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Abstract

or modulation.

Background Serine proteases represent over 1% of all proteins in humans. This family of proteins is found on cell
surfaces, subcellular organelles like lysosomes or mitochondria, within the nucleus and the protoplasm.

Main body of the abstract Among them, trypsin, chymotrypsin and elastase have aroused great interest

because of their numerous functions in pathophysiological processes. Altered expression of these enzymes in experi-
mental animal models and humans has been related to various pathologies, like developmental defects, metabolic
dysfunctions, cancer, peripheral vascular diseases and infectious diseases. Trypsin and chymotrypsin-like proteases
activate, or less oftentimes inactivate, numerous substrates, together with growth factors, receptors, adhesion mol-
ecules, angiogenic factors and metalloproteases. Among these substrates, a number of them are key factors in cancer
progression, metastasis and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) disease. Elastin-degrading
enzyme- elastase, slowly damages elastin over the lifetime of an organism. The physiological processes triggered

by elastase leads to the progression of different conditions such as cancer, metabolic syndrome, pulmonary emphy-
sema, atherosclerosis, and chronic obstructive pulmonary disease. These serine proteases are currently considered

to be targets for the development of new potent therapeutics.

Short conclusion The cumulative knowledge that outlined the physiological functions and pathological implica-
tions of these proteases and the proposed strategies to regulate a number of their activities and their targeting

for therapeutic application and validation in selected disease states are highlighted. These should enhance our
appreciation of their roles in aetiology of some diseases as well as the chemotherapeutic benefits of their inhibition

Keywords Serine proteases, Trypsin, Chymotrypsin, Elastase, Pathophysiology, Therapeutic target

Background

The diversity of proteins and peptides encoded by an
organism genome is increased by multiple processes.
Among these, are the post-translational modifications
(PTMs) of primary protein products. Most PTMs influ-
ence the structure and function of these modified prod-
ucts, and are introduced through specific enzymes into
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target peptides or proteins [1]. With over 300 PTMs
currently known, some modifications are known to be
reversible while some are irreversible. Reversible modi-
fications form a feedback mechanism that ensures the
normal functioning of the cell under physiological con-
ditions. They include: serine, threonine or tyrosine phos-
phorylation and S-nitrosylation [2].

Irreversible modifications are due to the nature of the
biological function enabled by the modification. The
most common irreversible modification is the cleavage
of peptide substrate at specific sites via limited proteoly-
sis to generate multiple products. The released products
can be covalently modified further to shape the ultimate
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form of bioactive entities. Approximately 600 distinct
proteases were revealed in the analysis of human and
mouse genomes. These proteases are grouped into five
major classes based on the interactions between their
peptide substrate and the nucleophilic amino acid in the
active site of the protease [2]. Among these are the ser-
ine, cysteine and threonine proteases that use their own
respective amino acid to hydrolyze peptide bonds, while
aspartic acid and metallo-proteases use water as nucleo-
phile to break peptide bonds.

Serine proteases are the most common and diverse
class of enzymes. They make up about one percent of
all proteins present in humans [3]. Serine proteases are
classified on the basis of their substrate specificity into
several types including trypsin-like, subtilisin-like, chy-
motrypsin fold, elastase-like, etc. [4]. Also, these pro-
teases are categorized into numerous clans on the basis
of their catalytic site topology. Serine protease inhibitors,
also known as serpins, control or regulate the activity of
these proteases [5, 6]. Serpins are specific in nature, i.e.,
they inhibit enzyme activities by forming complexes with
specific serine proteases.

Serine proteases possess a wide range of potential
applications due to their involvement in diverse biologi-
cal processes and their pivotal role in disease progres-
sion. These enzymes are integral to various physiological
functions, such as immunity, regulation of development,
metabolism, blood coagulation, digestion, and fertiliza-
tion [7]. However, their dysregulation can contribute sig-
nificantly to disease states, highlighting their potential as
therapeutic targets.

For example, trypsin and chymotrypsin have been
extensively studied for their roles in cancer. These serine
proteases are not only involved in normal physiological
processes but also contribute to the pathology of several
cancers. In cancer biology, trypsin and chymotrypsin
facilitate tumor invasion, proliferation, and metasta-
sis by degrading extracellular matrix components and
activating other proteases, growth factors, and signal-
ing molecules. Overexpression of trypsin in cancers
such as colorectal cancer has been associated with poor
prognosis and reduced disease-free survival, suggest-
ing that trypsin may serve as a biomarker for aggressive
tumor phenotypes [8, 9]. Similarly, chymotrypsin-like
proteases play a role in tumorigenesis by modulating the
tumor microenvironment, promoting angiogenesis, and
enhancing the metastatic potential of cancer cells.

Beyond their roles in cancer, elastase is another serine
protease that plays a significant role in disease progres-
sion, particularly in chronic inflammatory conditions.
Elastase is involved in tissue remodeling and immune
responses but can cause extensive tissue damage when
its activity is not properly regulated. For example,
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neutrophil elastase, which is released during inflam-
mation, contributes to the destruction of alveolar tissue
in the lungs, exacerbating conditions such as chronic
obstructive pulmonary disease (COPD) and emphysema
[10]. Elastase also plays a role in cardiovascular diseases
such as atherosclerosis, where it degrades elastic fibers in
blood vessels, leading to vessel wall stiffening and plaque
formation. The pathological activities of elastase make it
a prime target for therapeutic intervention, and elastase
inhibitors are being investigated for their potential to
mitigate tissue damage in chronic inflammatory diseases.

Interestingly, serine proteases are also found as toxins
in the venoms of various organisms, including snakes, jel-
lyfish, and other venomous species. These venom-derived
serine proteases target the host’s coagulation pathways,
leading to severe consequences such as hypovolemia,
systemic bleeding, and hemodynamic shock [6, 11]. By
hydrolyzing clotting factors and inhibiting clot forma-
tion, these venom proteases disrupt normal blood flow
and cause life-threatening conditions. Understanding the
mechanisms of action of venom-derived serine proteases
has not only provided insights into venom toxicity but
also spurred the development of antivenoms and thera-
peutics to counteract venom-induced coagulopathies.

