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Abstract
Snakebite envenoming is a propriety neglected tropical disease that annually claims a

life of around 150,000 and is responsible for 500,000 disabilities. Skeletal muscle damage is
a primary factor for snake venom-induced permanent disabilities. The only treatment available
for snakebite envenoming is anti-venoms produced against venomous snake species. These
anti-venoms are raised against the geographical venom variant and effectively treat the
systemic effects of envenoming. However, they fail to treat local tissue damage. Most research
in the snake venom field is focused on improving anti-venom understanding of venom
chemistry and physiology. Studies on local effects, pathologies, and treatment of local tissue
damage are limited. This thesis investigates skeletal muscle pathologies inflicted by snake
venom, especially snake venom metalloprotease-rich viper venoms. The viper venoms and
some species of elapids can cause local tissue damage and tissue necrosis. These venoms
are rich in snake venom metalloproteases (SVMP), three-finger toxins (3FTxs), and
phospholipase Az, which can induce local damaging effects on the skeletal muscle of the bite
victim. The elapid venom-mediated damage is often self-resolved; however, in the case of
viper envenoming, the muscle damage is often permanent. Here, we aim to narrow down
niche areas in skeletal muscle regeneration affected by viper envenomation. We can use
innovative methods to target and eliminate the hindrance in the normal regeneration of skeletal
muscle damage. The factors contributing to impaired muscle regeneration in the case of SBE
are: 1. The venom proteins are present in the muscle tissue and cause persistent damage. 2.
The impaired muscle regeneration often results in fibrotic/scar tissue formation that hampers
muscle regeneration. 3. The snake venom toxins, especially SVMPs, can affect the function
of muscle stem cells and alter the immune response post-muscle injury, which then
dysregulated the muscle regeneration process. We selected different approaches to target
each problem area. We used small molecular inhibitors marimastat and varespladib specific
for SVMPs and PLAZ2s to inhibit the initial trigger of active venom proteins. These inhibitor

molecules improved muscle regeneration, reduced venom pathological effects and restored



immune response balance. Secondly, we tested the effect of a known anti-fibrotic molecule
soluble activin receptor 1IB to minimise muscle fibrosis, which improved muscle regeneration
and reduced fibrosis with persistent dosing. Lastly, we have used stem cell-derived condition
media to boost the innate regeneration mechanism and restore the dysregulation of the
immune response. The presence of secretome was found effective in enhancing myoblast
proliferation, differentiation and maturation of muscle cells. All the individual approaches
achieved effective muscle regeneration. However, there is a possibility of gaining more
benefits from the combination of these molecules. The Circulatory system also plays a vital
role in wound healing and regeneration. Hence, we studied the effects of P-lll metalloprotease
from Crotalus atrox (CAMP) venom and a cardiotoxin -1 (CTX) from Naja pallida concerning
intramuscular bleeding and microthrombus formation in the tissue. CAMP affected allb33
integrin-mediated thrombus formation, whereas CTX exhibited effects on extrinsic and intrinsic
clotting pathways. All the approaches tested and validated in this thesis target specific areas
of muscle regeneration. The small molecule inhibitors target particular proteins in the whole
venom, soluble activin receptor 1IB, target the specific pathological outcome and condition
media targeted modulation of immune response and muscle stem cells. Hence, these
treatment molecules may have global application and potential to tackle the crucial

pathological outcome of envenoming: SBE-induced muscle damage.



1. Introduction

Fear of snakes, which is a primordial instinct and innate human emotion has fascinated
experimental psychologists, evolutionists, and scientists to spend decades researching snakebites
and their pathological effects. Snakebite envenoming (SBE, i.e. when the venom is injected into the
body) has recently gained much-needed attention from medical and scientific communities as well
as policymakers. The World Health Organisation (WHO) has reinstated SBE as a high-priority
neglected tropical disease (NTD) and has established a strategic roadmap to reduce SBE-induced
mortalities by 50% by 2030 [1]. According to the WHO, SBE affects around 1.8 to 2.7 million people
annually, with mortality cases of 81,410 to 137,880 and around 500,000 permanent disabilities [2].
SBE primarily affects rural populations in Africa, South Asia, Latin America, and Oceania [3]. SBE is
an occupational health hazard for agricultural workers in many developing countries [3-5]. The bites
and fatalities are often common in younger, productive age groups [6]. For example, in Myanmar,
SBE is the leading cause of death in rice-growing agricultural workers [7]. In countries like India, Sri
Lanka, and South Africa, people are often exposed to snakebites while working as tea pickers,
rubber tappers and sugar cane harvesters. Fishermen handling nets and lines in warmer tropical
seas are also at risk for bites from sea snakes. Snakebites also affect nomadic tribes and hunters

whose livelihood largely depends on collecting wood and indigenous products [5].

In addition to mortalities, a large population of SBE victims develops chronic medical
conditions, permanent disabilities and profound psychological effects following SBE [5, 8]. Some of
the severe consequences of SBE include post-traumatic stress disorder (PTSD), foetal loss,
blindness, contractures, malignant ulcers, chronic infections, and amputation of limbs [8]. In sub-
Saharan Africa alone, more than 6000 amputations occur every year due to SBE-induced permanent
muscle damage [9]. The socioeconomic impacts of permanent disabilities affect not only the
livelihood of the victims but also their families [10]. Since SBE-related morbidities significantly impact
the emotional and financial well-being of the communities, finding an effective solution for this issue
is highly desirable. Antivenoms produced against the venoms of regionally specific snakes are the
only treatment available for SBE. Antivenoms often have limitations due to high variability in venoms
among the same species living in different geographical locations. Antivenoms are raised against

whole venoms, whereas local tissue damage is mainly caused by specific toxin families (discussed
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in detail later). These toxin families affect particular areas of muscle regeneration. Hence, focusing
on the specific areas to improve impaired muscle regeneration would be a better solution for SBE-
induced tissue damage. SBE-related morbidities contribute to a high number of permanent
disabilities worldwide; however, the treatment options are limited. This project aims to identify and

target the main areas to overcome pathological outcomes of SBE-induced skeletal muscle damage.
1.2 Evolution of snakes

The journey of snake evolution spans millions of years. Along with lizards, snakes belong to
the order of Squamata. The earliest snake fossils date back to the Cretaceous period, around 130
million years ago [11]. Limb loss is one of the significant steps in snake evolution. Modern snakes
are completely limbless; however, early snakes had hind limbs, and as snakes evolved, they
gradually lost their limbs. The loss of limbs and elongated body allow them to move efficiently for
their adopted burrowing lifestyle [12]. The skull of a snake has undergone significant changes. The
mandibles are loosely connected at the back of the skull, allowing for a much greater rotation angle
than most animals, so a snake can open its mouth wider than its body and swallow larger prey. The
mandibles move independently of each other, slowly inching the prey into the throat [13]. Snake
fangs are an example of complex adaptation. Snakes exhibit a variety of tooth structures depending
on their diet. Some are equipped with rear-facing teeth to help grasp and swallow prey. Venomous
shakes have specialised fangs for injecting venom [14]. There are two main types of fangs: grooved
fangs, where venom spreads down an open anterolateral or lateral groove and tubular fangs, where
venom runs through a canal or a duct [15]. The tubular fangs evolved independently in three front-
fanged clades: Viperidae, Elapidae and Atractaspidae [16]. The grooved fangs are posterior to the

maxillary bone and are found in Colubridae, homolapsid and lamprophiid snake lineages [17].

Some snakes from the Viperidae family, specifically ‘pit vipers’, possess specialised sensory
organs in their head that can detect heat emitted by objects/prey in their environment. This heat-
sensing organ allows these snakes to locate the heat source precisely and gives them a hunting
advantage [18]. Jacobson's or vomeronasal organ is vital for detecting pheromones during mating
[19]. These evolutionary adaptations have made modern snakes one of our planet's most feared and

fascinating animals. Venomous and non-venomous shakes are believed to share a common
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ancestry. Over time, different snake lineages adopted to different ecological roles leading to the
divergence of venomous and non-venomous snakes. Non-venomous snakes evolved a constriction
strategy to capture their prey. On the other hand, venomous snakes use their venom to capture their

prey. This adaptation has given venomous snakes a selective advantage in survival and hunting.

The evolution of venomous snakes has equipped them with venom delivery systems. It is
fascinating that a small and physically weak animal can deploy a toxic cocktail that can inflict life-
threatening pathological complications on its prey and much larger animals, including humans.
Venom evolution studies often provide insights towards natural selection, molecular evolution,
protein neofunctionalisation (duplication of genes that result in new or additional function of the
resultant protein) and, interestingly, predator and prey interactions. Phylogenetic and evolutionary
data suggest that the snake venom gland evolved 60-80 million years ago, still undergoing
subsequent evolutionary changes. The most popular hypothesis for the evolution of toxin families is
the duplication of non-toxic genes. Such duplications have occurred multiple times throughout the

evolution of snakes, including parallel expression of gene families in different snake lineages [20].

The main families of venomous snakes are a) Viperidae - vipers often have triangular heads.
The snakes from this family have well-developed venom glands and hinged tubular fangs for venom
delivery. Viper venoms mostly exert haemotoxic and myotoxic effects. b) Elapidae - snakes in this
venom family have neurotoxic venom. These snakes have short, fixed tubular fangs in the front of
their mouth. c¢) Colubridae - most snakes in this family are nhon-venomous, but a few have venom
glands and rear-faced groove teeth for venom delivery. Their venoms are usually mildly toxic (except
some, which are highly lethal species) and used for subduing prey. d) Atractaspididae (burrowing
asps) - these snakes have short rear-facing grooved fangs for venom delivery. Their venoms are
cytotoxic and may cause tissue damage [21, 22]. The most medically important venomous snakes

are from the Elapidae and Viperidae families.

1.3. Snake venoms

The snake venom proteomes suggest that typical snake venom may consist of around 20
primary toxin families and up to 57 secondary (comprising in small amounts of total proteins) protein

families [23]. Some components in snake venoms such as metalloproteases, serine proteases
3



(SVSP), phospholipase A; (PLA;), and three-finger toxins (3FTx), can directly alter normal
physiological conditions in their prey or SBE victims. The remaining venom components include
disintegrins, cysteine-rich secretory proteins, Kunitz peptides, L-amino acid oxidase, natriuretic
peptides, and C-type lectins [20, 21]. The non-toxic components facilitate venom delivery and
spreading of venom in host tissues, help with the digestion of the prey, modulate the immune

response, and inflict inflammation.

Depending on their specific toxicities, venoms are classified as a) haemotoxic venoms; they
primarily target the cardiovascular system and blood. The toxins in haemotoxic venoms can damage
blood vessels, interfere with blood clotting, and lead to several adverse effects on the circulatory
system. The effect of haemotoxins may lead to excessive bleeding, tissue damage and altered blood
clotting mechanism [24]. b) neurotoxic venoms; these venoms target nerve cells, disrupting the
transmission of nerve impulses that may lead to breathing difficulties and other neurological
impairments. ¢) myotoxic venoms; these venoms primarily target skeletal muscle. The breakdown of
the muscle cells may lead to the release of specific proteins into the bloodstream, and they can lead
to kidney damage. d) cardiotoxic venoms; these venoms affect the cardiovascular system,
particularly the heart. They can cause cardiac arrhythmias and hypotension [25]. Elapid venoms are
mainly neurotoxic; however, some have myotoxic effects. Viper venoms have haemotoxic effects
and strong myotoxic effects that contribute to local tissue damage and permanent disabilities [26,
27]. The clinical manifestations and pathophysiological consequences of envenoming may vary

depending on the species and the amount of venom injected.

Elapid venoms consist of two major toxin families: 3FTx and PLA,. However, many elapid
species exhibit a 3FTx/PLA, dichotomy, with one family comprising most of the venom [21, 28].
However, elapids appear to have greater toxin diversity than vipers [29, 30]. In contrast to elapids,
viper venoms predominately comprise three protein families, SVMPs, PLA, and SVSPs. Viper
venoms also include a much more significant proportion of secondary protein families than elapids
[31-33]. The structure and functions of individual toxins are explained in further detail in the next

section.

1.3.1 Structure and functions of major snake venom toxins



1.3.1.1 SVMPs

SVMPs are Zn?*-dependent proteolytic enzymes. They are closely related to the ADAM (A
Disintegrin and Metalloprotease) family of proteins found in humans and belong to the M12 B'
metzincin family. The molecular mass of SVMPs ranges from 25 kDa to 150 kDa depending on their

structure.
There are four classes of SVMPs:

1) P-I: it comprises only a metalloproteinase domain with molecular weight ranging from 20-
30 kDa [34, 35]. The metalloprotease domain has a conserved zinc-binding sequence
(HEXXHXXGXXH) and methionine turn [36, 37]. P-I metalloproteases can co-localise with the

extracellular matrix (ECM) and can degrade components of the basement membrane.

2) P-II: This class is structurally more complex than the P-I. In addition to the metalloprotease
domain, it contains a disintegrin-like domain although the protein contains a single chain. The
molecular weight of P-Il ranges from 30-40 kDa [35]. P-Il metalloproteases are only found in the
viper venoms, suggesting that during venom evolution, this protein family diverged from the Elapidae
shakes [38, 39]. The unique feature of P-Il SVMPs is the integrin-binding RGD (arginine-glycine-
aspartate) motif [40, 41]. RGD maotif is embedded in the flexible loop abutted to the metalloprotease's
C-terminus region. This RGD motif interacts significantly with the integrin molecules, e.g. integrin

allbp3 to inhibit platelet aggregation [42, 43].

3) P-IlI: This class has a higher molecular mass ranging from 60-100 kDa [44]. In addition to
the metalloprotease domain, P-lll contains a disintegrin-like and a cysteine-rich domain on the same
polypeptide chain. Due to structural complexity, the P-lII class is further classified into P-llla, P-llIb,
P-llic and P-llld [45]. P-lll SVMPs can cleave basement membrane and ECM proteins such as
collagen IV, laminin, and fibronectin. Some P-lll SYMPs can also cleave prothrombin and factor-X.
The cysteine-rich domain and the disintegrin domains can decrease cell adhesion and inhibit

angiogenesis [46, 47].



4) P-IV: It contains two C-type lectin-like domains connected by disulphide bonds to the other
Plll domains. The C-type lectin-like domains can cause platelet activation through tyrosine kinase

receptor clustering [48].

SVMPs have proteolytic and collagenolytic activities and can affect the proteins involved in
the blood coagulation cascade, affecting the balance of the cardiovascular system. The disintegrin-
like domain in class Il and Il inhibits platelet aggregation by binding to fibrinogen receptors, integrin
allbB3, on the plasma membrane of platelets. According to some recent studies, in addition to
haemolytic activities, SVMPs have other properties like fibrinogenolytic activities, prothrombin
activation and the activation of factor X. In addition, they also possess apoptotic and pro-
inflammatory activities and inactivate serine proteinase inhibitors in blood [49] (Figure 1). SVMPs
are abundant in viper venoms and are responsible for myotoxicity, a well-known characteristic
symptom of viper bites. Along with systemic and local effects, SVMPs damage blood vessels, reduce
cell adhesion, degrade major ECM proteins, and affect angiogenesis. These conditions may lead to

extensive tissue necrosis and muscle damage.

Metalloprotease Domain

Cystine Rich Domain

Platelet aggregation C-type lectin like Domain

Figure 1: Various domains present in SVMPs and their functions. Diagram adapted from [35]. The
figure lists the general functions of each domain of SVMPs.




1.3.1.2 SVSPs

SVSPs are one of the major components of snake venoms and are mainly found in the
venoms of the Viperidae family. However, a few SVSPs are also found in the venoms of the Elapidae
family members. In addition to their contribution to the digestion of the prey, these enzymes exhibit
specific pharmacological effects. Many SVSPs are described as ‘thrombin-like’ enzymes because
they cleave fibrinogen, mimicking the action of thrombin. However, unlike thrombin, SVSPs typically
do not activate factor Xlll, which is important for cross-linking soluble fibrin into insoluble clots.
SVSPs primarily target fibrinogen, a crucial protein in the coagulation cascade. At the same time,
SVSPs can induce dysfibrinogenemia, preventing normal blood clot formation [50, 51]. Some SVSPs
are described as ‘kallikrein-like’ enzymes, as they alter blood pressure by releasing kinin/bradykinin
from kininogen. SVSPs can also activate factor V, contributing to the coagulation cascade by
subsequent prothrombin activation. In contrast, some SVSPs exhibit anti-coagulation properties by
activating protein C, which negatively regulates the coagulation cascade by inactivating factors V

and VII. Moreover, they convert plasminogen to plasmin, facilitating clot degradation [52, 53] (Figure

Snake venom proteases
I Snake venom serine proteases | I Snake venom metalloproteases |
/ (SVSPs) \ , (SVMPs) \
l Degradation of BM pi Cy yonEC
= e Collagen v,
Fibrinogenand fibrin l Kininogen & Kallikrein Lamlnln-enlgclin!nldogen Loss of /
Proteoglycans integrity
Coagulationfactors
ProteinC Cleavage of proteins involved l in cell matrix interaction
% g Basementmembrane
hri i Platelets ikvni
\ [ Bradikynin | ’ Ps /', Endothelium
Y Increase in walltension, EC thinning \ 2 . | Reduction in the capillary wall resistance
and micro vessel rupture and separation of EC from BM

d/\“

Abnormalities in
H is and Thrombosi

Extravasations

, ‘ I Ischemia
Micro vessel disruption
Hemorrhage ‘

Skeletal muscle damage
Myonecrosis

Figure
2: Mechanism of action of snake venom proteases on various components involved in blood
coagulation cascades. The diagram is adopted from [54]. The above figure indicates the action of
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snake venom proteases (SVSPs and SVMPs) on different factors and cell types, leading to
abnormalities in haemostasis and thrombosis.

1.3.1.3 Snake venom PLA;

PLAs are abundant in the venoms of Elapidae family members and are also one of the main
components of viper venoms. PLAzs exhibit a range of systemic and local effects and contribute
significantly to snake venom-induced pathologies. They are classified based on their three-
dimensional structures, amino acid sequences and catalytic activities. Broadly, snake venoms PLA;
are classified into group | and Il enzymes. The group | PLA; are found in the elapid and colubrid
families and primarily has neurotoxic effects. They act by blocking neurotransmission by irreversible
binding to nerve terminals. Group Il PLAzs are found mainly in the venoms of viper snakes and
possess myotoxic or cytotoxic activities, although some can affect the blood coagulation [55, 56].
Group Il PLA; are subdivided into catalytically active Asp 49 enzymes and Lys 49 containing
catalytically inactive enzymes. Catalytically active PLA2s hydrolyse the ester bonds of phospholipids
at Sn-2 positions present in the plasma membranes of various cells [57]. Catalytically inactive PLA:
act through perturbation of the membrane resulting in alteration in membrane potential, leading to
unrestrained gradient of ions such as Ca?* and causing hypercontraction of myofibers, swelling in
mitochondria, and disorganisation, leading to mitochondrial dysfunction [57]. Both catalytic and non-
catalytic PLA2s cause alterations in membrane structures. The inflammatory responses triggered by
PLA, are primarily because of the release of arachidonic acid and lysophospholipids in the cell

membrane due to their actions [58, 59].
1.3.1.4 Hyaluronidase

Hyaluronidases are another class of venom enzymes and are mainly responsible for
spreading the injected venom into tissues by breaking the tissue barriers. Hyaluronidases can
hydrolyse hyaluronic acid present in the intercellular barriers. Hyaluronic acid is essential for
maintaining the structural integrity of tissue structures. Loss of hyaluronic acid facilitates the diffusion
of venom toxins from the bitten area to surrounding tissues. Therefore, hyaluronidase is also called

a ‘spreading factor’ in venoms [60]. Due to its unique mechanism of action, hyaluronidase plays an



essential role in increasing the efficacy of venoms. This venom component is also suspected to

induce inflammatory responses [61] (Figure 3).

Disorganization of epithelial cells

ISnakovonom hyaluronldasosl . _ and basememmgmbmn,
Epithelial cells
/ iwo l Om.l,,,h(:ml ~HE® —:ﬁw = =0 ] _::\J“\"J
— s —
—Glycosammomyc,ns P it
- Hyaluronic acid

(] - .
\ Loss of structural integrity of
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=T " (=]
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= — | Capillari

Endothelium lining of blood vessel

Fibroblast <@
Enhanced diffusion

of venom toxins

Figure 3: Mechanism of action of snake venom hyaluronidases. This figure is adapted from [54].
The hyaluronidase acts on hyaluronic acid, causing loss of structural integrity of epithelial cells,
connective tissue, and endothelial lining of blood vessels. This action facilitates the diffusion and
absorption of snake venom into the victim’s body.



1.3.1.5 3FTxs

3FTXs

Target

Biological activities

a-neurotoxins
K-neurotoxins
Muscarinic toxins
Fasciculins
Calciseptine

Cardiotoxins

Mambin
Exactin
B-cardiotoxins
MTa

Inhibit muscle acetylcholine receptors (NnAChR) [66]
Inhibit neuronal AChR [67]

Inhibit neuronal AChR [69]

Inhibit acetylcholinesterase (AChE) [68]

Modulates L-type calcium channels [70]

Interact non-specifically with phospholipids [71]

or induce insulin secretion [72]

Interacts with platelet receptors [73]

Inhibits Factor X [74]

Inhibit B-adrenoreceptors [75]

Inhibits a-adrenoreceptors [76]

Flaccid or spastic paralysis [66-69]

Tissue necrosis[70]

Alteration in haemostasis [73, 74]

Alteration of cardiac rates [75-77]

Mambalgins Inhibit ASIC channels [77]
Tx7335 Activates potassium channels [78] Neuromuscular paralysis [78, 79]
Calliotoxin Activates voltage-gated sodium channels [79]

Table 1: Examples of short and long-chain 3FTxs, their targets and biological activities.

3FTxs are non-enzymatic proteins containing sixty to seventy-four amino acids and include
a three-finger-like fold in their structures stabilised by disulfide bridges. The 3FTxs have a
characteristic structure of three loops that project from the core region and resemble three finger-
like projections [62, 63]. The 3FTxs are abundantly present in elapid venoms. Many 3FTxs are
neurotoxins, although their mechanisms of toxicity vary significantly even among proteins of high
sequence identity. The typical targets for 3FTxs include those involved in cholinergic signalling, such
as the nicotinic acetylcholine receptors. The a-neurotoxins are one group of 3FTxs that operate post-
synaptically by targeting nicotinic acetylcholine receptors in skeletal muscles in vertebrates [64].
They are present mainly in the venoms of elapid and colubrid snakes. They exert their neurotoxic
effects by binding post-synaptically at the neuromuscular junctions to induce flaccid paralysis in
shakebite victims [65]. 3FTxs differ in length, with short-chain 3FTXs including a-neurotoxins, B-
cardiotoxins, cytotoxins, fasciculins and mambalgins, comprising 57— 62 residues and 4 disulfide
bridges, and long-chain 3FTXs including y-neurotoxins, hannalgesin and k-neurotoxins, contain 66—
74 residues and five disulfide bridges. The 3FTxs have diverse targets and biological activities

despite the shared three-finger fold.
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Another large subfamily of 3FTxs is cardiotoxins (CTX) (cytolysins). CTXs form a reasonably
homogeneous group of toxins in cobra venoms. CTX consist of three beta-sheet loops similar to
neurotoxins. However, CTXs are classified into two types, namely S-type and P-type. This
classification is based on the position of two amino acid residues in toxins. All S-type CTXs contain
a serine residue at position 28 in the phospholipid binding site near the hydrophobic region of loop
2, while in all P-type CTXs, a proline residue is present at position 30 near the tip of the second loop.
P-type and S-type CTX have a phospholipid binding site near loop 1, however, P-type CTX exhibits
higher binding and fusion activity due to additional binding sites on loop 2. S-type CTX exhibits higher
muscle cell depolarisation activity, while P-type CTX possesses higher haemolytic activity. The
primary target of CTX is the heart and associated tissues. The systemic effects of CTX include

changes in blood pressure, heart rate and other haemodynamic parameters.

Meanwhile, the local effects are exhibited due to phospholipase activity that may induce
cellular damage. In vitro experiments using model membranes have shown that the hydrophobic
core of cytotoxins represents the principal membrane-binding motif. Upon binding, cytotoxins

produce structural defects in lipid bilayers by hydrophobic interaction in the phospholipid bilayer [80].

1.3.1.6 Other toxins

Along with main toxin families, snake venoms also contain small quantities of CRIiSP,
Cysteine-rich secretory protein; LAAO, L-amino acid oxidase; VEGF, vascular endothelial growth
factor; PDE, phosphodiesterase, NGF, nerve growth factor; 5’NUC, 5'-nucleotidase, and snake C-
type lectins (snaclecs). The composition and percentage of these components have species-specific
variations. Some of these components may affect blood coagulation and vasculature, such as
shaclecs binding to various receptors on platelets, blood coagulation factor IX/X and endothelial
cells. They have been reported to both activate and inhibit platelets via binding to integrin a2p1,

GPIb, and GPVI and may induce thrombocytopenia [81].

Skeletal muscle is the main target for snake venom-induced local tissue damage. Snake
venoms can cause structural alterations in skeletal muscle and affect innate muscle regeneration.

These effects on skeletal muscle lead to permanent loss of structure and function of the affected
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muscle. Before discussing venom-induced muscle damage in detail, learning about the basic
structure and function of skeletal muscles is essential. Therefore, here, | present some basic

information about the structure and functions of skeletal muscle.

1.4. Skeletal muscle

Skeletal muscle comprises approximately 40% of total body weight and accounts for 50% to
70% of total protein contents in the human body. Skeletal muscles function under voluntary control
to perform their roles. They play essential roles in movement, structure, stability, protection, wound
healing, metabolism, thermogenesis, and the secretion of numerous molecules to communicate with

other tissues [82-84].

Skeletal myofibers and associated connective tissues represent the basic cellular unit of
muscle structure. An individual skeletal muscle comprises numerous cylindrical muscle cells called
'muscle fibres’ (Figure 4). These muscle fibres are wrapped in a covering of connective tissues.
Each muscle fibre is surrounded by a connective tissue sheath called epimysium. The epimysium
possesses inward projections, which divide the muscle into compartments. Muscle fibres are
assembled as a bundle called fasciculus. These fasciculi are surrounded by a layer of connective
tissue called ‘perimysium’. At the same time, each muscle fibre is surrounded by connective tissue
called ‘endomysium’. This connective tissue covering supports and protects the muscle cells. The
cover also provides passage for nerves and blood vessels. An artery and at least one vein
accompany each nerve that penetrates the epimysium of a skeletal muscle. The epimysium,
perimysium and endomysium extended to form a thick thread-like structure, called tendon. The
tendon and aponeurosis form indirect attachments from muscles to the periosteum of bones or the
connective tissue of other muscles. A cell membrane (sarcolemma) surrounds each muscle fibre.
Sarcolemma connects several protein complexes to the myofilament structure, such as actin and

myosin in the filament [85].
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Skeletal muscle Epimysium Muscle fascicles
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Endomysium
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//v_
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Figure 4: Basic structure of skeletal muscle. This figure was adapted from [86]. The basic structure
unit of skeletal muscle is ‘muscle fibre’, which is surrounded by sarcolemma. Furthermore, there are
different layers of connective tissue sheath called epimysium, perimysium, and endomysium (outer
to inner layer).

In normal muscles, a population of muscle stem cells known as ‘satellite cells’ (SC) is present
at the periphery of muscle fibres between the sarcolemma and basal lamina [87]. These cells remain
guiescent under normal conditions. In case of injury, SCs become activated, proliferate, and then
differentiate into new myotubes or fuse with (or replace) injured muscle fibres [88]. These
multinucleated cells then differentiate into adult muscle fibres. The ECM is an integral part of skeletal
muscle structure, and it forms the framework that holds blood vessels and nerves in place in

myofibres. The ECM plays a vital role in maintaining and repairing the muscle fibres post-injury [89].
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1.4.1 The ECM

Skeletal muscles have a complex meshwork of the ECM containing collagen, glycoproteins,
proteoglycans, and elastin [90]. Studies over the past decade indicate that the ECM, the scaffolding
structure surrounding the cells, plays an influential role during cellular signalling and tissue
responses to injury and disease. The functions of the ECM in skeletal muscle include the
maintenance of muscle, myogenesis, regeneration and adaptations to the surrounding environment

and atrophy after periods of disuse [90, 91].

The basement membrane is a sheath-like, thick form of ECM that surrounds skeletal muscle.
The basement membrane consists primarily of type IV collagen and laminin [92]. Collagen IV is
present in the epimysial, perimysial, and endomysial interstitium, particularly around the basement
membrane [93]. Collagen IV forms a mesh-like structure with laminin, which is a ligand for two
sarcolemmal receptors — the dystrophin-associated glycoprotein complex and the integrin a7p1.
These are membrane-bound protein structures aligned in line with the Z-disks of myofibrils. Integrins
act bidirectionally, allowing intracellular signalling molecules to regulate the external adhesion and
transfer external stimuli to alter cellular processes. Dystrophin is a structural protein and is an
essential component in the dystrophin-associated glycoprotein complex, that plays a critical role in
the structural integrity of the ECM [94]. The conformational changes in the integrin receptor creates
an extracellular change, and this high-affinity upright state facilitates the binding of ECM proteins,
such as laminin, collagen, or fibronectin [95]. The dystrophin-associated glycoprotein complex is
another crucial factor in providing a mechanical linkage between the contractile components of

skeletal muscle [96, 97] (Figure 5).
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Figure 5: Basic structure of the ECM in skeletal muscle. This figure was adapted from [98]. The
main structural component in the skeletal muscle ECM is collagen IV, which forms cross-linking with
laminin which is important to maintain the structural integrity. The laminin acts as a binding ligand
for receptors on sarcolemma and membrane-bound protein structures. Dystrophin plays an
important role in maintaining the structural integrity of the ECM by binding laminin and other ECM
proteins through the dystrophin-glycoprotein complex.

Homeostasis of the ECM is maintained through a robust mechanism involving various
proteoglycans, growth factors, and enzymes. Collagen production results from downstream gene
transcription governed by the transforming growth factor beta (TGF-f) superfamily. TGF-f induces

the phosphorylation of Smad proteins, leading to the formation of activated Smad complex. This
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complex translocates into the nucleus and regulates transcription signals involving collagen and
synthesis and remodelling of the ECM [99]. Smalll leucine-rich proteoglycans interact with collagen
and may influence the assembly, organisation and stability of collagen fibres [100]. The transcription
rate for collagen production is slow, and it may take up to three days for complete translation. In
contrast, the secretion rates are quick, and their levels are elevated in less than one hour in the
extracellular space. The secretion rates are regulated, and post-transcriptional regulation controls
high collagen-producing cells by negative feedback control between the secretion and translation
rates [101]. Two families of enzymes govern the remodelling and homeostasis of the ECM: matrix
metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) [102]. TIMPs can
inhibit MMPs that degrade distinct types of collagens. Specifically, MMP-1 and MMP-8 initiate the
degradation of collagens | and IlI (prevalent in endo-, peri-, and epimysium), whereas MMP-2 and
MMP-9 break down type IV collagen (the major collagenous component of the basement membrane

in skeletal muscle) [103, 104].
1.5. Skeletal muscle regeneration

The regeneration of skeletal muscles is a complex process involving a series of well-

coordinated steps (Figure 6). | briefly explained these steps here.

a) Degeneration/ tissue necrosis - Muscle degeneration is a process of progressive
deterioration or breakdown of muscle tissues. Tissue necrosis refers to the premature death
of the cells within living muscle. These processes can trigger an immune response. Chemical
or mechanical trauma, ischemia, toxins including venoms, infections, and diseases can
trigger tissue necrosis or degradation.

b) Inflammatory responses - The first wave of imnmune response post-injury is the arrival of mast
cells and neutrophils at the injury site. The complement system, the first line of defence, is
activated within seconds after injury and leads to the arrival of the neutrophils and
macrophages at the injury site [105]. The muscle injury leads to rapid activation of resident
mast cells and releases pro-inflammatory cytokines such as tumour necrosis factor a (TNFa)
and interleukin (IL)-1. These secreted factors recruit more neutrophils, mast cells and other

immune cells to the injury site [106]. Neutrophils are an essential cell type in the first wave of
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the pro-inflammatory phase. Like mast cells, neutrophils release pro-inflammatory cytokines
including TNFa, interferon (IF)-y, and IL-1B. In two hours, this mechanism attracts many
neutrophils to the extracellular space around the damaged fibre [107]. Neutrophil-released
factors facilitate the clearance of necrotic tissues, which is essential for muscle regeneration.
Neutrophils are also a significant source of reactive oxygen species after the injury [108].
Neutrophils trim down the edges of the lesion to facilitate muscle regeneration. This action
temporarily worsens the injury site to move the muscle regeneration process to the next level.
Macrophages and T-cells mark the second step of muscle regeneration post-injury.
The number of macrophages significantly increases two days after the injury, along with the
rapid decline of the neutrophils [109]. During the process of muscle regeneration, these cells
undergo two different stages of activation: classically activated macrophage, M1 and
alternatively activated macrophage, M2. The M1 macrophages are pro-inflammatory, while
M2 macrophages are anti-inflammatory to promote resolution [110]. M1 macrophages
remove muscle debris and secrete TNFa, IL-6, and IL-13. TNFa attracts muscle stem cells
to the damaged site and facilitates myoblast proliferation. It has been suggested that IL-6 can
stimulate myoblast migration, proliferation, and differentiation. M1 macrophages recruit T
cells to infiltrate the injury site. T cells express a high amount of TNFa, INF-y, IL-1B, IL-4, IL-
12, IL-14, and several other cytokines. In addition, M1 macrophages are responsible for
generating nitric oxide (NO). A high concentration of NO can induce apoptosis [111].
Myogenesis — The transition from pro-inflammatory to anti-inflammatory after differentiation
is marked by a switch from M1 to M2 macrophages. Here, the pro-inflammatory
microenvironment is converted to an anti-inflammatory one [112]. M2 macrophages produce
anti-inflammatory cytokines including IL-4, 1L-10, and IL-13 to control local inflammatory
responses at the injury site. M2 macrophages also promote muscle stem cell differentiation
to myotubes, thus promoting late-stage myogenesis and regeneration [113]. The absence of
M2 macrophages causes a delay in muscle growth and inhibits muscle differentiation and
regeneration. Regulatory T cells (T regs) have potent abilities to control immune responses.
T regs secrete IL-10 and other cytokines to facilitate M1 to M2 conversion. T regs also help

slow the proliferation of SCs and promote the myoblast differentiation [114, 115]. The muscle
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d)

e)

regeneration process depends upon pro-inflammatory and anti-inflammatory pathways and
the presence and absence of inflammatory cells and their secretome. The contents of the
secretome provide a suitable microenvironment for the initiation, proliferation, and
differentiation of SCs into muscle fibres [116].

