of blood clots. Numerous studies have investigated the fibrinolytic activity of fermented foods (Table 5). These enzymes
have demonstrated fibrinolytic properties in vitro and animal models, suggesting their potential therapeutic applications.

5.2.2.1. Japanese fermented foods. Natto is an age-old traditional Japanese food with a cheese-like consistency from fermented soy-
beans. It is believed that natto consumption contributes to the longevity of the Japanese population and was traditionally used to treat
CVDs. The mechanism behind the overall cardiovascular health of natto consumption was established by Professor Sumi and his team
in 1987 [18]. They discovered that natto contained a protease called nattokinase, a potent fibrinolytic enzyme produced by Bacillus
natto. Since then, researchers from China, Korea, Japan, and the USA have done a significant number of studies and have indepen-
dently confirmed that nattokinase (NK) is responsible for positive effects on cardiovascular health. It is a 28 kDa alkaline serine
protease with 275 amino acid residues which exhibits potent fibrinolytic activity and high substrate specificity [179]. Nattokinase
(NK) exhibits multifaceted actions, going beyond fibrin degradation and thrombus dissolution. Notably, it converts endogenous

Table 4

Some fibrinolytic enzymes from non-fermented food sources.
Source Scientific nomenclature Enzyme Reference
Pineapple Ananas comosus Bromelain [172]
Edible mushroom Cordyceps militaris - [173]
Shiitake mushroom Lentinus edodes GNAO1 LEFE [170]
Quélet Pleurotus eryngii - [169]
Pioppino Agrocybe aegerita ACase [34]
White fungus Tremella fuciformis Tfase [174]
Wild edible mushroom Sparassis crispa Wulf. Ex. Fr. Wulfase [175]
White elf mushroom Pleurotus ferulae - [176]
Oyster mushroom Pleurotus ostreatus - [168]
Monkey head mushroom Hericium erinaceum Herinase [177]1
Hon-shimeji Lyophyllum shimeji - [178]
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Table 5
Fibrinolytic enzymes purified from fermented foods or microbes isolated from fermented foods.
Source Key ingredient Bacterial/fungal strain Enzyme Country Reference
Ba-bao Douchi Soybean Bacillus subtilis DC33 Subtilisin FS33 China [191]
Cheonggukjang Soybean Bacillus subtilis HK176 AprE176 Korea [182,
Bacillus subtilis HK176 M179 192]
Bacillus sp. strain CK 11-4CK
Bacillus amyloliquefaciens
Cooked Indian rice Rice Paenibacillus sp. IND8 - India [193]
Doenjang Soybean Bacillus amyloliquefaciens RSB34 AprE34 Korea [194]
Bacillus sp. DJ-4 Subtilin DJ-4
Dosa batter Rice, Black gram Bacillus amyloliquefaciens CFR15 India [195]
MCC2606
Douche Black soya bean Bacillus amyloliquefaciens Jxnuwx-  — China [195,
1 DFE27 196]
Bacillus subtilis DC27 DFE
Strain XY-1
Fermented rice Rice Bacillus cereus IND5 - India [197]
Fermented shrimp paste Shrimp Bacillus sp. Nov. SK0O06 - Japan [198]
Gembus Soybean Bacillus pumilus 2. G - Indonesia  [199]
Hwangseokae jeotgal Small yellow croaker Bacillus licheniformis HJ4 AprEHJ4 Korea [52]
Jeotgal Sea squirt (munggae) Bacillus velezensis BS2 AprEBS2 Korea [200]
Jotgal Pickled opossum - JP-I and JP-II Korea [184]
shrimp Bacillus subtilis JS2 AprEJS2
Kimchi Fermented vegetables Bacillus subtilis ZA400 BsfA Korea [201]
Kinema Soybean Bacillus halotolerans - Korea [202]
Meju Soybean Bacillus amyloliquefaciens MJ5-41 AprE5-41 Korea [203]
Natto Soybean Bacillus subtilis RJAS19 Nattokinase Japan [193]
Saeu Jeotgal Shrimp Bacilllus subtilis SJ4 - Korea [204]
Skipjack Shiokara Marine fish - Katsuwokinase Japan [181]
(KK)
Tempeh Soybean Fusarium sp. BLB FP Indonesia [205]
Traditional fermented soybean paste Soybean Bacillus amyloliquefaciens - Vietnam [206]