Serine proteases are synthesized as inactive precursors
known as zymogens, which are activated through pro-
teolytic cleavage. This activation process is tightly regu-
lated to prevent uncontrolled protease activity that could
lead to tissue damage. Serine proteases are produced
in various cell types, including blood monocytes, mast
cells, and neutrophils, where they play roles in immune
responses and tissue remodeling [12]. For instance, neu-
trophil elastase acts as a potent mucus stimulant and
plays a role in the pathogenesis of lung diseases by pro-
moting inflammation and tissue damage.

Given their critical roles in both physiological and
pathological processes, serine proteases especially
trypsin, chymotrypsin, and elastase, represent promising
targets for therapeutic intervention. Inhibitors of these
enzymes are being explored as potential treatments for
a wide range of diseases, including cancer, inflammatory
conditions, and venom-induced pathologies. By target-
ing the dysregulated activity of these proteases, it may be
possible to develop therapies that not only halt disease
progression but also restore normal physiological func-
tion. This review focuses on the physiological and patho-
logical roles of trypsin, chymotrypsin, and elastase, with
an emphasis on how their inhibition may offer consider-
able prospects for therapeutic applications.

Trypsin
Trypsin (EC 3.4.21.4) belongs to pancreatic serine
proteases from the Protease of mixed nucleophile,
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Superfamily A (PA clan). The enzyme is located in the
digestive system. It is excreted in an inactive proen-
zyme form trypsinogen by the pancreas. Trypsinogen
later enters the small intestine where it is converted to
trypsin upon digestion via the bile duct. Enterokinase is
an enzyme that activates trypsinogen to trypsin in a pro-
cess known as proteolytic cleavage. Trypsin functions by
hydrolyses of protein. They hydrolyze the amino acids
lysine or arginine mainly at the carboxyl end [13].

Role of trypsin in diseases

Tumor progression Trypsin is involved in the progres-
sion of different types of cancer. It is involved in the pro-
cess of angiogenesis/proliferation, invasion and metas-
tasis in the entire carcinogenic processes [14]. Although
trypsin is expressed in different types of cancer, it is more
common in ovarian and colorectal cancer among others.
The aggressiveness of tumors is affected by the overex-
pression of trypsin. Trypsin does not just function intra-
cellularly to affect the carcinogenic process; its function
has also been studied extracellularly in both in vivo and
in vitro models [9]. It degrades extracellular matrix (ECM)
components and affects the activation cascades of other
proteases like Matrix Metalloproteinases (MMPs) which
have been found to promote the invasion of tumors [9,
15].

The mechanism by which trypsin induces invasion
and metastasis is divided into three phases: (a) Trypsin
attacks extracellular proteins and degrades them (b)
Trypsin activates other proteolytic cascades, such as the
MMPs (c) Signal molecules such as Protease-activated
Receptor-2 (PAR2) are activated [14]. The activation of
MMPs by trypsin has been found to play a significant role
in the progression of cancer as the presence of trypsin
acting in concert with overexpressed MMPs (MMP-2,
MMP-3, MMP-7, MMP-8, MMP-9, MMP-10, MMP-12,
MMP-13, MMP-14) contribute to the process of prolif-
eration, progression and invasion [14, 16].

For example, in colorectal cancer adenoma, a benign,
non-cancerous tumor is converted to carcinoma (a malig-
nant lesion) and spread, systemically through metastasis
and it has been noted that overexpression of some MMPs
has a role to play in this process [14, 17]. Protease-acti-
vated Receptor-2 (PAR-2) is a G-protein-coupled recep-
tor (GPCR) primarily activated by trypsin-like serine
proteases, for signal transduction pathways. It plays vital
roles in body physiology as well as in aetiology of some
diseases including cancer, obesity, gastrointestinal, res-
piratory, metabolic and central nervous system disorders
[18]. Trypsin is the most effective activator of PAR-2 and
PAR-2 can also activate trypsin and this leads to an auto-
crine loop. PAR-2 has been observed to promote metas-
tasis and motility of cancer cells (Fig. 1) [14, 19].
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Fig. 1 The Interaction of Trypsin with Proteinase Activated
Receptor-2 in Cancer Aetiology. Trypsin can be activated by Protease
Receptor-2 (PAR-2) and PAR-2 can activate trypsin. The two have been
implicated in cancer progression and metastasis [14]

Despite the role of trypsin in the progression of cancer,
its actual function/action in ovarian cancer is not well
understood [9]. In OV90 ovarian cancer cells, PARs were
expressed in clinical ovarian cancer tissues. PAR-2 may
represent a new therapeutic target for potentially treating
ovarian cancer metastasis [18].

Cystic fibrosis ~ Cystic fibrosis is a muco-obstructive lung
disease that occurs due to a genetic disorder. This disor-
der causes an adverse effect on the transport of ions in
the exocrine glands. The ions transported are insufficient
and this results in the build up of thick secretions in vital
organs such as lungs, pancreas and intestines [20].

Trypsin activates other proenzymes like chymot-
rypsinogen and a deficiency of trypsin and other pan-
creatic enzymes have been found to be closely linked
to a neonatal condition known as meconium ileus. This
disease is associated with a blockage in the ileum of the
small intestine which is caused by abnormally thick and
sticky meconium. Meconium ileus is one of the earliest
manifestations of cystic fibrosis [21].

Trypsin-like proteases (TLPs) also play a role in muco-
obstructive lung diseases. They activate the epithelial
sodium channel (ENaC) that causes dehydration and
mucus secretion in the airways of the lungs. Studies show
that high level of activity of TLPs results in poorer lung
function which is crucial in the identification of bio-
markers and therapeutic interventions. Prostasin and
matriptase, in addition to a number of other soluble epi-
thelial-derived TLPs are found in the airways of the lungs
due to increased activity of TLPs and this can aid hyper-
activation of sodium epithelial channel and dehydration
of airways which are major initiating factors in the onset
of cystic fibrosis (Fig. 2) [22].