Myofiber maturation - The skeletal muscle is a complex, multifaceted tissue. The complete
maturation of the skeletal muscle involves the reconstruction of the ECM, angiogenesis, and
innervation. Matrix deposition begins within a week post-injury, driven by TGF-B-mediated
fibroblast response [117]. Fibroblasts play a critical role in the reconstruction of the ECM.
Fibroblasts promote the deposition of the ECM proteins, including collagen, which form the
structural framework necessary for tissue repair. The maturation and growth of the newly
regenerated muscle fibres are governed by various growth factors, including insulin-like
growth factor 1 (IGF-1), fibroblast growth factor (FGF), and hepatocyte growth factor (HGF),
which play important roles in promoting the growth and maturation of muscle fibres [118].
Functional recovery of the muscle - The muscle regeneration is only beneficial if the muscle
can regain its functional ability. The enlargement of muscle fibres (hypertrophy) contributes
to restoring muscle strength. Structural and functional recovery marks the final step of muscle

regeneration.
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Figure 6: Different stages of muscle regeneration following skeletal muscle damage. This figure was
adapted from [119]. A series of timely, interlinked processes outline the muscle regeneration
process. Regeneration can be briefly divided into different stages including tissue degeneration,
inflammatory responses, muscle regeneration, remodelling and functional recovery. The damage
caused activates inflammatory responses involving the release of various cytokines and growth
factors that activate SCs. These SCs undergo fusion and differentiation into myofibers. The
maturation of myofibers involves the remodelling of the ECM and hypertrophy of the regenerated
myofibres. The final stage of muscle regeneration is functional recovery of the muscle.

Dysregulation of muscle regeneration is common in muscle disorders such as Duchenne
Muscular Dystrophy (DMD), which is a degenerative disorder caused by a genetic defect that leads
to the absence of dystrophin. The lack of dystrophin leads to instability and fragility of sarcolemma.
Due to this, the degenerative stage persists in DMD patients, which leads to progressive muscle
loss. Repeated degeneration and regeneration cycles lead to muscle wasting and scar tissue
formation in the skeletal muscles of DMD patients [120]. Like DMD, Becker Muscular Dystrophy
(BMD) is also caused by a mutation in the dystrophin gene but it has a late onset. The common

aspect of various muscle dystrophies is that they are chronic muscle degenerative disorders and
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result in dysregulated muscle degeneration and fibrosis that leads to muscle wasting and loss of

muscle function.

The effect of snake venom on the muscle tissue causes persistent damage due to the
prolonged presence and effects of venom proteins. This condition mimics similar to chronic muscle
degeneration. Hence, like muscle degenerative disorders, SBE victims are presented with conditions

such as muscle fibrosis and wasting.

1.6. Venom-induced muscle damage

Venom-induced muscle damage is a rapid degeneration (myonecrosis) caused by venom
toxins at the site of injection and surrounding tissues. Snake venoms cause extensive pathological
changes in skeletal muscles following envenomation. The victims with elapid envenoming are often
presented with local tissue necrosis. The viper envenoming causes swelling, ischemia, blister
formation, tissue necrosis, and muscle fibrosis or scar tissue formation as long-term repercussions
in the bite victims. Muscle regeneration after venom-induced myonecrosis does not follow the normal
muscle regeneration process. Snake venoms often destroy the plasma membrane, connective
tissues, ECM, blood capillaries, and nerves. These components are crucial for the normal
regeneration of muscle. Myonecrosis is one of the most severe aspects of tissue damage induced

by SBE and a major factor in permanent disabilities [121].

In SBE, skeletal muscle damage is mainly caused by PLA; and SVMPs from elapid and viper
venoms. Experimental evidence shows that PLA; affect muscle fibres by disrupting the integrity of
the plasma membrane through enzymatic hydrolysis of membrane phospholipids. They also have a
catalytically independent mechanism, where they can penetrate and disrupt the membrane bilayer
by clustering hydrophobic and cationic residues located at the C-terminal region and neighbouring
molecular regions by Lys49 PLA, homologues [122, 123]. Studies indicate that the size of the
regenerated muscle fibre post PLA, mediated muscle damage is similar to typically mature muscle
fibre, indicating that the impact of myotoxic PLA,s (or cardiotoxin) on muscle regeneration is not
permanent and damaged muscles can be restored to their normal structure. When myotoxins from
the venom of Agkistrodon contortix were injected subcutaneously into the hind limb of the mice, there

was an increase in abnormal muscle fibre formation after myonecrosis [124, 125]. Venoms of elapid
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shakes mainly contain 3FTXs including cardiotoxins and PLA2 and low quantities of other toxins,
such as hyaluronidase. Cardiotoxin acts on sarcolemma through enzymatically independent
mechanisms. The damage in the plasma membrane results in a rapid influx of calcium ions from the
extracellular fluid, and a steep gradient occurs across this membrane [126]. Consequently, a series
of intracellular degenerative events, such as myofibrillar hypercontraction, mitochondrial damage,
and activation of calcium-dependent intracellular proteases and PLA:s, thus rapidly causing cell

damage [127].

In addition to PLA,, viper venoms contain haemorrhagic SVMPs, which act by degrading
proteins in the basement membrane of blood vessels, collagen, ECM, and surrounding capillaries.
In addition, they induce blistering, dermonecrosis, myonecrosis and a prominent inflammatory

reaction with the release of diverse inflammatory mediators [26].

1.7. Pathologies caused by venoms relating to muscle damage

1.7.1 Vascular damage

During the muscle regeneration process, adequate blood supply and timely removal of
damaged cells and debris are critical for effective regeneration [128]. SVMPs can degrade the
basement membranes in blood capillaries. This weakening of the vessel wall results in capillary
disruption and blood leaking in surrounding tissues [129]. The weakening of capillaries also leads to
necrosis of intramuscular arteries and smooth muscles [130]. The lack of adequate blood supply and
a hypoxic environment could contribute to poor muscle regeneration after the injection of viper
venoms. Hypoxia during the early stage and persistent loss of angiogenesis can lead to impaired
muscle regeneration. [131, 132]. The lack of microvasculature can also affect the arrival and
activation of inflammatory cells in a timely manner. An adequate supply of oxygen is vital for cell
survival. The absence of microvascular tissue harms the essential microenvironment, which can
affect muscle stem cells and the regeneration of muscle tissues [133]. Ischemia and hypoxia caused
by SVMPs affect the oxygen levels of the muscle tissue, harming the progress of muscle
regeneration. Experimental evidence also suggests the death of myogenic cells and smaller
regenerating fibres after the myonecrosis caused by viper venoms [131]. The compartment

syndrome results from vascular endothelial damage caused by the cytotoxic and haemorrhagic
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effects of venoms. Locally increased vascular permeability allows fluid build-up and increased fluid
pressure within limited space. The untreated compartment syndrome can compromise vascularity,
leading to ischemic contracture [134]. SVMPs have been demonstrated to reduce the density of
capillaries in muscle. A study showing the effects of a P-Ill metalloprotease from C. atrox venom

demonstrated that this reduction in capillary density persists even at day 10 [135].

1.7.1.1 Inflammatory responses due to vascular damage

A well-coordinated inflammatory response is required for effective muscle regeneration.
Immune cells like macrophages, T lymphocytes, T reg (regulatory T cells) lymphocytes, and T-CD8+
cells are known to activate and differentiate myoblasts (muscle precursor cells) [116]. Moreover, in
the initial wave of inflammatory cells, neutrophils followed by macrophages are responsible for
clearing necrotic tissue debris and preparing the microenvironment by releasing cytokines and
growth factors for muscle regeneration [136]. Macrophages are proven to be a key component for
effective muscle regeneration. An orchestrated mechanism between pro-inflammatory M1
macrophages, and anti-inflammatory M2 macrophages is critical for regeneration [137]. The anti-
inflammatory environment alters the landscape from myoblast proliferation to myoblast fusion and
myotube formation [138]. The lack of a vascular network can hinder the timely arrival of cells, and
persistent damage caused by SVMPs can push the muscle into a constant degeneration-
regeneration cycle. The lack of coordination between M1 and M2 macrophages can jeopardise the
process of regeneration and can also alter the equilibrium between myogenic cells and fibro-
adipogenic progenitor cells [139]. Myogenic cells eventually give rise to myofibers, leading to normal
muscle structure, whereas fibro-adipogenic prolonged survival of progenitor cells leads to fibrotic
tissue formation [138]. This imbalance can lead to excessive formation of fibroblasts instead of
myoblasts and results in fibro-adipose tissue deposition or muscle fibrosis, a known pathological
condition resulting from viper envenomation [140, 141]. When the muscle is affected by SVMPs, the
microcapillary network is destroyed around the affected tissues, which leads to the absence of the
infiltration of inflammatory cells [141, 142]. In this case, the standard actions of neutrophils followed
by active macrophages, which remove the necrotic tissues and release growth factors and cytokines,

cannot take place in an intended way. The crucial switch from M1 to M2 macrophages to complete
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myoblast proliferation and myotube formation is vastly affected. As a result, muscle regeneration
does not follow the ordinary course of the regeneration pathway. Instead, there is a formation of
fibro-adipose tissues. Another study speculated that apoptotic signals required for regular renewal
are either absent or have a minimal presence within the first few days of myonecrosis caused by
viper envenoming, which may lead to abnormal muscle fibres. However, in some cases, SCs are
activated while expressing Pax-7 after muscle damage, a regular shift in the reparative program from
muscle regeneration to fibro-adipose tissue formation, which is affecting the regenerative cells [143,

144].
1.7.2 Damage to the ECM structure and modification

The damage to the ECM structure plays a vital role in muscle regeneration, and permanent
skeletal muscle damage is associated with the alterations in the ECM structure [145]. SVMPs have
been known to have the ability to cause extensive and long-term damage to the ECM. P-I
metalloproteases can co-localise with collagen IV, a significant component of ECM, whereas the
enzymatic activity of P-l1ll SVMPs can vastly affect collagen IV, laminin, and dystrophin [135, 146].
Because of high SVMP contents, viper venoms can degrade the most prominent ECM structural
components such as collagen. The lack of structural scaffolding during the regeneration process
results in abnormal distribution of the ECM, leading to impaired muscle regeneration and fibrosis
[145]. Simultaneously, the onset of acute inflammatory action and tissue necrosis results in the
overexpression of MMPs, contributing to excessive turnover of the ECM [147]. As the cascade of
tissue destruction and the pathological changes in the tissue continue, the release of cellular
contents from the disrupted cells causes more damage. ECM also contains essential cells such as
fibro-adipogenic progenitors, mesenchymal progenitor cells, and connective tissue growth factors.

These are essential for ECM reconstruction, remodelling and maintenance [148].
1.7.3 Damage to intramuscular nerves

An adequate nerve supply is another crucial requirement for skeletal muscle regeneration
[149]. Prominent nerve damage is often observed in cases of viper envenomation, which is
associated with myelin breakdown, axon loss and damage to perineural structure [150]. A study

conducted using Bothrops jararacussu venom demonstrated that after a sublethal dose of
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intramuscular venom injection, all intramuscular nerve bundles were depleted entirely [151]. Some
reports have demonstrated reduced intramuscular nerve supply, especially upon exposure to
myotoxic and neurotoxic PLA,. Studies carried out with Bothrops asper venom have shown that the
necrotic zone after the acute phase of damage reduced the number of intramuscular nerves.
However, by day 28, the nerve density was increased, suggesting a reinnervation [152]. These
findings indicate that both PLA; and SVMPs-rich whole venoms induce extensive nerve damage;

however, PLA>-mediated nerve damage has better recovery than SVMPs-mediated damage.

In summary, SBE may result in extensive and permanent muscle damage due to ischemia,
tissue necrosis, microvasculature and nerve damage, ECM degradation, hampering SC action in the
muscle, and imbalance in immune response. These conditions lead to impaired muscle regeneration

and the development of permanent pathological conditions such as muscle fibrosis (Figure 7).
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Figure 7: Summary of factors determining impaired muscle regeneration following SBE-induced
damage. The diagram was adapted and modified from [121].
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1.8. Current treatment approaches for SBE-induced local tissue damage

The first antivenom was developed against the Indian cobra in 1895, and until now, the only
available treatment for SBE is the anti-snake venom (ASV or antivenom) [153]. Antivenoms are
usually raised against the venoms of medically important snakes in a specific region or country. Even
though antibodies are raised against geographical venom variants to provide more specific
antibodies, they are also a limiting factor for cost and broader applications. Although antivenom has
been proven effective in treating the systemic effects of envenomation, there are several issues
associated with antivenom treatment. For example, antivenoms are mostly available in lyophilised
form as they suffer stability issues in liquid form. The victims may suffer adverse reactions due to
antivenom administration as they originate from animals. The production cost involved often makes
antivenoms too expensive for those in need. The antivenoms are produced in large mammals due
to the availability of large blood volume. Traditionally, the venom is extracted from selected
specimens by ‘milking’. The collected venom is injected into large animals (e.g. Horses). Then, the
blood from the injected animal is collected, and the total IgG is purified. The F(ab)2/Fab fractions are
produced from isolated IgG and used in antivenom therapy to reduce serum sickness. Over the
years, the procedure to produce antivenoms remained the same. This process involves capturing
and maintaining snake species and large facilities for holding and maintaining the well-being of the
production animals [154]. Most antivenoms available today are equine immunoglobulins or their
fragments. However, sheep, donkeys, and camels are sometimes used for antivenom production

[155].

Sometimes, whole immunoglobulins (IgG) can cause anaphylactic reactions in humans.
Therefore, the fragmented (Fab) antibodies can lower the risk of allergic reactions, but they have
faster renal clearance [156]. Fab-based antivenom has also shown better reach and neutralisation
abilities but has reduced half-life [157]. In some cases, recombinant antivenoms are also available
for F(ab)2 (CroFab). The pharmacokinetic properties of these antivenoms are better than whole IgG
but less than Fab fragments [157]. The antivenom is available either in monovalent (raised against

a single species) or polyvalent (raised against a mixture of different species) forms [4].
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In local tissue damage, the microvasculature is often damaged [102, 135]. In this situation,
the intravenous administration of antivenom is ineffective as the antibodies may not reach the site of
damage. Antibodies are also bulky molecules that fail to reach the site of local tissue damage with
intravenous administration due to their inability to penetrate the damaged tissues. The antivenoms
are raised against whole venoms. Even though tissue damage results from the synergetic effects of
venom toxins present in the whole venom, only a few specific toxin families, such as SVMPs, PLA2,
and 3FTx, play critical roles in tissue damage. Therefore, the antibodies produced against the whole
venoms may not act specifically against these toxins. Without specific treatment, the local tissue
damage is often managed by surgical procedures such as fasciotomy- a process of releasing
compartment pressure built up in the tissues, debridement- surgical removal of necrotic/damaged
tissues followed by skin grafting, and, in worse scenarios, amputation of affected limbs. These are
still the most popular or only available options to tackle SBE-mediated local tissue damage, which

often results in muscle loss and permanent disabilities [158].
1.9. Alternative treatments for SBE venom-induced local muscle damage

Due to the disadvantages of antivenoms, a range of research activities are underway to
develop better therapeutics for SBE, including muscle damage. Several studies have been carried
out using different small molecule inhibitors or peptides to neutralise the effects of venoms in vivo.
A recent study explored the impact of small molecule inhibitors and metal chelators to counteract
the effects of viper and elapid venom toxins such as SVMPs and PLA,. Varespladib was initially
developed to neutralise high levels of PLA; for conditions like acute coronary syndrome, rheumatoid
arthritis, asthma, and sepsis. The structure, function, and efficacy studies for varespladib have
directly addressed its potential for SBE therapy [159]. Therefore, this is being tested for various

applications in SBE-induced systemic and local effects.

Similarly, marimastat, a broad-spectrum MMP inhibitor, was initially tested in clinical trials as
a cancer treatment, specifically in inhibition of tumour metastasis. This drug failed the trial because
the prolonged treatment with this drug resulted in severe side effects [160]. However, in SBE, the
treatment period is shorter. Therefore, due to their potential specific inhibition of snake venom PLA;

and SVMPs, these drugs have been repurposed and tested against SBE. A study demonstrated that
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by using combinations of varespladib and marimastat, dimercaprol or DMPS (SVMP inhibitors), it
was possible to reduce the systemic haemotoxic effects of viper envenomation. This study supports
a combination therapy using small molecule inhibitors such as varespladib and marimastat [161].
Another study achieved in vitro and in vivo neutralisation of viper venoms from different geographical
locations including the West African and South Asian saw-scaled vipers (Echis ocellatus and Echis
carinatus), the Central American ferde-lance or terciopelo (Bothrops asper), the African puff adder
(Bitis arietans) and the South Asian Russell's viper (Daboia russelii). They used clinical-grade metal
chelators that can reduce the availability of Zn?* required for SVMP bioactivity and phase-II approved
peptidomimetic hydroxamate inhibitors, which can directly bind the Zn?* ion present in the catalytic
core of the metalloproteinases. The research outcome from this study provided strong evidence
suggesting that the combination of marimastat and varespladib has the potential as a pre-hospital
treatment for SBE-induced systemic effects by achieving cross-species venom neutralisation in the

geographically different viper species [162].

In another approach, a published study proposed using these inhibitor molecules to tackle
the local effects of Bothrops asper venom. This viper venom is rich in myotoxins, especially myotoxin
I, a Lys49 non-enzymatic PLA; analogue crucial in exhibiting myotoxic effects. However, this toxin
is moderately immunogenic and fails to raise a strong antibody response during animal
immunisation. A peptide inhibitor molecule (JB006) targeting myotoxin |l was tested for its selective
binding and functional neutralisation efficacy. This peptide reduced myotoxin-ll-induced cytotoxicity
in the C2C12 cell line. Pre-incubation of myotoxin Il and different concentrations of JBO06 peptide
showed a dose-dependent reduction in myotoxicity in an in vivo mouse model by completely
inhibiting the release of creatine kinase at the highest tested concentration (900 uM). The data from
structural modelling suggested that the peptide-myotoxin Il interactions could be due to electrostatic
interactions. This questions the specificity of JBO06 towards myotoxin Il. There is a hypothesis based
on peptide-myotoxin interaction, which needs further experimental research. The study suggested
further investigation, structural modification to increase specificity, and studies on half-life and

bioavailability, which are required to support the current data [163].
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Scientists have explored using traditional medicine and plant extracts for years for SBE
treatment. Medicinal plants are a rich source of bioactive compounds. These natural compounds,
such as alkaloids, proteins, and phenolic compounds, have been used in experiments to test their
effects against whole venoms or purified toxins. Compounds like atropine (cholinergic blocker),
Azadrictha indica (PLA: inhibitor), Aristolochic acid (reduction in oedema), Rosmarinic acid (anti-
inflammatory, anti-myotoxic), B-sitosterol (anti-myotoxic) and many more have been shown to
reduce or inhibit the effect of different venom toxins. Most of these experiments have proven effective
in in vitro studies but lack evidence of in vivo data [164]. These alternative treatment options primarily
focus on systemic neutralising of whole venoms or specific venom toxins. However, treatment for
SBE-medicated local tissue damage is relatively unexplored. There is an enormous scope for

research and improvement in treating venom-induced muscle damage.

Successful inhibition of venom toxins may result in the effective regeneration of damaged
muscle. The tissue damage begins when the venom enters the victim's system. An early stage of
muscle regeneration decides the outcome of the post-damage repair. Hence, an early restriction of
SVMPs and PLA; toxins will vastly improve muscle regeneration options. Batimastat and marimastat
are known inhibitors of MMPs. These are phase ll-approved drugs, following rigorous safety and
efficacy studies. However, higher water solubility makes marimastat a more desirable candidate
[165]. At the same time, varespladib has been effective in reducing the systemic effects of venom

PLA;[166].

SVMPs and PLA; have specific target components in the tissue but also indirectly affect the
entire regeneration process. The metalloprotease domain of SVMPs has an affinity towards collagen
IV in the ECM. Research suggests that with the help of this domain, SVMPs can co-localise
themselves with the ECM components, and the additional enzymatic domain can degrade different
ECM components [146]. SVMP's action on microcapillary networks affects the blood and oxygen
supply in the damaged tissue. The absence of capillaries reduces oxygen levels in the damaged
tissue, and blood supply is also essential to maximise the reach of immune cells to remove and
repair damaged and necrotic tissue. SVMPs also directly affect SC mobility, and lack of ECM

scaffolding affects SC action and ECM remodelling [44, 129, 135]. Hence, SVMPs, directly and
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indirectly, affect tissue regeneration and repair. PLA;s on the other hand, includes tissue necrosis
either by directly acting on the phospholipid bilayer or inducing calcium reflex promoting tissue
necrosis [56, 167]. If we can block the action of these two toxin families in vivo, we can control the
tissue damage caused by viper venoms. Hence, using small molecule inhibitors specific for SVMPs

and PLA:s can be a viable option to stop the actions of these two toxins in vivo.

1.10. Regenerative medicine to improve muscle regeneration

For effective muscle regeneration, a suitable microenvironment is essential [168]. Our current
and previous research demonstrates that the enzymatic action of venom toxins, lack of blood supply
to the damaged tissues and inability of immune cells to act promptly creates an unfavourable or

rather hostile environment for tissue regeneration [135].

Stem cells have proven their use and importance in regenerative medicine. They form a
clonal cell population and differentiate into various cells/tissue types. Stem cells can be divided into
three main categories: a) Embryonic stem cells are pluripotent stem cells derived from the inner
mass of developing blastocytes. Pluripotent stem cells can develop into any cell type in the human
body. Due to their ability to differentiate into any cell type, these cells have developed significant
interest in tissue engineering and regenerative medicine; however, embryonic cells have been the
subject of ethical debate. b) Induced pluripotent stem cells- like embryonic stem cells, these cells
are also pluripotent. Unlike embryonic stem cells, the generation of these stem cells does not involve
the destruction of an embryo. Induced pluripotent stem cells are generated by reprogramming adult
cells, such as skin cells or blood cells, back into pluripotent cells. This programming is achieved by
inducing specific transcription factors into the cells. c) Adult stem cells are multipotent stem cells and
can develop into the same tissue lineage in which they are located. Adult stem cells are often used
for autologous transplants. These cells include haematopoietic, neural & mesenchymal stem cells.
Even with limited plasticity, adult stem cells are attractive tools for regenerative medicine due to the
easier availability and ethical feasibility of obtaining these stem cells [169]. The therapeutic use of
stem cells is mainly because of three essential qualities: Homing, where cells migrate to the site of

injury due to chemical or chemo-attraction mediated by cell surface receptors. 2. Ability to
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differentiate into multiple tissues/cell types. 3. Secretion of numerous bioactive factors affecting local

and systemic physiological processes [170].

Studies have shown that stem cells significantly promote the repair of injured tissues.
Typically, functional recovery of an organ achieved by stem cells was considered part of the stem
cell differentiation process. A recent study has revealed that the outcome of tissue repair depends
upon the local microenvironment of surrounding cells and the secreted products of stem cells [171].
Stem cell secretome is a term collectively used for soluble paracrine factors, including various
cytokines, growth factors, and extracellular vesicles produced and released by stem cells under
stressful conditions. The stem cell secretome contains cytokines, growth factors, ECM components,
extracellular vesicles, exosomes, microvesicles, membrane particles and peptides [172]. They are
mainly utilised for inter-cell communications, angiogenesis, and growth of new cells [173]. In addition,
they are also responsible for tissue development, homeostasis, and regeneration. This potent
combination of trophic factors can modulate the molecular composition of the environment to evoke
a response from resident cells, and this phenomenon is called the paracrine effect. Studies have
shown that stem cells contribute to tissue repair and regeneration by releasing a spectrum of
paracrine factors that can lead to cell regeneration, repair, angiogenesis, tissue remodelling, and cell
survival. Most studies demonstrating the paracrine activity of stem cells for cardiac repair have
utilised adult stem cells. These cell types include mesenchymal stem cells, bone marrow stem cells,
cardiac progenitor cells, and endothelial progenitor cells. Experimental investigation of the paracrine
activity of mesenchymal stem cells revealed that administration of mesenchymal cell-derived, cell-
free condition media increases the survival of cardiomyocytes in vivo and in vitro settings [174]. The
paracrine factors secreted by mesenchymal stem cells, such as vascular endothelial growth factor,
are effective in stem cell-mediated myocardial recovery in case of ischemia [175]. Mesenchymal
cells have been applied as a therapeutic strategy for chronic muscle degeneration caused by
muscular dystrophies, such as Duchenne muscular dystrophy. These cells are primarily examined
for their antifibrotic and immunoregulatory properties. Secretory factors of mesenchymal stem cells

were effective in enhancing the proliferation and differentiation of muscle stem cells, ECM
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modulation, reduction of muscle fibrosis and muscle mass gain in chronic muscle degeneration

studies [176-178]

Although it is well known that muscle tissues have SCs, in many cases of traumatic injury or
diseases, including SBE, the quantity and potency of endogenous stem cell population are
insufficient to regenerate compromised tissues due to dampening of proliferation and fusion
potential. The traditional treatment option to achieve effective muscle regeneration is to transplant
stem cells directly. However, in SBE-induced damage, the microenvironment is not favourable for
the growth and development of stem cells. Stem cell secretome proved to be useful in many
applications because of its different properties, including immunomodulatory, anti-inflammatory, anti-
apoptotic, wound healing, tissue repair, neuroprotective, angiogenesis, and anti-microbial effects.
Preclinical studies with mesenchymal cell secretome have shown the effects on immune cells'
proliferation, activation, and function [179]. It is well established that the anti-inflammatory effects
are mediated by soluble immunoregulatory molecules, which consist of tumour necrosis factors,
interleukins, and anti-inflammatory cytokines. The balance between anti-inflammatory and pro-
inflammatory cytokines helps the outcome [180]. Therefore, the paracrine effects of the cell

secretome play a significant role in wound healing [181].

Several studies have reported the presence of growth factors in cell secretomes that
contribute to the regeneration of damaged tissues. It also has anti-fibrotic and angiogenic effects
that can reduce scar formation [182, 183]. Pro-inflammatory stimuli were largely studied using
adipose-derived stem cell secretome (ASC). When TNF-a was stimulated, ASC was applied to the
rodent wound healing model, where the analysis showed elevated levels of IL-6, IL-8, and MCP-I,
which increased monocyte migration at the injury site. It also showed prominent levels of cathepsin,
which is crucial in ECM remodelling and angiogenesis. After applying ASC, the wounded area
showed increased capillary density and a fast overall wound recovery [184, 185]. Some factors have
been reported that enhance clinically important properties of ASC. Microarray analysis has shown
that some scaffold-free spheroids upregulate the genes responsible for transforming collagen,
laminin, fibronectin, tenascin, and many other growth factors [183]. These enhanced growth factors

provide improved effects than natively secreted growth factors. Platelet secretome also has
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abundant cytokines that can offer a hospitable and nourishing microenvironment in the affected

muscle area, and it has been used in wound healing.
1.11. Improving muscle regeneration by reducing fibrosis

Earlier studies have shown that SBE-induced muscle damage presents with fibrotic
tissue deposition [117, 141, 186]. Muscle fibrosis affects muscle regeneration and hinders the
restoration of structural and functional characteristics of damaged tissues. In viper venom-induced
muscle damage, the regenerated tissue is often fibrotic [150]. Fibrosis can permanently lose the
structure and function of that part of the muscle. This issue shares a similar pathology to that of
muscle degenerative disorders, where constant degeneration and regeneration takes place to
replace normal muscle fibres with fibrotic tissues. Anti-fibrotic molecules such as decorin, imatinib,

soluble activin receptor 11B, and losartan have proven effective in controlling fibrosis.

Myostatin is an extracellular cytokine belonging to the TGF- family expressed in skeletal
muscle lineage. Myostatin is a well-studied promotor of muscle fibrosis and is secreted from
fibroblast after proteolytic fusion. Activin IIB is a punitive receptor for myostatin binding. After binding
with activin receptor IIB, they form a complex with activin receptor I. This complex acts through the
Smad signalling pathway blocks the expression of the myogenesis gene and promotes fibrosis while
reducing muscle growth [187]. An anti-fibrotic molecule, the recombinant soluble activin receptor IIB
counterpart is an inhibitor for myostatin. Soluble activin receptor 1IB acts as a competitive inhibitor
for myostatin, reducing myostatin binding to innate activin IIB receptors, thus promoting muscle
growth and reducing muscle fibrosis [187, 188]. Another inhibitor is suramin, a TGF- inhibitor that
has been studied as an anti-fibrotic molecule. Studies suggest that suramin treatment can improve
the differentiation of muscle SCs to myoblasts. Suramin can indirectly inhibit myostatin, reduce
muscle fibrosis, and enhance muscle strength [189, 190]. Some studies have also explored the anti-
fibrotic effects of nilotinib. This drug reduces muscle fibrosis by promoting tumour necrotic factor-

mediated apoptosis of fibro-adipogenic progenitors during chronic muscle injury [191].
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1.12. Rationale of this study

As evident from all the previous research, SBE-mediated skeletal muscle damage leads to
permanent muscle loss and often results in disabilities. Viper venom can cause an impairment in the
innate muscle regeneration process. Viper venom proteins last longer in the tissues, inducing
persistent damage. They can alter the trajectory of the innate immune responses, hinder the
functions of muscle stem cells, and alterations in the ultrastructure of the skeletal muscle cells.
Hence, we must develop potential therapy focused on local tissue damage repair. For the global
treatment applications, it is better to focus on the specific areas that result in impaired tissue
regeneration rather than developing a therapy based on species-specific venoms or venom toxins.
Hence, in this study, we have focused on three primary areas to improve muscle regeneration in
viper venom-induced skeletal muscle damage. We use small-molecule inhibitors, antifibrotic
molecules, and regenerative medicine to rectify these issues. We have developed animal models
and examined the progress of skeletal muscle regeneration based on the analysis of various
biomarkers. This analysis leads us towards comprehending muscle regeneration, different stages of
muscle regeneration, secretion and remodelling of the ECM, and progress towards angiogenesis,
intramuscular bleeding, and muscle fibrosis. We aimed to gather as much information as possible to

see the effects of a given treatment.

We have analysed these treatment molecules individually; however, the information gathered
would help develop a stand-alone or combinational therapy to treat SBE-induced skeletal muscle
damage. This project provides exciting new opportunities for the prevention/treatment of SBE-
induced skeletal muscle damage. With specific treatment options, there is a hope to lower the impact

of SBE-induced permanent muscle damage and morbidities.

The two venoms used in this study are Ctroatus atrox (C. atrox) venom, a prominent snake
species in southwestern America and northern Mexico. The venom of C. atrox is potent cocktail of
SVMPs, SVSPs, PLA,, LAAO, C-type lectic-like proteins. SVMPs constitute for around 69.5 % of
total venom proteins [176]. Which makes it an ideal venom to study muscle damage. The second
venom included in the study is from Daboia russelii (Russell's Viper- RV). This species is medically
important in Indian sub-continent and responsible for maximum mortality and morbidity cases in
snake bite victims. This venom is rather interesting. Unlike most viper venom, the predominant toxic

family in RV venom is PLA,. The percentage of PLA,, varies vastly due to regional variations in the
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venom. Recent analysis confirmed that the percentage of PLA, ranges from 38% to 56% [192].
Despite of the huge difference in venom composition in the venom proteins, both venoms have been

reported to cause extensive skeletal muscle damage up on administration.

1.13. Hypothesis, aim and objectives

We hypothesise that neutralising major venom toxins, providing a favourable
microenvironment for muscle regeneration, and reducing fibrosis will result in successful muscle

regeneration following SBE-induced muscle damage.

This study aims to develop specific treatment approaches to rectify the difficulties regarding

impaired muscle regeneration post-viper envenoming.
The specific objectives are to:

1) Neutralise the major venom toxins such as SVMPs and PLA; using selective small molecule

inhibitors and assess their impact on muscle regeneration.