products

pro-urokinase to urokinase and active plasminogen to plasmin through elevating t-PA levels while inhibiting PAI-1 levels [180].
Additionally, it is non-toxic, lacks side effects when administered orally in prescribed doses, and has a low production cost in com-
parison to fibrinolytic enzymes purified from non-food sources such as streptokinase, urokinase, lumbrokinase, etc. [59]. Surprisingly,
after several in vitro, in vivo, and clinical trials, nattokinase has still not obtained FDA approval or GRAS status, hence not regulated as a
food ingredient. However, it is currently marketed as a dietary supplement rather than a drug and is regulated by FDA under the
Dietary Supplement Health and Education Act (DSHEA) of 1994.

Similarly, another microbial fibrinolytic enzyme has been purified from a Japanese fermented food shiokara [181]. However, it is
important to note that the fibrinolytic enzyme katsuwokinase purified from shiokara is made from fermented marine fish and no
further studies were conducted to confirm the toxicological safety, in vivo immune response, and bioavailability of the enzyme.
Recently, another such study was conducted on a similar Japanese traditional fermented fishery product called funazushi which is the
predecessor to modern sushi. The study showed that the extract from the fermented food increased the activity of plasmin and t-PA and
decreased the activity of PAI-1 thus suggesting the antithrombotic role of funazushi. Nevertheless, the study was conducted using the
extract of the fermented food, on the contrary it is important to identify the molecules responsible for the antithrombotic role.

5.2.2.2. Korean fermented foods. Since the discovery of nattokinase in 1987, other Asian traditional fermented foods have been
screened for microbial fibrinolytic enzymes. For example, the enzyme CK from Bacillus sp. CK 11-4 was the first fibrinolytic enzyme to
be purified from Korean fermented food, chungkook-jung or cheonggukjang [19]. Chungkook-jung is made by fermenting soybeans
until a paste with a coarser texture is obtained. Over the years, other Bacillus strains producing fibrinolytic enzymes have been isolated
from chungkook-jung; for example, B. amyloliquefaciens strains CH86-1 (Lee et al. 2010) and CH51 [182,183].

Jeotgal or jotgal or jeot-gal is a fermented food made from whole fish, internal organs, and/or meat, and has been found to contain
fibrinolytic enzymes to the likes of Japanese shiokara. Jeotgal is also used as one of the ingredients for the production of Kimchi,
another popular fermented food. Several fibrinolytic producers have been isolated from jeotgal and their enzymes have been purified
and characterised. To mention a few, salt-resistant fibrinolytic enzyme was characterised from Bacillus licheniformis HJ4. Considering
its strong fibrinolytic activity, the organism’s GRAS status, and significant salt tolerance, B licheniformis HJ4 could be used as a
promising starter culture in salted fermented foods [52]. In addition, fibrinolytic organisms have also been purified from microor-
ganisms isolated from fermented foods. For example, Bacillus subtilis SJ4 from saeu (shrimp) jeotgal, Bacillus velezensis BS2 from the sea
squirt jeotgal etc [52]. In another study, Kim, Ri and Choe [184] successfully purified two metalloproteases, JP-I and JP-II, directly
from the supernatant of jeotgal. While the researchers successfully isolated the enzyme without the tedious process of isolating the
microorganism, isolating the organism allows for several additional applications and characterization.

Kimchi, made by spontaneously fermenting vegetables such as cabbage, green onion, radish, and seasoning such as red pepper,
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garlic, leek, and ginger [185] was also screened for fibrinolytic producers and their enzymes. Similarly, fibrinolytic enzymes and their
genes were identified and cloned from two strains namely, Bacillus subtilis and B. velezensis isolated from Kimchi [186]. Overall, the
growth of various lactic acid bacteria is observed in Kimchi, which could be the possible fibrinolytic producers, however, this needs to
be further investigated and confirmed.