Pancreatitis 'The major causative event that leads to
the onset of pancreatitis is the autoactivation of diges-
tive enzymes in the pancreas. Under normal conditions,
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Fig. 2 The Role of Trypsin-like Proteases in the onset of Cystic fibrosis
Trypsin-like proteases play a role in lung diseases by activating

epithelial sodium channel which in turn causes dehydration
in the lung airways [22]

the activity of trypsin is properly controlled by the pan-
creatic secretory trypsin inhibitor (PSTI). The PSTI is
also known as the serine protease inhibitor kazal type 1
(SPINK 1), a protein that inhibits trypsin and is produced
in the acinar cells of the pancreas [23]. PSTI inactivates
the amount of trypsinogen that is being converted to
trypsin thereby preventing the damage of the acinar cells
of the pancreas. In some certain conditions, the activation
of trypsin (ectopic activation) exceeds the capacity of the
PSTI which subsequently leads to the activations of other
downstream zymogens and then ultimately the digestion
of the pancreas [24].

An observation that the mutation of Serine Protease
1 (PRSS1) gene also known as the cationic trypsinogen
(CT) gene, that encodes the cationic trypsinogen, causes
hereditary pancreatitis, shows the role of trypsin in the
development of pancreatitis [25, 26]. The mutation in
PRSS1 gene leads to increase in the activity of trypsin
[24]. Due to inadequate ductal flushing, mutations in
the cystic fibrosis transmembrane conductance regula-
tor (CFTR), a chloride bicarbonate channel found on the
ductal epithelium, can also increase pancreatitis risk [25].

In addition to trypsin inhibition, the degradation of
trypsinogen by the combined activities of chymotrypsin
C (CTRC) and trypsin provides an independent line of
defense against trypsinogen autoactivation in the pan-
creas. The presence of active trypsin is required for the
degradation mediated by CTRC, first to activate chymo-
trypsinogen C to active CTRC, and secondly to enhance
degradation by autolytic breakage of the Argl22-
Val123 peptide link in trypsinogen. As a result, after the
SPINK1-dependent defense mechanism has been com-
promised, protective trypsinogen breakdown should
proceed [25]. Trypsin inhibition or trypsinogen degrada-
tion is two protective mechanisms in the pancreas that
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Fig. 3 Involvement of Trypsin in Chronic Pancreatitis. Trypsinogen
can be covalently activated to active trypsin. The activity

of the trypsin can be modulated by PSTI. Uncontrolled activity

of trypsin can cause pancreatitis [25]. PSTI, Pancreatic Secretory
Trypsin Inhibitor

prevent trypsinogen activation and thereby lower trypsin
activity (Fig. 3).

There are currently no viable preventative or treatment
options for this condition, owing to a lack of an optimal
animal model that closely resembles the human version
of the disease and a lack of knowledge of its pathophysi-
ology [27].

Viral diseases Viral diseases are caused by viral infec-
tions. Viruses are able to change rapidly and adapt to new
environmental conditions. Viral infections are spread
through contact with infected fluids or materials and vac-
cination is a known method to control viral spread. Pro-
teases are known to enhance viral infections [28]. Some of
the well-known viruses that have caused serious epidem-
ics with involvement of trypsin in the pathogenesis of the
diseases include:

(i) Severe acute respiratory syndrome (SARS-CoV-2)

A novel coronavirus was identified in 2019, the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2).
This virus is the causative agent of coronavirus disease,
COVID-19, a disease that affects the respiratory system.
It became a global pandemic and a threat to healthy living
because of its fast spread. SARS-CoV-2, closely related
to SARS-CoV, is the seventh human coronavirus identi-
fied. It belongs to the family Coronaviridae, genus Beta-
coronavirus and subgenus Sarbecovirus. SARS-CoV-2
is an RNA virus that possesses RNA genome encoding
16 non-structural proteins (nspl- nspl6) and 4 canoni-
cal structural proteins: envelope, spike, nucleocapsid and
membrane proteins [29, 30].

Generally, coronaviruses enter cells by cytoplasmic or
endosomal membrane fusion. Trypsin has been found
to have a positive effect on the fusion of both animal
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and human coronaviruses [31, 32]. Using Vero E6 cells
as a case study, the effect of trypsin on viral replication
was studied and for the replication of SARS-CoV-2, it
was measured through the monitoring of intensity of
cytopathic effect (CPE) and it was noted that exogenous
trypsin had no effect on SARS-CoV-2 during a one-hour
inoculation period. CPE observations showed that when
trypsin is added to the medium after infection, SARS-
CoV-2 infectivity increases. When trypsin was added
at different time points after infection to Vero E6 cells,
a considerable enhancement of infectivity only at early
stages of viral infection was discovered which suggests
that trypsin plays a role in entry pathway of SARS-CoV-2.
The action of trypsin on SARS-CoV-2 viral internaliza-
tion was also studied using Vero E6 cells as case study
and after critical examination of the two phases of viral
entry- attachment and penetration, findings suggest that
treatment of cells with trypsin enhances SARS-CoV-2
internalization [32].

Several proteases, including trypsin facilitate entry of
SARS-CoV-2 by attachment of viral particles to surface
of the cell through cell receptors and viral spike protein
interaction at the cell membrane either via the endoso-
mal pathway or non-endosomal pathway. The route taken
is dependent on the presence of proteases like trypsin.
When trypsin treatment is done in a post-attachment
step (internalization), the SARS-CoV-2 replication is
enhanced and it leads to severe damage of target organs.
These findings show trypsin treatment facilitated in vitro
viral growth [32].

(ii) Influenza A virus

Influenza A virus (IAV) is the most prevalent patho-
gen in human which causes considerable morbidity and
mortality every year in babies and the elderly. The highly
pathogenic avian IAV (HPA1) H5, H7 and H9 subtypes
cause systemic multiple organ failure (MOF) with sig-
nificant fatality rate in humans [33, 34]. Hemagglutinin
precursor (HAO), the viral envelope from glycoprotein, is
converted proteolytically into HA1 and HA2 subunits by
the host cellular trypsin type serine proteases in the pro-
cess of IAV infection and proliferation. The process is a
prerequisite for viral membrane fusion activity [34].