2) Provide a suitable environment using stem-cells-derived secretome to enhance muscle

regeneration following venom-induced damage and

3) Reduce muscle fibrosis using a recombinant soluble activin receptor 1IB to regenerate muscle

following venom-induced damage.
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Abstract

Skeletal muscle damage is a severe complication arising due to snakebite envenoming
(SBE). Currently, the only available treatment for SBE is antivenom produced against regionally
specific venomous snakes. While the antivenoms are helpful in neutralising the systemic effects of
venom toxins, they cannot prevent/treat local muscle damage as they are unable to penetrate
through the damaged tissues and blocked blood vessels/capillaries. In the absence of any specific
treatment, the muscle damage is often treated by surgical procedures, such as debridement and
fasciotomy and, in worse cases, amputation. Therefore, there is an urgent need to develop novel
treatment strategies for snake venom-induced muscle damage. Recently, small molecule inhibitors
have been effectively assessed for the systemic neutralisation of specific venom toxins, including
metalloproteases and phospholipase A; In this study, we used marimastat and varespladib as
metalloprotease and phospholipase A; inhibitors, respectively, to determine their efficacy in
attenuating Crotalus atrox (C. atrox) venom-induced muscle damage in mice. We have studied the
effect of these molecules on inflammatory responses, muscle regeneration, extracellular matrix
synthesis, and remodelling of the damaged muscle. Our findings suggest that both marimastat and
varespladib can effectively neutralise metalloproteases and phospholipase Az, respectively, under
in vivo settings, and they promote muscle regeneration by reducing fibrotic tissues and inducing the
reconstruction and remodelling of the extracellular matrix. Therefore, they can act as potential

therapeutic candidates to treat/prevent SBE-induced muscle damage in human patients.
1. Introduction

Snakebite envenoming (SBE) is a life-threatening condition that primarily affects
impoverished communities worldwide. The only treatment available for SBE is the antivenom
produced against regionally specific, medically important venomous snakes. While antivenoms
effectively neutralise circulating venom toxins, they are proven to be ineffective in treating local tissue
damage induced by SBE, one of the most severe repercussions of SBE [1]. Due to the lack of any
specific therapy, venom-induced muscle damage is often tackled by surgical approaches such as
tissue debridement, fasciotomy, and, in extreme cases, amputation [2]. These methods

fundamentally involve the removal of the affected tissues and not recovering the damaged muscle,
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resulting in permanent disabilities. Annually, around 400,000 people suffer from permanent
disabilities following SBE [1]. Adjusting back to life with physical disabilities after SBE affects the
victims' well-being and socioeconomic status [3]. Moreover, SBE-induced muscle damage mainly
affects the most productive age group in rural communities and causes long-term health
consequences and socioeconomic ramifications [4]. Hence, novel diagnostic and innovative

treatment options that can help mitigate the severe damage caused by SBE are critically important
[5].

The class of snakes most likely to cause permanent tissue damage are vipers - medically
important snakes distributed widely across Asia, Africa, Latin America, and Oceania [6]. While the
venoms of some elapid snakes are responsible for inducing muscle damage, elapid-induced muscle
damage is often self-resolved and does not turn into permanent muscle damage. On the contrary,
viper envenoming is predominantly associated with permanent tissue damage. Viper venom
primarily consists of metalloproteases (SVMPs), phospholipase A, (PLA>), serine proteases and
other toxins. SVMPs and PLA; form roughly ~60% of the venom proteins in several viper snakes [7].
SVMPs are zinc metalloproteases divided into four classes, PI, PII, PlIl and PIV, depending on their
structural domains and molecular weights [8]. PLA2s are smaller molecular weight Ca?*-dependent
proteins, with a catalytic activity to hydrolyse cell membranes [9]. These two toxin families cause
muscle damage and impairment to muscle regeneration by inducing myotoxicity, necrosis, and
degradation of the extracellular matrix (ECM), affecting blood capillaries and angiogenesis [10]. A
previous study from our laboratory shows that the PllIl SVMPs stay active in the damaged tissue for

a long time after initial administration [11].

Small molecule inhibitors against specific toxins such as metalloproteases and PLA; have
recently gained much attention in direct inhibition and attenuation of venom effects [12, 13]. For
example, marimastat is a broad-spectrum matrix metalloproteinase inhibitor that has been
demonstrated to inhibit SVMPs from several species. Similarly, varespladib is a potent PLA; inhibitor
that has proven effective in neutralising venom PLA>s from many species. Intravenous
administrations of these inhibitors neutralise the systemic effects of venom toxins in vivo settings

[14-16]. Most studies so far have explored the systemic effects of these molecules, whereas we have
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tested their effects on local tissue damage. In this study, we used C. atrox venom which comprises
~ 50% of SVMPs and 7.9% of PLA:[17]. The victims suffering from C. atrox envenomation show
myotoxic and haemotoxic symptoms. We hypothesised that neutralising the SVMPs and PLA;s in
this model viper venom could prevent venom-induced muscle damage and promote innate muscle
regeneration. Hence, in this study, we focused on neutralising SVMPs and PLA;in C. atrox venom

using varespladib and marimastat and determining their effects on venom-induced muscle damage.
2. Material and Methods
2.1 Materials used

Lyophilised C. atrox venom, marimastat, and varespladib were purchased from Sigma Aldrich

(UK). Unless otherwise stated, all other chemicals were obtained from Sigma Aldrich, UK.
2.2 Enzymatic assays

The metalloprotease (MP) activity of C. atrox venom was assessed using DQ-gelatin
(ThermoFisher Scientific, UK), a fluorogenic substrate for collagenolytic enzymes. Different venom
concentrations were mixed with phosphate buffer saline (PBS) and 2 ug DQ gelatin in a 100 L total
reaction volume. The reaction mix was incubated at 37°C, and the level of fluorescence was
measured at various time points using a spectrofluorometer (FLUOstar OPTIMA, Germany) at an

excitation wavelength of 485 nm and emission wavelength of 520 nm.

Similarly, the PLA; activity of the venom was assessed using an EnzChek™ Phospholipase
A, assay kit. The level of fluorescence was measured at different time points with an excitation

wavelength of 460 nm and an emission wavelength of 515 nm by spectrofluorimetry.
2.3 Administration of C. atrox venom into the tibialis anterior (TA) muscle of mice

All the procedures on the experimental mice were performed in line with the principles and
guidelines approved by the British Home Office and the Animals (Scientific Procedures) Act 1986.
The study protocols were also approved by the University of Reading Ethics Committee. The
C57BL/6 (8-12 weeks old) mice were obtained from Charles Rivers, UK. The mice were assigned
into four cohorts: a) CA (venom only) group with no inhibitors, ii) CA with marimastat, iii) CA with

varespladib and iv) CA with a combination of marimastat and varespladib. The mice were
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anaesthetised using 3.5% (v/v) isofluorane in oxygen. C. atrox venom was dissolved in sterile PBS
and injected intramuscularly into their right TA muscle (30 pL of total volume injected) at the dose of
5 pg/20 g animal weight ( 0.25 pg/ g which is ~ 10 times less than LDsg) . This dose was selected
based on the metalloprotease activity of this venom as analysed above. The inhibitors were injected
(4 mg/kg) intraperitoneally, with the first dose given one hour after venom injection followed by further
injections every 24 hours until the muscle was dissected. The mice were sacrificed using carbon
dioxide on day 5 or 10 after the venom injection to collect tissues for further analysis. The blood
samples were collected by cardiac puncture with ethylenediamine tetraacetic acid (EDTA) as an
anticoagulant. The TA muscles were dissected, weighed, and frozen using liquid nitrogen-cooled

isopentane and then stored at -80° C until further use.

The IC50 of inhibitors was calculated by using constant venom concentration against serial

dilution of inhibitors. The graph and IC50 values were generated using GraphPad Prism 8.
2.4 Histological examination

The frozen TA muscles were mounted using the Tissue-TEK ® OCT compound, and sections
of 13 um thickness were obtained using cryo-microtome to examine the internal structures of the
muscle. The muscle sections were then subjected to histological examination using haematoxylin
and eosin (H&E) staining. Briefly, the slides were submerged in PBS to wash away the OCT. Next,
slides were treated with Harris haematoxylin stain for 2 minutes and then rinsed under running tap
water. Slides were then dipped twice in acidic alcohol [70% (v/v) ethanol and 0.1% (v/v) HCI] and
rinsed with running tap water. Tissues were then stained with 1% (w/v) eosin, followed by gradual
dehydration steps using 70%, 90% and 100% ethanol. As a last step, slides were treated with Xylene
and mounted using Distyrene Plasticiser Xylene (DPX) mounting media. Sections were imaged using
an Axioscope Epifluresent microscope. The size of regenerated fibres was calculated by taking the
area of 50 fibres that displayed centrally located nuclei from each section using ImageJ (version

1.52a) and were then averaged.

The distribution of collagen and tissue fibrosis was analysed using picrosirius red staining.
The staining was performed according to the manufacturer's instructions (Abcam, UK). Slides were

immersed in Bouin solution and incubated for 15 minutes at 56°C in a water bath. Then, the slides
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were washed with distilled water for 15 minutes and then immersed in a picrosirius red stain jar for
1 hour in the dark, followed by dipping the slides twice in acidified water [0.5 % (v/v) glacial acetic
acid) in two separate jars. The muscle sections were dehydrated with 100% ethanol three times for
5 minutes. Lastly, the slides were cleaned by immersing them in Xylene for 5 minutes. Slides were
mounted in the DPX mounting media and kept in a fume cupboard for drying. Sections were imaged
using an Axioscope Epifluresent microscope. The level of fibrosis was calculated using threshold
analysis. A set area (200 um?) was selected from the undamaged muscle and a baseline was set
using the ImageJ threshold analysis tool. This value was compared to that from a 200 um?area of a

damaged muscle region to give a relative value (%) of picrosirius red coverage.
2.5 Immunohistochemistry

The tissue sections were incubated in a permeabilisation buffer [20 mM HEPES, 3 mM MgCl,,
50 mM NacCl, 0.05% (w/v) sodium azide, 300 mM sucrose and 0.5% (v/v) Triton X-100] for 15
minutes, then washed three times with PBS. Slides were then incubated in a blocking buffer [PBS
with 5% (v/v) foetal bovine serum and 0.05% (v/v) Triton X-100] for 30 minutes at room temperature.
Primary antibodies were prepared in washing buffer (1:200), and then sections were incubated with
the primary antibodies overnight at 4°C. The unbound primary antibodies were washed with wash
buffer and then incubated with secondary antibodies (1:200) prepared in blocking buffer for 1 hour
in the dark, at room temperature. Slides were mounted using a fluorescent mounting medium (Dako,
UK) with 4,6-diamidino-2-phenylindole (DAPI) to visualise myonuclei. Tissue images were obtained
using a Zeiss Axiolmager-fluorescence microscope. All the images were analysed for different
markers using ImageJ. In addition, automated ImageJ plug-ins were used to perform threshold and
whole-section analyses. The size of IgG infiltrated, or MYHIIl-expressing fibres was determined by
measuring the area of 30 fibres from each section of each animal. The thickness of collagen 1V,
laminin, and dystrophin was measured and compared with thickness of the undamaged muscle
fibres. 30 fibres with centrally located nuclei from the damaged region of one section of each animal
were measured using ImageJ. The intramuscular bleeding and presence of venom in tissues were

calculated using threshold analysis in sections stained for fibrinogen and anti-C. atrox antibodies.
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An area of 200 um? section was selected from the damaged region of the muscles and compared to

baseline threshold value from undamaged muscle.
2.6 Cytokine analysis

A range of cytokines and chemokines was analysed in serum samples collected on day 5

using Multiplex 44 assay at EVE Technologies, Canada.
Statistical analysis

All statistical analyses were performed using GraphPad Prism 8, and P-values were

calculated using one-way ANOVA followed by Tukey's multiple comparison test.
3. Results
3.1 C. atrox venom displays both MP and PLA; activities

Appropriate fluorogenic enzyme assays confirmed that C. atrox venom displayed a significant
level of SVMP (Figure 1A) and PLA: (Figure 1B) activities. Marimastat reduced the metalloprotease
activity of C. atrox venom with concentrations from 0.78 — 100 uM (Figure 1C). Similarly, varespladib
showed a dose-dependent decrease in PLA; activity of C. atrox venom (Figure 1D). The ICso values
of these inhibitors were calculated as 0.75 uM for marimastat (Figure 1E) and 1.5 uM for varespladib
(Figure 1F). When these inhibitors were tested together (with the ICso concentration of each inhibitor
with a dose-response of another inhibitor), they did not show any synergistic effects (Figure 1G &
1H). These results confirm that C. atrox venom displays high levels of MP and PLA; activities that

are sensitive to inhibition by marimastat and varespladib, respectively.
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Figure 1. Metalloprotease and PLA2 activities of C. atrox venom. A) Concentration-dependent
metalloprotease activity of C. atrox venom. B) PLA; activity of C. atrox venom 5 pg/ 100pL reaction
volume (50ug/mL). Inhibitory effects of various concentrations of marimastat on the metalloprotease
activity of 50ug/mL C. atrox venom. D) Inhibitory effects of varespladib on PLA; activity of 5 pug/mL
C. atrox venom. E) ICso concentration of marimastat for inhibiting PLA2 activity. F) ICso concentration
of varespladib. G) The synergetic effect with varied concentrations of varespladib against marimastat
ICs0. H) The synergetic effect with varied concentrations of marimastat against varespladib 1Cso. (+ve
is positive control. -ve is negative control). The p values are calculated by one-way ANOVA multiple
comparison followed by Tukey's post hoc test using GraphPad Prism (**p<0.01 and ***p<0.001,
***+n<0.0001) . In figure B, C, and D the values are compared against -ve control. In G and H values
are compared against +ve control. All the experiments performed in triplicates (n=3)

3.2 Marimastat and varespladib reduce muscle fibrosis and promote regeneration

We next determined whether marimastat and varespladib had any impact on C. atrox venom-
induced muscle damage in mice. Mice were injected with either C. atrox venom alone (CA), C. atrox
venom + marimastat (CA+M), C. atrox venom + varespladib (CA+V), or C. atrox venom, marimastat,
and varespladib (CA+M/V). The contralateral muscle from CA was used as an undamaged muscle.
On days 5 and 10 following the injection of venom, TA muscles were collected and processed for
further analysis (Figure 2A). To examine if the effect of venom is contributing towards skeletal
muscle loss, we examined the weight of the dissected TA muscles. While there was a weight loss in
venom-treated muscle, there was no significant difference between the controls and any of the
inhibitors-treated muscles on day 5 (Figure 2B). On day 10, there was no difference between the
control and venom-treated muscles as well as with inhibitors (Figure 2C). These results suggest that

C. atrox venom induces a slight muscle loss, which is not rescued by any of the inhibitors used.
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Figure 2: Dissected TA muscles and their weight comparisons. A) Dissected TA muscles at
days 5 and 10 from different cohorts of mice treated with venom in the presence and absence of
inhibitors. From Left to the right, negative control [Undamaged (UD)], venom-treated (CA),
marimastat with venom (CA + M), varespladib with venom (CA + V), and a combination of these
inhibitors with venom (CA + M/V). B) TA muscle weight comparison between the cohorts on day 5
and the undamaged muscle. C) TA muscle weight comparison between the cohorts on day 10 and
the undamaged muscle. Data represent mean £+ S.D. (n=5 mice in each cohort). The p values are
calculated by one-way ANOVA followed by Tukey’s post hoc test using GraphPad Prism (*p<0.05
and #p<0.01 and ##p<0.001). The values in B and C are compared with UD.

The muscle sections were then analysed using histological examinations such as H&E
(Figure 3A) and picrosirius red (Figure 3B) staining. Centrally located nuclei (CLN) are indicative of
regenerating fibres following damage. Therefore, we analysed the total area of the fibres with CLN
in H&E-stained muscle sections. The area of regenerating fibres with CLN was greater in mice that
were treated with the combination of marimastat and varespladib on day 5 (Figure 3C). The average

increase in fibre size was around twofold compared to the venom-treated muscles. In contrast, mice
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treated with individual drugs did not show a significant difference in fibre size compared to venom-
treated muscles. On day 10, muscles treated with marimastat or varespladib individually displayed
significantly larger fibres than venom-treated muscles, while their combination showed no increase
in fibre size (Figure 3E). These data suggest that both marimastat and varespladib are beneficial in
promoting muscle fibre size following venom-induced damage. The combination of these drugs
promotes muscle fibre growth at an early stage whereas individual drugs are beneficial at later time

points.

Fibrosis is known to attenuate muscle regeneration following damage. Picrosirius red staining
was used to visualise the distribution of collagen and the formation of fibrotic tissues in muscle
sections. The mice treated with varespladib alone and the combination of marimastat and
varespladib showed significantly higher muscle fibrosis on day 5 than in venom-treated muscle on
day 5 (Figure 3D). However, on day 10, marimastat largely reduced muscle fibrosis compared to
the venom-treated muscles. Varespladib or its combination with marimastat had no effect on muscle

fibrosis at day 10 (Figure 3F).
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Figure 3: H&E and picrosirius red staining in the muscle sections. A) H&E staining for TA
muscles collected on days 5 and 10. The black arrows represent regenerating fibres. B) TA muscle
sections collected on days 5 and 10 were stained using picrosirius red to visualise fibrosis/scar tissue
formation. Area measured for regenerating fibres with centrally located nuclei on days 5 (C) and 10
(E). Percentage of fibrotic tissues at day 5 (D) and 10 (F). Data represent mean + S.D. (n=5 mice in
each cohort). The values in C, D, E, F compared with CA. The p values in are calculated by one-
way ANOVA followed by Tukey's post hoc test using GraphPad Prism (**p<0.01 and ***p<0.001) .
The UD bar in C and E is for the representation of undamaged muscle fibre and CA, CA+M, CA+V
and CA+M/V are measurement of the cross-section area of regenerating fibres with CLN. The scale
bar represents 100uM.

We also assessed the overall improvement of the damaged tissues by calculating the
percentage of unhealthy tissues in the entire muscle section using a previously established protocol
[18]. On day 5, all the muscles had a significantly higher percentage of unhealthy tissue (Figure 4A-
4D). On day 10, the unhealthy tissue percentage decreased to an average of 20% across all cohorts
(Figure 4E). This analysis indicates that even with inhibitors, the muscle damage was not entirely

resolved by day 10.
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Figure 4: Unhealthy tissue percentage and frequency distribution based on muscle size.
A,B,C Representative stages in the process of whole tissue analysis tissue analysis. Percentage of
unhealthy tissue on days 5. A is the image of tissue to be analysed, B is the tissue image when
applying the threshold parameters and C is the final stage where area counted after threshold
analysis is highlighted in black. (D) and 10 Data represent mean + S.D. (n=5 mice in each cohort).
The p values are calculated by One-way ANOVA followed by post hoc Tukey's test using GraphPad
Prism (*p<0.05 and #p<0.01 and *##p<0.001). Values in D and E are compared with UD and are
represented #. The scale bar represents 100uM.

3.4 Marimastat and varespladib improve angiogenesis and reduce pathological effects in muscle

The effects of venom and the inhibitors on angiogenesis were analysed by staining muscle
sections with CD31 antibodies (Figure 5A). The number of capillaries around damaged fibres was
significantly reduced in venom-treated muscles (Figure 5C). Notably, the treatment with inhibitors
did not improve the angiogenesis compared to the venom-treated muscles even on day 10 (Figure
5E). Furthermore, the presence of venom toxins in the damaged muscles was analysed by staining
the sections with anti-C. atrox venom antibodies (Figure 5B). The mice treated with marimastat, and
the combination of inhibitors displayed a large decrease in the presence of venom on day 5 (Figure
5D). By day 10, the venom was not present in any muscles including the venom-treated samples

(Figure 5F).
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Figure 5: Analysis of angiogenesis and venom presence. A) TA muscle sections collected on
days 5 and 10 were stained using CD31 antibodies. B) TA muscle sections were stained using CA
antibodies to detect the presence of venom. The number of blood vessels was measured on muscle
sections on days 5 (C) and 10 (E). The CA antibody-positive area was measured on days 5 (D) and
10 (F). The p values are calculated by One-way ANOVA followed by post hoc Tukey's test using

63



GraphPad Prism (*p<0.05,****p<0.0001, n=5). The values in C and D are compared with UD. D and
F values are compared with CA. The scale bar represents 100uM.

The damaged muscle fibres facilitate the infiltration of immunoglobulins into the affected
regions. We therefore determined the presence of dying/necrotic fibres by analysing the amount of
immunoglobulins in the affected muscle (Figure 6A). On day 5, treatment with marimastat or
varespladib alone resulted in a significantly smaller necrotic area than venom-treated muscles
(Figure 6D), although the combination of inhibitors showed no impact. On day 10, muscle from alll

cohorts showed the clearance of necratic fibres (Figure 6G).

The presence of embryonic myosin heavy chain (MYHIIl) indicates regenerating muscle
fibres. Upon examination, the damaged muscle region showed regenerating fibres across all study
groups (Figure 6B). The size of these newly formed fibres was measured to assess the
advancement of muscle regeneration. On Day 5, treatment with marimastat or varespladib alone or
in combination showed no increase in the size of the regenerating fibres compared to the venom-
treated muscles (Figure 6E). However, on day 10, the area of regenerating fibres was significantly
smaller in marimastat-treated muscles compared to the venom-treated ones although varespladib-

treated muscle showed larger fibres (Figure 6H).

Viper venoms are known to induce intra-muscular bleeding. The presence of fibrinogen within
the muscle sections indicates damage to the blood capillaries and subsequent bleeding. Therefore,
the fibrinogen level was assessed in muscle sections using specific FITC-labelled anti-fibrinogen
antibodies to determine venom-induced bleeding in muscle sections (Figure 6C). The results
showed that marimastat-treated samples reduced the fibrinogen level compared to the venom-
treated muscles (Figure 6F). In contrast, the varespladib and marimastat/varespladib combination
did not reduce the fibrinogen level. On day 10, fibrinogen levels were reduced across all the cohorts

(Figure 6l).

These results demonstrate that the inhibitors may attenuate several impacts caused by the

venom and promote muscle regeneration.
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Figure 6: Immunohistochemistry analysis of the muscle sections. A) TA muscle sections
collected on days 5 and 10 were stained using anti-mouse IgG antibodies. The arrows are pointing
towards the necrotic fibres. B) Muscle sections were stained using MYHIII antibodies. The arrows
shown in the figure represent newly regenerating fibres expressing MYHIII. C) Muscle sections were
stained using anti-fibrinogen antibodies. Analysis of necrotic fibres on days 5 (D) and 10 (G). The
area of the fibres expressing MYHIIl on days 5 (E) and 10 (H). Area of percentage for intramuscular
bleeding at days 5 (F) and 10 (I). The p values are calculated by One-way ANOVA followed by post
hoc Tukey's test using GraphPad Prism (*p<0.05,*p<0.01 n=5). Values represented in D, E, F, G,
H, | are compared with CA. The scale bar represents 100uM.

3.5 Marimastat and varespladib promote the reconstruction of the ECM in damaged muscle

The C. atrox venom is rich in SVMPs, and the ECM is reported to be the main target for them.
Reconstruction of the ECM is one of the critical elements in the progression of muscle regeneration.
To determine the impact of venom and the inhibitors on the ECM in damaged muscle, collagen IV
(Figure 7A), dystrophin (Figure 7B) and laminin (Figure 7C) was analysed as important ECM
components in muscle sections. The thickness of the ECM structures directly reflects the maturity of
the ECM. For example, thicker structures indicate immature ECM and its ongoing synthesis, whereas
thinner and well-aligned ECM indicates mature ECM. On day 5, mice treated with marimastat or
varespladib or in combination showed collagen IV structure that is similar to the undamaged muscles
although venom-treated muscle showed thicker collagen (Figure 7D). Therefore, marimastat and
varespladib positively impacted the reconstruction of collagen IV. Similarly, on day 5, dystrophin was
significantly thicker in muscles treated with marimastat or varespladib alone or in combination
(Figure 7E), and no regenerating fibres showed the presence of dystrophin in venom-treated
muscles. The combination of drugs showed close structural thickness of dystrophin to the
undamaged muscles, indicating their structural maturity. Similar results were obtained with laminin
on day 5, i.e., the inhibitors-treated muscles showed similar laminin structures to the undamaged

muscles (Figure 7F).

On day 10, there was no significant difference between any cohorts for collagen (Figure 7G).
However, dystrophin structures in venom-treated muscles are still thicker than the undamaged
muscles although the inhibitors largely reduced its thickness (Figure 7H). On day 10, laminin
thickness measured for all experiment cohorts showed thinner laminin than undamaged laminin

(Figure 71).
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These data suggest that the inhibitors either alone or in combination displayed a positive

effect on the regeneration of the ECM components.
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Figure 7: Immunostaining for ECM markers in TA muscle sections. TA muscle sections were
collected on days 5 and 10 and stained using collagen IV (A), dystrophin (B) and laminin (C)
antibodies. The thickness of the collagen IV was measured around the fibres with CLN at days 5 (D)
and 10 (G). The thickness of the dystrophin was measured around the fibres with CLN at days 5 (E)
and 10 (H). The thickness of the laminin was measured around the fibres with CLN at days 5 (F) and
10 (I). The p values are calculated by One-way ANOVA followed by post hoc Tukey's test using
GraphPad Prism (*p<0.05, **p<0.01 and ***p<0.001, ****p<0.0001, n=5) (comparison between UD
and all other cohorts is represented with # whereas CA and all the treatment groups is represented
by *). The scale bar in represents 100uM. The yellow arrows in the image corelate to ECM proteins
around CLN fibres, in figure-A collagen 1V, figure B- Dystrophin and figure C- Laminin.

3.6 Venom-induced muscle damage alters the levels of various cytokines

The balance between pro-inflammatory and anti-inflammatory responses is critical for
effective muscle regeneration [19]. This balanced response results in a structurally intact and
functionally active muscle. Different secretory factors are known to play an essential role in the
muscle regeneration process. Based on the above data, the effects of inhibitors are evident on day
5. Hence, we examined the serum samples obtained on day 5 from all the cohorts to quantify the
levels of various cytokines including pro-inflammatory and anti-inflammatory markers. As shown in
Figure 8, the venom has increased the levels of several cytokines, but they are reversed by
marimastat and varespladib. In the anti-inflammatory panel (Figure 8A), IL-4, IL-5, and IL-13 showed
no significant difference between treated and untreated samples, whereas IL-10 level was elevated
in venom-treated samples, but its levels were revered by marimastat or varespladib alone or in
combination. TNFa, IL-1B, and IL-6 levels were also reduced in samples treated with inhibitors
compared to venom-treated samples (Figure 8B). The venom has also increased several
chemokines, but they are also reduced by the inhibitors (Figure 8C). The data indicate that the
inhibitors are not only promoting muscle regeneration following venom-induced damage but also
restoring the balance between anti-inflammatory and pro-inflammatory responses, which further
supports regeneration. Total 44 markers were analysed, however the figures include markers that

showed significant changes.
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Prism. For the statistical analysis all treatments were compared with NC by One-way ANOVA
followed by post hoc Tukey's test using GraphPad Prism. (*p<0.05, *p<0.01 and ***p<0.001,
**++n<0.0001, n=3)

4. Discussion

Snake venom-induced muscle damage is one of the severe consequences of SBE, which
often results in extensive tissue damage and subsequent permanent disabilities in victims. The
number of people suffering from SBE-induced disabilities is three times more than the number of
SBE-induced deaths. Therefore, research on SBE-induced muscle damage is essential to
understand the pathological processes better and develop new treatment strategies for this
condition. The two major venom toxin families responsible for muscle damage are SVMPs and PLA:.
PLA, causes cell membrane damage, which results in tissue necrosis [20]. Tissue necrosis is often
self-resolved and does not result in permanent muscle loss due to the innate regenerative capacity
of skeletal muscle. SVMPs of viper venoms are reported to cause systemic haemotoxic effects and
extensive tissue necrosis and muscle degeneration [21]. The metalloprotease domain of SVMPs has
a high affinity to the ECM components of the tissues, and therefore, they can degrade the ECM
components, especially collagen IV [22]. ECM acts as the scaffolding for the regenerating muscle
fibres. During muscle regeneration following damage, the damaged ECM is repaired. The lack of
scaffolding structure can severely affect the muscle regeneration [23]. Moreover, SVMPs can
attenuate the migration and proliferation of the resident satellite cells indirectly by disrupting the ECM
[11]. Together, SVMPs cause impairment to the innate regenerative capacity of skeletal muscle

following viper envenoming, resulting in extensive damage and permanent disabilities.

In this study, we have used C. atrox venom and examined its effect on skeletal muscle. We
hypothesised that by mitigating the actions of major toxin families, we can prevent excessive damage
and promote the regeneration of affected muscle. A broad-spectrum matrix metalloprotease inhibitor,
marimastat and PLA; inhibitor, varespladib have been proven to be effective in neutralising the
systemic effects of venoms to a great extent. Hence, we investigated their impacts in neutralising
SVMPs and PLA;s under in vivo settings in mice [16]. Marimastat inhibits the action of SVMPs via
binding with zinc ions present in the catalytic domain [24, 25]. Similarly, varespladib blocks the

allosteric activation of the PLA; [26]. The in vitro assay data confirmed the inhibitory action of
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marimastat and varespladib individually, although no synergetic effects were observed. Therefore,
we have tested marimastat and varespladib individually and in combination to determine their

impacts on venom-induced muscle damage.

The present data shows direct evidence of the correlation between inflammatory responses
and tissue regeneration. The typical sequences of action that cause regeneration impairment post-
venom-induced damage are: (a) the venom is active in the tissue for a longer time and causes
persistent damage; (b) imbalance in the standard regeneration cycle; (c) adipose and fibrotic tissue
deposition in the damaged area; and (d) lack of scaffolding affects ECM regeneration and
remodelling. We aimed to break this chain of reaction, starting with neutralising the active venom
toxins. In line with our previous study, we established the presence of venom in tissues using venom-
specific antibodies. Marimastat has significantly reduced the levels of venom in damaged muscle
sections. As SVMPs contribute to a large percentage of the C. atrox venom, this result confirmed
that by inhibiting the action of SVMPs, the overall effects of C. atrox venom on muscle could be
minimised. A similar effect was observed with the drug combination treatment but not with individual
varespladib. These observations suggest that the presence of marimastat can largely affect venom
activity on muscles. Viper venoms are known for their haemotoxic effects and can cause
intramuscular bleeding. The presence of fibrinogen in the muscle indicates intramuscular bleeding.
The treatment with marimastat reduced intramuscular bleeding, suggesting that inhibition of SVMPs
can help reduce bleeding in tissues [27]. Tissue necrosis is the first step of muscle damage,
progressing towards more pathological indications. It is known that SVMPs and PLA; induce tissue
necrosis [28, 29]. Individual inhibitors effectively reduced tissue necrosis at the early stage of tissue
repair. Untreated, persistent muscle damage results in fibrosis [30]. When SVMPs are blocked with
marimastat, it reduces intramuscular bleeding and tissue necrosis, ultimately reducing fibrotic tissue

deposition.

Injection of venom often affects a larger muscle area around the injection site. One of this
study's key findings was that treatment with the inhibitors dampens the initial muscle-damaging
properties of the venom and then, after damage has taken place, acts to promote regeneration.

Either inhibitor alone or their dual treatment led to an increase in the size of regenerated fibres.
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Furthermore, we show an impact on the initial phase of muscle damage (IgG infiltration). The
presence of ECM reconstruction is essential for the progress of skeletal muscle regeneration. It is
well established that in the absence of ECM scaffolding, satellite cells fail to promote the
regeneration of muscle fibres [31]. The impact of marimastat on the reconstruction and remodelling
of ECM was astounding, again a strong indication that marimastat can effectively mitigate the effects
of SVMPs. In the presence of marimastat, other ECM components, including laminin and dystrophin,
also progressed in the regeneration and remodelling cycle. The reconstruction of ECM may be the
key to repairing long-term muscle damage caused by viper venoms. In the presence of ECM

scaffolding, muscle regeneration with inhibitors, especially marimastat can be achieved.

TNFa is one of the essential regulators in myogenesis. It acts as a critical activator of p38, a
mitogen-activated protein kinase (MAPK), a fundamentally important protein for myogenesis [32].
TNFa upregulates cytokines such as IL-18 and IL-6. IL-1 inhibits the differentiation of satellite cells
to enhance the proliferation [33, 34]. IL-6 also increases myoblast proliferation. This can be related
to the continuous myoblast formation in the muscle tissues. Cytokine analysis performed on day five
showed elevated TNFa, IL-13, and IL-6 levels without any inhibitors. However, when the inhibitors
were added, these levels were significantly reduced, indicating the progress towards resolving
inflammation. The muscle regeneration also depends on the adequate blood supply to the damaged
tissue. SVMPs cause damage and reduce the number of blood capillaries around damaged muscle
fibores and microcapillary networks. Furthermore, vascular endothelial growth factor (VEGF)
promotes angiogenesis after injury [35, 36]. We observed no significant change in VEGF levels with
treatment and poor blood vessel reconstruction in muscle sections. INF-y is associated with trauma-
induced muscle wasting [37]. It facilitates neutrophil migration from the site of the injury. The
presence of this marker in a higher percentage suggests delayed removal of neutrophils from the
injury site [38]. With marimastat treatment, it is possible to reduce muscle wasting, as treatment with

it showed lower levels of INF-y.