5.2.2.3. Indian fermented foods. Fermented foods have been a dietary staple in the Indian subcontinent for centuries, contributing to
the region’s rich culinary heritage and potentially offering several health benefits. For example, screening a diverse range of Northeast
Indian fermented soy based foods and fish products for fibrinolytic activity revealed that the fibrinolytic activity in the soy based foods
came from microbial origin, predominantly from Bacillus spp. which could either be nattokinase or nattokinase like enzymes [187].
Meanwhile, the fibrinolytic activity found in fish products was attributed to the endogenous source. Similarly, hawaijar which is
another traditional vegan soy based fermented food from Manipur, India and is also known to possess high fibrinolytic activity [188].
Furthermore, detailed studies need to be conducted and further production and purification of these enzymes are essential to char-
acterize and identify the nature of these enzymes. Fibrinolytic enzymes have also been screened from dosa and fermented rice (Table 5)
however, it is essential to consider several other Indian fermented foods such as kanji, panta ilish, fermented bamboo shoots etc., for
screening potential fibrinolytic enzymes and their producers.

5.2.2.4. Chinese fermented foods. Douchi is a Chinese soybean fermented food to the likes of Japanese natto and Korean chungkook-
jung from which fibrinolytic enzymes have been successfully purified. A highly potent fibrinolytic enzyme producing Bacillus subtilis
DC27 was isolated and the extracellular enzyme DFE27 was purified from the fermentation broth of Douchi. The DFE27 enzyme acts
directly on fibrin and converts plasminogen to plasmin, suggesting its potential use as a thrombolytic agent [189]. However, various
other Chinese fermented foods need to be explored for fibrinolytic enzymes. For example, suan cai which translates to sour vegetables
and is similar to Korean kimchi, fermented tofu, stinky tofu which is made by soaking tofu in fermented brine and Chinese fermented
shrimp paste [190]. Although microbial fibrinolytic producers with promising fibrinolytic potential have been derived from various
fermented foods, most studies are limited to Asian fermented foods. This motivates further exploration of fermented foods beyond
Asian countries to discover potential novel fibrinolytic producers. However, further research is needed to fully characterize these
fibrinolytic enzymes purified from microbes isolated from fermented foods, evaluate their stability, bioavailability, and safety, and
assess their clinical efficacy. Understanding the potential of fermented foods as a natural source of fibrinolytic enzymes could pave the
way for developing novel therapeutic interventions for cardiovascular and clot-related disorders.

6. Strategies to enhance the production and efficacy of microbial fibrinolytic enzymes

The main barrier to the effective use of fibrinolytic enzymes in the medical field is the cost of enzyme manufacturing and
downstream processes. Numerous efforts have been made to increase the expression of fibrinolytic enzymes, including selecting the
optimum culture medium, optimizing environmental conditions, and overexpressing the enzyme using genetically modified strains.
Studies on the optimization of production media are essential to increase the fibrinolytic enzyme yield at optimum substrate con-
centration. Several strategies have been used to improve the scale-up and recovery of fibrinolytic enzymes through media
optimization.

The constituents of the media have a significant effect on influencing the production and secretion of the enzyme since different
microbes possess diverse physiological characteristics [207]. For instance, soybean is the major constituent of several fermented foods
such as natto, douchi, tempeh, chungkook-jang etc., from which microbial fibrinolytic enzymes have been purified and studied.
However, yeast extract, meat extract or casein showed better fibrinolytic enzyme production in comparison with soybean meal, soy
peptone etc. when used as a sole nitrogen source [208]. The presence of protein substrates usually influences the bacteria to secrete
fibrinolytic enzymes to utilize the substrate. For instance, the optimization of nattokinase was carried out using soy-peptone as sole
carbon and nitrogen source which exhibited a remarkable five-fold increase in enzyme production. The optimized enzyme activity
reached 58 FU/mg, presenting a substantial enhancement compared to the 11 FU/mg activity of the unoptimized medium. This
significant increase underscores the efficacy of the optimization strategy involving soy-peptone, emphasizing its potential for
improving nattokinase productivity [207]. For the large-scale production of enzymes, cheaper raw materials are essential to bring
down the cost of production. For example, an increase of 4-fold in the production of the enzyme by the bacteria Xanthomonas oryzae
IND3 was observed when cow dung, a low-cost substrate was used as a component in the production media [209]. Anh, Mi, Huy and
Van Hung [210] used shrimp shell powder for increased fibrinolytic enzyme production using Bacillus species M2 and the resultant
yield was 2.32 times higher than the control medium. Additionally, inorganic salts, particularly MgSO4 and CaCl,, were general and
common constituents for most of the optimized production media, indicating their importance and influence on fibrinolytic enzyme
production [211].