Through proteinase-activated receptor-2 (PAR-2) path-
ways, the trypsin potentiates cause the cellular dysfunc-
tion and fluid imbalance which finally results in multiple
organ failure (Fig. 4). “Influenza virus-cytokine trypsin”
cycle is a term that describes the close intermediates
among IAV infection, cytokines and cellular ectopic
trypsin to induce influenza pathogenicity. Interleukin-1f
(1L-1B) also has a role to play in the pathogenicity of
influenza-related multiple organ failure; it functions as
a key component of the cytokine storm that induces the
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Fig. 4 Trypsin Upregulation in Influenza virus-induced Multiple
Organ Failure. Influenza virus upregulates the cytokine Interleukin-13
which induces the upregulation of trypsin. Trypsin helps in the viral
replication by cleaving HA precursor into HAT and HA2 subunits.

In addition, trypsin through PAR-2 pathways causes the cellular
dysfunction and fluid imbalance which finally leads to multiple organ
failure [34]. HA, hemagglutinin; PAR-2, proteinase activated receptor-2

upregulation of ectopic trypsin in the cycle. The cycle
is also linked to ‘metabolic disorders-cytokine’ [34].
Bovine and porcine trypsin help in the virus replication
of influenza A (also known as HIN1 virus) in S1-6 cell
[35]. Trypsin plays a crucial role in the production of
influenza virus in cultured cells by facilitating the cleav-
age of hemagglutinin (HAO) into its two disulfide-bonded
subunits, HA1 and HA2, which is essential for virus rep-
lication [35, 36]. Additionally, trypsin inhibits the expres-
sion of the myxovirus resistance 1 (Mx1) gene, which is
stimulated by interferon and contributes to more efficient
influenza virus replication [35, 37].

Porcine deltacoronavirus (PDCoV) PDCoV belongs to
the genus deltacoronavirus and family of coronaviridae.
It is a newly rising swine pathogen. It was first reported
in Hong Kong in 2012 and it is now epidemic in several
countries [38]. It has also been shown to infect chicken
and calves [39]. In recent studies, Porcine aminopeptidase
N (pAPN) has been found to be a functional receptor of
PDCoV [40, 41]. Trypsin was first used when PDCoV was
first isolated in the swine testicular (ST) and LLC Porcine
Kidney (LLC-PK cells) [42]. Its role in the lifecycle of the
virus has not been found though it was used in the isola-
tion and propagation of PDCoV [31].

Trypsin does not promote the entry of the PDCoV
and it does not influence the virus release. However, it
is thought to play a role in cell-to-cell membrane fusion
mediated by PDCoV thereby facilitating the spread of
the virus [31]. The addition of exogenous trypsin to cell
cultures is necessary in the isolation and propagation of
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PDCoV and porcine epidemic diarrhea virus (PEDV) and
it is generally accepted that trypsin is essential and not
indispensable for all strains of PEDV in Vero cells [31].

Inflammation Trypsin also plays important role in some
health conditions including inflammation, wound healing
and burn injuries. In some cases, it has been deployed as
chemotherapeutic agent.

(i) Wound healing

There are four stages in the healing of wounds: hemo-
stasis and coagulation, inflammation, proliferation and
remodeling [43]. Generally, trypsin can play an anti-
inflammatory role to treat or reduce inflammation but
it is used most commonly with chymotrypsin. Uncon-
trolled inhibition of several protease inhibitors like
alphal-antitrypsin (A1AT) that follows an acute injury
can lead to inflammation [43]. This early stage of tissue
damage causing an inflammatory response can be treated
with trypsin: chymotrypsin.

Postulated mechanisms have shown that after early
stages of inflammation is controlled by trypsin,
chymotrypsin and trypsin make available plasmin
for fibrinolysis and blood clotting, it then helps to
maintain A1AT levels which in turn reduces deg-
radation effected by proteolytic enzymes and this
further establishes the anti-inflammatory effect.
This helps to reduce the pain associated with heal-
ing and also speeds up the healing process [43].

(ii) Burn injuries

Although the healing of burn injuries generally fol-
lows the same pattern of tissue repair—hemostasis and
coagulation, inflammation, proliferation and scar forma-
tion/remodeling, burn injuries are still part of the most
severe injuries body tissues can suffer because they are
associated with generalized edema and also, hypovolemic
shock—a condition where the heart cannot pump enough
blood [43, 44]. The repair process after burn injuries can
be hastened when tissue destruction is reduced—inflam-
mation and edema being reduced and the trypsin: chy-
motrypsin helps in this process by minimizing tissue
destruction induced by proteases. Higher levels of pro-
teolytic inhibitors are maintained («; antitrypsin and o,
macroglobulin) which in turn help to minimize tissue
degradation [43].

The effects of the trypsin: chymotrypsin treatment is
seen mainly in acute-phase proteins (C-reactive protein,
alpha-1 antitrypsin and alpha-2 macroglobulin). This
treatment shows an increase in acute-phase proteins at
the initial stage of treatment, then a slight decline in the
C-reactive protein which shows the anti-inflammatory
efficacy of this combination. Healing of burn injuries is
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facilitated by the decrease in the rate of inflammation,
edema and tissue damage. This decrease arises from the
maintenance of high levels of protease inhibitors through
reduced protease-induced tissue degradation by the
enzyme complex. This reduction in tissue degradation
leads to a corresponding decrease in formation of free
radicals and an increase in duration for the maintenance
of higher antioxidant levels [43].

(ili) Sciatica (lumbar radiculopathy)

Sciatica is a painful condition associated with inflam-
mation occurring from the lower back downwards to
the legs. Sciatica is caused by hernia or protrusion of the
invertebral disc which results in inflammation and com-
pression of the root of the spinal nerve. Because of the
anti-inflammatory effect of trypsin, it has been used in
combination with chymotrypsin to improve and reduce
symptoms [43, 45]. Gaspardy et al. [45] carried out a
survey on how trypsin helps in treatment of sciatica and
results suggested that trypsin, when used in combination
with chymotrypsin, helps to treat symptoms of sciatica
that results from hernia of intervertebral disc by reduc-
ing inflammatory edema (dropsy) in the nerve roots. The
mechanism of action of trypsin in this case is however
not fully understood.

Chymotrypsin

Structure, localization and mechanism

Chymotrypsin (EC 3.4.21.1) is a pancreatic serine pro-
tease, a digestive enzyme that functions in the duode-
num, where it breaks down protein and polypeptides
(proteolysis). Chymotrypsin cleaves at the N-terminal of
aromatic amino acid residues (tyrosine, tryptophan and
phenylalanine) of peptides.