Overall, marimastat and varespladib help control the muscle damage caused by SVMPs and
PLA; in vivo by neutralising these venom toxins. They restored the balance between anti-

inflammatory and pro-inflammatory responses, supporting muscle regeneration. During the initial
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stages of muscle repair, these inhibitors neutralised the venom in the tissue, reflecting the reduction

of tissue necrosis, intramuscular bleeding, and muscle fibrosis. As a result, the progress in the

growth of newly formed muscle fibres was prominent with treatment. In addition, ECM reconstruction

was effective, especially with marimastat. Anti-snake venom cannot reach the site of local tissue and

has significant limitations [39, 40]. However, these inhibitors can overcome the limitations of

antivenom by reaching the site of damage and effectively neutralising the venom toxins. The

inhibitors being specific for toxins and not the whole venom frees them from the limitation of

geographical variation in the snake venom. From these data, we establish that these small molecule

inhibitors can be viable options for treating snake venom-induced muscle damage.
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Abstract

Viper bite envenomation often results in prominent skeletal muscle damage. According to our
previous studies, the prolonged presence of C. atrox venom toxins and extensive muscle damage
were observed in muscle tissue which mimicked chronic muscle damage often seen in various
muscular dystrophies. In the case of chronic muscle damage, two critical processes occur: muscle
regeneration is impaired, and fibroblasts are activated, leading to fibrosis. Myostatin/Activin
signalling is a key regulator of both of these processes. Myostatin and its closely related molecules
in particular activin inhibit myocyte proliferation and differentiation while promoting fibroblast
proliferation and expression of extracellular matrix proteins. Thus, attenuating myostatin/activin
signalling offers an attractive means of promoting muscle development while decreasing fibrosis.
Hence, we have used the soluble activin type llb receptor, which acts as a ligand trap for both
myostatin and activin to dampen signalling and assessed whether this intervention can alter the
pathological trajectory of C. atrox venom-induced muscle damage. We report that soluble activin
type Ilb receptor treatment increased the size of regenerating fibres while at the same time reducing

the level of fibrotic tissue in muscle damaged with C. atrox venom.
1. Introduction

Muscle damage is one of the most severe consequences of snakebite envenomation (SBE),
specifically following viper bites. The annual global burden of SBE-mediated disabilities is around
500,000 [1, 2]. Despite that, treatment options for SBE-induced muscle damage are limited. Viper
snakes are primarily responsible for SBE-mediated skeletal muscle damage [3, 4]. Viper venoms
contain numerous enzymatic and non-enzymatic proteins [5]. This potent mixture can cause severe
systemic and local envenomation effects. The systemic effects are mostly haemotoxic and are
typically managed by the administration of antivenoms. However, local effects such as ischemia,
tissue damage, necrosis, and muscle fibrosis, are often treated with surgical procedures such as
tissue debridement, fasciotomy, or amputations [6-8]. Rattlesnakes are part of the Crotalinae
subfamily and are found throughout the Americas [9]. In the US, about 9000 people are affected by
snakebites every year. The Western Diamondback rattlesnake (Crotalus atrox) is prominent in

southwestern USA and Mexico and is responsible for most fatalities in northern Mexico [10]. C. atrox
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venom contains a cocktail of proteins including snake venom metalloproteases (SVMP), snake
venom serine proteinases (SVSP), phospholipase A; (PLA2), L-amino acid oxidase (LAAO) and C-
type lectin-like proteins [11]. We have previously shown that one component termed, CAMP, a P-Il|
SVMP from the venom of C. atrox is capable of inducing permanent muscle damage when injected
into the tibialis anterior muscle of mice [12]. Our investigations showed that this toxin persists for
days in the damaged muscle and suggested that it continually interferes with the innate muscle
regeneration which it ultimately deregulates. The resultant outcome of continued
degeneration/regeneration mimics chronic muscle damage often seen in a spectrum of human
muscle diseases including Duchenne Muscular Dystrophy, which manifests in the formation of

fibrotic tissues and poorly developed myofibres [12].

Skeletal muscle has a truly remarkable ability to regenerate, as demonstrated in mouse
models where the destruction of a muscle can be reconstituted in a matter of a few weeks. The whole
process is underpinned by the presence of a resident population of stem cells called ‘satellite cells’
(SC) [13]. Nevertheless, several other key factors are required for muscle regeneration. The entire
process can be divided into two components: the clearance of damaged tissues and the
reconstitution of lost cells. Acute muscle damage results in the infiltration of neutrophils and
activation of monocytes which develop an ‘inflammatory environment’ that not only clears cell debris
but also promotes the activation of two important cell types: SC and fibro-adipogenic progenitors
(FAPs). FAPs act to promote expansion and self-renewal of SC as well as remodelling the
extracellular matrix (ECM), a key step towards muscle regeneration. Importantly, the
proinflammatory environment controls the development of FAPs to maintain them as precursors as
well as limiting their number through the induction of apoptosis [14]. As the regeneration process
continues, the environment becomes anti-inflammatory due to the activity of M2 macrophages.
These cells secrete various factors that promote differentiation of SC to reconstitute lost myofibres
but can also lead to the differentiation of any active FAPs into either fibroblasts or adipocytes[15]. In
normal regeneration, SC numbers are expanded, and they differentiate into myoblasts which then
fuse to form myofibres. The FAPs are eliminated resulting in the absence of fibrosis or fat deposition.

However, in chronic muscle damage, the different phases of regeneration become entangled so that
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they are no longer occurring in an orderly sequence, rather, they might be happening simultaneously
and so interfere with each other. Two consequences of this degeneration process are the

differentiation of FAPs into fibroblasts as well as poorly developed myofibres [14].

Signalling mediated by myostatin and its closely related family members especially activin is
important for muscle regeneration. Myostatin and activin, members of the transforming growth factor
(TGF) B-superfamily of secreted proteins, signal by binding to the extracellular portion of the activin
type Il receptor. This leads to a series of intracellular events mediated by a signalling protein,
Smad?2/3. In muscle cells, this signalling inhibits proliferation, and differentiation of myoblasts and in
muscle fibres it leads to decreased protein synthesis [16, 17]. However, it promotes fibroblast
proliferation which then can differentiate into myofibroblasts which are responsible for the formation
of fibrotic tissues [18]. Hence the inhibition of myostatin/activin signalling has become an attractive
proposition to overcome some of the issues associated with chronic muscle damage (poor muscle
formation and fibrosis). Numerous strategies have been developed to attenuate myostatin/activin
signalling. We have developed a soluble ligand trap, based on the extracellular portion of the activin
type IIB receptor (SACtRIIB), which acts to sequester myostatin and activin thus rendering them

incapable of binding to their normal receptor [19].

In this study, we demonstrate that sActRIIB treatment following C. atrox venom-induced

muscle damage promotes fibre regeneration and decreases the fibrosis.

2. Materials and methods

Materials

Lyophilised C. atrox venom and all other chemicals were purchased from Sigma Aldrich, UK

unless otherwise stated.

2.1 Ethical statement

All animal experiments were conducted following the regulations and principles of the British
Home Office for the Animals (Scientific Procedures) Act 1986. All procedures used in this study were
reviewed and approved by the University of Reading Animal Welfare and Ethics Review Board and

British Home Office (PPLIEC1C0382).
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2.2 Enzymatic assays

The metalloprotease activity of C. atrox venom was determined using DQ-gelatin
(ThermoFisher Scientific, UK), a fluorogenic substrate. DQ-gelatin is a substrate for collagenolytic
enzymes. Briefly, the whole venom (10 ug/mL) in phosphate-buffered saline (PBS, pH 7.4) was
mixed with DQ-gelatin (20 pg/mL) and incubated at 37C. The fluorescence levels were then
measured by spectrofluorimetry continuously for 90 minutes (FLUOstar OPTIMA, BMG Labtech,

Germany) with an excitation wavelength of 485 nm and an emission wavelength of 520 nm.
2.3 TA muscle damage in mice

A murine model of muscle damage was used to test the effects of C. atrox venom on skeletal
muscle and the impact of subsequent treatment. C57BL/6 male mice (10 weeks old) were obtained
from Charles River, UK. The male mice were used as they have bigger muscle fibres than female
mice which might help with the analysis of individual markers. The animals were anaesthetised using
3.5% (v/v) isofluorane in oxygen and maintained at 2% during the intra-muscular injection procedure.
The right tibialis anterior (TA) muscle of mice was injected intramuscularly at a venom dose of 5 ug
per 20g (0.25ug/g) of animal weight. The venom dose was selected based on the enzymatic activity.
Thereafter, specific cohorts of the mice were given sActRIIB 10 mg/kg (200 pg/20 g animal) through
the intraperitoneal route one hour after the venom injection and every third day after that. The mice
were sacrificed by carbon dioxide inhalation and death was confirmed by cervical dislocation.
Muscles were collected from mice on days 5, 10 and 15 to examine the level of damage at different

time points.
2.4 Dissection and tissue processing

TA muscles of mice were dissected intact and immediately frozen on isopentane cooled with
liquid nitrogen. Dissected muscles were placed in pre-cooled tubes and stored at -80°C. Muscles
were blocked in an Optimal Cutting Temperature (OCT) compound and cut into 15um thick

transverse sections using a cryo-microtome for further analysis.

2.5 H&E staining
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TA muscle sections were removed from the -80°C freezer and kept at room temperature for
15 minutes. Muscle sections were then rehydrated with PBS after which immersed in Harris
haematoxylin for 2 minutes before washing under tap water for 2 minutes. Next, the sections were
immersed twice in 70% acidic alcohol [70% (v/v) ethanol and 0.1% (v/v) HCI] to remove any
background stain. After this, the slides were washed under running tap water for 5 minutes.
Thereatfter, the sections were immersed in 1% (w/w) eosin for 2 minutes before being dehydrated
through an ethanol series (70%, 90%, and 100%). Finally, the slides were immersed twice in Xylene
for 3 minutes to displace the ethanol. The slides were mounted using the DPX (Dysterine, Plastisizer
and Xylene) mounting media. The size of regenerated fibres was calculated by taking the area of 50

fibres that displayed centrally located nuclei from each section which were then averaged.
2.6 Picrosirius red staining

Picrosirius red was used to identify fibrotic tissues by immersing sections in heated Bouin
solution (56°C) for 15 minutes. Afterwards, the slides were rinsed with distilled water for 15 minutes
at room temperature. The slides were then transferred to a jar containing picrosirius red stain and
incubated for 1 hour in the dark. The slides were then rinsed in two separate jars containing acidified
water [0.5% (v/v) glacial acetic acid] and dehydrated three times in 100% ethanol for 5 minutes.
Finally, the slides were cleaned by immersion in Xylene for 5 minutes and then mounted with DPX
mounting media. The fibrosis analysis was carried out using threshold analysis. A set area (200 um?)
was selected from the undamaged muscle and a baseline set using the ImageJ (version 1.52a)
threshold analysis tool. This value was compared to that from a 200 um? area of a damaged muscle

region to give a relative value (%) of picrosirius red coverage.
2.7 Immunohistochemistry

The sections were rehydrated by washing with PBS, followed by 15 minutes of incubation
with a permeabilisation buffer [20 mM HEPES, 3 mM MgCl, 50 mM NacCl, 0.05% (w/v) sodium azide,
300 mM sucrose and 0.5% (v/v) Triton X-100]. After washing with PBS, non-specific binding of
antibodies was prevented using a blocking wash buffer [PBS with 5% (v/v) foetal bovine serum and
0.05% (v/v) Triton X-100] and incubating for 30 minutes at room temperature. Premade primary

antibodies (details are provided in supplementary information) in blocking wash buffer were
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incubated with the sections overnight at 4°C. Unbound primary antibodies were then removed by
washing the sections with a blocking wash buffer three times. Next, the sections were incubated with
secondary antibodies (diluted in blocking wash buffer) for 1 hour in the dark at room temperature.
The slides were then mounted with a fluorescent mounting medium containing 4,6-diamidino-2-
phenylindole (DAPI) (Fisher Scientific, UK) with Dako fluorescence mounting medium (Dako, UK).

The muscle sections were visualised using a Zeiss Axiolmager fluorescence microscope.

Analysis of immuno-stained sections was carried out as follows. The size of IgG infiltrated or
embryonic myosin MYHIIIl expressing fibres was determined by measuring the area of 30 fibres from
one section of each animal using ImageJ. The measured area was compared between treated and
untreated muscle fibres at same time point to analyse the effect of the given treatment. To measure
the thickness of collagen IV and laminin, fibres with centrally located nuclei were first selected from
the damaged region of the muscle. The thickness of collagen IV and laminin was measured and
compared with the thickness of the undamaged. Dystrophin circularity was assessed by determining
the percentage of a fibre circumference that expressed dystrophin in muscle fibres with centrally
located nuclei. 30 centrally located fibres from one section of each animal were measured using
ImageJ. The intramuscular bleeding was calculated using threshold analysis sections stained for
fibrinogen using Imaged. An area of 200 um?was selected from the damaged region of the muscles

and compared to the baseline threshold value from undamaged muscle.
2.8 Statistical analysis

The collected images were processed and analysed using ImageJ and Zeiss Axiolmager
(4.9.1) software. Statistical analysis was performed using either an unpaired t-test to compare the
treated and untreated groups at various time points and one-way ANOVA multiple comparison
followed by Tukey's test to compare all treated and untreated groups at various time point, with

undamaged muscle. The statistical analysis was performed using GraphPad Prism (version 7).
3. Results

3.1 sActRIIB treatment increases the weight of C. atrox venom-damaged TA muscles
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C. atrox venom showed high levels of collagenolytic activity (Figure 1A & 1B). We developed
two cohorts (4 in each) of mice to assess the impact of inhibiting myostatin/activin signalling on C.
atrox venom-damaged muscle. First group, the control group was only treated with C. atrox venom
(CA), whereas the second group had both C. atrox venom and sActRIIB treatment (CA/sAct). The
contralateral muscle from the CA group was used as an undamaged (UD) muscle for analysis and
comparison. TA muscles were injected with venom and then treated with sActRIIB intraperitoneally.
The muscles were collected at different time points and weighed after dissections to determine the
overall impact of the treatments. On day 5, there were no significant differences in TA weights
between the three cohorts (Figure 1D). However, on day 10, CA muscles showed a significant
decrease in weight compared to UD, whereas CA/sAct showed a significant increase compared to
UD. Furthermore, CA/sAct TA muscles were significantly heavier what do you mean than those of
CA mice. On day 15, CA muscles were still significantly lighter than those of UD, whereas CA/sAct

muscles showed significant weight increases compared to the other two groups (Figure 1D).
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Figure 1. C. atrox venom profiling for metalloprotease activity and its deployment in vivo.
A&B) Quantification of metalloprotease activity in C. atrox venom using DQ-gelatin as a substrate —
highlight the concentration of venom used. C) Graphical representation of in vivo muscle damage
protocol. D) Tibialis anterior muscle weights in three cohorts over time (n=4). The * represents the
comparison between undamaged muscle with either CA or CA/sAct cohorts, and * represents the
comparison between CA and CA/sAct cohorts at the same time point. Statistical analysis in B was
performed using Student’s t-test. One-way ANOVA followed by Tukey’s post-hoc test was used in

C. ™p<0.01 and ™ Or ## p<0.001.
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3.2 sActRIIB treatment promotes muscle regeneration and attenuates fibrosis

The presence of centrally located nuclei is a marker for newly formed muscle fibres. As
expected, there were no check such fibres in the UD muscles in H&E-stained sections (Figure 2A).
We therefore compared the size of muscle fibres displaying centrally located nuclei between the CA
and CA/sAct groups at the same time point. The results showed that newly formed fibres were larger
in the CA/sAct cohort compared to CA at day 15 (Figure 2A and C). Interestingly even though the
SActRIIB induced fibre enlargement, they were still smaller than undamaged fibres (black bar in

Figure 2C).

Next, we analysed whether sActRIIB played any role in modifying the development of fibrotic
tissues after C. atrox venom injection. The degree of picrosirius red staining was used to visualise
collagen fibres (at early time point) or total fibrosis (at later time points). Picrosirius red staining was
present in UD muscle which marks the connective tissue in healthy muscle which accounts for
approximately 4% of the area (Figure 2B and D). Significantly elevated levels of picrosirius red
staining were observed in all muscle samples compared to the UD at all time points from both
experimental cohorts except the CA/SACtRIIB muscle at day 15 (Figure 2B and 2D). At this time
point, there was no significant difference in picrosirius red staining coverage between the
CA/sActRIIB muscle and UD. When compared between CA and CA/sActRIIB at same time point,
there was significantly lower picrosirius staining in CA/sActRIIB muscle on days 10 and 15. Hence
we observed that with persistent dosing of sActRIIB, venom induced muscle fibrosis significantly
reduced. Hence, the enlargement of newly generated fibres and decrease in fibrosis are induced by

SACtRIIB treatment at later time points.
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Figure 2: Analysis of muscle regeneration and fibrosis. A) H&E staining for TA muscle section
on UD and CA and CA with sActRIIB at days 5, 10 and 15. Blue arrows show fibres with centrally
located nuclei. Black arrows show infiltration of immune cells. B) Picrosirius red staining for TA
muscle section on UD and venom-treated samples at days 5, 10 and 15. The black arrows show
fibrotic tissues. C) Area of fibres with centrally located nuclei at three-time points using ImageJ D)
Quantification of picrosirius red staining area in the damaged region. n=4 mice per cohort. The *
represents a comparison between undamaged (UD) muscle with either venom injected (CA) or
venom + SACtRIIB (CA/sAct), and * represents a comparison between CA and CA/sAct cohorts at
identical times post-venom injection. Statistical analysis in C was performed using pair-wise
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comparison for individual variables. One-way ANOVA followed by Tukey’s post-hoc test was used

in D. #p<0.01, ™p<0.001 or ™ p<0.0001. The scale bar represents 100uM.

3.3 sActRIIB reduced tissue necrosis but did not affect the early stages of muscle fibre development

Viper venom is known to induce muscle necrosis and attenuate regeneration.
Dying/necrotising fibres facilitate the infiltration of circulating immunoglobulins (IgG) and newly
regenerating fibres express embryonic myosin heavy chain (MYHIII). Hence, we analysed muscle
necrosis and the formation of new fibres by staining for IgG and MYHIII as markers, respectively.
The UD samples had no muscle fibres infiltrated with IgG (Figure 3A & 3C). Examination of the
necrotic fibre profile in the treated cohorts showed approximately a 50% reduction with sActRIIB
treatment on day 5. Thereafter no evidence of necrosis was detected across all the cohorts (Figure
3A and C). Next, we examined the early stages of fibre development. There were no MYHIII-positive
fibres in the UD samples (Figure 3B). CA muscles had MYHIII expression only on day 5 CA/sAct
muscles had robust MYHIIl expression at day 5 and a few fibres showing positivity at day 10 (Figure
3B). However, treatment with sActRIIB did not increase the size of the regenerating fibres
expressing embryonic myosin (Figure 3B and D). Therefore, sActRIIB acts to modify the

degeneration programme but not the early stages of muscle fibre regeneration.
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Figure 3: Profiling dying and newly regenerated muscle fibres. A) 1gG infiltration in the muscle
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on days 5, 10 and 15. White arrows indicate infiltrated fibres. B) Myofibres expressing embryonic
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%. D) Quantification of fibre size showing MYHIII expression. n=4 mice per cohort. # represents a
comparison between values from CA and CA/sAct cohorts at the same time point, Statistical analysis
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in C and D was performed using pair-wise comparison for individual variables. ™** OF #### n<0.0001.
The scale bar represents 100uM.

3.4 sActRIIB promoted the remodelling of ECM proteins and accelerated dystrophin expression

A thin layer of ECM protein represents a mature and normal muscle fibre condition (UD
panels in Figures 4A and B). We profiled the distribution of ECM in the three cohorts of mice by
examining two major components in skeletal muscle: collagen IV and laminin. Following muscle
damage, we detected an abnormal distribution of both markers in the CA samples on day 5. Here
they are manifested by abnormal thickness (as compared to UD) as well as a disruption in its
expression domain, evident by lack of synthesis of certain ECM protein (Figure 4A-E). We noted
the presence of many fibres where both collagen IV and laminin did not fully surround the muscle
fibre (indicated by arrows) (Figure 4A and B). These features did not manifest in the CA/sAct cohort.
At later time points, both the CA and CA/sAct cohorts displayed similar collagen IV and laminin

profiles.

Next, we examined the distribution of dystrophin, a key protein required to maintain muscle
fibre integrity. Following muscle damage, dystrophin is lost and then returned to its normal profile (a
thin layer around the inner surface of the sarcolemma) following successful regeneration (UD panels
in Figure 4C). Measuring the extent of dystrophin expression on the inner surface (circularity) was
used as a measure of fibre maturation. On day 5, CA muscles showed no regenerating fibres with
the presence of dystrophin — say what the arrows are indicating. However, CA/sAct contained many
newly formed fibres expressing dystrophin. Nevertheless, they did not display an expression domain
around the entire inner surface (only approximately 55%). By days 10 and 15 both the CA and

CA/sAct cohorts showed 100% dystrophin circularity in newly formed fibres (Figure 4C and F).
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Figure 4: Profiling extracellular matrix organisation and dystrophin expression in
regenerating fibres. A) Collagen 1V in the muscle fibres in undamaged (UD), venom injected (CA)
and venom with sActRIIB treatment (CA/sAct) muscle on days 5, 10 and 15. Yellow arrows indicate
uneven collagen IV expression around fibres, and white arrows show even expression of this protein.
B) Laminin expression in muscle sections at various time points. Yellow arrows indicate uneven
laminin expression around fibres, and white arrows show even expression of protein. C) Dystrophin
expression around regenerating fibres. Yellow arrows indicate fibres lacking dystrophin expression,
and white arrows show fibres with dystrophin around the entire fibre. D) Quantification of collagen
IV thickness domain using ImageJ. E) Quantification of Laminin thickness domain using ImageJ. F)
Quantification of dystrophin circularity. n=4 mice per cohort. The * represents a comparison between
undamaged (UD) muscle with either CA) or CA/sAct, and * represents a comparison between CA
and CA/sAct cohorts at identical times. Statistical analysis in C and D was performed using pair-wise

comparison and one-way ANOVA followed by Tukey’s post-hoc test. **** OF ### p<0.0001. The
scale bar in A and B represents 100uM. The scale bar in C represents 50uM.

3.5 sActRIIB reduced intramuscular bleeding

Excessive fibrinogen in the intramuscular space indicates bleeding in the muscles. The CA
muscles showed high levels of fibrinogen (covering approximately 40% of damaged regions) on day
5. However, the sActRIIB treatment significantly reduced fibrinogen levels, to account for 10%
coverage on day 5, indicating a potential decrease in bleeding (Figure 5A and 5C). The levels of
fibrinogen were largely reduced in both cohorts at days 10 and 15. Muscle sections were also stained
with CD31 to identify the capillaries surrounding the muscle fibres, as adequate blood supply is
crucial for muscle regeneration. We found that treatment with sActRIIB did not appear to impact

angiogenesis during muscle repair (Figure 5B)
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Figure 5: Intramuscular bleeding and angiogenesis in damaged muscle. A) Intramuscular
bleeding profiled by fibrinogen distribution in undamaged muscle (UD) and venom (CA) and venom+
treatment (CA/sAct) injected and muscle on days 5, 10 and 15. White arrows show prominent
fibrinogen deposition. B) Profiling capillaries in damaged muscle. White arrows show the expression
of CD31 around regenerating fibres. C) Quantification of Fibrinogen coverage in damaged regions.
N=4. The * represents a comparison between undamaged (UD) muscle with either CA) or CA/sAct,
and * represents a comparison between CA and CA/sAct cohorts at identical times. Statistical
analysis in C was performed using pairwise comparison and for D one-way ANOVA followed by

Tukey’s post-hoc test was used. ###p<0.001. The scale bar represents 100uM.
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4. Discussion

We used the whole C. atrox venom in contrast to our previous study which only utilised a
specific Plll metalloprotease (CAMP) [12]. Another notable difference between the two studies is the
duration of the investigations, here we examined muscle for 15 days whereas previously the
research was limited to 10 days. Nevertheless, we have noted similar effects at comparable time
points between the two studies. Notably, we report that damage was evident in both studies at day
10 which persisted in this study to day 15. Therefore, in both studies, the innate regeneration
mechanisms were unable to resolve damage induced by CAMP alone or whole C. atrox venom.
Hence, decreasing the relative amount of CAMP to total protein (as in this study) is still a very
injurious reagent. Using whole venom may give better idea about the pathological conditions seen

in C. atrox envenomation [21].

In the present study, sActRIIB treatment had the following effects on skeletal muscle after
damage induced by C. atrox venom: 1. Muscles showed significant weight gain. 2. Regenerating
fibre enlargement. 3. Decreased levels of fibrosis. 4. Decreased levels of early necrosis but newly
formed fibre size was unaffected. 5. Collagen and laminin structures were better preserved. 6.
Dystrophin expression was restored early. 7. Intramuscular bleeding was significantly reduced.
Despite these positive changes, the muscle was not fully protected from the damaging influence of
C. atrox venom by sActRIIB treatment evident ongoing remodelling of ECM markers and absence of
angiogenesis in both treated and untreated muscles. One of the striking features of sActRIIB
treatment was that on muscle weights following C. atrox venom injection. We noted that the TA
muscles in the CA/sAct cohorts were heavier than CA muscles, an effect that was independent of
the size of regeneration muscle fibres, which are with centrally located nuclei or those that expressed
the developmental form of MYHIIl. We postulate that the weight increase in muscle is due to the
hypertrophic action of attenuating activin/myostatin signalling in the undamaged muscle fibres.
Myostatin/activin-mediated signalling is known to induce catabolic pathways while at the same time
inhibiting those responsible for fibre enlargement, mediated through the inhibition of Akt activity [22].
Hence, we suggest that at the stage of intervention, normal fibre growth was being held back and

that this inhibition was lifted by SActRIIB treatment. This line of thinking agrees with a huge body of
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work that shows that myostatin/activin inhibition is at play during the entire lifespan of animal models
[23, 24]. Although the regenerating fibres at day 15 were larger in the CA/sAct cohorts compared to
CA treatment alone, this change was minor and unlikely to account for the massive change in total
TA weights. Interestingly, the newly formed muscle fibres (expressing MYHIII) did not respond to
SACtRIIB treatment suggesting that although myostatin and activin may be in circulation, these fibres
develop through programmes that were not regulated by them. Future studies to examine the AKT
pathway in C. atrox venom-damaged fibres are required to develop a greater understanding of the

early phases of regeneration following envenomation.

We propose that the beneficial effects of attenuating myostatin/activin following C. atrox
venom injection is imparted in two phases, early and late. In the early phase the intervention protects
muscle fibres from damage as evidenced by the smaller IgG infiltrated fibres and the less severe
impact on laminin/collagen IV expression as well as the early appearance of dystrophin in
regenerating fibres. One possible means by which sActRIIB attenuates fibre damage could be
through its inhibition of pathways that lead to the stimulation of IL-6 expression, a potent mediator of
muscle protein breakdown [25]. A large number of clinically approved anti-IL6 therapies have already

been developed which could be repurposed to control inflammatory pathways following SBE [26].

One of the most striking features of the sActRIIB intervention is the histologically improved
structure of muscle which takes place at the last time point. In particular, we note that there was
considerably less fibrosis in the CA/sAct cohort compared to CA. Additionally, there was a small
albeit significant increase in the size of regenerating fibres. Importantly the improvement in fibrosis
was not evident until the later time points. We propose that the results related to fibrosis can be
explained by focusing on the fate of FAPs and how this is controlled by myostatin/activin. Recent
research has shed light on these processes in the context of chronic muscle damage as seen in
several muscular dystrophies [27]. FAPs are present to support perfect regeneration by promoting a
cell activities including myoblast expansion and fate [28]. However, the number of FAPs is carefully
controlled so that only basal levels survive after damage resolution, in readiness for the next round
of muscle damage. However, the meticulous control of FAPs becomes deregulated in scenarios of

chronic muscle damage, leading to their survival and allowing them to differentiate into either
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fibroblasts or adipocytes [29]. Thereafter, fibroblast number can be expanded by signalling pathways
activated by activin/myostatin [18]. Indeed, there seems to be a positive feedback loop that leads to
the eventual formation of fibrosis. Herein, circulating myostatin may initiate fibroblast proliferation.
These then go on to express the myokines, leading to ever-increasing proliferation and subsequent
differentiation into myofibroblasts (marked by the expression of a smooth muscle actin) [18].
SACtRIIB could limit fibrosis after C. atrox venom damage by simply attenuating Myostatin signalling
so that fibroblast expansion is limited. However, our data shows that fibrosis actually develops but
is then subsequently decreased. We propose a new role for Activin/Myostatin in the development of
fibrosis. We suggest that Activin/Myostatin are continually required for the formation of
myofibroblasts and that in their absence, fibroblasts lose their ability to form aberrant ECM. Instead,
they revert to fibroblasts that remodel ECM back towards a normal state. Indeed, the ability of
fibroblasts to remodel ECM has been extensively studied, especially in the context of lung fibrosis
[30]. This line of investigation requires future studies in the context of muscle to determine how
fibrosis can be eliminated through the inhibition of Activin/Myostatin. All of these are valid points but

we haven’t tested any of these.

Muscle fibrosis is primarily caused by the action of SVMPs present in the snake venom. C.
atrox venom was selected because of high SVMP percentage in the venom. In summary, we show
that attenuating myostatin/activin signalling improves muscle regeneration after C. atrox venom
damage. However, the muscle was by no means completely regenerated as evident by ongoing
remodelling of dystrophin and lack of effective angiogenesis in the damaged muscle. As previously
stated, this could be due to the presence of long-acting metalloprotease activity, which continually
induces injury. Hence, we propose that as well as using reagents that promote regeneration (here
SActRIIB), a second line of intervention based on inhibiting key harmful molecules in venom would
be advisable. The latter could involve antivenom or small molecule inhibitors [31]. We note that there
are presently several approved antivenoms being used in cases of rattlesnake envenomation
including ANAVIP and CroFab [32]. Although these are very effective, there are reports of persistent

cellular damage even after their use [33]. Hence it would be intriguing to test their efficacy in

97



preventing muscle damage when anti-venom therapy is combined with regeneration-promoting

agents like sActRIIB.
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Primary Antibodies

Antigen Type Immunoglobulin Host Dilution Supplier
Species Ratio
MYHIII Monoclonal 19G Mouse 1:200 DSHB
Collagen IV Polyclonal 19G Rabbit 1:200 Abcam
Dystrophin Polyclonal 19G Rabbit 1:200 Santa Cruz
Biotechnology
Laminin Polyclonal 19G Mouse 1:200 Sigma L9393
CD31 Monoclonal IgG2a Rat 1:200 AbD serctec
Secondary antibodies
Antibody Immunoglobulin Host Dilution Supplier
Species Ratio
Alexa flour 488 anti-mouse 19G Goat 1:200 Invitrogen
Alexa flour 594 anti-rabbit IgM Goat 1:200 Invitrogen
Alexa flour 594 anti-rat 19G Goat 1:200 Invitrogen
Fibrinogen-FITC [s[€ Rabbit 1:50 Dako
anti-human

Supplementary Materials: Table S1: Primary and secondary antibodies used in this study.
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Abstract

India is termed the ‘snakebite capital’ of the world, with around 58,000 annual deaths. Moreover, the
number of snakebite-induced permanent disabilities is much higher in India. The medically important
species in India are often called the ‘Big Four’ snakes (Russell’s viper, cobra, krait, and saw-scaled
viper). The Russell's viper (Daboia russelii) is alone responsible for around 60% of the total
envenomation cases and most of the disabilities and morbidities are associated with this species.
The venom of Russell's viper is rich in phospholipase Az and snake venom metalloproteases. These
toxins can cause severe tissue necrosis and permanent muscle damage by affecting the skeletal
muscle's innate regeneration ability and immune responses. A favourable microenvironment is
essential for effective muscle regeneration following damage. Stem cells secrete a plethora of
cytokines and growth factors that are essential for effective muscle regeneration. Recent studies
have shown that the regenerative effects of stem cells are mainly due to the paracrine activities of
these secretory molecules. Therefore, we determined the effects of secretome derived from adipose-
derived mesenchymal stem cells on the skeletal muscle damage induced by Russell's viper venom.
The secretome had a positive influence on overall muscle regeneration. The secretome showed
improved proliferation and fusion of muscle stem cells, induced hypertrophy in the regenerating
muscle fibres, and promoted muscle fibre differentiation and maturation following venom-induced
damage. Moreover, the secretome improved the synthesis and remodelling of extracellular matrix
proteins which are critical for muscle regeneration. Overall, this study demonstrates that this cell-
free secretome can be an attractive regenerative medicine to treat/prevent viper venom-induced

muscle damage.