Generally, fermentation under submerged condition is considered an important criterion for producing fibrinolytic enzymes.
However, Peng and his team have employed solid-state fermentation process in which wheat bran was utilized as a major constituent
in the medium for fibrinolytic enzyme production from B. subtilis IMR-NK. About 9.2-fold increase was observed in the yield of the
fibrinolytic enzyme [207]. Optimizing environmental factors like temperature too plays an important role in enhancing enzyme
production. For example, the optimal temperature of Bacillus pumilus 2. g for enzyme synthesis was 50 °C because the strain was
isolated from an Indonesian fermented food Douchi which involves boiling soybeans before starting the fermentation process [199].

Optimizing fermentation processes to maximize the production of fibrinolytic enzymes is essential to make it efficient and cost-
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effective. Response Surface Methodology (RSM) and Artificial Neural Network (ANN) are two techniques commonly used to optimize
fermentation conditions for fibrinolytic enzymes. RSM is a common yet simpler statistical technique that involves designing a series of
experiments to determine the relationship between various input variables and the response variable (in this case, fibrinolytic enzyme
production). Using RSM, researchers can identify the optimal conditions for fermentation and determine how changes in each input
variable affect the response variable. Jhample, Bhagwat and Dandge [212] used RSM to optimize fibrinolytic enzyme production and
found a 20-fold increase (from 38.19 units to 796.8 units) in the enzyme activity. In contrast, ANN is a complex yet more accurate

Table 6
Physiochemical properties of fibrinolytic enzymes.
Source Enzyme pH Temp. Mass Inhibitor Activator/co-factor Class Reference
Opt. Opt. (kDa)
(9]
Bacillus atrophaeus - 7 35 36 PMSF, EDTA — Serine [118]
v4 metalloprotease
Bacillus - 5 45 28 Zn%t, Mg?", Na*, Ca™?,  Fe?", K' - [224]
amyloliquefaciens
GUTUO06
Bacillus FEB-1 8 37 30 Fe?', K', Mg*", Na*, - Serine [112]
amyloliquefaciens Ca™2, PMSF, EDTA metalloprotease
GXU-1
Aspergillus versicolor Versiase 5 40 37.3 EDTA, BGTA - Metalloprotease [225]
ZLH-1
Bacillus velezensis Z01 ~ Velefibrinase 7 40 32.3 Cu®', Fe?*, Mn**, zn®*,  Ca*? Mg*? Serine [50]
PMSF, EDTA, metalloprotease
p-mercaptoethanol
Pheretima vulgaris EPF3 7.8 50 25 PMSF, SBTI, TPCK, - Serine protease [226]
EDTA, Cu**, Fe?"
Bacillus licheniformis aprEHJ4 8 40 24 - - - [52]
HJ4
Bacillus velezensis - 8.5 37 28 Fe?t, Zn?*, Li* Ca*?, Mg*?, Ba®", - [219]
SN -14 Fe?"
Jotgal (Korean JP1 8.1 50 36 Cu2+, EDTA - Metalloprotease [184]
traditional
fermented food)
Jotgal (Korean JPII 9.9 45 36 cu®*, Fe**, EDTA Ca*?, Mg*?, Mn*? Metalloprotease [184]
traditional
fermented food)
Bacillus cereus RSA1 - 8 50 40 DFP Mn?t, Zn?*, and Cu**  Serine protease [120]
, DTT and
B-mercaptoethanol
Bacillus velezensis BS2 - 8 37 27 Fe3*, Zn**, KT, Co*", Mg*? Ca*?, Mn*? Serine protease [41]
PMSF, EDTA, SDS
Bacillus - 7.6 41 29 Fe>', Fe*!, PMSF, EDTA, - Serine [227,
amyloliquefaciens SBTI metalloprotease 228]
Jxnuwx-1
Bacillus subtilis DC27 DFE27 7 45 29 PMSF - Serine protease [228]
Streptomyces - 7 33 35 - - - [101]
radiopugnans
VITSD8
Bacillus subtilis JS2 AprEJS2 8 40 27 PMSF, EDTA, EGTA K*, Mn%*, Mg?*, Zn®>*  Serine protease [229]
Bacillus tequilensis - 10.5 45 27 cu?*, zn?*, Fe3, Na*, K*, Mn?*, Mg?* Serine protease [99]
/3 -mercaptoethanol and Ba®*, PMSF, EDTA
Serratia marcescens - 7 55 43 PMSF, EDTA Mn?*, Mg?*, Zn%* Serine [51]
subsp. sakuensis metalloprotease
Bacillus CFR15 10.5 45 32 PMSF, EDTA Mn2* Serine [195]
amyloliquefaciens metalloprotease
MCC2606
Chlorella vulgaris - - 45 PMSF, EDTA Fe?*" Serine [104]
metalloprotease
Bacillus AprE34 8 40 27 Mn?* Fe?*, PMSF Mg?t, zn**, K+ Serine protease [194]
amyloliquefaciens
RSB34
Serratia sp. KG-2-1 - 8 40 52 Hg?*t, Ca®t, Fe3* Na‘t, Mn?*, K*, cu®" Metalloprotease [42]
and Ba®"
Xylaria curta Xylarinase 8 35 33 Fe?t, Zn**, EDTA and CaZt Metalloprotease [122]
EGTA
Cordyceps militaris - 7.2 37 28 SBTI, Cu?*, Zn?*, Co** Mn?*, Ca®*, Fe3*, Serine protease [173]
FeZ+
Pleurotus ferulae - 45,8 50 20 EGTA, EDTA, Cu®*, - Metalloprotease [176]