Role of chymotrypsin in diseases and as chemotherapeutic
agents

a. Inflammation

i. Wound healing and tissue repair

Chymotrypsin is widely used to help speed up the
repair of traumatic, surgical, and orthopedic injuries.
Its anti-inflammatory, antioxidant, and anti-infective
properties help resolve inflammation caused by injury
and help facilitate the healing process. Chymotrypsin
can either be used singly or in combination with other
enzymes with proteolytic action like trypsin (Fig. 5) [43].

a-Chymotrypsin is a pancreatic enzyme naturally
obtained from bovine pancreas, and it has the proteo-
lytic characteristic of reducing inflammation. It works
by inhibiting chronic fibrin formation and this in turn
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Fig. 5 Trypsin: Chymotrypsin in Body Physiology. Trypsin/chymotrypsin combination has been deployed as anti-inflammatory chemotherapeutic

agent in wound healing [43]

helps to prevent the reabsorption of hematoma and the
formation of edema. This prevents local circulation dis-
orders and helps re-establish continuity of normal struc-
tures. Chymotrypsin accelerates wound healing and good
scar tissue formation by stimulating tissue homeostasis,
a process through which epithelial tissues are regener-
ated. It also helps in wound healing by cleaning areas of
necrotic debris, a process required to maintain homeo-
stasis in multicellular organisms [46].
ii. Arthritis

Arthritis is an inflammation of one or more joints
which leads to pain and stiffness. There are more than
hundred different forms of arthritis. Rheumatoid, osteo-
arthritis and psoriatic arthritis are the most common
[47]. Rheumatoid arthritis is a complex inflammatory
disorder, and it is typically associated with joint swell-
ing, pain, synovial inflammation and stiffness [48]. Chy-
motrypsin plays a significant role in the metabolism of
organism and affects cell proliferation and apoptosis.
Abnormality in the chymotrypsin levels causes different
diseases such as inflammatory arthritis, diabetes, phar-
yngitis and pancreatic cancer [49]. Chymotrypsin and
cathepsin catalyze the cleavage of Interleukin 1-p (IL -1p)
precursor into active IL -1 leading to arthritis. Excessive

production of IL -1 also drives inflammation in mouse
models [48].

b. Antibacterial activity
Antibiotics are used to treat bacterial infection and

the rise of drug-resistant bacteria has limited their
usage. Although, novel antibiotics are being discovered

but resistance emerges after a short period. To solve
this problem, there is a need to develop new antimi-
crobial agents [50, 51]. Some serine proteases have
been found to be part of new antimicrobial agents. For
instance, an ovary-specific trypsin-like protease, Ovo-
chymase in amphioxus Branchiostoma belcheri with
antibacterial activity has been reported [52].

Neutrophil serine proteases (NSPs) are important for
the effective functioning of neutrophil which can rap-
idly kill bacteria using the mechanisms that depend on
the antimicrobial granular component [53]. The activity
of chymotrypsin in bacteria growth is mainly depend-
ent on the concentration of chymotrypsin and the
strain of bacteria. In a study by Zhou et al. [50], both
gram-positive and gram-negative bacteria examined
reacted to chymotrypsin in different ways, which might
be related to their structural differences.

Gram-negative bacteria have an outer membrane
which is chemically distinct from the plasma mem-
brane. The presence of this membrane may be respon-
sible for their protection against chymotrypsin
destruction while the absence of an outer membrane
renders gram-positive bacteria susceptible to the
destructive forces of chymotrypsin [50]. Low concen-
trations of chymotrypsin can help gram-negative bacte-
ria grow faster by activating protein-activated receptors
(PARs). Chymotrypsin also digests extracellular protein
and facilitates the nutrients which are absorbed by bac-
teria. Chymotrypsin has been shown to have elastase
activity. The antimicrobial elastase activity of chymot-
rypsin in the dermis can be used to maintain skin elas-
ticity which can be used as a cosmetic ingredient to
prevent skin aging [54].
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c. Chymotrypsin-like Proteases in SARS-CoV-2

Chymotrypsin-like proteases play a crucial role in the
life cycle of many viruses, including coronaviruses, where
they are involved in the processes of viral replication and
maturation. Among these, the chymotrypsin-like pro-
tease (3CLF™), also known as the main protease (M'™),
is essential for the cleavage of the viral polyprotein into
functional nonstructural proteins that are critical for the
replication of SARS-CoV-2 and other coronaviruses. Due
to its indispensable function in viral replication, 3CLP™
has been recognized as a promising therapeutic target in
the development of antiviral drugs aimed at controlling
SARS-CoV-2 infections.

Structurally, the 3CLP™ of SARS-CoV-2 is composed
of three domains. Domain I and domain II share struc-
tural similarities with the serine protease chymotrypsin,
featuring a conserved fold that facilitates the proteolytic
activity. These domains form a catalytic dyad composed
of cysteine and histidine residues, which are vital for the
enzyme’s function. Domain III, in contrast, consists of a
cluster of alpha-helices and is believed to play a role in
dimerization, which is necessary for the protease’s enzy-
matic activity. The unique structure of 3CLF™ distin-
guishes it from human proteases, making it an attractive
target for selective inhibition without affecting host pro-
teases [55].

Inhibition of 3CLF™ activity has emerged as a strat-
egy to halt viral replication and suppress the spread of
infection. Several antiviral compounds, including those
already approved by the Food and Drug Administra-
tion (FDA), such as remdesivir and ritonavir, have been
investigated for their efficacy against SARS-CoV-2. These
nucleotide analogs primarily act by inhibiting the viral
RNA polymerase, but studies have shown that they can
also interfere with 3CLP™ activity, reducing viral replica-
tion [30].

Moreover, computational approaches, such as molecu-
lar docking and high-throughput virtual screening, have
been instrumental in identifying potential inhibitors of
3CLP™. These studies have revealed several promising
candidates, including both repurposed drugs and novel
compounds, that exhibit strong binding affinity to the
active site of 3CLP™ The development of specific inhibi-
tors targeting 3CL’™ could offer an alternative thera-
peutic approach to managing SARS-CoV-2 and other
coronavirus infections. Ongoing research continues to
explore small-molecule inhibitors and peptide-based
therapies that could effectively block 3CL™ function and
provide a new line of defense against COVID-19 [56].