1.Introduction

Snakebite envenoming (SBE) is a high-priority neglected tropical disease that predominantly affects
rural communities living in developing countries [1]. SBE-induced deaths and disabilities are largely
reported in South Asian countries, sub-Saharan Africa and Central and South America [2, 3]. The
global burden of SBE is around 138,000 deaths and approximately 400,000 permanent disabilities

[4]. India is termed the ‘snakebite capital’ of the world, as it suffers around 58,000 SBE-induced
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deaths annually [2]. In India, most mortalities and morbidities are mainly due to four medically
important snakes: Russell's viper (Daboia russelii), the Indian cobra (Naja naja), the common krait
(Bungarus caeruleus), and saw-scaled viper (Echis carinatus), which are often called as the ‘Big
Four’ snakes [5]. Indian cobra and common krait belong to the Elapidae family, and Russell's and
saw-scaled vipers belong to the Viperidae family. SBE-related morbidities and permanent disabilities
are often associated with viper envenomation. Amongst the Big Four snakes, Russell’s viper (RV) is
one of the widely distributed snake species and is responsible for around 60% of total incidents [2]
and around 80% of SBE-induced deaths and disabilities [6]. RV envenomation is clinically complex
and can affect several tissues and organs in the body. The pathological symptoms of RV
envenomation include systemic effects such as coagulopathies, haemorrhage, neurotoxicity, and
acute kidney injury and local effects including necrosis and muscle damage, which often lead to

permanent disabilities [6-8].

RV venom in rich is phospholipase Az (PLA2) and snake venom metalloproteases (SVMPs).
These toxins are associated with skeletal muscle damage and cause permanent disabilities. PLA>
can damage the phospholipid bilayer of the cells leading to tissue necrosis. Whereas SVMPs induce
intra-muscular bleeding, destroy microcapillary networks, damage the extracellular matrix (ECM),
impact proliferation and migration of satellite cells, affect angiogenesis and alter immune responses
[9-11]. The leading cause of permanent muscle damage is impaired muscle regeneration although
skeletal muscle has innate regenerative capacity. The regeneration of skeletal muscle involves the
removal of cell debris and necrotic tissues, activation of satellite cells, myogenesis and then
maturation of regenerated myofibers. This process is managed by immune cells, inflammatory
responses, and satellite cells along with other cell types. Numerous cytokines and growth factors
released from these cells facilitate effective muscle regeneration [12]. They promote activation,
proliferation, and differentiation of satellite cells (SC), reconstruction and remodelling of ECM and
angiogenesis [13, 14]. The impact of developing a favourable microenvironment on muscle
regeneration following acute damage has been studied for several years. The favourable
microenvironment supports the migration, activation, and differentiation of SCs by altering their

signalling pathways. Additionally, the microenvironment facilitates the reconstruction of damaged
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ECM, which provides structural support to SCs [15]. The microenvironment also promotes
communications between immune cells, fibroblasts, and SCs [16]. Microenvironments also play an
essential role in influencing the metabolism and availability of nutrients for SCs [19]. Therefore, it is
critical to provide a favourable microenvironment to support muscle regeneration following muscle

damage.

Mesenchymal stem cells are adult multipotent stem cells originally identified in bone marrow, but
thereafter, they have been isolated from various tissues in the body. The adipose-derived
mesenchymal stem cells (ADMSC) were first isolated in 2001 and since then they have become an
attractive tool for tissue engineering and regenerative medicine due to their self-renewal ability and
multipotency [20, 21]. ADMSCs were initially thought to influence muscle regeneration through their
ability to recognise damaged tissues and differentiate into required cell types [22]. However, recent
studies have shown that the paracrine activity of the molecules secreted (secretome) by these cells
is more responsible for tissue repair than the cells themselves [23]. Indeed, the secretome from
ADMSC has been shown to influence skeletal muscle regeneration in acute and chronic skeletal

muscle injuries [24].

The primary impact of snake venom is often acute; however, the venom is active in the tissue causing
persistent and prolonged tissue damage like chronic muscle damage [10]. In viper venom-induced
muscle damage, the coordination between immune and myogenic cells is disrupted, and the venom
destroys the microcapillary network which prevents the infiltration of immune cells [25]. Hence, we
hypothesise that the presence of ADMSC-derived secretome will promote effective muscle
regeneration following viper venom-induced muscle damage by creating a favourable
microenvironment for the coordinated actions of muscle regeneration. Therefore, here we evaluated
the impact of ADMSC secretome on skeletal muscle regeneration following RV-venom-induced

damage.
2 Material and Methods

Materials
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RV venom in lyophilised form was sourced from Kentucky Reptiles Zoo (USA). The venom was
obtained from multiple specimens bred and maintained in captivity. Sources of all the other chemicals

are specified where necessary.
2.1 Ethical statement

The experiments conducted in this study were carried out following the regulations and principles of
the British Home Office (Project license number: PPL70/7516) and the Animals (Scientific
Procedures) Act 1986. All the procedures used in this study were reviewed and approved by the

University Research Ethics Committee.
2.2 Enzymatic assays

The metalloprotease activity of RV venom was assessed using DQ-gelatin, a fluorogenic substrate
(ThermoFisher Scientific, UK). Briefly, RV venom (50 pg/mL) and DQ-gelatin (10 ug/mL) were mixed
with phosphate buffer saline (PBS, pH 7.4) in 100 pL of total reaction volume and incubated at 37°C.
The level of fluorescence was measured using spectrofluorimetry (FLUOstar OPTIMA, Germany) at
an excitation wavelength of 485 nm and 520 nm emission wavelength. Similarly, the PLA; activity of
the RV venom was assessed using the EnzChek™ Phospholipase A, Assay Kit. The level of
fluorescence was measured with excitation at 460 nm and emission at 515/575 nm by

spectrofluorimetry.
2.3 Production of ADMSC secretome

Human ADMSCs [Life Technologies, UK (Cat-510070)] were cultured in MesenPro RS media (Life
Technologies, UK). The media was supplemented with 1% (w/v) L-glutamine (Life Technologies, UK)
and 1% (w/v) penicillin/streptomycin (Life Technologies, UK). The experiments were carried out with
the cells at passage 6 or below to maintain consistency of the generated secretome. To collect
ADMSC secretome, the adherent cells were harvested using enzymatic dissociation and centrifuged
at 300 g for 5 minutes at room temperature. The cells were washed in sterile PBS and repeated the
centrifugation step three times. The cells were then divided into small aliquots of 1x10° cells per
tube. The aliquots were pelleted down, covered with 400 pL of fresh sterile PBS, and kept at room

temperature for 24 hours. The supernatant was then collected without disturbing the pellet by
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centrifuging the cells, filtered through a 0.2 um syringe filter and centrifuged at 2000 g for 20 min at

room temperature.
2.4 Administration of venom and ADMSC secretome in mice

The CD1 mice (5 — 6 weeks old) were obtained from Charles River, UK. The mice were divided into
two cohorts (n=3). One cohort received a dose of ADMSC secretome (100 uL) via intraperitoneal
route 24 hours and again 2 hours before venom injection. For intramuscular injections, the mice were
anaesthetised using 3.5% (v/v) isofluorane in oxygen. Then, the mice received an intramuscular
injection of RV venom 66 ng/g (i.e., 5 times lower than the reported LDs, value for RV venom) animal
weight and injection volume of 30 pL into the left tibialis anterior (TA) muscle. On day 5, mice were
euthanised using CO- inhalation followed by cervical dislocation.The TA muscle was dissected,
weighed and immediately frozen using liquid nitrogen-cooled isopentane. Muscles were then stored
at -80°C until further use. The frozen TA muscles were mounted using Tissue-TEK® OCT medium,

and sections of 13 ym thickness were obtained using cryo-microtome.
2.5 Haematoxylin and Eosin (H&E) staining

H&E staining is a routine histology method that helps visualise cellular organisation and tissue
morphology. H&E stain the nuclei of the cells blue and cytoplasm pink. Briefly, the muscle slides
were taken out from a -80°C freezer and brought to room temperature (left for 15 minutes). The
muscle sections were washed three times (10 min each) with PBS to rehydrate and remove any
debris. Next, the sections were immersed in Harris haematoxylin for 1 minute and then washed
under tap water for 2 minutes to remove the excess dye. Then, the sections were immersed twice in
70% acidic alcohol (70% ethanol, 0.1% HCI) to remove any background stain. After this, the slides
were washed under running tap water for 5 minutes. Next, the sections were counterstained in 1%
(w/v) eosin for 2 minutes. Then, subsequent dehydration steps were carried out by immersing the
slides in different ethanol concentrations, including 70%, 90%, and 100%. Finally, the slides were
immersed twice in Xylene for 3 minutes to displace the ethanol. The slides were mounted using the
DPX (Dysterine, Plastisizer and Xylene) mounting media. The area of the fibres with centrally located
nuclei (CLN) was measured using ImageJ (1.52a). 50 fibres were measured from each muscle and

then averaged to calculate the cumulative values.
108



2.6 Immunohistochemistry

The hydrophobic barrier was created around the muscle sections using a pap pen. After washing
three times with PBS, the slides were incubated in permeabilisation buffer 20 mM HEPES, 3 mM
MgClz, 50 mM NaCl, 0.05% (w/v) sodium azide, 300 mM sucrose and 0.5% (v/v) Triton X-100]. After
15 minutes, the sections were washed with PBS to remove the permeabilisation buffer and then
blocked using a blocking-wash buffer solution [PBS with 5% (v/v) foetal bovine serum, 0.05% (v/v)
Triton X-100] for 30 minutes at room temperature. Primary antibodies were prepared in the blocking-
wash buffer at a dilution of 1:200 and then incubated with the sections overnight at 4°C. The next
day, the unbound primary antibodies were washed using blocking-wash buffer three times and
incubated with secondary antibodies conjugated with different fluorophores at a dilution of 1:200 (in
blocking-wash buffer) for 1 hour in the dark at room temperature. The slides were then mounted with
a Dako (Agilent Technologies, UK) fluorescent mounting medium containing 4,6-diamidino-2-
phenylindole (DAPI) to visualise nuclei. The muscle sections were visualised and imaged using a
Zeiss Axiolmager fluorescence microscope. To measure the structural maturity of collagen IV,
laminin and dystrophin, fluorescence intensity was used as a relative measure [10]. The intensity
was measured using Imaged (1.52a). 50 fibres with CLN from each mouse were measured for each

marker. The data for individual markers was then averaged for statistical analysis.
2.7 Statistical analysis

The sections were imaged in parts and then merged using the ImagedJ mosaic tool. Different tools in
Imaged were used for measuring the area or intensity of different markers. Zeiss Axiolmager (4.9.1)
software was used to select different channels or filters during imaging. GraphPad Prism 7 was used
for statistical analysis, and the P values were calculated using the student t-test or one-way ANOVA

for multiple comparisons.
3 Results
3.1 RV venom shows high SVMP and PLA: activity

The local tissue damage occurs mainly because of two toxin families found in viper venoms, SVMPs

and PLA,. The SVMP activity of different concentrations of RV venom was measured using DQ-
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gelatin. RV venom showed a dose-dependent increase in SVMP activity (Figure 1A). The PLA;
activity was analysed using a commercially available kit. The RV venom showed significant PLA>

activity at 25 yg/mL compared to the negative control (Figure 1B).
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Figure 1: SVMP and PLA; activity of RV venom. SVMP activity of RV venom was measured by a
DQ-gelatin assay using different concentrations of venom (A). PLA: activity of RV venom at 50 pg
was measured using a commercially available kit (B). The negative control (-ve) contains the assay
buffer with the substrate. The positive control (+ve) is purified PLA> from bee venom provided with
the assay kit. Data represent mean + S.D. (n=3). The p-value shown is calculated by one-way
ANOVA with multiple comparison tests for independent variables using GraphPad Prism.
(****p<0.0001).

3.2 ADMSC secretome promotes muscle regeneration following RV-venom-induced damage

The ADMSC secretome was injected via intraperitoneal route 24 and again 2 hours before
intramuscular injection of venom and muscles were collected on day 5 (Figure 2A). During the
dissection, we observed that the skin around the site of venom injection developed scar tissues. The
venom-injected muscles were necrotic, and even the tendons were loosely attached to the other
exterior muscles (Figure 2B). The data suggests that the venom-induced TA muscle weight is around
10 ug less than the undamaged muscle. However, there was no significant difference between the
secretome treated and the undamaged muscle (Figure 2C). These data suggest that the secretome

has improved venom-induced muscle loss.
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The characteristic feature of the regenerating fibres is CLN. Therefore, the regeneration progress
was analysed by measuring the cross-section areas of the fibres with CLN. In the presence of
secretome, the muscle has shown significant improvement in regeneration. Due to the administration
of secretome, the regenerating fibres are one-fold bigger than the regenerating fibres from control

muscles (Figure 3A-3B).
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Figure 2: Injection time points, tissue necrosis by RV venom and the effect of secretome on
TA muscle mass. The secretome was injected at two different time points before the administration
of RV venom and muscle samples were obtained on day 5 (A). During dissection, scar tissue was
observed on the skin, near the site of RV venom injection and extensive tissue necrosis was evident
in the RV-injected muscle (B). The TA muscle weights of different cohorts of mice were compared
with the undamaged (UD) TA muscle. Data represent mean + S.D. (n=3 mice). The p value shown
is calculated by one-way ANOVA using GraphPad Prism. (*p<0.05).
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Figure 3: ADMSC secretome resulted in larger regenerating fibres. H&E staining was performed
on TA muscle sections and the presented images are representative of whole muscle and magnified
region of undamaged (UD), control (RV venom injection) and treated (secretome +RV venom
injections) (A-B) muscles on day 5. The cross-section area of regenerating fibres was calculated by
measuring the area of fibres with CLN. 50 regenerating fibres were measured from each muscle
using Imaged. The p-value shown is as calculated by the student T-test followed using GraphPad
Prism (**p<0.01). The scale bar represents 100 uM.
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3.3 ADMSC secretome enhances the proliferation and maturation of myoblasts

The embryonic myosin heavy chain (MYHIII) is a contractile protein expressed during the early stage
of muscle regeneration. To determine the impact of secretome on MYHIIl expression, the cross-
section area of the fibres with CLN expressing MYHIIl was measured. The cross-section area of the
fibres from secretome-treated cohorts was around one-fold higher than the control muscles (Figure
4A). The regenerating muscle fibres were also analysed for the presence of 2a and 2b myosin
chains, which are the isoforms of the fast myosin heavy chain. The 2a expression was not observed
in the fibres with CLN (Figure 4B). Whereas CLN fibres with 2b expression were significantly larger

in secretome-treated muscle samples (Figure 4C).
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Figure 4: Effect of secretome on myogenesis. The muscle sections were stained with fluorescent-
tagged MYHIII (A), MYH-2a (B) and 2b (C) antibodies. DAPI was used to stain the nuclei. The cross-
section area of newly regenerating fibres was calculated by measuring MYHIII positive fibres with
CLN. No 2a stained fibres with CLN were observed on day 5. The cross-section area of differentiated
fibres was calculated using 2b positive fibres with CLN. We analysed the damaged area from the TA
muscle obtained from each animal cohort (n=3), and 30 muscle fibres were measured from each
mouse muscle. The cross-section area was measured using ImagedJ (1.52a). The p value shown is

as calculated by the student T-test using GraphPad Prism (**p<0.01). The scale bar represents 100
M.
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3.4 ADMSC secretome improved the reconstruction and remodelling of the ECM

To determine the impact of secretome on the construction and remodelling of the ECM, proteins such
as collagen IV and dystrophin were analysed in TA muscle sections. Collagen IV and dystrophin are
important structural proteins in the ECM and are essential to maintaining the structural integrity of
the ECM. Compared to the undamaged muscles, the fluorescence intensity of collagen IV (Figure
5A) or dystrophin (Figure 5B) in CLN fibres in venom-treated muscles was 20% lower indicating the
impact of venom on the ECM. In contrast, there was no significant difference in the intensity of the
secretome-treated muscle fibres for collagen IV and dystrophin compared to the undamaged muscle.
There was no statistical difference in the levels of laminin compared to any cohorts (Figure 5C). This

lack of significance is most likely due to the high variability in the measured intensities.
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Figure 5: Effect of secretome on ECM remodelling. The muscle sections were stained by
fluorescently tagged collagen IV, laminin, and dystrophin antibodies. Nuclei were stained using DAPI.
The images shown are representative of undamaged muscle (UD), control (RV venom injected) and
treated (secretome + RV venom injected) muscles on day 5. The maturity of the structure of collagen
IV (A), dystrophin (B) and laminin (C) was measured by their representative intensity using ImageJ
(1.52a). The p values shown are as calculated by the student T-test using GraphPad Prism (*p<0.05).
The *represents a comparison between the control and treated cohorts and # represents the
comparison between the UD and either control or treated cohorts. The scale bar represents 100 pM.
We analysed the damaged area from the TA muscle obtained from each animal cohort (n=3), and
50 muscle fibres were measured from the Ach muscle. The scale bar represents 100 uM
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4 Discussion

Viper venoms can cause extensive damage to skeletal muscles, often leading to permanent
disabilities. In SBE victims, bites mostly occur on the upper or lower limbs [26] and they can affect
their mobility and productivity. In India, where RV envenomation is a prominent issue [2], the most
vulnerable populations are agricultural workers. For them, mobility restriction or permanent
disabilities can have extensive socioeconomic impacts as they may not be able to perform their
occupations [27, 28]. Viper venoms are rich in toxins such as SVMPs, snake venom serine proteases
and PLA., along with other toxic and non-toxic components [29]. Viper envenomation can cause
systemic haemotoxic effects and severe local myotoxic effects. Viper venoms affect natural muscle
regeneration following damage through the actions of SVMPs and PLA.. These toxins cause severe
damage to critical components such as the basement membrane, ECM, and satellite cells involved
in effective muscle regeneration. PLA; affects the phospholipid bilayer of the cells which results in
tissue necrosis. In contrast, SVMPs destroy collagen, a major component of the ECM, and have
direct and indirect impacts on the proliferation of SCs. In addition, SVMPs damage the microvascular
network and affect the angiogenesis [10]. RV venom composition is well studied, and it has
significant variations in the biochemical composition, which results in diverse pathological outcomes
and potency. The venom of RV present in eastern India has been reported to be the most potent
compared to the specimens found in other regions [30]. The most abundant toxins in RV venom are
PLA2 and SVMPs [31]. The effect of these toxins along with other low abundant toxic and non-toxic
families can induce severe muscle necrosis in RV envenomation victims. The most common local
manifestations of RV envenomation include pain, swelling, blister formation, compartment syndrome,
haemorrhage and necrosis [32]. Currently, surgical methods such as fasciotomy, tissue debridement
and amputations are used to treat these local pathological effects, but they may result in permanent
disabilities. Hence, developing an alternative, effective treatment solution is critical to improving the

pathological outcome of viper envenomation-mediated muscle damage.

The skeletal muscle comprises myofibers, a vascular network, nerves, and connective tissues. The

basic structural and functional unit of skeletal muscle is myofiber [33, 34]. The skeletal muscle can
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regenerate after injury, and the regeneration is a robust process coordinated by immune and satellite
cells. The satellite cells are quiescent in the adult muscles but can quickly get activated upon muscle
injury. Skeletal muscle regeneration is achieved through an overlapping response of immune cells,
and activation, differentiation, and fusion of SCs and maturation and remodelling of the newly
regenerated myofibers. To complete this process, a favourable microenvironment is essential. The
skeletal muscle is a very adaptive tissue, and its regenerative potential is altered during acute and
chronic muscle degeneration. In muscle regeneration post viper venom-induced muscle damage,
the immune cell response is dysregulated, and the activation, proliferation, and fusion capacity of
SCs are affected [10, 35]. The infiltration of immune cells is often absent around the damaged muscle
[25]. Hence, enrichment of this microenvironment can promote the regeneration of damaged skeletal
muscle as stem cells actively communicate and interact with their surrounding environment [36]. The
use of secretomes of various stem cell populations is one of the emerging methods of tissue
engineering and regenerative medicine. Due to their inherent potency, ADMSCs have become an
exciting target in regenerative medicine. ADMSCs are easily accessible and are known to modulate
endogenous regulation of muscle regeneration [37, 38]. Recent studies suggest that the regenerative
effects of stem cells are mainly due to the factors secreted by the stem cells rather than the cells
themselves. The paracrine effects of secretome regulate essential processes like proliferation of
SCs, angiogenesis, ECM remodelling and immune responses through secretion of cytokines and
growth factors including but not limited to interleukins, insulin-like growth factor-1, hepatocyte growth
factors, vascular endothelial growth factors [39-41]. Therefore, in the present study, the ADMSC-
derived secretome was administered into an experimental mouse model before the intramuscular
injections of the RV venom and the impact of the secretome on the venom-incused muscle damage
was analysed. The results demonstrate that the secretome improved the regeneration of muscle
fibres. Indeed, it improved the early stage of muscle regeneration as observed through the
expression of myosin 2B on day 5. Moreover, the reconstruction and remodelling of the ECM were

also improved by the secretome.

The paracrine signalling of secretome increases cell-cell communication and facilitates the

proliferation and fusion of SCs [42, 43]. The secretome contains several factors like interleukins (IL-
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6 and IL10), tumour necrotic factor-a (TNF-a), and transforming growth factor-g (TGF-B), which
modulate the immune responses, reduce inflammation and promote tissue repair [44]. The insulin-
like growth factors, fibroblast growth factors, and hepatocyte growth factors present in ADMSC
secretome stimulate the activation and proliferation of SCs [45]. Extracellular vesicles are another
important component of the secretome, packed with miRNA. Several studies suggest that this
miRNA package can promote the proliferation and differentiation of SCs [46]. We observed in this
study that the regenerating muscle fibres in the damaged area were significantly larger when treated
with secretome. This finding supports the fact that the proliferation and fusion of SCs were enhanced
by secretome treatment. To evaluate the effects of ADMSC secretome on newly formed regenerating
fibres, we measured the cross-section area of the fibres expressing MYH-III. It is expressed during
the early stage of muscle regeneration and significantly larger fibres in the secretome-treated
animals suggesting that in the presence of secretome, the regeneration process was expedited [47].
The skeletal muscle contains different isoforms of muscle fibres. During the regeneration process,
myoblasts express MYHIII, and these myoblasts fuse to form mature muscle fibres. In the murine
model, isoforms 2a, 2x and 2b muscle fibres are observed, typically termed as fast twitch muscle
fibres. In post-injury, the muscle needs high force, and fast contracting fibres, and these
characteristics are associated with 2b fibres. In the present study, 2b fibres with CLN were analysed.
The CSA of the fibres in the secretome-treated animals was larger than in the control animals. The
cytokines and growth factors in the secretome promote fusion and maturation of the muscle fibres,
and the increase in CSA suggests that the secretome induced hypertrophy in the muscle fibres,
which is an indication of progress in regeneration. In RV-mediated muscle damage, lack of oxygen
is an important factor for impaired muscle regeneration due to damage to the microcapillaries [48,
49]. The 2b fibres use anaerobic glycolysis as their ATP source, which might be why 2b fibres are

observed in regenerated muscle following RV venom-induced muscle damage [50].

ADMSC secretome can promote the synthesis of ECM proteins. The extracellular vesicles carry
numerous bioactive molecules including miRNAs and proteins that modulate cellular responses that
are essential for remodelling the ECM [51]. Along with cytokines and growth factors, the secretome

can produce certain ECM components. The angiogenic factors and anti-fibrotic factors are
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responsible for the homeostasis of the ECM. Secretome can also modulate the matrix
metalloproteases and their tissue-derived inhibitors. TGF-f is a critical player in ECM synthesis and
remodelling present in ADMSC secretome. TGF- can stimulate ECM protein synthesis, including
collagen and laminin. The modulated immune responses can affect the levels of IL-6, which is
essential for ECM modulation [23, 52]. The secretome of ADMSC has been effective in enhancing
the synthesis and modulation of dystrophin, another key component in the muscle [53]. Due to all
these paracrine effects from numerous secretory factors, the ADMSC secretome could expedite the
synthesis and remodelling of the ECM in RV venom-mediated skeletal muscle damage as

demonstrated in this study.

Overall, we demonstrated the effects of ADMSC-derived secretome on promoting skeletal
muscle regeneration following RV venom-induced muscle damage. The secretome enhances
muscle regeneration, induces hypertrophy in regenerating fibres, facilitates muscle fibre
differentiation, and effectively achieves ECM remodelling. However, to test this effect in a more
realistic scenario, analysing the regeneration effects of secretome post-venom-induced muscle
damage is essential. It is also important to analyse the long-term repercussions, such as muscle
fibrosis, and whether the secretome effectively reduces it. From the current study, we can interpret
that the presence of ADMSC secretome positively impacts tissue regeneration in case of RV-induced
muscle damage. These data reveal an exciting new opportunity to test regenerative medicine
approaches for venom-induced skeletal muscle damage. However, there could be a few difficulties
in using stem cell secretome as a treatment for SBE. The countries or the part of the countries where
SBE is prevalent lack well-equipped medical facilities. The secretome must be stored and maintained
at an ultralow temperature (-80°C) to maintain its functional integrity. The SBE victims are often from
low-income backgrounds and the cost of treatment is critical for these victims. The cost of production,
scalability, and storage of secretome may potentially increase the cost of treatment for SBE victims.

However, these obstacles can be overcome by further research.
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Abstract:

The interactions between specific snake venom toxins and muscle constituents are the major cause
of severe muscle damage that often results in amputations and subsequent socioeconomic
ramifications for victims and/or their families. Therefore, improving our understanding of venom-
induced muscle damage and determining the underlying mechanisms of muscle
degeneration/regeneration following snakebites is critical to developing better strategies to tackle
this issue. Here, we analysed the intramuscular bleeding and thrombosis in two different snake
venom toxins [CAMP - Crotalus atrox metalloprotease (a Plll metalloprotease from the venom of this
shake) and a three-finger toxin (CTX, cardiotoxin from the venom of Naja pallida)]-mediated muscle
injuries in mice. Classically, these toxins represent diverse scenarios characterised by persistent
muscle damage (CAMP) and successful regeneration (CTX) following acute damage, as normally
observed in envenomation by most vipers and some elapid snakes of Asian, Australasian, and
African origin, respectively. Our immunohistochemical analysis confirmed that both CAMP and CTX
induced extensive muscle destruction on day 5, although, the effects of CTX were reversed over
time. We identified the presence of fibrinogen and P-selectin exposure inside the damaged muscle
sections, suggesting the signs of bleeding and the formation of platelet aggregates/microthrombi in
tissues, respectively. Intriguingly, CAMP causes integrin shedding but does not affect any blood
clotting parameters, whereas, CTX significantly extends the clotting time and has no impact on
integrin shedding. The rates of fibrinogen clearance and reduction in microthrombi were greater in
CTX-treated muscle compared to CAMP-treated. Together, these findings reveal novel aspects of
venom-induced muscle damage and highlight the relevance of haemostatic events such as bleeding
and thrombosis for muscle regeneration and provide useful mechanistic insights for developing

better therapeutic interventions.

1. Introduction

Snakebite envenoming (SBE) is one of the leading causes of mortality and morbidity among
rural agricultural communities in many tropical countries [1,2]. SBE has been classified as a high
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priority neglected tropical disease by the World Health Organisation (WHO) and causes around
150,000 deaths and 500,000 permanent disabilities worldwide every year [3]. Venom-induced
skeletal muscle damage is a key factor for SBE-induced permanent disabilities [4]. Antivenoms are
generally not beneficial in treating and preventing SBE-induced muscle damage as the large
immunoglobulin molecules are unable to penetrate the damaged local tissues [5,6]. Moreover, the
damaged blood vessels and blood clots (thrombi) in capillaries will restrict the blood flow to the
affected tissues resulting in ischaemia further preventing the antivenom from reaching the damaged
regions [7]. Extensive tissue damage can necessitate surgical procedures such as fasciotomy (to
release the compartment pressure), debridement (to remove the affected tissues), and amputation
(to completely remove the affected region/limb to prevent further damage and infection) to manage
this condition [8]. Hence, improving our fundamental understanding of how venom toxins affect
skeletal muscle and induce permanent muscle damage is critical for developing effective treatments
for SBE-induced muscle damage.Venoms include both enzymatic and non-enzymatic proteins and
small peptides [9,10]. Specific venom toxins such as three-finger toxins (3FTx), phospholipase A,
and snake venom metalloproteases (SVMP) are the main components responsible for causing local
tissue damage [7]. An earlier study from our group reported the mechanisms of action involved in
skeletal muscle damage induced by a P-lll SVMP (named CAMP) from the venom of Crotalus atrox
in comparison to a 3FTx (cardiotoxin, CTX) from the venom of Naja pallida [11]. CAMP induced
extensive damage to the extracellular matrix and affected the functions of satellite cells and
angiogenesis, impairing muscle regeneration. In contrast, CTX caused muscle necrosis although it
did not affect satellite cells or the extracellular matrix (ECM), with full recovery from the damage
achieved through the innate muscle regeneration process [11]. However, the ability of these venom
toxins to induce bleeding and thrombosis while causing muscle damage was not compared
simultaneously in the previous study. The circulatory system and continuous blood supply play a
vital role in tissue repair and muscle regeneration [12]. However, damage to vasculature results in
excessive bleeding, subsequent thrombus formation and inflammatory responses in the affected
muscle [7,13,14]. Moreover, thrombus formation will rapidly consume circulating platelets and/or
coagulation factors leading to venom-induced consumption coagulopathy, which further augments

bleeding [15,16]. Therefore, it is critical to establish the mechanisms of action of muscle-damaging
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enzymatic and non-enzymatic venom components in inducing intramuscular bleeding and
thrombosis. In this study, we determined the ability of CAMP and CTX in inducing bleeding and
microthrombi formation in locally damaged skeletal muscle. The outcomes of this study provide
evidence to demonstrate the impact of enzymatic (CAMP) and non-enzymatic (CTX) venom toxins

in inducing bleeding and thrombosis in muscle tissues.

2. Materials and Methods
2.1. Materials used

Purified CTX from the venom of the Red-spitting Cobra (Naja pallida) was purchased from
Latoxan (France). Lyophilised Crotalus atrox (C. atrox) venom was purchased from Sigma Aldrich
(UK). CAMP was purified from the venom of C. atrox using a combination of ion exchange and gel

filtration chromatography, as reported previously [11].

2.2. Injection of venom toxins in TA muscles of mice

All mice were anaesthetised using 3.5% (v/v) isoflurane in oxygen and then kept at 2% (v/v)
isoflurane throughout the procedure. 1 ug of purified CAMP or CTX in 30 pL volume was injected
into the left TA muscle. The right TA muscle was given a control injection of 30 uL of PBS. PBS
injections were given to test if there is any tissue damage caused due to insertion of the injection
needles. The mice were monitored for either 5 or 10 days before being sacrificed by CO; inhalation

and muscles collected.

2.3. Dissection and processing of tissues

The tissue samples were collected on either day 5 or 10 following the injection of toxins.
Animals were dissected, and the TA muscles were carefully removed by the tendon to avoid
mechanical damage. The muscle samples were frozen in liquid nitrogen-cooled isopentane and kept
at -80°C. The muscle tissue was then embedded in Tissue-TEK® OCT (Optimal Cutting
Temperature) medium and sliced into 13 pm thick transverse sections using a cryo-microtome.

These sections were placed onto glass slides and stored at -80°C until required for further use.

2.4. H & E staining of muscle sections
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The muscle sections on glass slides were removed from the -80°C freezer and left at room
temperature for 15 minutes, and later, the sections were soaked in PBS to rehydrate them. The
slides were then submerged in Harris haematoxylin stain for two minutes. After rinsing the slides in
water for two minutes, they were dipped twice in 70% acidic alcohol [70% ethanol (v/v) and 0.1%
(v/v) HCI] and then rinsed again in water for five minutes. The slides were then placed into a container
with a 1% (w/v) eosin solution for two minutes and then transferred into a slide container containing
70% ethanol. The slides were dehydrated by soaking them in 70%, 90%, and 100% ethanol. Finally,
the slides were transferred into xylene for two rounds of three minutes. The sections were fixed using
distyrene, plasticiser and xylene (DPX) mounting media. The muscle sections were observed and

imaged using a Zeiss Axiolmager light microscope (five sections per mouse, 5 mice for each cohort).

2.5. Immunohistochemistry of TA muscle sections

Using a wash buffer solution [PBS with 5% (v/v) foetal bovine serum and 0.05% (v/v) Triton
X-100], FITC-conjugated primary antibodies were diluted at 1:50 dilution. The slides were cleaned
and hydrated three times with PBS for 5 minutes each. Next, permeabilisation buffer 20 mM HEPES,
3 mM MgCl,, 50 mM NaCl, 0.05% (w/v) sodium azide, 300 mM sucrose and 0.5% (v/v) Triton X-100]
was added and allowed to incubate for 15 minutes. A blocking wash buffer was added and incubated
for 30 minutes. The pre-made primary antibodies were added, and the slides were incubated for 1
hour at room temperature. Unbound antibodies were washed off, and the slides were mounted in 6-
diamino-2-phynolinodole (DAPI) containing mounting media. The sections (five sections per mouse
and five mice for each cohort) were visualised, and the images were obtained using a Zeiss
Axiolmager fluorescence microscope. For fibrinogen, the whole muscle image which was made
using multiple images of that muscle at 10x objective, was analysed using threshold analysis. The
baseline threshold was set using the muscle image of an undamaged mouse. For P-selectin and
integrin, multiple images for each muscle section from each mouse were taken using a 40x objective.
Using the Image J 3D analysis tool, the baselines were set using undamaged contralateral muscle
and then quantified the number and area of thrombi. For each mouse, the values were calculated as

mean and then analysed together with the data obtained from all animals.
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2.6. ROTEM analysis

The ROTEM Delta analyser by Werfen, UK was used to study the effects of CAMP and CTX
on human whole blood clotting. Intem and extem analyses were conducted to determine the impact
of venom toxins on intrinsic and extrinsic pathways of blood clotting, respectively. Fibtem analysis
was carried out to determine the effects of toxins on clotting in the absence of platelets, while aptem
analysis was completed to assess the impact of venom toxins on blood clotting in the lack of
fibrinolysis. The blood was collected from healthy human volunteers after informed consent. 5 mL
blood was collected from each individual in an EDTA tube. In each assay, 8 uM of CAMP or 50 pM
of CTX was mixed with 300 pl of citrated whole human blood and pre-set volumes of respective
reagents for different assays according to the manufacturer's instructions. The blood samples were
recalcified using a startem reagent (0.2 M CaCl; in HEPES buffer, pH 7.4), and clotting was initiated
using intrinsic (partial thromboplastin phospholipid from rabbit brain and ellagic acid) and extrinsic
clotting activators (recombinant tissue factor, phospholipids, and heparin). The fibtem (cytochalasin
D and 0.2 M CaCl; in HEPES buffer, pH 7.4) and aptem (aprotinin and 0.2M CacCl, in HEPES buffer,
pH 7.4) assays were performed using specific reagents before the initiation of clotting using the
extem activation reagent. Various parameters of whole blood coagulation were analysed using

ROTEM assays.