M82<
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computational model that simulates the behaviour of neurons in the human brain based on artificial intelligence (AI). In fermentation
optimization, ANN can be used to develop a predictive model that considers multiple input variables (such as pH, temperature, and
substrate concentration) and their interactions to predict the optimal conditions for fibrinolytic enzyme production. ANN and genetic
algorithm (GA) are used for better prediction capability and to improve the ability to optimize non-linear problems. RSM and ANN
have been successfully used to optimize fermentation conditions for fibrinolytic enzymes, leading to increased enzyme production and
improved yields. Joji, Santhiagu and Salim [213] successfully used ANN to optimize the media to give an output of 1.8-fold higher
enzyme production. These techniques can potentially reduce the time and cost associated with developing fibrinolytic enzymes [214].

Low gene expression of the fibrinolytic enzymes and complexities involved in downstream processing also contribute to the high
cost of production of these enzymes. To address this, implementing cloning techniques and heterologous expression systems offers a
potential solution. By cloning and expressing the active enzymes in a host organism, it is possible to enhance the yield of these enzymes
and simplify their downstream processing. For instance, the gene encoding a fibrinolytic enzyme was successfully cloned from the
mushroom Cordyceps militaris and expressed in the yeast Pichia pastoris by Katrolia, Liu, Zhao, Kopparapu and Zheng [171]. Similarly, a
1.34-fold increase in enzyme activity was observed by cloning the fibrinolytic gene in Bacillus subtilis, originally found in B. pumilus
[215]. Apart from cloning the gene of interest, Yao, Meng, Le, Lee, Jeon, Yoo and Kim [216] replaced and engineered a more efficient
promoter which also increased the fibrinolytic enzyme production. Remarkably, the team led by Buniya et al. engineered a hybrid
enzyme by combining staphylokinase and streptokinase in E. coli BL21 (DE3). Notably, their findings revealed that the recombinant
enzyme exhibited complete clot lysis when compared to the native streptokinase [217]. This underscores the significance of exploring
recombinant enzymes further, as demonstrated by their enhanced thrombolytic efficacy. Similarly, enzyme engineering using
chemical modification was carried out for a fibrinolytic enzyme isolated from Serratia marcescens subsp. sakuensis achieving a
remarkable 219-fold enhancement in enzyme activity [218]. In another independent study by Lu et al., chemical modifications in
Bacillus velezensis SN-14 fibrinolytic enzyme improved the thermal and acid-base stability of the enzyme [219]. Nonetheless,
comprehensive investigations into the in vivo effects and stability of these modified enzymes are imperative for a thorough under-
standing of their potential applications.