Despite significant progress in identifying potential
inhibitors, challenges remain in optimizing these com-
pounds for clinical use. Issues such as drug stability,
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bioavailability, and potential side effects must be carefully
evaluated to ensure the safety and efficacy of these thera-
pies. Nevertheless, the inhibition of 3CL™ represents a
promising avenue for therapeutic intervention, offering
hope for more effective treatments against SARS-CoV-2
and future coronavirus outbreaks.

d. Regulation of calcium ion in the blood

The thyroid gland and parathyroid hormone (PTH)
maintain calcium homeostasis. Calcium homeosta-
sis in the blood is important for physiological function.
Chymotrypsin C was initially recognized as a serum
calcium-decreasing factor in the pancreas. This role of
chymotrypsin C as a serum calcium decreasing factor
requires the trypsin-mediated activation of the protein
by cleaving the pro-peptide converting chymotrypsin C
to its active form [57]. Chymotrypsin C is known with
the ability to suppress receptor-Kb ligand (RANKL) and
induce calcium oscillation pathways in osteoclasts [58].

In 2012, Tomomura et al. [57] investigated the effect
of chymotrypsin C on the function of mature osteo-
clasts by treating with receptor activator of NF-Kb ligand
(RANKL). Chymotrypsin C inhibited RANKL-stim-
ulated bone resorptive activity of mature osteoclasts.
In bone marrow cell cultures, chymotrypsin C had no
effect on macrophage colony formation from monocyte
lineage cells or osteoclast progenitor regeneration. Chy-
motrypsin C inhibited accumulation of the RANKL-
stimulated Nuclear Factor of Activated T-cells (NFATCc)
in bone marrow cells, which is a key transcription factor
for the differentiation of osteoclasts. During osteoclasts
differentiation (osteoclastogenesis), the receptor activa-
tor of NFkB ligand (RANKL) induces Ca*" oscillations
and activates the Nuclear Factor of activated T-cells 1
(NFATc1) [59].

e. Chymotrypsin in pancreatic cancer and its anti-
tumor effect

Pancreatic cancer is a very deadly disease with a fast
rate of metastasis and the lack of early detection makes it
deadlier. Radiotherapy and chemotherapy are the known
methods for pancreatic cancer management, but because
of the undesirable side effects, new less invasive treat-
ments are being sought for [60]. Studies have shown that
chymotrypsin has an effect on the activity of the cells that
are linked to the immune system [61]. The anti-inflam-
matory effects of pancreatic enzymes, and also the reduc-
tion of phagocytic and microbial activity on the immune
system through the interaction of proteases with o 1-anti-
trypsin and a 2-macroglobulin, may reinforce their anti-
tumor effect. The anti-tumor effect of chymotrypsinogen



Famutimi et al. Future Journal of Pharmaceutical Sciences

just like other pancreatic proenzymes are clear, but the
mechanism of action is still under investigation [62].

The anti-tumor therapy of chymotrypsin involves the
participation of all the isoforms of chymotrypsin [62].
Chymotrypsin can be extracted from porcine or bovine
pancreatic juice and has been successfully tested to play
an active role in anti-inflammation and immune system
strengthening, and these are critical events in tumo-
rigenesis. Several published works have shown the effi-
cacy of pancreatic enzymes in the treatment of tumors
and cancers and how safe they compared to other treat-
ment options. Treatment with pancreatic enzymes also
decreased the possible recurrence of the disease in the
long term and increased the survival rate of patients on
the average [62]. Chymotrypsin, just like other pancre-
atic enzymes decreases the frequency of metastasis of
malignant tumors such as breast cancer, multiple mye-
loma, head and neck cancer, colorectal cancer, pancre-
atic adenocarcinoma and pancreatic cancer [63]. In 2001,
Dale et al. [64] carried out procedures that showed that
pancreatic enzyme therapy like chymotrypsin helped to
reduce the symptoms of radiotherapy when used as an
adjuvant although there were a few limitations to the
procedures. The study did not analyze the effect of the
sole treatment on the patient’s survival rate. Studies have
shown that enzyme therapy when used together with
other chemotherapy or radiotherapy, reduces the side
effects that might come with the treatment option and
thus have a general positive impact on the patients [62].

Chymotrypsin was previously shown to play a role in
apoptosis of cancer cells but its effect on cell migration
ability was unclear. In a study involving 26 identified dif-
ferential proteins, cytokeratin 18 was found to be the
most closely associated with chymotrypsin C. Cytokera-
tin 18 is present in carcinomas and also expressed in
tissues in the developmental stages of cancer. Overex-
pression of chymotrypsin C in Aspc-1 pancreatic cells
was associated with downregulation of cancer cell migra-
tion ability and vice versa. Wang et al. [65] showed the
effects of chymotrypsin C on cancer cells motility. Upreg-
ulation of cytokeratin 18 was shown to be involved in
cancer metastasis [66]. Transwell test and cell migration
assay show that overexpression of chymotrypsin C results
in suppression of pancreatic cancer cell migration [65].

Elastase

Elastases (EC 3.4.21.36) are a family of serine proteases
that degrade elastin and have a wide range of substrate
specificity. Elastase was discovered in 1950 by Balo and
Banga and is known for its capacity to hydrolyze the
aorta’s elastin filaments. Elastase is found in the pancreas
and pancreatic juice of numerous mammals and birds,
as well as human serum, granulocytes, and erythrocytes,
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in Flavobacterium elastolyticum, Clostridium histolyti-
cum, and Staphylococcus epidermis [67]. Overexpression
of elastase, just like other serine proteases could lead to
several health conditions, just as under expression could
also disrupt overall healthy living. To avoid overexpres-
sion, elastase is irreversibly inhibited by alpha-1- antit-
rypsin (A1AT), an acute protein which binds to the active
site of not only trypsin, but also elastase. Uncontrolled
elastase activity contributes to human pathology by dis-
rupting tight junctions, causing tissue damage by its pro-
teolytic actions, breaking down of cytokines and cleaving
of immunoglobulin A (IgA), immunoglobulin B (IgB),
complement receptor type 3 (C3bi), and complement
receptor (CR1). This cleavage participates in the decrease
in neutrophilic ability to kill bacteria by the process of
phagocytosis [68, 69].