2.7. Statistical analysis

All statistical analyses were performed using GraphPad Prism 8. Based on the data type, an
unpaired student t-test or one-way ANOVA was used to calculate the p values to determine the
statistical significance. All the staining and analysis were performed blindly by individuals who were

not involved in experimental procedures in mice.

3. Results
3.1. CAMP and CTX induce damage to the tibialis anterior (TA) muscle in mice

To determine the impact of CAMP and CTX in inducing bleeding and thrombosis in skeletal muscle,
they [1 pg of CAMP or CTX in 30 pL of phosphate-buffered saline (PBS)] were intramuscularly

injected into the TA muscles of mice. The muscles were collected on days 5 and 10 and used for

129



further analysis. The histological analysis of the muscles using haematoxylin & eosin (H&E) staining
confirmed the quality of muscle sections. The undamaged control muscle (injected with the same
volume of PBS) displayed a normal morphology (Figure 1A), whereas CTX and CAMP-treated
muscles showed clear signs of damage (Figure 1B and 1C). The infiltration of immune cells was
evident in the damaged areas of the muscles treated with CTX and CAMP on day 5. However, on
day 10, the muscles showed signs of recovery (presence of centrally located nuclei in myofibres with
reduced spaces between them, reduced infiltrated immune cells and clusters of small fibres),
especially in CTX-damaged tissues. This data confirms that both CTX and CAMP damaged the TA

muscle as previously reported [11].

Contrl

Figure 1. H and E staining of TA muscles treated with CAMP or CTX on days 5 and 10. The TA
muscles of mice that were treated with PBS (A, D), CAMP (B, E) and CTX (C, F) were collected on
days 5 and 10 following the injection of toxins, and their sections were analysed by H and E staining.
The thickness of the muscle sections was 13 um. The scale bar represents 100 um. The images
shown are representative of experiments performed using five mice in each cohort.
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3.2. CAMP and CTX induce bleeding in damaged muscle

Fibrinogen is a highly abundant clotting protein in the blood, and it acts as a scaffold for platelet
aggregation and thrombus formation. Therefore, the presence of fibrinogen was measured as a
marker for bleeding in the muscle sections. CTX- and CAMP-treated muscle sections on days 5 and
10 along with control muscles were stained using FITC-labelled anti-fibrinogen antibodies. The
control muscle showed no fibrinogen, indicating that there was no bleeding in the undamaged tissues
(Figure 2A). However, CAMP-treated muscle sections showed the presence of fibrinogen on day 5
(on average 25% fluorescence intensity) although it was significantly reduced by day 10 to roughly
12-13% (Figure 2B). Similarly, the administration of CTX induced bleeding in the muscle on day 5,
with a significant reduction on day 10. The percentage of fibrinogen was largely reduced by day 10
compared to day 5 in CTX-treated sections. Although CTX-treated muscle presented significantly
higher fibrinogen in the muscle sections than CAMP on day 5, the clearance rate was greater with a
reduction from an initial 50% to 3% by day 10 in CTX-treated muscle. The presence of fibrinogen in
both toxin-treated muscles indicated intramuscular bleeding, although we cannot rule out the staining

of thrombi as they also contain fibrinogen.
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Figure 2. Intramuscular bleeding in muscles treated with CAMP and CTX. FITC-
labelled anti-fibrinogen antibodies were used to stain CAMP and CTX-treated muscle
sections along with controls and analyse the extent of bleeding in the muscle at 5- and 10-
day post-injection of toxins. DAPI was used to stain the nuclei. A) Representative images
of control, CAMP and CTX-treated TA muscles at days 5 and 10. The bar diagram (B)
shows the level of fluorescence at days 5 and 10 in CAMP and CTX-treated muscles, and
their comparisons. The percentage of fibrinogen area was calculated by dividing the
fibrinogen-stained area by the total muscle area. The columns represent mean £ S.D. (n =
5 mice for each cohort, five sections per mouse). ****p<0.0001 when compared to the level
of fluorescence obtained at day 5 in CTX-treated muscle, which was taken as 100% to
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calculate the relative difference in others. ##p<0.01 and ####p<0.0001 when comparing
CAMP and CTX-treated muscle at day 10 with their corresponding values at day 5.
Student's two-tailed t-test was used for independent variables. The scale bars represent
100 pm.

3.3. Microthrombi formation in CTX and CAMP-damaged muscles

Microthrombi are small blood clots or aggregates of platelets and fibrin formed in capillaries and/or
tissues. Upon stimulation of platelets, the inside-out signalling to the integrin allbB3 switches its
conformation from a low-affinity state to a high-affinity state for fibrinogen binding, which causes
aggregation of platelets by using fibrinogen as a scaffold [17]. Similarly, P-selectin is secreted from
a-granules upon activation. Both of these factors play a critical role in the formation of platelet-
mediated blood clots [17]. Therefore, the presence of integrin allb3 and P-selectin exposure on the
surface of platelets confirms the existence of platelet aggregates/thrombi. The muscle sections
obtained from CTX and CAMP-treated mice were stained with FITC-labelled anti-integrin allbB3 and
anti-P-selectin antibodies.

In CAMP-treated muscle, there was no detectable level of fluorescence observed for integrin allb33
on either day 5 or 10 (Figure 3). However, CTX-treated muscle on days 5 and 10 displayed the
presence of microthrombi as measured through the level of fluorescence for integrin allbf3.
Moreover, in CTX-treated muscles, the frequency of microthrombi was significantly reduced by day

10 compared to day 5, although the area of the microthrombi within the muscle remains the same.
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Figure 3. Microthrombi formation in CAMP and CTX-damaged muscle by staining integrin allbp.
FITC-conjugated anti-integrin allbB3 antibodies were used to stain and analyse microthrombi
formation in TA muscles injected with PBS (control), CAMP or CTX on days 5 and 10 post-injection
of toxins. A) the images shown are representative of experiments performed with five mice in each
cohort. Muscle sections were imaged at 40x magnification. Images were analysed using ImageJ 3D
object counter to obtain the frequency (B) and area (C) of the microthrombi in CAMP and CTX-
treated muscles. The columns represent the mean + S.D. (n=5 mice for each cohort, five sections
per mouse). ****p<0.0001 when comparing CTX with CAMP on the corresponding day.
####p<0.0001 when compared to CTX at day 5. One-way ANOVA followed by Tukey’s test was
used to analyse the data. The scale bars represent 50 pum.

Similarly, P-selectin was absent in the control muscle sections (Figure 4). However, it was
evident in CAMP and CTX-treated muscle sections on days 5 and 10 confirming the presence of
microthrombi. On day 5, the frequency of microthrombi was around 20% higher in CAMP-treated
muscles compared to CTX-treated muscles, although there was no difference in the size of the
thrombi. Even on day 10, the frequency of the microthrombi was around 40% higher in CAMP-
damaged muscles compared to CTX-treated muscles. However, CTX-treated muscles showed a
significant reduction in microthrombi frequency of around 50% on day 10. The area of microthrombi
was reduced by almost 50% on day 10 in both CAMP- and CTX-treated muscles compared to day

5.
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Figure 4. Microthrombi formation in CAMP and CTX-induced muscle damage using
P-selectin as a marker. FITC-conjugated mouse anti-P-selectin antibodies were used to
stain and analyse microthrombi formation in mouse TA muscle injected with PBS (control),
CAMP or CTX. A) the images shown are representative of experiments performed with five
mice. The muscle sections were imaged at 40x magnification. Images were analysed using
ImageJ 3D object counter to obtain the frequency (B) and area (C) of the microthrombi in
CAMP and CTX-treated muscles. The columns represent mean = S.D. (n=5 mice for each
cohort, five sections per mouse). *p<0.05, and **p<0.01 when compared with CAMP on the
corresponding day. #p<0.05 and ##p<0.01 when compared with the same toxin on day 5.
One-way ANOVA followed by Tukey’s test was used to analyse the data. The scale bars
represent 50 pm.

3.4. CTX extends clotting time

To determine the direct effects of CAMP and CTX on blood clotting in human blood under in
vitro settings, a rotational thromboelastometry (ROTEM) analysis was performed using human-
citrated whole blood. The data of the intem analysis, which evaluates the intrinsic and common
pathways, confirmed that clotting was delayed when CTX was added to whole blood (Figure 5A).
Moreover, it reduced the fibrinolysis by around 30% compared to the controls. However, there was
no significant difference in the size (area under the curve) or clot firmness (data not shown) between
the control and CTX-induced clots. Similarly, the extem analysis, which evaluates the extrinsic and
common pathways, showed a delay in clotting time and reduced fibrinolysis in CTX-treated blood
(Figure 5B). The impact of CTX on clotting, independently of platelets, was determined by fibtem
analysis. This assay confirmed that clotting time was delayed, although clot firmness and size
remained unchanged (Figure 5C). The aptem analysis (in the absence of fibrinolysis) suggested

that CTX delayed blood clotting but slightly accelerated clot formation time compared to CAMP
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(Figure 5D). These results indicate that CTX affects blood clotting through multiple coagulation
pathways independently of platelets and fibrinolysis.When similar experiments were performed using
CAMP, it showed no major changes in clotting time, clot formation time, clot firmness or lysis
compared to the controls in any analysis. Only in extem analysis, CAMP delayed the clot formation

time by around 10%.
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Figure 5. ROTEM analysis in whole human blood with CAMP and CTX. A) Intem, B)
Extem, C) Fibtem and D) Aptem data show the impact of 50 yM CAMP or CTX in human
whole blood clotting via different pathways. Graphs represent clotting time, clot formation
time, maximum lysis, and area under the curve. The columns represent the mean + S.D.
(n=4 independent donors from whom the blood samples were obtained for these
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experiments). *p<0.05, **p<0.01, ***p<0.01 and ****p<0.0001 when compared to the control
group (C). #p<0.05, ##p<0.01, ###p<0.001 and ####p<0.0001 when compared to CAMP.
One-way ANOVA followed by Tukey's test was used to analyse these data.

4. Discussion

The life-threatening pathophysiology of SBE is driven by the individual and synergistic actions
of biologically active venom toxins with different molecular targets, which can lead to various effects
in the body including haemostatic disturbances and muscle damage [18,19]. At the clinical level,
venom-induced consumption coagulopathy (VICC) with diverse manifestations triggered by different
toxins is a serious issue, and the resulting haemostatic effects may vary depending on the consumed
factor in the coagulation cascade [20,21]. This systemic and potentially lethal phenomenon following
SBE in patients is recognised by activation of the clotting cascade and/or elevated degradation of
the fibrinogen [22]. At a molecular level, toxins can affect thrombi formation via varied targets and/or
due to their thrombolytic properties, resulting in thrombotic/bleeding complications [14]. However,
the coordination and regulation of haemostatic responses following skeletal muscle injury, including
intramuscular bleeding and thrombosis have not been fully understood. Determining the differences
that contribute to these haemostatic events by clinically relevant venom toxins is key to elucidating
the general impacts on muscle damage and subsequent regeneration. Due to the role that the
circulatory system plays in wound healing and tissue regeneration, it is vital to study its state during
venom-induced muscle damage. The circulatory system delivers leukocytes to damaged areas to
enable the clearing of cell debris and to prevent infections [23]. Additionally, the limited effectiveness
of currently used antivenom treatment for managing local tissue injury and mitigating its long-
standing consequences [5,24] reiterates the importance of a comprehensive investigation of venom-
induced muscle damage including the haemostatic elements to allow the development of better
management strategies for this condition. Therefore, we analysed a parallel comparison of
haemotoxicity induced by enzymatic (CAMP) and non-enzymatic (CTX) muscle-damaging venom
components during skeletal muscle damage to establish their diverse effects.

SVMPs are crucial components in viper venom-induced myotoxicity due to its ability to hinder
adequate muscle regeneration and complete functional recovery following acute damage [25]. The

proteolytic activity of these toxins causes important alterations to different components of the muscle
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architecture especially the ECM, which is essential for muscle regeneration [4,11]. CAMP was
previously reported to damage the ECM in skeletal muscle [11]. As shown here, during the CAMP-
induced muscle injury, there was extensive local damage with significant bleeding, as evidenced by
fibrinogen in the injured muscles. In vitro studies have previously demonstrated that some P-IlI
SVMPs have a fibrinogenolytic effect on human plasma fibrinogen [26]. Therefore, CAMP might be
directly cleaving plasma fibrinogen as well as affecting the ECM in blood capillaries during muscle
damage to induce bleeding. Earlier research has established that viper venoms contain procoagulant
toxins that can induce VICC due to the consumption of clotting factors [27]. These proteolytic
enzymes often cause rapid clot formation in vitro but can induce bleeding complications due to the
rapid consumption of several factors. Fibrinogen, the common point of the clotting pathway, is the
most consistently consumed factor in VICC [15]. Notably, some studies have revealed that SVMPs
could cleave integrins and fibrin clots, leading to further bleeding [28,29]. As a P-lll SVMP, CAMP
has a disintegrin-like functional domain in its structure but a possible reason for the lack of integrin
allbB3 signal in the muscle tissues is likely to be due to its direct effect on this integrin shedding.
Integrin allbB3 plays a crucial role in platelet aggregation and adhesion [30]. Therefore, lack of
integrin allbB3 might be one of the main causes of extensive and prolonged bleeding in CAMP-
damaged muscle. Treatment with CAMP enhanced the detection of P-selectin in the microthrombi
of damaged tissue. CAMP treatment showed a high frequency of P-selectin microthrombi within the
muscle even at a later time point, indicating ongoing muscle damage. Moreover, CAMP may possess
thrombolytic properties, and the reduction in the microthrombi area could be due to thrombolysis.
Interestingly, CAMP exhibited an insignificant effect on Intem and Extem analysis. The intrinsic
pathway is initiated by activators like collagen, which is a substrate for CAMP. Hence, the lack of
collagen in the blood due to CAMP activity could indicate indirect effects of CAMP on Intem analysis.
These findings highlight the mechanistic action of a purified toxin, CAMP on inducing bleeding and
thrombotic complications during muscle damage. However, this cannot be generalized to all SVMPs
in diverse venoms as they possess variable potencies, substrate specificities and a diverse range of
pharmacological properties, which can also interact with other families of toxins to exert synergistic
activities. Similarly, when the whole venom is used, the level of haemotoxic effects may vary

compared to the purified toxin.
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In the CTX-induced injury model, we observed acute muscle damage accompanied by
bleeding and thrombosis. CTX extended the clotting time in ROTEM analysis, which suggests its
ability to cause bleeding. The likely mechanisms of CTX-induced bleeding may include the necrosis
of endothelial cells in microcapillaries that perfuse the damaged muscle and/or anticoagulant
properties of these non-enzymatic molecules. In the first scenario, lysis or necrosis of the cell
membrane leads to capillary permeation, causing blood to leak into the interstitial space of muscle
tissue. This event could also be related to the activation of native matrix metalloproteases, which
regulate vascular ECM and homeostasis [31]. This increases blood flow to the damaged site and
aids the perpetuation of the haemorrhagic effect [32,33]. In the second case, some 3FTXs can bind
and inhibit specific coagulation factors or complexes [34]. For example, members of this toxin family,
such as hemextin A, ringhalexin and exactin have been proposed as potential anticoagulant lead
molecules for the development of therapeutics, research tools and diagnostic probes due to their
selective effects on specific coagulation factors [35,36]. The first wave of haemostasis is due to the
accumulation of platelets at the site of the injury [37]. Platelet activation and thrombus formation are
achieved by modulating and binding of various receptors on the platelet surface to their ligands.
Platelet integrins and their ligands initiate stable adhesion, and inside-out signalling to integrin allbB3
recruits more platelets for aggregation. The integrin allbB3 enhances platelet activation through
cytoskeleton rearrangement and granule secretion, thereby facilitating haemostatic plug or thrombus
formation. The lack of integrin allbp3 reduces platelet aggregation and impairs thrombus growth. In
CTX-injured muscle sections, integrin staining revealed clots, which may be one of the reasons why
CTX-induced bleeding gradually improves. P-selectin plays a crucial role in thrombus formation and
wound healing pathways by recruiting white blood cells to the injured site. The frequency of P-
selectin-stained thrombi decreased in CTX-mediated damage with the progression of tissue repair,
suggesting that the muscle damage is advancing towards resolution. Similar results were reported
in a recent study exploring the contribution of platelet-released chemokines to successful muscle
regeneration [38]. In this study, platelet thrombi were monitored using anti-GP1bf3 antibodies, which
showed the presence of these aggregates in early stages (on days 1 and 7), with considerable
reduction at day 14 in the CTX-induced muscle injury model [38]. Our CTX-induced muscle injury

model corroborated these previous findings. Additionally, the same study showed how platelet-
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derived signals modulate neutrophil recruitment and coordinate a favourable niche for immune
infiltration and myogenesis that precede the restoration of muscle structure and function [38]. The
use of neutrophils-depleted mice has revealed the active involvement of neutrophils in the
regenerative phase following the damage caused by Bothrops asper [39]. Imbalances in these
events can establish a persistent inflammatory state with a predominance of atrophic mediators that
culminate in unresolved damage, as observed in the CAMP-induced muscle injury model. The
ROTEM analysis showed that CTX may affect intrinsic and extrinsic pathways as well as the common
pathway as it delayed clotting time in all analyses. This suggests the need for further investigations
to establish the exact contribution of CTX to clotting cascades and thereby, intramuscular bleeding
and thrombosis.

The paradigm of successful or poor muscle regeneration following elapid and viper envenomation
respectively, has been mainly discussed in relevance to the impact of the protagonist toxins and their
effects on essential components for myogenesis, such as the ECM, inflammation, and blood supply
[11, 40, 41]. Figure 6 summarises the current knowledge of venom toxins-mediated muscle damage
with key features/events that affect the regenerative process. The results of this study are also
included in this scheme and highlighted in red. Earlier studies have shown that CAMP damages the
capillaries and hinders angiogenesis in damaged muscles [42, 43]. On the other hand, degradation
of the ECM in skeletal muscle leads to a lack of scaffolding for myogenesis and angiogenesis [44].
Hence, muscle tissue struggles with regeneration when P-11l metalloproteases are administered. In
a previous study from our group, CTX caused no change in the number of capillaries per muscle
fibre [11]. This observation suggested that CTX does not have direct haemotoxic properties through
affecting ECM and angiogenesis. The current results based on different biomarkers show that
haemorrhage occurs in CTX-damaged muscle. The actions of matrix metalloproteases in
vasculature remodelling and tissue regeneration after muscle injury may also contribute to bleeding
and subsequent thrombosis [45]. Interestingly, the level of fibrinogen was significantly reduced with
the progression of muscle regeneration. This reduction in fibrinogen aligns with the fact that intact
blood capillaries facilitated muscle repair. Since fibrinogen deposition can promote a profibrotic
environment, the reduction of fibrinogen levels in CTX-induced muscle injury is consistent with

reduced fibrosis and better functional outcomes during the elapid shake envenomation [46].
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However, a lower clearance rate was detected in CAMP-damaged muscle sections. As discussed
earlier and supported by previous studies [47, 48, 49], neutrophils are fundamental players in muscle
repair progress and they help to orchestrate a pro-reparative scenario dictated by macrophage
phenotype transition [50]. Neutrophil recruitment to damaged tissue in turn can be modulated by
platelet-derived chemokines and microthrombi formation, which may account for differences in the
removal rates of fibrinogen and intramuscular microthrombi [38, 51]. The action and temporal
presence of these myotoxins must also be considered in this speculative view. Previous studies have
shown the long-lasting presence of SVMP which leads to continuous ECM degradation and
haemorrhagic effects [11, 52]. The temporal action of cardiotoxin is in line with the restoration of
muscle architecture and complete removal of the signs of intramuscular bleeding [53,54]. In
summary, the combination of these evidences supports the current concept of poor muscle
regeneration in viperid envenomation due to direct damage to the vasculature with the dysregulated
responses, subsequent poor repair, and severe tissue destruction [55]. As a result, this reduced
remodelling in the CAMP-induced muscle injury model leads to extensive collagen deposition seen
as the excessive muscle accumulation of fibrous connective tissue that affects the motile and

contractile functions of SBE victims [56].

Persistent muscle
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« Damage to vasculature
« Persistent proinflammatory state

Complete
regeneration
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« Macrophage polarization
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Figure 6. The landscape of venom-induced muscle damage by SVMPs and CTX. SVMP
(specifically CAMP) and CTX induce extensive muscle damage, but their different mechanisms of
action lead to divergent outcomes. Key factors influencing the muscle regeneration process are
highlighted here. The contributions of this to the understanding of venom-induced muscle damage
are shown in red. SVMP hydrolyses the ECM components and causes vascular alterations, with a
significant impact on the influx of inflammatory cells. A persistent proinflammatory environment
drives the excessive deposition of fibrous connective tissue with alterations of the muscle
architecture and functional implications. On the other hand, CTX triggers an acute, transient injury
through a membranolytic action without compromising the ECM and vasculature. A spatiotemporal
transition of inflammatory cells promotes a myogenic program resulting in complete regeneration.
The normal architecture of the muscle is then re-established with a homogenous distribution of fibre
sizes and morphology. We evidenced the intramuscular presence of fibrinogen and microthrombi
formation in both toxins-induced muscle damage. However, significant differences in terms of the
clearance rate of fibrinogen, removal of microthrombi and levels of integrin allbB3 were detected.
They may be related to the two contrasting muscle regeneration profiles. Another important aspect
to be considered is the kinetic action and removal of the myotoxins. The long-term presence of
SVMPs is likely to drive repetitive degradative/regenerative cycles that hamper the complete
elimination of fibrinogen and microthrombi and exacerbates the inflammatory state that impairs
tissue repair. In contrast, cardiotoxin has a transient activity that culminates in the successful removal
of fibrinogen and microthrombi, which should result in a favourable outcome for regeneration.

In summary, this comparative study demonstrates intramuscular bleeding and microthrombi
formation following SVMPs or 3FTX-induced myotoxicity. Overall, it offers valuable insights into the
homeostasis of muscle tissue and their rearrangements induced by catalytically active and non-
enzymatic venom molecules with their specific actions on haemostatic processes. This highlights
the importance of studying overlooked toxins-mediated disturbances that may contribute to the
severe pathological sequelae observed in skeletal muscle. Our observational study raises a series
of hypotheses that deserve deeper analysis. For example, the presence of fibrinogen and potential
intramuscular bleeding in CTX-induced muscle injury needs further investigation. Additionally,
research focused on pharmacological interventions is important to identify the extent and the role of
these alterations and underlying mechanisms that impede muscle regeneration. By integrating their
mechanism of action in haemostatic effects, we provide a better picture of the toxins’ impacts on
thrombus formation, bleeding, and vascular damage in venom-induced muscle injury. These will
pave the way to a comprehensive understanding of the processes involved in muscle damage and
its possible implications for the development of life-changing solutions to treat venom-induced
muscle injury, facilitate tissue regeneration, and prevent long-term physical sequelae. In practical
terms, the multidimensional nature of muscle damage and the diversity of underlying factors require
more detailed investigations that may culminate in therapeutic benefits and clinical translation.

Future studies should explore whether variations in toxins would influence the pattern of haemostatic
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responses during muscle damage described here and evaluate the neutralisation of these muscle-

perturbing venom proteins by current and next-generation of antivenom therapies.
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3. Conclusions

Snakebite envenoming (SBE) is a major occupational health hazard for the large population
residing in the world. Permanent tissue damage and disabilities are one of the dire consequences of
SBE, claiming around 500,000 SBE victims annually. The most SBE-prone population belongs to
agricultural workers, and permanent disability affects the physical, psychological, and economic
status of not only the snakebite victims but also has a cumulative impact on society. Anti-venom is
the only treatment for SBE, and it helps treat the systemic effects of envenomation. Recently,
substantial efforts have been made to improve anti-venom efficacy and potency to treat SBE.
However, studies on snake venom-induced muscle damage and the therapeutic options are still
limited. The primary aim of this thesis was to study the effects of individual proteins and whole venom
from the Viperidae family on skeletal muscles and explore potential therapeutic molecules to improve
muscle regeneration. Viper venom is rich in snake venom metalloproteases (SVMPS), snake venom
serine proteases (SVSPs) and phospholipase A, (PLA>) toxin families. SVMPs and PLA; have been
studied for their systemic and local effects. SVMPs directly and indirectly impact critical cells and
molecules involved in tissue regeneration, including muscle stem cells, extracellular matrix (ECM)
components, and microcapillary networks. They can alter immune response, impairing muscle
regeneration and leading to fibrosis. PLA, on the other hand, acts on the phospholipid bilayer of the
cells, leading to tissue necrosis. The pathological changes caused by SVMP activity often led to the
formation of fibrotic tissue in the snakebite victims. Due to direct and indirect impacts on satellite
cells (SC) and immune response, viper venom does have a significant impact on the innate
mechanism of muscle regeneration. The lack of a microcapillary network further worsens the
situation, as immune cells and blood supply cannot reach the site of damage. Hence, it is essential
to identify issues related to muscle regeneration in viper envenoming, impact on blood coagulation
and microthrombi formation, and mitigate the impact of long-lasting venom proteins in the muscle

tissue and its long-term repercussions.

In this study, we narrow down potential target areas to improve snake venom-induced muscle
damage. The focus areas are to neutralise the long-lasting venom proteins, reduce muscle fibrosis

to contain permanent tissue damage, and boost innate muscle regeneration. We have used three
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approaches: 1. Neutralise venom proteins in the muscle tissue using small molecule inhibitors,
marimastat and varespladib. 2. Use anti-fibrotic molecule soluble activin receptor 11B (SActRIIB) to
reduce muscle fibrosis or scar tissue formation in the regenerated muscle post-venom-induced
damage. 3. Use Adipose-derived mesenchymal stem cell (ADMSC) secretome to improve the innate
regeneration capacity of the damaged tissue. We also observed and analysed the effects of purified

venom toxins on intramuscular bleeding and thrombus formation in the tissue.

Conclusion 1. Effective muscle regeneration can be achieved by neutralising venom proteins in the

muscle tissue using small molecule inhibitors (SMI), marimastat and varespladib.

The long-term presence of venoms in the tissue is a major reason for persistent muscle
damage. SVMPs are a main contributing toxin family in C. atrox venom. In the presence of
marimastat, there was a significant reduction in the venom in the damaged muscle. This effect was
evident in marimastat, and the muscle treated with marimastat and varespladib combination but not
in the tissue treated with varespladib alone. Tissue necrosis was reduced with individual SMI
treatment. Blocking the action of SVMPs also reduced tissue necrosis, intramuscular bleeding, and
muscle fibrosis. The effect of inhibitors was evident in the reconstruction and remodelling of ECM
proteins such as collagen, laminin, and dystrophin. However, none of the inhibitors, individually or in
combination, improved angiogenesis. The SMI treatment also regulated cytokine response. TNFa,
IL-18, and IL-6 levels were elevated in the untreated samples from early time points; this can be tied
down to the continuous myoblast formation in the muscle tissue. TNFa upregulates IL-1p3, IL-6. IL-
1B inhibits the differentiation of SC to enhance the proliferation. IL-6 increases myoblast proliferation.
With treatment, these levels were significantly low, indicating the progress towards resolving
inflammation. With the given SMI treatment, we did not observe any improvement in vessel
reconstruction. VEGF promotes angiogenesis after injury. We observed no significant change in
VEGF levels with treatment, and poor blood vessel reconstruction. INF-y is associated with trauma-
induced muscle wasting. With marimastat treatment, it is possible to reduce muscle wasting, as

treatment with this SMI showed lower levels of INF-y.

Anti-snake venom cannot reach the site of local tissue and has significant limitations for being

produced against the whole venom. However, SMI can overcome anti-snake venom's limitations by
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reaching the site of damage and effectively neutralising the venom toxins in vivo. Furthermore, SMI
being specific for a single toxin and not the whole venom frees them from the limitation of
geographical variation in the snake venom. From all this data, we can establish that these SMI can
be viable options for treating snake venom-induced muscle damage. However, further investigation
is needed to observe the effect on angiogenesis through the venom inhibitions achieved by these

inhibitors.

Conclusion 2. The use of the anti-fibrotic molecule sActRIIB can reduce muscle fibrosis or scar tissue

formation in the regenerated muscle after vein-induced damage.

Further in this study, we examined whether reduction in muscle fibrosis can promote
regeneration after viper venom-induced muscle damage. We used an anti-fibrotic molecule,
SActRIIB, to reduce fibrosis and improve muscle regeneration. sActRIIB molecule targets the
activin/myostatin pathway. Activin/myostatin is a known promotor of muscle fibrosis and can reduce
muscle mass. In the present study, sACtRIIB treatment improved muscle regeneration following

damage induced by C. atrox venom.

With the sActRIIB treatment, we observed that the damaged muscles significantly increased
their weight. However, this effect was independent of the size of regeneration muscle fibres, be they
with centrally located nuclei or those that expressed the developmental form of Myosin Heavy Chain,
MYHIIl. We postulate that the weight increase in muscle is due to the hypertrophic action of
attenuating activin/myostatin signalling in the undamaged muscle fibres. One of the most striking
features of the sActRIIB intervention is the histologically improved muscle structure, which occurs at
the later time point. We note that there was considerably less fibrosis with the given treatment.
Additionally, there was a small but significant increase in the size of regenerating fibres. We propose
that the results related to fibrosis can be explained by focusing on the fate of FAPS and how this is
controlled by activin/myostatin. sActRIIB could limit fibrosis after C. atrox venom damage by simply
attenuating myostatin signalling to limit fibroblast expansion. Our data showed that fibrosis develops
but is then subsequently decreased. We suggest that activin/myostatin are continually required to
form myofibroblasts and that in their absence, fibroblasts lose their ability to form aberrant ECM.

Instead, they revert to fibroblasts that restore ECM to a normal state. This line of investigation
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requires future studies in the context of muscle to determine how fibrosis can be eliminated by

inhibiting activin/myostatin.

In summary, attenuating activin/myostatin signalling improves muscle regeneration after C.
atrox venom damage. However, the muscle was by no means completely regenerated. As previously
stated, this could be due to long-acting metalloprotease activity, which continually induces injury.
Hence, we propose that, as well as using reagents that promote regeneration (here sActRIIB), a
second line of intervention based on inhibiting key harmful molecules in venom would be advisable.
The latter could involve anti-venom antibodies or small molecule inhibitors. Hence, it would be
intriguing to test their efficacy in preventing muscle damage when anti-venom therapy is combined

with regeneration-promoting agents like sActRIIB.

Conclusion 3. The use of ADMSC secretome can improve the innate regeneration capacity of the

damaged tissue in viper envenomation-mediated skeletal muscle damage.

Next, we studied the effect of ADMSC condition media on the damage caused by Russell's
viper (RV) venom. The study suggests that the ADMSC secretome can provide a favourable
nourishing environment for skeletal muscle regeneration in case of damage caused by RV venom.
Skeletal muscle regeneration is achieved through an overlapping response of inflammatory cells,
activation-differentiation and fusion of SC and maturation and remodelling of the newly regenerated
myofiber. ADMSC secretome is packed with essential secretory factors that play a critical role in
promoting SC activation, proliferation, differentiation, and maturation of myofibres. The secretome

also contains factors which can modulate ECM reconstruction and remodelling.

In summary, the use of ADMSC secretome revealed a range of paracrine effects that play a
critical role in different aspects of muscle regeneration and ECM remodelling. The enhancement in
proliferation, differentiation, induction of hypertrophy of regenerating myofibers, and ECM
reconstruction indicate the intricate ADMSC secretome response. The observed response could be
due to the presence of key factors such as interleukins (IL-6, IL-10), tumour necrotic factor-a (TNF-
a) and transforming growth factor- (TGF-), the involvement of insulin-like growth factors, fibroblast
growth factors, and hepatocyte growth factors which modulate the immune response, reduce

inflammation and promote tissue repair. Packed with miRNA, extracellular vesicles are crucial
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players in promoting satellite cell proliferation and differentiation and ECM reconstruction and
remodelling. Notably, TGF- within the ADMSC secretome emerges as a critical regulator in ECM
synthesis and remodelling that can influence the levels of IL-6, a vascular endothelial growth factor
essential for ECM modulation. The ADMSC secretome, through its diverse paracrine effects,
emerges as a promising candidate for expediting the synthesis and remodelling of ECM proteins in
the context of RV-mediated skeletal muscle damage. This data opens an exciting new opportunity
to test this hypothesis as a potential therapeutic option to reduce pathological complications and
improve muscle regeneration in case of RV-mediated skeletal muscle damage. However, to test this
effect in a more realistic scenario, observing the regenerative effect secretome post venom-induced
muscle damage is essential. It is also important to analyse the long-term repercussions, such as

muscle fibrosis, and whether the secretome effectively reduces it.