Moreover, Al technologies can be used to predict enzyme kinetics and substrate specificity, providing insights into enzyme
behaviour and aid the optimization of reaction conditions [220]. By unravelling complex protein-protein interactions involved in
fibrinolysis, Al will facilitate the identification of critical molecular products and potential intervention targets. Additionally, Al tools
can be used to integrate diverse datasets and enable bioinformatics analysis for understanding enzyme regulation, biomarker iden-
tification, patient stratification, and personalized treatment approaches [221]. Finally, AI algorithms can optimize production and
purification processes, improving the efficiency and cost-effectiveness of fibrinolytic enzyme manufacturing [220]. For example [213],
used AI based ANN in combination with a genetic algorithm (GA) to optimize fibrinolytic enzyme production and found that these
Al-based tools were better at giving predictions than the conventional RSM. Integrating Al technologies with experimental approaches
holds immense promise in advancing our understanding and application of fibrinolytic enzymes in therapeutic and diagnostic contexts.
Thus, these advancements offer opportunities to address cost-related concerns and pave the way for more efficient and economically
viable production of fibrinolytic enzymes in the future.

7. Biochemical characterisation

Biochemical characterization of fibrinolytic enzymes from various sources is essential to gain valuable insights into their prop-
erties. They should be subjected to detailed analysis, which includes determining their molecular weight, optimal temperature, and
PH, inactivators, activators and classification into serine proteases, metalloproteases, and serine metalloproteases. A comprehensive
summary of these biochemical properties of fibrinolytic enzymes can be found in Table 6.

The molecular weight of the reported pure fibrinolytic enzymes has been observed to vary, spanning from as low as 14 kDa to as
high as 97 kDa. Most of these enzymes are identified as serine proteases [120,200] or metalloprotease [42,184] along with some
enzymes that possessed characteristics of both metalloprotease and serine protease, namely serine metalloproteases [196]. It is
noteworthy to stress that fibrinolytic enzymes’ pH compatibility is particularly important, especially for applications involving
intravenous administration, considering the blood’s pH of 7.4. It has been observed that most fibrinolytic enzymes exhibit high activity
within a pH range close to neutral or slightly alkaline (Table 6). Ensuring a pH range compatible with the physiological conditions of
the bloodstream becomes crucial for maximizing the efficacy of these enzymes in therapeutic applications. Therefore, when selecting
and designing fibrinolytic enzymes for intravenous use, their pH activity profile must be carefully considered to ensure optimal
function within the physiological environment. Serine fibrinolytic enzymes belonging to serine proteases are generally active at
neutral and alkaline pH, with an optimum between pH 8.0 and 10 except for Staphylococcus sp. strain AJ which is active at pH 2.5-3.0.
The molecular weights of most of the fibrinolytic enzyme’s range between 20 and 45 kDa, and the isoelectric points are around 8.0
[222,223]. The highest and lowest optimal temperatures recorded were 70 °C (CK protease from Bacillus sp. strain CK 11-4) and 20 °C
(Streptomyces venezuelae), respectively; however, it is important to select those active at physiological temperature. To characterize
serine fibrinolytic enzymes, phenylmethylsulfonyl fluoride (PMSF), diisopropylfluorophosphate (DFP), or E—64 are used, which
irreversibly inhibit all serine proteases. Similarly for the metalloprotease class, divalent metal ions are necessary for their activities, for
example, Ca*?, Mg*z, Mn "2+ for JP II [184], and Mg2+, Fe3* for cMase [44]. Hence chelating agents such as EDTA are generally used
while characterizing metalloproteases. The optimal pH for these enzymes lies within the range of 6.0-7.0. Notably, they exhibit a
remarkable specificity towards fibrin, surpassing other proteases known for their broad substrate specificity. Moreover, some of these
fibrinolytic enzymes possess the ability to activate plasminogen, further augmenting the process of fibrinolysis. Although many of
these enzymes exhibit comparative advantages over other currently used fibrinolytic enzymes, a comprehensive investigation is
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necessary to evaluate their potential for in vivo applications. While several microbial fibrinolytic enzymes have been studied to some
extent, there is a scarcity of complete characterization studies that could determine the efficacy of these enzymes for in vivo use.