Role of elastase in disease conditions
a. Emphysema

Emphysema causes the air sacs in the lungs (alveoli) to
be damaged. Over time, the inner walls of the air sacs
weaken and rupture, resulting in larger air gaps rather
than a large number of small ones. Both neutrophil and
macrophage elastases has been linked to the onset and
progression of lung illness. The elastin-rich connective
tissue framework of the lungs appears to be particularly
susceptible to the action of elastolytic proteases, despite
the fact that it is not likely that the reason these proteases
evolved is to damage lung tissue. Assuming that neutro-
phil elastase is involved in neutrophil migration near a
site of inflammation and the destruction of proteins from
attacking organisms or other inflammatory response
products, inhibitors of this protease protect normal tis-
sues from its catalytic action. Alpha-1 antitrypsin defi-
ciency results in disturbance of protease-anti-protease
equilibrium and increases the risk of destructive lung dis-
ease (Fig. 6) [70].

Emphysema can manifest itself in a variety of ways
in people, including centrilobular, panacinar, parasep-
tal, and airspace expansion with fibrosis. These types
of emphysema have different morphologic and back-
ground properties, implying that their pathophysiology
is different. Human neutrophil elastase and other elasto-
lytic enzymes can cause experimental emphysema, while
nonelastolytic proteases cannot. In the blotchy mouse,
disruption of elastic fibers appears to be the underlying
characteristic of lathyrogen-induced airspace expan-
sion and emphysema. However, in cadmium-induced
airspace enlargement with fibrosis or emphysema linked
with hyperoxia or severe malnutrition, there is no evi-
dence of elastic fiber damage. As a result, not all kinds
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Fig. 6 Pathway of Tissue Damage Leading to Emphysema. Cigarette smoke and pollutants in the air inhibits a-1 antitrypsin and other protease
inhibitors resulting in high neutrophil elastase activity thus resulting in lung damage [73]. ATAT: Alpha 1 anti-trypsin; SLPI: Secretory leukocyte

protease inhibitor)

of experimental emphysema have elastic fiber disruption
[71].

The difference between emphysema and cystic fibro-
sis is not as clear as previous studies suggested. These
two diseases can coexist in human lungs and mice who
have been exposed to cigarette smoke or that have been
infused with elastolytic enzymes or bleomycin. Studies
show that emphysema is caused by a protease or anti-
protease imbalance, and antiproteases may play a role
in modulating the fibrotic process. It has been shown in
experimental animals that neutrophil elastase is a com-
mon pathogenic connection between cystic fibrosis and
emphysema [72].

Elastin-degrading enzymes play a crucial role in the
disorganization of elastic fiber networks within the lungs,
which can lead to emphysema in experimental animal
models. In the lungs, neutrophils and alveolar mac-
rophages serve as key sources of endogenous elastases.
Neutrophil elastase, an intracellular enzyme associated
with granules, is typically regulated by alpha-1 antit-
rypsin, a protease inhibitor. However, when this regula-
tion is impaired, such as in cases where the enzyme is not
sufficiently inhibited, it can result in the development of
emphysema, as observed in experimental mice. A newer
discovery, macrophage elastase, is less effectively inhib-
ited by alpha-1 antitrypsin and is not associated with
granules. Research has shown that macrophages from
cigarette smokers produce elastase in culture, and ciga-
rette smoke can inhibit the activity of elastase inhibitors,
suggesting that elastases contribute to the pathogen-
esis of emphysema in humans [73]. The current treat-
ment strategies for emphysema focus on managing
symptoms rather than curing the disease. These include

bronchodilator inhalers to open the airways, corticos-
teroids to reduce inflammation, and oxygen therapy.
Additionally, individuals with emphysema are more sus-
ceptible to respiratory infections, making the use of anti-
biotics a common requirement to prevent complications.

Interestingly, natural products have gained attention
for their potential therapeutic effects on emphysema.
One such example is Rubus rosifolius, commonly known
as rose leaf bramble. This prickly perennial plant, with a
woody stem, is native to rainforests and tall open forests
in the Himalayas, eastern Australia, and East Asia. It is
also found in the wild in the highlands of Puerto Rico
and Indonesia. Studies have shown that Rubus rosifo-
lius possesses elastase-suppressing properties. Methanol
extracts of this plant have been identified as potential
elastase inhibitors, with ellagic acid being the active com-
pound responsible for this inhibitory activity [74]. These
findings suggest that Rubus rosifolius could be explored
further for its potential in the development of novel treat-
ments for emphysema.

b. Chronic obstructive pulmonary disease (COPD)

Chronic obstructive pulmonary disease (COPD) is a
global health problem that affects about 300 million peo-
ple globally and kills roughly three million people every
year. It develops as a result of cigarette smoking or inha-
lation of environmental and occupational contaminants,
such as high quantities of dust, as in mineshaft, and
certain gases, or as a result of genetic abnormalities for
example alpha 1-antitrypsin deficiency. Increased num-
bers of macrophages, neutrophils, B- and T-lymphocytes
in the airways and lung parenchyma characterize chronic
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inflammation in COPD patients, and there is grow-
ing evidence that these cells participate in directing the
inflammatory response in COPD [75].