There could be a few difficulties in using stem cell secretome as a treatment for SBE, such
as scaling up secretome production and maintaining proper storage conditions, which can be costly.
The SBE victims are often from low-income backgrounds, and the cost of treatment is critical for
these victims. The production cost, scalability, and storage of secretome may potentially increase

the cost of treatment for SBE victims.

Conclusion 4. It is essential to study the effects of venom proteins on intramuscular bleeding and

thrombus formation in case of snake venom-induced muscle damage.

Cardiotoxins from the Elapidae family have also been reported to have myotoxic effects. This
study examined the effects of SVMP (CAMP) from C. atrox and a cardiotoxin (CTX) from N. pallida
on intramuscular bleeding and thrombus formation. We have studied the effect of CAMP (P-llI
SVMP) and CTX concerning intramuscular bleeding, thrombus formation and potential impact on
blood clotting. CAMP exhibited strong haemotoxic and cytotoxic properties, whereas CTX-induced
muscle damage gradually progressed towards damage resolution. The snake venom proteins can
affect thrombus formation by targeting various molecules involved in the blood coagulation cascade,
resulting in bleeding complications. Venom-induced consumption coagulopathy (VICC) is a
significant pathological manifestation reported by viper envenomation. In this study, we observed

significant bleeding in the tissue damaged by CAMP, evidenced by the presence of fibrinogen in the
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muscle tissue, which was reduced later. CAMP has been reported to have fibrinogenolytic effects
on human plasma fibrinogen, which might be the reason behind the reduction in fibrinogen levels in
the muscle. CAMP is P-lll SVMP and has a disintegrin-like functional domain. The lack of integrin
allbp3 might be a direct effect of integrin shedding. Integrin allbB3 plays an important role in platelet
adhesion and aggregation; hence, the lack of this signal in CAMP treated muscle indicated a possible
reason for prolonging bleeding in camp-damaged muscle. The P-selecting signal was present in the
CAMP treated muscle at early and later times. The size of the thrombi was reduced at a later time
point; however, it is possible that the reduction in thrombus size is a result of the thrombolytic
property of CAMP. A high frequency of P-selectin thrombi indicates ongoing damage. The intrinsic
pathway of blood clotting is initiated by factors such as collagen. This mechanism was confirmed by
analysis of the CAMP effect on intrinsic and extrinsic pathways. Due to a lack of collagen in the
blood, CAMP did not show any effect on blood clotting. These findings are specific to the CAMP,

and the effect of different metalloprotease or whole venom may be different.

CTX treatment induced significant intramuscular bleeding, evidenced by the presence of
fibrinogen in the tissue. However, at a later point, the bleeding was significantly reduced. In the CTX-
treated muscles, integrin allbB3 and P-selectin signals were observed in the microthrombi. The size
and frequency of the microthrombi were reduced considerably with the progress of muscle healing.
This data suggests that CTX has haemotoxic properties; however, the damage caused can lead to
self-resolution. A very interesting finding from this study was the observation of the effect of CTX on
extrinsic and intrinsic pathways, ultimately acting on the common pathway of the blood clotting

cascade. CTX extended clotting time, which suggests its ability to cause bleeding.

The findings included in this thesis have given extensive insights into skeletal muscle
pathologies induced by SVMP rich snake venom and opened up new exciting opportunities to
explore different treatment molecules to overcome these challenges. The different approaches used
in these studies target different aspects of impaired muscle regeneration arising due to viper
envenomation. The therapeutic options being targeted towards specialised areas of muscle
regeneration give an advantage over geographic and species-wise variability in snake venom. These

are all primary studies on animal models, with massive potential in translation research.
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Abstract: The interactions between specific snake venom toxins and muscle constituents are the
major cause of severe muscle damage that often result in amputations and subsequent socioeconomic
ramifications for snakebite victims and/or their families. Therefore, improving our understanding of
venom-induced muscle damage and determining the underlying mechanisms of muscle degenera-
tion/regeneration following snakebites is critical to developing better strategies to tackle this issue.
Here, we analysed intramuscular bleeding and thrombosis in muscle injuries induced by two different
snake venom toxins (CAMP—Crotalus atrox metalloprotease (a PIII metalloprotease from the venom
of this snake) and a three-finger toxin (CTX, a cardiotoxin from the venom of Naja pallida)). Classically,
these toxins represent diverse scenarios characterised by persistent muscle damage (CAMP) and
successful regeneration (CTX) following acute damage, as normally observed in envenomation by
most vipers and some elapid snakes of Asian, Australasian, and African origin, respectively. Our
immunohistochemical analysis confirmed that both CAMP and CTX induced extensive muscle de-
struction on day 5, although the effects of CTX were reversed over time. We identified the presence of
fibrinogen and P-selectin exposure inside the damaged muscle sections, suggesting signs of bleeding
and the formation of platelet aggregates/microthrombi in tissues, respectively. Intriguingly, CAMP
causes integrin shedding but does not affect any blood clotting parameters, whereas CTX significantly
extends the clotting time and has no impact on integrin shedding. The rates of fibrinogen clearance
and reduction in microthrombi were greater in CTX-treated muscle compared to CAMP-treated mus-
cle. Together, these findings reveal novel aspects of venom-induced muscle damage and highlight
the relevance of haemostatic events such as bleeding and thrombosis for muscle regeneration and
provide useful mechanistic insights for developing better therapeutic interventions.

Keywords: bleeding; cardiotoxin; metalloprotease; muscle damage; thrombosis; microthrombi

Key Contribution: This study examined haemostatic events during snake venom cardiotoxin-
and metalloprotease-induced muscle damage in mice. Both catalytically active (CAMP) and non-
enzymatic (CTX) toxins induced bleeding and thrombus formation in murine skeletal muscles; but
different clearance rates for fibrinogen and microthrombi were observed. These data for CAMP and
CTX to induce haemostatic responses in locally damaged skeletal muscle will help broaden their use
as research tools and guide the development of better therapies to aid muscle regeneration following
snakebite envenoming.
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1. Introduction

Snakebite envenoming (SBE) is one of the leading causes of mortality and morbidity
among rural agricultural communities in many tropical countries [1,2]. SBE has been
classified as a high-priority neglected tropical disease by the World Health Organisation
(WHO) and causes around 150,000 deaths and 500,000 permanent disabilities worldwide
every year [3]. Venom-induced skeletal muscle damage is a key factor of SBE-induced
permanent disabilities [4]. Antivenoms are generally not beneficial in treating and prevent-
ing SBE-induced muscle damage as the large immunoglobulin molecules are unable to
penetrate the damaged local tissues [5,6]. Moreover, the damaged blood vessels and blood
clots (thrombi) in capillaries will restrict the blood flow to the affected tissues resulting
in ischaemia, further preventing the antivenom from reaching the damaged regions [7].
Extensive tissue damage can necessitate surgical procedures such as fasciotomy (to release
the compartment pressure), debridement (to remove the affected tissues), and amputation
(to completely remove the affected region/limb to prevent further damage and infection)
to manage this condition [8]. Hence, improving our fundamental understanding of how
venom toxins affect skeletal muscle and induce permanent muscle damage is critical for
developing effective treatments for SBE-induced muscle damage.

Venoms include both enzymatic and non-enzymatic proteins and small peptides [9,10].
Specific venom toxins such as three-finger toxins (3FTX), phospholipase A; (PLAjy), and
snake venom metalloproteases (SVMP) are the main components responsible for causing
local tissue damage [7]. An earlier study from our group reported the mechanisms of
action involved in skeletal muscle damage induced by a P-III SVMP (named CAMP) from
the venom of Crotalus atrox in comparison to a 3FTX (cardiotoxin, CTX) from the venom
of Naja pallida [11]. CAMP induced extensive damage to the extracellular matrix (ECM)
and affected the functions of satellite cells and angiogenesis, impairing muscle regenera-
tion. In contrast, CTX caused muscle necrosis although it did not affect satellite cells or
the ECM, with full recovery from the damage being achieved through the innate muscle
regeneration process [11]. However, the ability of these venom toxins to induce bleeding
and thrombosis while causing muscle damage was not compared simultaneously in the
previous study. The circulatory system and a continuous blood supply play a vital role
in tissue repair and muscle regeneration [12]. However, damage to vasculature results in
excessive bleeding, subsequent thrombus formation and inflammatory responses in the
affected muscle [7,13,14]. Moreover, thrombus formation will rapidly consume circulating
platelets and/or coagulation factors leading to venom-induced consumption coagulopathy,
which further augments bleeding [15,16]. Therefore, it is critical to establish the mecha-
nisms of action of muscle-damaging enzymatic and non-enzymatic venom components in
inducing intramuscular bleeding and thrombosis. In this study, we determined the ability
of CAMP and CTX in inducing bleeding and microthrombus formation in locally damaged
skeletal muscle. The outcomes of this study provide evidence to demonstrate the impact
of enzymatic (CAMP) and non-enzymatic (CTX) venom toxins in inducing bleeding and
thrombosis in muscle tissues.

2. Results
2.1. CAMP and CTX Induce Damage to the Tibialis Anterior (TA) Muscle in Mice

To determine the impact of CAMP and CTX in inducing bleeding and thrombosis in
skeletal muscle, they were intramuscularly injected (1 ug of CAMP or CTX in 30 pL of
phosphate-buffered saline (PBS)) into the TA muscles of mice. The muscles were collected
on days 5 and 10 and used for further analysis. The histological analysis of the muscles
using haematoxylin and eosin (H&E) staining confirmed the quality of muscle sections.
The undamaged control muscle (injected with the same volume of PBS) displayed a normal
morphology (Figure 1A), whereas CTX and CAMP-treated muscles showed clear signs
of damage (Figure 1B,C). The infiltration of immune cells was evident in the damaged
areas of the muscles treated with CTX and CAMP on day 5. However, on day 10, the
muscles showed signs of recovery (the presence of centrally located nuclei in myofibres
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with reduced spaces between them, a reduced number of infiltrated immune cells and
clusters of small fibres), especially in CTX-damaged tissues. These data confirm that both
CTX and CAMP damaged the TA muscle as previously reported [11].

Figure 1. H &E staining of TA muscles treated with CAMP or CTX on days 5 and 10. The TA muscles
of mice that were treated with PBS (A,D), CAMP (B,E) and CTX (C,F) were collected on days 5
and 10 following the injection of toxins, and their sections were analysed via H&E staining. The
thickness of the muscle sections was 13 pum. The scale bar represents 100 um. The images shown are
representative of experiments performed using five mice in each cohort.

2.2. CAMP and CTX Induce Bleeding in Damaged Muscle

Fibrinogen is a highly abundant clotting protein in the blood, and it acts as a scaffold
for platelet aggregation and thrombus formation. Therefore, the presence of fibrinogen
was measured as a marker of bleeding in the muscle sections. CTX- and CAMP-treated
muscle sections on days 5 and 10 along with control muscles were stained using FITC-
labelled anti-fibrinogen antibodies. The control muscle showed no fibrinogen, indicating
that there was no bleeding in the undamaged tissues (Figure 2A). However, CAMP-treated
muscle sections showed the presence of fibrinogen on day 5 (with around 25% fluorescence
intensity on average) although it was significantly reduced by day 10 to roughly 12%
(Figure 2B). Similarly, the administration of CTX induced bleeding in the muscle on day 5,
with a significant reduction on day 10. The percentage of fibrinogen was largely reduced by
day 10 compared to day 5 in CTX-treated sections. Although CTX-treated muscle presented
significantly higher fibrinogen in the muscle sections than CAMP-treated muscle on day 5,
the clearance rate was greater with a reduction from an initial fluorescence intensity of 50%
to 3% by day 10 in CTX-treated muscle. The presence of fibrinogen in both toxin-treated
muscles indicated intramuscular bleeding, although we cannot rule out the staining of
thrombi as they also contain fibrinogen.
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Figure 2. Intramuscular bleeding in muscles treated with CAMP and CTX. FITC-labelled anti-
fibrinogen antibodies were used to stain CAMP- and CTX-treated muscle sections along with controls
and analyse the extent of bleeding in the muscle at days 5 and 10 post-injection of the toxins. DAPI
was used to stain the nuclei. (A) Representative images of control, CAMP- and CTX-treated TA
muscles at days 5 and 10. (B) A bar diagram showing the level of fluorescence at days 5 and 10 in
CAMP- and CTX-treated muscles, and their comparisons. The percentage of the fibrinogen area was
calculated by dividing the fibrinogen-stained area by the total muscle area. The columns represent
mean + SD (n = 5 mice for each cohort, five sections per mouse). **** p < 0.0001 when compared
to the level of fluorescence obtained at day 5 in CTX-treated muscle, which was taken as 100% to
calculate the relative differences in others. ## p < 0.01 and #### p < 0.0001 when comparing CAMP-
and CTX-treated muscle at day 10 with their corresponding values at day 5. Student’s t-test was used
for independent variables. The scale bars represent 100 um.
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2.3. Microthrombus Formation in CTX- and CAMP-Damaged Muscles

Microthrombi are small blood clots or aggregates of platelets and fibrin formed in
capillaries and /or tissues. Upon stimulation of platelets, the inside-out signalling to the
integrin «IIbB3 switches its conformation from a low-affinity state to a high-affinity state
for fibrinogen binding, which causes the aggregation of platelets via the use of fibrinogen
as a scaffold [17]. Similarly, P-selectin is secreted from «-granules upon platelet activation.
Both of these factors play a critical role in the formation of platelet-mediated blood clots [17].
Therefore, the presence of integrin «IIb33 and P-selectin exposure on the surface of platelets
confirms the existence of platelet aggregates/thrombi. The muscle sections obtained from
CTX- and CAMP-treated mice were stained with FITC-labelled anti-integrin «IIb33 and
anti-P-selectin antibodies.

In CAMP-treated muscle, there was no detectable level of fluorescence observed for
integrin allb33 on either day 5 or 10 (Figure 3). However, CTX-treated muscle on days 5 and
10 displayed the presence of microthrombi as measured through the level of fluorescence
for integrin a«IIbB3. Moreover, in CTX-treated muscles, the frequency of microthrombi
was significantly reduced by day 10 compared to that on day 5, although the area of the
microthrombi within the muscle remained the same.

Day 5 Day 10 B
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O=CAMP CTX CAMP CTX
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Figure 3. Analysis of microthrombus formation in CAMP- and CTX-damaged muscle by staining
integrin «IIbB3. FITC-conjugated anti-integrin «IIb33 antibodies were used to stain and analyse
microthrombus formation in TA muscles injected with PBS (control), CAMP or CTX on days 5 and 10
post-injection of the toxins. (A) Representative images of experiments performed with five mice in
each cohort. Muscle sections were imaged at a 40 x magnification. Images were analysed using the
Image] 3D object counter to obtain the frequency (B) and area (C) of the microthrombi in CAMP- and
CTX-treated muscles. The columns represent the mean =+ SD (n = 5 mice for each cohort, five sections
per mouse). *** p < 0.001 and **** p < 0.0001 when comparing CTX with CAMP on the corresponding
day. ##HH# p < 0.0001 when comparing CTX day 10 to CTX at day 5. A one-way ANOVA followed by
Tukey’s test was used to analyse the data. The scale bars represent 50 pum.

Similarly, P-selectin was absent in the control muscle sections (Figure 4). However, it
was evident in CAMP- and CTX-treated muscle sections on days 5 and 10, confirming the
presence of microthrombi. On day 5, the frequency of microthrombi was around 20% higher
in CAMP-treated muscles compared to that in CTX-treated muscles, although there was no
difference in the size of the thrombi. Even on day 10, the frequency of the microthrombi was
around 40% higher in CAMP-damaged muscles compared to that in CTX-treated muscles.
However, CTX-treated muscles showed a significant reduction in microthrombus frequency
of around 50% on day 10. The area of microthrombi was reduced by almost 50% on day 10
in both CAMP- and CTX-treated muscles compared to that on day 5.
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Figure 4. Analysis of microthrombus formation in CAMP- and CTX-induced muscle damage using
P-selectin as a marker. FITC-conjugated mouse anti-P-selectin antibodies were used to stain and
analyse microthrombus formation in mouse TA muscles injected with PBS (control), CAMP or CTX.
(A) Representative images of experiments performed with five mice. The muscle sections were
imaged at a 40 x magnification. Images were analysed using an Image] 3D object counter to obtain
the frequency (B) and area (C) of the microthrombi in CAMP- and CTX-treated muscles. The columns
represent the mean £ SD (n = 5 mice for each cohort, five sections per mouse). * p < 0.05, and
** p < 0.01 when compared with CAMP on the corresponding day. # p < 0.05 and ## p < 0.01 when
compared with the same toxin on day 5. A one-way ANOVA followed by Tukey’s test was used to
analyse the data. The scale bars represent 50 um.

2.4. CTX Extends Clotting Time

To determine the direct effects of CAMP and CTX on blood clotting in human blood
under in vitro settings, a rotational thromboelastometry (ROTEM) analysis was performed
using human-citrated whole blood. The data of the intem analysis, which evaluates the
intrinsic and common pathways, confirmed that clotting was delayed when CTX was
added to the whole blood (Figure 5A). Moreover, it reduced fibrinolysis by around 30%
compared to the controls. However, there was no significant difference in the clot size (area
under the curve) or in clot firmness (data not shown) between the control and CTX-induced
clots. Similarly, the extem analysis, which evaluated the extrinsic and common pathways,
showed a delay in clotting time and reduced fibrinolysis in CTX-treated blood (Figure 5B).
The impact of CTX on clotting, independently of platelets, was determined via fibtem
analysis. This assay confirmed that clotting time was delayed, although clot firmness and
size remained unchanged (Figure 5C). The aptem analysis (in the absence of fibrinolysis)
suggested that CTX delayed blood clotting but slightly accelerated the clot formation time
compared to that with CAMP (Figure 5D). These results indicate that CTX affects blood
clotting through multiple coagulation pathways independently of platelets and fibrinolysis.

When similar experiments were performed using CAMP, it showed no major changes
in clotting time, clot formation time, clot firmness or lysis compared to the controls in any
analysis. Only in extem analysis did CAMP delay the clot formation time by around 10%.
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Figure 5. ROTEM analysis in whole human blood with CAMP and CTX. (A) Intem, (B) extem,
(C) fibtem and (D) aptem data showing the impact of 10 uM CAMP or CTX in human whole blood
clotting via different pathways. Graphs represent clotting time, clot formation time, maximum lysis,
and area under the curve. The columns represent the mean + SD (n = 4 independent donors from
whom the blood samples were obtained for these experiments). * p < 0.05, ** p < 0.01, *** p < 0.01
and *** p < 0.0001 when compared to the control group (C). # p < 0.05, ## p < 0.01, ### p < 0.001 and
#H## p < 0.0001 when compared to CAMP. A one-way ANOVA followed by Tukey’s test was used to
analyse these data.
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3. Discussion

The life-threatening pathophysiology of SBE is driven by the individual and syner-
gistic actions of biologically active venom toxins with different molecular targets, which
can lead to various effects in the body including haemostatic disturbances and muscle
damage [18,19]. At the clinical level, venom-induced consumption coagulopathy (VICC)
with diverse manifestations triggered by different toxins is a serious issue, and the result-
ing haemostatic effects may vary depending on the consumed factor in the coagulation
cascade [20,21]. This systemic and potentially lethal phenomenon following SBE in patients
is recognised via the activation of the clotting cascade and/or elevated degradation of
the fibrinogen [22]. At a molecular level, toxins can affect thrombus formation via varied
targets and/or due to their thrombolytic properties, resulting in thrombotic/bleeding
complications [14]. However, the coordination and regulation of haemostatic responses
following skeletal muscle injury including intramuscular bleeding and thrombosis have
not been fully understood. Determining the differences that contribute to these haemostatic
events by studying clinically relevant venom toxins is key to elucidating the general im-
pacts on muscle damage and subsequent regeneration. Due to the role that the circulatory
system plays in wound healing and tissue regeneration, it is vital to study its state during
venom-induced muscle damage. The circulatory system delivers leukocytes to damaged
areas to enable the clearing of cell debris and to prevent infections [23]. Additionally,
the limited effectiveness of currently used antivenom treatment for managing local tissue
injury and mitigating its long-standing consequences [5,24] reiterates the importance of
a comprehensive investigation of venom-induced muscle damage including haemostatic
elements to allow the development of better management strategies for this condition.
Therefore, we analysed a parallel comparison of haemotoxicity induced by enzymatic
(CAMP) and non-enzymatic (CTX) muscle-damaging venom components during skeletal
muscle damage to establish their diverse effects.

SVMPs are crucial components in viper venom-induced myotoxicity due to their
ability to hinder adequate muscle regeneration and complete functional recovery following
acute damage [25]. The proteolytic activity of these toxins causes important alterations to
different components of the muscle architecture, especially the ECM, which is essential
for muscle regeneration [4,11]. CAMP was previously reported to damage the ECM in
skeletal muscle [11]. As shown here, during CAMP-induced muscle injury, there was
extensive local damage with significant bleeding, as evidenced by fibrinogen in the injured
muscles. In vitro studies have previously demonstrated that some P-III SVMPs have a
fibrinogenolytic effect on human plasma fibrinogen [26]. Therefore, CAMP might directly
cleave plasma fibrinogen as well as affecting the ECM in blood capillaries during muscle
damage to induce bleeding. Earlier research has established that viper venoms contain
procoagulant toxins that can induce VICC due to the consumption of clotting factors [27].
These proteolytic enzymes often cause rapid clot formation in vitro but can induce bleeding
complications due to the rapid consumption of several factors. Fibrinogen, the common
point of the clotting pathway, is the most consistently consumed factor in VICC [15].
Notably, some studies have revealed that SVMPs could cleave integrins and fibrin clots,
leading to further bleeding [28,29]. As a P-IIl SVMP, CAMP has a disintegrin-like functional
domain in its structure but a possible reason for the lack of the integrin ollb3 signal
in the muscle tissues is likely due to its direct effect on this integrin shedding. Integrin
allbB3 plays a crucial role in platelet aggregation and adhesion [30]. Therefore, a lack
of integrin alIb3 might be one of the main causes of extensive and prolonged bleeding
in CAMP-damaged muscle. Treatment with CAMP enhanced the detection of P-selectin
in the microthrombi of damaged tissue. CAMP treatment showed a high frequency of
P-selectin microthrombi within the muscle even at a later time point, indicating ongoing
muscle damage. Moreover, CAMP may possess thrombolytic properties, and the reduction
in the microthrombi area could be due to thrombolysis. Interestingly, CAMP exhibited
an insignificant effect on intem and extem analysis. The intrinsic pathway is initiated by
activators such as collagen, which is a substrate for CAMP. Hence, the lack of collagen in the



Toxins 2023, 15, 530

9o0f 16

blood due to CAMP activity could indicate the indirect effects of CAMP on intem analysis.
These findings highlight the mechanistic action of a purified toxin, CAMP, on inducing
bleeding and thrombotic complications during muscle damage. However, this cannot be
generalized to all SVMPs in diverse venoms as they possess variable potencies, substrate
specificities and a diverse range of pharmacological properties, which can also interact
with other families of toxins to exert synergistic activities. Similarly, when whole venom is
used, the level of haemotoxic effects may vary compared to those of the purified toxin.

In the CTX-induced injury model, we observed acute muscle damage accompanied
by bleeding and thrombosis. CTX extended the clotting time in ROTEM analysis, which
suggests its ability to cause bleeding. The likely mechanisms of CTX-induced bleeding
may include the necrosis of endothelial cells in microcapillaries that perfuse the damaged
muscle and/or anticoagulant properties of these non-enzymatic molecules. In the first
scenario, lysis or necrosis of the cell membrane leads to capillary permeation, causing
blood to leak into the interstitial space of muscle tissue. This event could also be related
to the activation of native matrix metalloproteases, which regulate vascular ECM and
homeostasis [31]. This increases blood flow to the damaged site and aids the perpetuation
of the haemorrhagic effect [32,33]. In the second case, some 3FTXs can bind and inhibit
specific coagulation factors or complexes [34]. For example, members of this toxin family,
such as hemextin A, ringhalexin and exactin have been proposed as potential anticoagulant
lead molecules for the development of therapeutics, research tools and diagnostic probes
due to their selective effects on specific coagulation factors [35,36]. The first wave of
haemostasis is due to the accumulation of platelets at the site of the injury [37]. Platelet
activation and thrombus formation are achieved by the modulation and binding of various
receptors on the platelet surface to their ligands. Platelet integrins and their ligands
initiate stable adhesion, and inside-out signalling to integrin «IIb{33 recruits more platelets
for aggregation. The integrin alIb(33 enhances platelet activation through cytoskeleton
rearrangement and granule secretion, thereby facilitating haemostatic plug or thrombus
formation. The lack of integrin «IIb(33 reduces platelet aggregation and impairs thrombus
growth. In CTX-injured muscle sections, integrin staining revealed clots, which may be one
of the reasons why CTX-induced bleeding gradually improves. P-selectin plays a crucial
role in thrombus formation and wound healing pathways by recruiting white blood cells to
the injured site. The frequency of P-selectin-stained thrombi decreased in CTX-mediated
damage with the progression of tissue repair, suggesting that the muscle damage was
advancing towards a resolution. Similar results were reported in a recent study exploring
the contribution of platelet-released chemokines to successful muscle regeneration [38]. In
this study, platelet thrombi were monitored using anti-GP1bf antibodies, which showed
the presence of these aggregates in early stages (on days 1 and 7), with a considerable
reduction at day 14 in the CTX-induced muscle injury model [38]. Our CTX-induced
muscle injury model corroborated these previous findings. Additionally, the same study
showed how platelet-derived signals modulate neutrophil recruitment and coordinate a
favourable niche for immune infiltration and myogenesis that precede the restoration of
muscle structure and function [38]. The use of neutrophil-depleted mice has revealed the
active involvement of neutrophils in the regenerative phase following the damage caused
by Bothrops asper [39]. Imbalances in these events can establish a persistent inflammatory
state with a predominance of atrophic mediators that culminate in unresolved damage,
as observed in the CAMP-induced muscle injury model. The ROTEM analysis showed
that CTX may affect intrinsic and extrinsic pathways as well as the common pathway as
it delayed clotting time in all analyses. This suggests the need for further investigations
to establish the exact contribution of CTX to clotting cascades and thereby, intramuscular
bleeding and thrombosis.
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The paradigm of successful or poor muscle regeneration following elapid and viper
envenomation has been mainly discussed with relevance to the impact of the protago-
nist toxins and their effects on essential components for myogenesis, such as the ECM,
inflammation, and blood supply [11,40,41]. Figure 6 summarises the current knowledge of
venom toxin-mediated muscle damage with key features/events that affect the regenerative
process. The results of this study are also included in this scheme and highlighted in red.
Earlier studies have shown that CAMP damages the capillaries and hinders angiogenesis
in damaged muscles [42,43]. On the other hand, the degradation of the ECM in skeletal
muscle leads to a lack of scaffolding for myogenesis and angiogenesis [44]. Hence, muscle
tissue struggles with regeneration when P-III metalloproteases are administered. In a
previous study from our group, CTX caused no change in the number of capillaries per
muscle fibre [11]. This observation suggested that CTX does not have direct haemotoxic
properties through affecting ECM and angiogenesis. The current results based on differ-
ent biomarkers show that haemorrhage occurs in CTX-damaged muscle. The actions of
matrix metalloproteases in vasculature remodelling and tissue regeneration after muscle
injury may also contribute to bleeding and subsequent thrombosis [45]. Interestingly, the
level of fibrinogen was significantly reduced with the progression of muscle regeneration.
This reduction in fibrinogen aligns with the fact that intact blood capillaries facilitated
muscle repair. Since fibrinogen deposition can promote a profibrotic environment, the
reduction in fibrinogen levels in CTX-induced muscle injury is consistent with reduced
fibrosis and better functional outcomes during elapid snake envenomation [46]. However,
a lower clearance rate was detected in CAMP-damaged muscle sections. As discussed
earlier and supported by previous studies [47-49], neutrophils are fundamental players
in muscle repair progress and they help to orchestrate a pro-reparative scenario dictated
by macrophage phenotype transition [50]. Neutrophil recruitment to damaged tissue in
turn can be modulated by platelet-derived chemokines and microthrombus formation,
which may account for differences in the removal rates of fibrinogen and intramuscular
microthrombi [38,51]. The action and temporal presence of these myotoxins must also be
considered in this speculative view. Previous studies have shown the long-lasting presence
of SVMP, which leads to continuous ECM degradation and haemorrhagic effects [11,52].
The temporal action of cardiotoxin is in line with the restoration of muscle architecture
and complete removal of the signs of intramuscular bleeding [53,54]. In summary, the
accumulation of this evidence supports the current concept of poor muscle regeneration in
viperid envenomation due to direct damage to vasculature with dysregulated responses,
subsequent poor repair, and severe tissue destruction [55]. As a result, this reduced remod-
elling in the CAMP-induced muscle injury model leads to extensive collagen deposition,
seen as the excessive muscle accumulation of fibrous connective tissue that affects the
motile and contractile functions of SBE victims [56].

In summary, this comparative study demonstrates intramuscular bleeding and mi-
crothrombus formation following SVMP- or 3FTX-induced myotoxicity. Overall, it offers
valuable insights into the homeostasis of muscle tissue and their rearrangements induced
by catalytically active and non-enzymatic venom molecules with their specific actions on
haemostatic processes. This highlights the importance of studying disturbances induced
by overlooked toxins that may contribute to the severe pathological sequelae observed
in skeletal muscle. Our observational study raises a series of hypotheses that deserve
deeper analysis. For example, the presence of fibrinogen and potential intramuscular
bleeding in CTX-induced muscle injury needs further investigation. Additionally, research
focused on pharmacological interventions is important to identify the extent and the role
of these alterations and the underlying mechanisms that impede muscle regeneration. By
integrating their mechanism of action in haemostatic effects, we provide a better picture
of the toxins” impacts on thrombus formation, bleeding, and vascular damage in venom-
induced muscle injury. These will pave the way to a comprehensive understanding of the
processes involved in muscle damage and its possible implications for the development of
life-changing solutions to treat venom-induced muscle injury, facilitate tissue regeneration,
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and prevent long-term physical sequelae. In practical terms, the multidimensional nature of
muscle damage and the diversity of underlying factors require more detailed investigations
that may culminate in therapeutic benefits and clinical translation. Future studies should
explore whether or not variations in toxins would influence the pattern of haemostatic
responses during muscle damage described here and evaluate the neutralisation of these
muscle-perturbing venom proteins using current and next-generation antivenom therapies.
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Figure 6. The landscape of venom-induced muscle damage by SVMPs and CTX. SVMP (specifically
CAMP) and CTX induce extensive muscle damage through different actions (as shown in white),
but their different mechanisms of action lead to divergent outcomes. Key factors influencing the
muscle regeneration process are highlighted here. The different outcomes developed following
SVMP /CTX-induced muscle damage are shown in red. SVMP hydrolyses the ECM components
and causes vascular alterations, with a significant impact on the influx of inflammatory cells. A
persistent proinflammatory environment drives the excessive deposition of fibrous connective tissues
with alterations in muscle architecture and functional implications. On the other hand, CTX triggers
an acute, transient injury through a membranolytic action without compromising the ECM and
vasculature. A spatiotemporal transition of inflammatory cells promotes a myogenic program
resulting in complete regeneration. The normal architecture of the muscle is then re-established with
a homogenous distribution of fibre sizes and morphology. We evidenced the intramuscular presence
of fibrinogen and microthrombus formation in muscle damage induced by both toxins. However,
significant differences in terms of the clearance rate of fibrinogen, removal of microthrombi and levels
of integrin «IIbp3 were detected. They may be related to the two contrasting muscle regeneration
profiles. Another important aspect to be considered is the kinetic action and removal of myotoxins.
The long-term presence of SVMPs is likely to drive repetitive degradative/regenerative cycles that
hamper the complete elimination of fibrinogen and microthrombi and exacerbate the inflammatory
state that impairs tissue repair. In contrast, CTX has a transient activity that culminates in the
successful removal of fibrinogen and microthrombi, which should result in a favourable outcome
for regeneration.
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4. Materials and Methods
4.1. Materials Used

Purified CTX from the venom of the red-spitting cobra (Naja pallida) was purchased
from Latoxan (Valence, France). Lyophilised Crotalus atrox (C. atrox) venom was pur-
chased from Sigma Aldrich (Gillingham, UK). CAMP was purified from the venom of
C. atrox using a combination of ion exchange and gel filtration chromatography, as reported
previously [11].

4.2. Injection of Venom Toxins in TA Muscles of Mice

All mice were anaesthetised using 3.5% (v/v) isoflurane in oxygen and then kept at 2%
(v/v) isoflurane throughout the procedure. An amount of 1 pg of purified CAMP or CTX
in a 30 pL volume was injected into the left TA muscle. The right TA muscle was given a
control injection of 30 pL of PBS. The mice were monitored for either 5 or 10 days before
being sacrificed via CO, inhalation and muscle collection.