Apart from the crucial characterizations mentioned above, other essential activities need to be examined to ascertain their effi-
ciency. These include substrate specificity, stability under physiological conditions, resistance to proteolytic degradation, immuno-
genicity, and potential interactions with other drugs or compounds. Ideally, a fibrinolytic enzyme should exhibit high specificity
towards fibrin, the main component of blood clots, while minimizing interactions with other blood components such as haemoglobin,
collagen, myoglobin, and other blood components. However, achieving absolute specificity can be challenging due to the structural
similarities or shared binding sites between these components. Additionally, studies on enzyme pharmacokinetics, biodistribution, and
toxicity assessments are crucial for evaluating their suitability for in vivo applications. This comprehensive characterization is vital for
providing valuable insights into the potential clinical translation of these fibrinolytic enzymes. By focusing on these aspects, future
research can establish clearer directions for developing and utilising these enzymes in clinical practice, thereby advancing the field of
fibrinolysis.

8. Future prospect and further research

The research on microbial fibrinolytic enzymes from fermented foods is limited to a few Asian countries as illustrated in Fig. 2.
However, the rich global culinary traditions extend far beyond Asian countries and a slight expansion is observed in recent studies
conducted since 2020, particularly in countries such as Italy and Indonesia. Therefore, a plethora of foods including traditional fer-
mented foods from Latin America, the Middle East, Africa, Europe, and other regions, need to be screened for fibrinolytic enzymes and
their microbial producers. Furthermore, these traditional fermented foods from diverse countries may harbour fibrinolytic enzymes
distinct from those found in Asian counterparts. To harness this untapped potential, a multifaceted approach is warranted. In addition
to exploring new food sources, an in-depth enzymatic characterization, paired with techniques such as bioinformatic analysis of the
purified enzyme on sequencing, is necessary. Furthermore, implementing omics techniques such as metagenomics and metatran-
scriptomics to screen fibrinolytic enzymes directly from food sources can unveil unique enzymes especially those from non-culturable
microbes or even from non-microbial sources with tremendous potential applications in both the food and pharmaceutical industries.
By amalgamating traditional wisdom with cutting-edge technology, we can unlock a treasure trove of novel enzymes, enriching our
understanding and broadening the scope of applications for these valuable biocatalysts.