The rate of lung function decline and peripheral airway
dysfunction have been demonstrated to be related to spu-
tum neutrophil levels. Acute bronchitis caused by viral
or bacterial infections is the leading cause of morbidity
and death in COPD patients with airway disease, and it
is linked to high NE levels. The protease—anti-protease
activity in the COPD airway is controlled by NE and
other proteases working together. Macrophage elastase
(MMP-12), for example, is essential for emphysema fol-
lowing smoke exposure, ([76, 77]. NE causes emphysema
by activating matrix metalloproteinase and cysteinyl
cathepsins, and it keeps MMP activity going by degrading
tissue inhibitor of matrix metalloproteinase-1 (TIMP-1),
a key inhibitor of MMPs. The oxidation and inactivation
of alpha-1-antitrypsin by reactive oxygen species leads to
unrestricted NE activity. The release of neutrophil extra-
cellular traps into the airway milieu is triggered by the
presence of NE and myeloperoxidase in the body. The
presence of neutrophil extracellular traps (NETs) in the
chronic obstructive pulmonary disease (COPD) airway is
linked to lower lung function, higher exacerbations, and
impaired neutrophil phagocytosis. The consequences of
NE are most noticeable in alpha-1-antitrypsin deficiency,
where lower levels or complete lack of alpha-1-antit-
rypsin lead to uninhibited NE activity and consequent
alveolar matrix degradation. There is a synergy between
NE and MMP-12 (macrophage elastase) which promote
tobacco smoke-induced COPD lung pathology and also
results in unrestrained protease activities [77].

c. Cystic fibrosis

Cystic fibrosis is a respiratory disease that affects the
lungs and also the pancreas, kidneys, liver and intes-
tine [78]. This respiratory disease is mostly attributed to
genetic disorders and is characterized by frequent lung
infections and abdominal mucus, cysts within the pan-
creas, hypoxia and inflammation of the airways [77]. Spu-
tum from cystic fibrosis patients contains elevated level
of neutrophil serine proteases. In a healthy individual, it
aids in the phagocytic process by destroying microbial
peptides and they are kept in equilibrium by cognate
anti-proteases [79].

Chronic lung disease causes morbidity and death which
is due to infection and inflammation of the airway that
is a characteristic of cystic fibrosis as it has been shown
that neutrophil elastase is present in the airway very
early in the life of cystic fibrosis patient and appears as a
biomarker of disease progression, predicting lung func-
tion decline and a condition in which the lung’s airways
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become damaged, making it hard to clear mucus (bron-
chiectasis). The pro-inflammatory state of senescence in
bronchial epithelial cell in vitro and potentially in vivo
has been shown to be caused by elastase [80].

Neutrophil elastase is involved in the etiology of
mucus hypersecretion, airway inflammation and reduced
defenses against Pseudomonas aeruginosa infection,
aside from structural damage to airwall. Furthermore,
increased neutrophil elastase concentration was found
to block the cystic fibrosis transmembrane conductance
regulator chloride channel and activate epithelial sodium
channels exacerbating fundamental anion secretion and
sodium ion absorption abnormalities in cystic fibrosis
airways [81].

d. Elastase in wound healing and muscle elasticity

In studies using a human microvascular endothelial
cell model, it was found that polymorphonuclear leuko-
cytes (PMN) stimulated with lipopolysaccharide bound
neutrophils (LPS) in combination with formyl-methionyl
leucyl phenyl alanine (fMLP) or C5a caused significant
endothelial cell lysis that was unaffected by scavengers of
oxygen free radical. Exposure to purified human leuko-
cyte elastase (HLE) alone caused cell disintegration with
a comparable time course of harm that was unaffected by
scavengers of reactive oxygen species. A serine protease
inhibitor prevented injury caused by human leukocyte
elastase alone or by activated neutrophils, implying that
HLE plays a significant aspect for leukocyte elastase in
neutrophil mediated endothelial cell injury. Evidence
suggests that unrestricted elastase activity is linked to
wound healing delays. Increased elastase activity and
tissue inflammation were seen in recombinant animals
lacking the secretory leukoprotease inhibitor (SLPI) gene,
as well as delayed wound closure in cutaneous wounds.
In contrast to wild-type mice, SLPI-null mice wounds
had higher levels of active transforming growth-factor
beta than wild-type mice wounds. In SLPI-null animals, a
neutralizing antibody to transforming growth factor-beta
partly reduced inflammation and slowed wound healing
[82].

Studies on the anti-elastase and anti-collagenase poten-
tial of Lactobacilli exopolysaccharide (LEPS) on normal
human fibroblast shows that it could be a good choice
of skin anti-aging agent for skin regeneration and tissue
engineering due to their high anti-elastase, anti-colla-
genase, anti-oxidant and wound healing properties [83].

The tendon fascicles are held together by the inter-
fascicular matrix (IFM). Its low stiffness behavior
under modest stresses, allows non-uniform loading and
increased overall flexibility of the tendon by permitting
fascicle sliding. Because the interfascicular matrix (IFM)
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is abundant in elastin, it was hypothesized that elastin
depletion would have a major impact on IFM. For the
first time, it was discovered that removing elastin from
tendons affects the mechanical properties of the inter-
fascicular matrix, lowering the recoverability and fatigue
resistance, shedding light on the hierarchical mechanics
of tendons, which is crucial for the development of inno-
vative tendon damage treatment.

The contribution of particular proteins to tissue
mechanical behavior can be used to identify key thera-
peutic targets. Tendon damage is growing more wide-
spread and debilitating, yet there are currently no viable
treatments. An examination into how elastin regulates
tendon mechanical behavior was conducted using enzy-
matic digestion following elastase treatment and local
mechanical characterization, and it was identified for
the first time that the mechanical properties of the inter-
fascicular matrix are affected by removing elastin from
tendons, resulting in lower recoverability and fatigue
resistance, which has shed light on the hierarchical
mechanics of tendons, which is crucial for the develop-
ment of innovative tendon damage treatments [84].

Conclusion

Extensive research has highlighted the critical roles of
serine proteases, particularly trypsin, chymotrypsin,
and elastase, in the onset and progression of various
diseases. These enzymes not only contribute to the dis-
ruption of physiological homeostasis but, in some cases,
offer therapeutic potential for treating certain conditions.
Their importance as drug targets continues to grow due
to their involvement in essential biological processes.
The overexpression of these enzymes can lead to severe
and potentially life-threatening diseases, which the body
counteracts through the presence of protease inhibitors
that regulate enzyme activity. Furthermore, their secre-
tion as inactive zymogens, requiring proteolytic activa-
tion, serves as a crucial control mechanism to prevent
unregulated protease activity. Although significant pro-
gress has been made in understanding these enzymes,
many aspects of their roles in disease pathology remain
unexplored, highlighting the need for continued research
to fully realize their therapeutic potential.
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