9. The failure of fibrinolytic enzymes in clinical trials and possible rectifying mechanisms

Fibrinolytic enzymes, despite their noteworthy efficacy in preclinical trials, have faced hurdles in clinical trials, primarily
attributed to issues such as variable pharmacokinetics, immunogenic responses, and challenges in achieving optimal therapeutic
concentrations at target sites. Moreover, the complex interplay of these enzymes within the intricate in vivo milieu adds another layer
of complexity. In examining the challenges encountered by fibrinolytic enzymes in clinical trials, it is essential to consider the journey
of specific candidates. Despite initial promise demonstrated in vitro and animal model studies, the translation of these enzymes to
clinical applications has faced substantial hurdles [148]. A notable case is alfimeprase, where the progression from discovery to Phase
III trials spanned over two decades. The Phase I trial, focusing on chronic peripheral arterial occlusion (PAO), showcased the safety
profile and thrombolytic activity of alfimeprase, establishing its potential for treating PAO with minimal risk of haemorrhage.
However, as alfimeprase advanced to Phase II and III trials (NAPA-1, NAPA-2, and NAPA-3), challenges emerged, including the
observed correlation between the length of the thrombus and the success of lysis. Notably, the efficacy of alfimeprase seemed
compromised in shorter thrombi, prompting considerations of potential flaws in the side hole catheter delivery mechanism [149].
Similar inconsistencies were seen in the case of nattokinase trials. In the NAPS trial, nattokinase exhibited null effects on athero-
sclerosis progression, blood pressure, and various cardiovascular risk factors [230]. Additionally, other nattokinase studies reported
positive outcomes, including reductions in fibrinogen [231] and blood pressure [232], yet inconsistencies across trials raise questions
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Fig. 2. Geographic distribution of research on fibrinolytic enzymes from fermented foods from the year 2000-2023 (Generated using VOSviewer).
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about generalizability. Despite the potential fibrinolytic and thrombolytic attributes observed in vitro and animal models, limited data
from human studies hinder the conclusive validation of these enzyme’s clinical efficacy. The multifactorial nature of cardiovascular
diseases and variations in study designs underscore the complexity of fibrinolytic enzyme application, necessitating further research to
elucidate optimal dosage, delivery mechanisms, and patient selection criteria for successful clinical outcomes. These findings un-
derscore the complexity of translating fibrinolytic enzymes from preclinical success to clinical triumph, necessitating ongoing
exploration of alternative delivery methodologies to address limitations encountered during the later stages of clinical development.
To rectify these shortcomings, ongoing research endeavours focus on innovative delivery systems, dosage optimization, and the
exploration of modified enzyme variants with enhanced stability and reduced immunogenicity. Addressing these challenges is crucial
for realizing the full therapeutic potential of fibrinolytic enzymes, thereby paving the way for their successful integration into clinical
applications.

10. Conclusion

This review has evaluated the drawbacks and benefits of current thrombolytic agents and emphasized the need to explore alter-
native sources of fibrinolytic enzymes. Although in use for thrombolytic therapy, current fibrinolytic enzymes have negative side
effects. The review has shed light on the significance of selecting appropriate sources for screening microbes capable of producing
fibrinolytic enzymes, considering factors such as immunogenicity, scalability for mass production, and cost-effectiveness. The
extensive discussion throughout the review emphasizes how the selection of the source of fibrinolytic enzyme and fibrinolytic enzyme
producers can significantly influence the properties of the fibrinolytic enzyme. Considering these factors is crucial for optimizing the
development and utilization of fibrinolytic enzymes with desirable characteristics for clinical applications. For instance, salt-resistant
fibrinolytic enzymes were successfully purified from Bacillus licheniformis HJ4, which was isolated from jeotgal, a Korean fermented
food made from salted seafood or meat. Furthermore, fibrinolytic enzymes purified from marine algae have been shown to exhibit high
thermal stability, while those from earthworm gut display non-specific fibrinolytic activity. In addition, fibrinolytic enzymes from
snake venom exhibit resistance to inherent fibrinolytic enzyme inhibitors from human blood, as naturally they function to facilitate the
spreading of toxins in their prey. These findings provide compelling evidence that the characteristics of fibrinolytic enzymes are
critically dependent on their producers and the environments in which they are produced. Thus, it is crucial to consider the source of
the enzyme when studying its properties and potential applications.

The review highlights the advantages of fibrinolytic enzymes isolated from microbes derived from food sources over non-food
sources. Food-derived fibrinolytic enzymes, like nattokinase, can be used as oral supplements. However, extensive research needs
to be carried out to fully understand the immunogenicity of fibrinolytic enzymes purified from food sources. It should be emphasized
that conventional fermented foods lack a universal nomenclature and may exhibit inconsistencies in spelling or even have multiple
designations, leading to difficulties in data synthesis and compilation. It also highlights the significant gaps in the vast array of
fibrinolytic enzyme sources yet to be explored. For example, since 1980 till today, fibrinolytic enzymes from fermented foods of a few
countries have been screened but are primarily confined to the Asian continent. This emphasizes the potential and need for exploring
the vast resources of fermented foods from Africa, Latin America, and the Middle East. A literature survey of the prevalence of heart
diseases along with their food habits, including consumption of traditional foods across different communities globally, should be
conducted, which could act as a strong platform to further research the link between food habits, fibrinolytic enzymes, and CVDs.
Overall, further research in this field is required to advance our understanding of fibrinolysis and to develop novel and effective
thrombolytic agents for managing thrombotic diseases.
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