4.3. Dissection and Processing of Tissues

The tissue samples were collected on either day 5 or 10 following the injection of toxins.
Animals were dissected, and the TA muscles were carefully removed from the tendon to
avoid mechanical damage. The muscle samples were frozen in liquid nitrogen-cooled
isopentane and kept at —80 °C. The muscle tissue was then embedded in Tissue-TEK® OCT
(Optimal Cutting Temperature) medium and sliced into 13 um thick transverse sections
using a cryo-microtome. These sections were placed onto glass slides and stored at —80 °C
until required for further use.

4.4. H&E Staining of Muscle Sections

The muscle sections on glass slides were removed from the —80 °C freezer and left
at room temperature for 15 min, and later, the sections were soaked in PBS to rehydrate
them. The slides were then submerged in Harris haematoxylin stain for two minutes. After
rinsing the slides in water for two minutes, they were dipped twice in 70% acidic alcohol
(70% ethanol (v/v) and 0.1% (v/v) HCI) and then rinsed again in water for five minutes. The
slides were then placed into a container with a 1% (w/v) eosin solution for two minutes and
then transferred into a slide container containing 70% ethanol. The slides were dehydrated
by soaking them in 70%, 90%, and 100% ethanol. Finally, the slides were transferred into
xylene for two rounds of three minutes. The sections were fixed using distyrene, plasticiser
and xylene (DPX) mounting media. The muscle sections were observed and imaged using
a Zeiss Axiolmager light microscope (five sections per mouse, 5 mice for each cohort).

4.5. Immunohistochemistry of TA Muscle Sections

Using a wash buffer solution (PBS with 5% (v/v) foetal bovine serum and 0.05%
(v/v) Triton X-100), FITC-conjugated primary antibodies (anti-human fibrinogen antibodies
from Agilent Technologies, Stockport, UK and anti-integrin «IlIb33 and anti-P-selectin
antibodies were from Emfret Analytics, Eibelstadt, Germany) were diluted at 1:50 dilution.
The slides were cleaned and hydrated three times with PBS for 5 min each. Next, a
permeabilisation buffer (20 mM HEPES, 3 mM MgCl,, 50 mM NaCl, 0.05% (w/v) sodium
azide, 300 mM sucrose and 0.5% (v/v) Triton X-100) was added and allowed to incubate
for 15 min. A blocking wash buffer was added and incubated for 30 min. The pre-
made primary antibodies were added, and the slides were incubated for 1 h at room
temperature. Unbound antibodies were washed off, and the slides were mounted in 6-
diamino-2-phynolinodole (DAPI) containing mounting media. The sections (five sections
per mouse and five mice for each cohort) were visualised, and the images were obtained
using a Zeiss Axiolmager fluorescence microscope (Zeiss Microscopy Ltd., Cambridge,
UK). For fibrinogen, the whole-muscle image which was made using multiple images
of that muscle at a 10x objective, was analysed using threshold analysis. The baseline
threshold was set using the muscle image of an undamaged mouse. For P-selectin and
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integrin olIbB3, multiple images for each muscle section from each mouse were taken
using a 40x objective. Using the Image ] (version 1.53k, NIH, Bethesda, MD, USA) 3D
analysis tool, the baselines were set using undamaged contralateral muscle and then the
number and area of thrombi were quantified. For each mouse, the values were calculated
as means and then analysed together with the data obtained from all animals.

4.6. ROTEM Analysis

The ROTEM Delta analyser (Werfen, UK), was used to study the effects of CAMP
and CTX on human whole blood clotting. Intem and extem analyses were conducted
to determine the impact of venom toxins on intrinsic and extrinsic as well as common
pathways of blood clotting, respectively. Fibtem analysis was carried out to determine
the effects of toxins on clotting in the absence of platelets, while aptem analysis was
completed to assess the impact of venom toxins on blood clotting in the lack of fibrinolysis.
In each assay, 10 uM of CAMP or CTX was mixed with 300 pL of citrated whole human
blood and pre-set volumes of the respective reagents for different assays in accordance
with the manufacturer’s instructions. The blood samples were recalcified using a startem
reagent (0.2 M CaCl, in a HEPES buffer, pH 7.4), and clotting was initiated using intrinsic
(partial thromboplastin phospholipid from rabbit brain and ellagic acid) and extrinsic
clotting activators (recombinant tissue factor, phospholipids, and heparin). The fibtem
(cytochalasin D and 0.2 M CaCl, in the HEPES buffer, pH 7.4) and aptem (aprotinin and
0.2 M CaCl, in the HEPES buffer, pH 7.4) assays were performed using specific reagents
before the initiation of clotting using the extem activation reagent. Various parameters of
whole blood coagulation were analysed using ROTEM assays.

4.7. Statistical Analysis

All statistical analyses were performed using GraphPad Prism 8. Based on the data
type, a student t-test or one-way ANOVA was used to calculate the p values to determine
statistical significance. All the staining procedures and analyses were performed blindly by
individuals who were not involved in experimental procedures on mice.
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Envenomings by Russell’s viper (Daboia russelii), a species of high medical importance in
India and other Asian countries, commonly result in hemorrhage, coagulopathies,
necrosis, and acute kidney injury. Although bleeding complications are frequently
reported following viper envenomings, thrombotic events occur rarely (reported only in
coronary and carotid arteries) with serious consequences. For the first time, we report
three serious cases of peripheral arterial thrombosis following Russell’s viper bites and their
diagnostic, clinical management, and mechanistic insights. These patients developed
occlusive thrombiin their peripheral arteries and symptoms despite antivenom treatment.
In addition to clinical features, computed tomography angiography was used to diagnose
arterial thrombosis and ascertain its precise locations. They were treated using throm-
bectomy or amputation in one case that presented with gangrenous digits. Mechanistic
insights into the pathology through investigations revealed the procoagulant actions of
Russell’s viper venom in standard clotting tests as well as in rotational thromboelastometry
analysis. Notably, Russell’s viper venom inhibited agonist-induced platelet activation. The
procoagulant effects of Russell’s viper venom were inhibited by a matrix metalloprotease
inhibitor, marimastat, although a phospholipase A, inhibitor (varespladib) did not show
any inhibitory effects. Russell’s viper venom induced pulmonary thrombosis when injected
intravenously in mice and thrombi in the microvasculature and affected skeletal muscle
when administered locally. These data emphasize the significance of peripheral arterial
thrombosis in snakebite victims and provide awareness, mechanisms, and robust strate-
gies for clinicians to tackle this issue in patients.
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Russell’s Viper Bite-Induced Arterial Thrombosis

Introduction

Snakebite envenoming (SBE) has been classified as a high-
priority neglected tropical disease by the World Health Orga-
nization. SBE results in around 140,000 deaths and 500,000
permanent disabilities annually worldwide."-? Around 58,000
deaths occur every year in India alone, resulting in it being
regarded as the “snakebite capital of the world.”> Russell's
viper (Daboia russelii) is one of the “big four” venomous snakes
(together with the Indian cobra [Naja naja], common krait
[Bungarus caeruleus], and saw-scaled viper [Echis carinatus])
in India and is responsible for a majority of venomous bites
resulting in deaths and disabilities.*”” The consequences of
Russell’s viper bites typically range from mild local effects to
severe local necrosis and muscle damage as well as systemic
effects such as hemorrhage, coagulopathies, neurotoxicity, and
acute kidney injury.8 Most SBE victims reside in rural, impov-
erished areas that lack adequate resources to handle these
medical emergencies.” Moreover, victims who lack essential
awareness of SBE often seek traditional treatments and other
unproven methods thus delaying proven, time-sensitive treat-
ments.>’ Delay in seeking appropriate treatment exacerbates
envenoming effects resulting in serious consequences includ-
ing death or loss of limbs.”

Snake venoms contain a range of toxins which can affect
multiple organs, tissues, and the blood coagulation sys-
tem.'®"" Due to the nature of toxins present in its venom,
Russell’s viper bites may lead to transient, asymptomatic
coagulopathies or overt hemorrhage in the bite site as well as
in internal organs including the kidneys, brain, lungs, and
spleen, often with poor prognosis.'?~'# Russell’s viper bite-
induced bleeding complications are commonly observed,
and they often lead to fatalities or permanent disabil-
ities."#~® Similar to many other viper venoms,'?' Russell’s
viper venom induces consumption coagulopathy which
results in rapid depletion of coagulation factors owing to
the action of procoagulant enzymes, and this contributes to
excessive bleeding.'*!” Venom procoagulant activities may
also result in thrombosis in the microvasculature and less
commonly in large blood vessels which can lead to ischemic
stroke.'82% SBE-induced ischemic stroke has been reported
to cause bilateral blindness with permanent disabilities in
rare cases.”’ Sudden cardiac arrest following SBE including
Russell’s viper envenoming has also been reported.zz'23
While bleeding complications are often reported for Russell’s
viper as well as other viper bites, peripheral arterial throm-
bosis (specifically in limbs) following SBE has never been
reported. Even the envenomings by the Caribbean endemic
species, Bothrops lanceolatus, which often induce pulmonary
embolism, myocardial infarction, and cerebral ischemia did
not cause peripheral arterial thrombosis in limbs.?42> Here,
we report three serious cases of peripheral arterial throm-
bosis in upper limbs following Russell’s viper bite envenom-
ings and discuss their underlying molecular mechanisms and
clinical management strategies. This study provides essential
awareness of the life-threatening impacts of SBE, which is
urgently needed and adds to our growing understanding of
the pathophysiology of envenomings by Russell’s viper.

Senthilkumaran et al.

Results

Clinical Presentation of Patients

The first patient was a 21-year-old male auto-rickshaw
driver who was bitten by a snake on a finger in his right
hand while cleaning his vehicle near a pond in Sathyaman-
galan within the Erode district of Tamil Nadu (South India).
The offending snake was identified as Russell’s viper by an
experienced herpetologist (=Fig. 1A). The patient presented
atalocal hospital 75 minutes after the bite with symptoms of
fever, vomiting, pain, bleeding at the bite site, and swelling of
the right upper arm. He was treated with 18 vials (i.e., 180
mL) of equine polyvalent antivenom (Biological E Limited,
India) raised against the Indian “big four” venomous snakes
100 minutes after the bite occurred. There was no history of
oliguria, hematuria, ptosis, neck or limb weakness, or myal-
gia. The initial diffuse pain became localized to the fingers of
his right hand and increased in intensity. He was subse-
quently referred to our emergency department (Manian
Medical Centre, Erode, Tamil Nadu, India) 22 hours after
the bite for further management. On examination, there
was severe tenderness up to the axilla and limb swelling
(=Fig. 1B). The entire limb was discolored, cold and clammy,
and movement of the affected limb and fingers caused severe
pain. Transthoracic echocardiography showed an ejection
fraction of 70%, an absence of valvular pathology, and normal
systolic and diastolic function. Laboratory investigations
indicated normal values of D-dimer, fibrinogen, hemoglobin,
platelet count, prothrombin time (PT), and activated partial
thromboplastin time (aPTT), along with other parameters
(=Table 1). His chest and neck X-ray as well as a chest
computed tomography (CT) scan failed to reveal any thoracic
outlet syndrome.

The second patient was a 35-year-old female housewife
who was bitten on the right index finger by a snake while
cleaning her cattle shed near Perundurai in the Erode district
of Tamil Nadu. The snake was identified as Russell’s viper
(=Fig. 1C) by a herpetologist. The patient had no history of
underlying diseases such as cancer, pregnancy, oral contra-
ceptives, or type 2 diabetes mellitus and was COVID-19
negative. No underlying conditions were observed that
would result in increased levels of procoagulant zymogens,
decreased levels of coagulation inhibitors, or fibrinolytic
abnormalities. She presented to a local hospital 90 minutes
after the bite with severe pain and bleeding at the bite site
and was treated with 20 vials (i.e., 200 mL) of polyvalent
antivenom (VINS Bioproducts Limited, India) around 2 hours
after the bite and given intravenous administration of broad-
spectrum antibiotics. During the next 48 hours, she devel-
oped sudden onset of pain and swelling of the right hand
which extended up to the elbow and was accompanied by
pain and discoloration of the thumb and index finger. These
symptoms persisted and she was referred to our emergency
department (Manian Medical Centre) 4 days after the bite as
there was no improvement. Physical examination revealed
absent pulses of her right radial artery and well-defined
gangrene of the distal phalanges of the right thumb, ring
finger, and little finger, as well as the entire index finger
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Fig. 1 The offending Russell’s viper specimens and local envenoming effects in victims. (A) The offending snake species of the first patient was
identified as Russell’s viper by a herpetologist. (B) Russell’s viper bite induced bleeding at the bite site and swelling and discoloration of the right
arm of the first patient. (C) The offending snake species which was confirmed as Russell’s viper for the second patient (D), who displayed

gangrenous digits (including the index finger where the bite occurred) in their right hand. The specimen of Russell’s viper (E), which bit the third

patient at the nape of the neck and caused local bleeding (F).

(=Fig. 1D). The neurological assessment revealed a lack of
nociception in the affected area. Patent foramen ovale was
ruled out as a cause of paradoxical embolism with transtho-
racic echocardiography. Tests for lupus anticoagulant,
factor V Leiden, and prothrombin allele mutations were all
negative. The levels of antithrombin, proteins C and S, and all
other parameters (~Table 1) were within the normal limits.

The third patient was a 32-year-old male farmer who,
while picking fruits in his farmland near Gobichettipalayam
(Erode district, Tamil Nadu) was bitten by a Russell’s viper (as
confirmed by a herpetologist; =Fig. 1E) on the nape of his
neck (=Fig. 1F). He was admitted to our emergency depart-
ment (Manian Medical Centre) within 90 minutes of the bite
with a painful and swollen right upper limb, oozing blood
from the bite location, and bleeding gums. The patient had no
history of underlying diseases/conditions such as cancer and
type 2 diabetes mellitus and was negative for COVID-19.
There were no other diagnosed conditions relating to clotting
abnormalities. On examination, the limb was swollen up to
the hand, clammy and discolored. A 20-minute whole blood
clotting test (WBCT20) for coagulopathy was performed and
found to be prolonged (=Table 1). Since the patient pre-
sented with both local and systemic signs and symptoms of

TH Open  Vol. 7 No. 2/2023 © 2023. The Author(s).

envenoming, he was treated with 10 vials of (i.e., 100 mL)
polyvalent antivenom (Bharat Serums and Vaccines Limited,
India) within 2 hours after the bite. Hematologic, metabolic,
biochemical, and coagulation parameters were found to be
within normal limits after 4 hours of antivenom administra-
tion. Despite antivenom treatment, the patient developed a
painful, swollen area in the right retro clavicular, supra-
clavicular region and anterior side of the right upper arm. He
subsequently developed wrist drop, inability to flex all
fingers, and total loss of sensation in the right arm. Both
active flexion and passive extension of the elbow produced
severe pain. The examination discovered an absent brachial,
ulnar, and radial pulse. He was found to have 60% oxygen
saturation in his right middle finger; however, all other right-
hand fingers had 0% saturation and no flow tracing. There
was no evidence of intracardiac thrombus or shunt on the
transthoracic echocardiogram. The patient’s thrombophilic
profile (factor V Leiden, prothrombin mutation, homocyste-
ine, and deficiencies for protein C, protein S, and antithrom-
bin III) was unremarkable.

The antivenom in all patients was administered in line
with the standard protocols (i.e., 10 vials stat over 30 minutes
and then 6 vials every 6hours based on the symptoms)
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department
Specimen Investigation Patient 1 Patient 2 Patient 3 Unit Normal range
EDTA blood Hemoglobin 13.2 11.3 13.8 a% 12.0-16.0
EDTA blood Total RBC count 4.74 4.99 4.82 Millions/pL 4.00-5.50
EDTA blood HCT 39.8 354 41.0 % 33.00-50.00
EDTA blood MCV 84.0 70.9 85.1 fl 81.10-96.00
EDTA blood MCH 27.8 22.6 28.6 pg 27.20-33.20
EDTA blood MCHC 33.2 31.9 33.7 % 32-36
EDTA blood Total WBC count 11.88 6.26 13.91 %103 cells/uL 4.00-11.00
EDTA blood Neutrophils 8.09 3.62 11.71 x10° cells/uL 2.0-7.0
EDTA blood Lymphocytes 2.34 2.1 0.98 x10% cells/uL 1.0-3.0
EDTA blood Monocytes 1.03 0.42 1.21 %103 cells/uL 0.1-0.8
EDTA blood Eosinophils 0.37 0.1 0.0 x10° cells/uL 0.02-0.5
EDTA blood Basophils 0.05 0.02 0.01 %10 cells/uL 0.02-0.1
EDTA blood Neutrophils 68.1 57.9 84.2 % 55-75
EDTA blood Lymphocytes 19.7 33.5 7.0 % 15-30
EDTA blood Eosinophils 3.1 1.6 0.0 % 1-5
EDTA blood Monocytes 8.7 6.7 8.7 % 2-10
EDTA blood Basophils 0.4 0.3 0.1 % Upto 1
EDTA blood Platelet count 240 336 319 x10° cells/uL 150-450
EDTA blood MPV 11.0 9.4 9.4 fl 6.5-12.0
EDTA blood PDW 13.5 9.6 9.8 fl 9.0-13.0
Serum Urea 21.4 14.98 14.98 mg/dL 15-40
Serum Creatinine 1.02 0.76 0.89 mg/dL 0.6-1.4
Serum Uric acid 4.7 5.0 6.9 mg/dL 3.4-7.2
Citrated plasma Prothrombin time 13.8 14.3 26.2 Seconds 11.6 (control)
Citrated plasma INR 1.26 1.31 2.39 Ratio
Citrated plasma aPTT 35.2 34.1 34.3 Seconds 26-40
Serum Bilirubin (total) 0.85 0.68 1.0 mg/dL 0.2-1.2
Serum Bilirubin (direct) 0.32 0.28 0.38 mg/dL 0-0.2
Serum Bilirubin (indirect) 0.53 0.4 0.62 mg/dL 0.2-0.9
Serum SGOT 16 14 35 u/L 5-35
Serum SGPT 14 15 27 U/L 5.0-45

Abbreviations: aPTT, activated partial thromboplastin time; HCT, hematocrit; INR, international normalized ratio of clotting; MCH, mean corpuscular
hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; MPV, mean platelet volume; PDW, platelet
distribution width; RBC, red blood cells; SGOT, serum glutamic oxaloacetic transaminase; SGPT, serum glutamic pyruvate transaminase; WBC, white

blood cells.

provided by the Government of India for the management of
snakebites (https://nhm.gov.in/images/pdf/guidelines/nrhm
-guidelines/stg/Snakebite_QRG.pdf).

CT Angiography Revealed the Presence of Thrombi in
Peripheral Arteries

The clinical features such as pain, numbness, change in skin
color, absence of pulses, and limited range of motion in these
patients suggested that thrombosis might have occurred in
their peripheral blood vessels. Compartment syndrome was
suspected in the first patient and therefore a preliminary

Doppler ultrasound was performed. This revealed impaired
blood flow to the extreme forearm arteries indicating acute
limb ischemia. Subsequently, he was evaluated with a
peripheral CT angiogram which showed complete occlusion
of the right brachial artery (~Fig. 2A). Similarly, a peripheral
CT angiogram in the second patient revealed distal radial
artery occlusion and short-segment occlusion in the palmar
arterial arch between the thumb and the index fingers
(=Fig. 2B). In addition, one of the two digital arteries of
the thumb and both digital arteries of the index finger were
occluded. For the third patient, a clinical diagnosis of
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Fig.2 CT angiography reveals occluded peripheral arteries and a lack of downstream blood flow in Russell’s bite victims. (A) The 2D contrasting
and 3D constructed images of CT angiography confirm the occlusion of the right brachial artery and the lack of blood flow to downstream

arteries in the first patient. (B) The 2D inverted contrasting image of CT angiography confirms the occlusion of the radial artery and blockade of
blood flow downstream in the hand and fingers in the second patient. Similarly, 2D and 3D CT angiography (C) images confirm the occlusion of
the right subclavian artery and the affected downstream blood flow in the third patient. The arrows indicate the site of occlusion. The black

rectangle boxes are used to hide personal details on the image.

compartment syndrome with vascular compromise was
assumed and, therefore, an urgent CT angiogram was per-
formed. This revealed occlusive thrombi in the right mid-
subclavian artery and subclavian vein, axillary, and brachial
veins (=Fig. 2C). Arteries distal to the mid-subclavian artery
showed minimal flow up to the wrist level. A large hematoma
was seen in the right retro clavicular and supraclavicular
region compressing the third part of the subclavian artery.

Clinical Management of Thrombosis in Patients

Following the confirmation of thrombosis, an emergency
thrombectomy was performed in the first patient and suc-
cessfully removed a thrombus measuring around 4 inches.

TH Open  Vol. 7 No. 2/2023 © 2023. The Author(s).

He was then treated with intravenous administration of low-
molecular-weight heparin and oral warfarin. The patient also
underwent two fasciotomies which reduced swelling and
tenderness in the affected limb and improved movement.
A Doppler ultrasound scan performed 3 days after the
thrombectomy showed normal blood flow in the arteries
of the affected limb. Upon discharge, he was prescribed
warfarin for another 6 weeks and advised to follow up for
regular monitoring of PT and the international normalized
ratio (INR) of clotting. Since the second patient arrived with
significant gangrenous tissues on the fingers, reperfusion
therapy was not possible. Based on the occlusive thrombosis
and resulting gangrene, the decision was made to amputate
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the patient’s entire thumb, index, and ring fingers, as well
as the little finger at the middle phalanges. The thrombus
(around 3-4 inches in size) at the distal radial artery was
removed by thrombectomy and the patient was started on
anticoagulant therapy similar to the first patient. Unlike the
other two patients, in the third patient, an emergency
subclavian thrombectomy was performed via transbronchial
route using a Fogarty catheter (due to the location of the
thrombus) which successfully removed a thrombus with
the size of around 4 inches and rescued proximal flow. The
patient was started on oral warfarin therapy and follow-up
visits revealed that pulses were detectable in all distal
vessels and the fingers had returned to normal function.
The monthly regular check-ups were normal in all three
patients. Follow-up blood tests including clotting factors
such as Vand X were performed 4 weeks after the discharge
for all patients and we did not find any clotting or other
relevant abnormalities.

Russell’s Viper Venom Exerts Procoagulant Effects

Since Russell’s viper bites are frequently reported to cause
bleeding complications associated with incoagulable blood
due to venom-induced consumption coagulopathy, the
development of occlusive thrombi in peripheral arteries is
surprising. To determine the actions of Russell’s viper venom
(pooled venom from multiple specimens collected at the
Kentucky Reptiles Zoo, United States) on various coagulation
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parameters, in vitro coagulation experiments were per-
formed. While Russell’s viper venom displayed low metal-
loprotease (=Fig. 3A) and serine protease (=Fig. 3B)
activities compared with the positive control (same concen-
tration of the venom of Crotalus atrox), it exhibited high
phospholipase A; (PLA;) activity (=Fig. 3C). In addition, the
venom (50 ng/mL) significantly reduced PT (=Fig. 3D) and
aPTT (=Fig. 3E) compared with the controls in citrated
human plasma as a reflection of its procoagulant activity.
To further examine the effects of Russell’s viper venom on
blood clotting, rotational thromboelastometry (ROTEM) anal-
ysis was performed using human-citrated whole blood. The
Intem (which evaluates the intrinsic and common pathways)
analysis confirmed the accelerated clotting when Russell’s
viper venom (50 pg/mL) was added to whole blood in compar-
ison to the control as demonstrated through reduced clotting
time and maximum clot lysis (~Fig. 4A). However, there was
no significant difference between the control and venom-
induced clots in terms of size (area under the curve) and
firmness. Similarly, the Extem (which evaluates the extrinsic
and common pathways) analysis demonstrated accelerated
clotting with reduced clot lysis, although the maximum size
clot formation was significantly delayed (~Fig. 4B). To deter-
mine the impact of Russell’s viper venom on clotting indepen-
dently from platelets, the Fibtem analysis was performed. This
analysis also confirmed the accelerated clotting, although the
firmness of the clot was reduced (~Fig. 4C). Russell’s viper
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Fig. 3 Enzymatic and clotting activities of Russell’s viper venom. The metalloprotease (A), serine protease (B), and PLA, (C) activities of various
concentrations of Russell’s viper venom were measured using respective fluorogenic substrates by spectrofluorimetry. The base level
fluorescence obtained with negative controls (NC; i.e., the substrate in the absence of venom) at 90 minutes was taken as 100% to calculate the
enzyme activities in venom samples at the same time point. The venom of Crotalus atrox (50 pg/mL) was used as a positive control (PC) in all these
assays. 50 pg/mL Russell’s viper venom was mixed with plasma and relevant reagents to measure PT (D) and aPTT (E) using Ceveron T100 fully
automated coagulation analyzer. Data represent mean +S.D. (n =4). The p-values (“p <0.05, “p <0.01, and ***p <0.0001) shown were
calculated by one-way ANOVA (A-C) or unpaired t-test (D and E) using GraphPad Prism.
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Fig. 4 Effect of Russell’s viper venom on ROTEM analysis. The impact of Russell’s viper venom (50 pg/mL) on Intem (A), Extem (B), Fibtem (C),
and Aptem (D) was analyzed by mixing the venom with citrated human whole blood and relevant reagents provided by the manufacturer and
monitoring the clot formation over 60 minutes in a ROTEM Delta instrument. The curves shown are representative of four separate experiments
performed using blood obtained from four individuals. Although various parameters were measured by ROTEM, here we demonstrate the
impacts of venom on notable parameters such as clotting time (the time when clot formation was initiated), clot formation time (time to reach a
20-mm size clot), time to reach a maximum clot firmness (MCF-t), maximum clot firmness, area under the curve (AUC) of maximum clot formed,
and maximum lysis. The cumulative data shown represent mean +SD (n=4). The p-values ("p <0.05, “p <0.01, **p <0.001, and ***p
<0.0001) shown were calculated by an unpaired t-test using GraphPad Prism.

venom also displayed accelerated blood clotting and reduced
lysis when fibrinolysis was prevented using the Aptem analy-
sis (~Fig. 4D). Together, these data demonstrate that Russell’s
viper venom induces blood clotting through common (or both
intrinsic and extrinsic) coagulation pathways independently
from platelets and fibrinolysis.

TH Open  Vol. 7 No. 2/2023 © 2023. The Author(s).

Russell’s Viper Venom Inhibits Agonist-Induced
Platelet Activation

Since Russell’s viper venom induced blood clotting even in
the absence of platelets, its direct effects on human platelets
were studied. Different concentrations of Russell’s viper
venom failed to induce platelet aggregation on their own
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Fig. 5 Impact of Russell’s viper venom on human platelet activation. The human PRP was mixed with various concentrations of Russell’s viper
venom and incubated at 37 °Cin an optical aggregometer while monitoring the level of aggregation for 5 minutes. Then the agonist, 5 pM ADP,
was added, and the level of aggregation was monitored for another 5 minutes. The traces shown (A) are representative of four separate
experiments. The level of aggregation obtained with the vehicle control (i.e., in the absence of venom) was taken as 100% to calculate the level of
aggregation in venom-treated samples (B). The levels of fibrinogen binding and P-selectin exposure as markers for platelet activation were
measured in the presence and absence of various concentrations of Russell’s viper venom after 5 (Cand D) and 20 (E and F) minutes of incubation
without any platelet agonist. Similarly, the levels of fibrinogen binding (G) and P-selectin exposure (H) were measured following a 5-minute
incubation with different concentrations of Russell’s viper venom followed by 20-minute incubation with 5pM ADP at 37 °C. The base level
fluorescence obtained with relevant controls was taken as 100% to calculate the impact of venom in treated samples. Data represent mean & SD

(n=4). The p-values (*'p<0.01, **p <0.0001, and “**p <0.0001) shown were calculated by one-way ANOVA using GraphPad Prism. “R”
represents the level of activation in resting platelets.

in human platelet-rich plasma (PRP), although they largely  to integrin allbB3) and P-selectin exposure (as a marker
inhibited agonist (ADP)-induced platelet aggregation for a-granule secretion) were quantified in the presence and
(=Fig. 5A, B). To corroborate these effects, the levels of absence of various concentrations of Russell’s viper venom.
fibrinogen binding (as a marker for inside-out signaling  Similar to the results obtained with aggregation, the various
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concentrations of venom failed to induce platelet activation
on their own either following incubation of 5 (~Fig. 5C, D) or
20 (=Fig. 5E, F) minutes. However, they largely inhibited
ADP-induced fibrinogen binding (=Fig. 5G) and P-selectin
exposure (=Fig. 5H) on human platelets. Taken together,
these data demonstrate that Russell’s viper venom-induced
clotting in vitro, an activity known to be responsible for
consumption coagulopathy in vivo, occurs mainly via activa-
tion of coagulation factors/cascades. Furthermore, the inhi-
bition of platelet function may contribute to bleeding
complications together with consumption coagulopathy.

Marimastat Inhibits the Procoagulant Activity of
Russell’s Viper Venom

A matrix metalloprotease inhibitor, marimastat, has been
demonstrated to possess broad-spectrum inhibitory effects
on venom metalloproteases.?®2” Hence, to determine its
effects on Russell’'s viper venom-induced procoagulant
effects, 10-uM marimastat was incubated with 50pug/mL
venom for 5minutes before mixing with human citrated
whole blood and analyzing (Extem) in ROTEM. As shown
earlier, the venom has reduced clotting time, firmness, and
clot size, while it increased clot formation time for a 20-mm
clot in Extem analysis compared with the controls (~Fig. 6A).

Senthilkumaran et al.

Although marimastat did not affect any parameters of Extem
on its own, it inhibited the procoagulant actions of Russell’s
viper venom. Similarly, varespladib is a PLA, inhibitor which
has been shown to have significant impacts on venom PLA; of
numerous snake species. To determine if PLA, in Russell’s
viper venom is involved in inducing clotting effects, 10-uM
varespladib was mixed with 50 ug/mL venom before analyz-
ing in Extem analysis. Varespladib on its own and with
venom did not show any effects on Extem clotting param-
eters except a slight increase in clot formation time when
mixed with the venom (=~Fig. 6B). These data demonstrate
that the procoagulant effects of Russell’s viper venom are
largely mediated through metalloproteases instead of PLA;,
although we cannot rule out the possible contributions from
other venom proteins.

Histological Assessment of Thrombosis under In Vivo
Settings in Mice

To determine if Russell’s viper venom can acutely induce
thrombosis in the vasculature, lung tissues obtained from
mice injected intravenously with vehicle control (phosphate-
buffered saline [PBS]) or Russell’s viper venom were ana-
lyzed using hematoxylin and eosin staining. The tissues from
control mice showed a normal histological appearance, and
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Fig. 6 Effects of marimastat and varespladib on Russell’s viper venom-induced clotting in ROTEM. 10 pM marimastat (A) or varespladib (B) was
mixed with 50 pg/mL Russell’s viper venom in citrated whole human blood before the addition of Extem reagents and monitoring the level of clot
formation over 60 minutes in ROTEM. The traces shown are representative of four separate experiments performed using blood obtained
from four donors. The cumulative data are shown for specific parameters such as clot formation time, maximum clot firmness, and area under
the curve (AUC) for full clot formed. Data represent mean +SD (n=4). The p-values (“p <0.05, “p <0.01 and **p <0.0001) shown were
calculated by one-way ANOVA using GraphPad Prism. C—vehicle control; I—inhibitor alone; V—venom alone; V + I—venom + inhibitor.
‘Significance when venom-treated samples compared with the controls. "Significance when venom and inhibitor-treated samples compared with

the venom-alone controls.
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Fig. 7 Russell’s viper venom-induced thrombosis in mice. Light micrographs of lung tissues (stained with hematoxylin and eosin stain) of mice
injected intravenously in the caudal vein, with PBS (A) or 12.5 pg Russell’s viper venom previously incubated with the PLA, inhibitor, varespladib
(B) are shown. The tissue from control mice shows a normal histological pattern and a vein filled with erythrocytes (indicated by an arrow). In
contrast, tissue from mice injected with Russell’s viper venom shows two veins with prominent thrombi (indicated by arrows). Similarly,
immunofluorescence images of the tibialis anterior muscle of mice injected with PBS or Russell’s viper venom 5 days before dissection were
obtained following staining with FITGlabeled ant-ifibrinogen antibodies. (C) A section of the tibialis anterior muscle of control mice shows
normal muscle architecture with nuclei at the periphery of muscle fibers (indicated by an arrow) and the lack of fibrinogen binding (no green
signal). (D) The tibialis anterior muscle injected with Russell’s viper venom (66 ng/g of mouse weight) shows extensive tissue damage with
the destruction of muscle fibers as indicated by the presence of a large number of cells (arrow). Significant levels of fibrinogen found in the
damaged regions (green color) demonstrate the presence of bleeding and thrombi (arrowheads). The bar represents 100 um.

blood vessels were filled with erythrocytes without any
thrombi (=Fig. 7A). In contrast, mice that received Russell’s
viper venom inhibited with varespladib, to block the action
of neurotoxic PLA,s, died within 15 minutes of injection.
Tissues from these mice showed abundant thrombi in pul-
monary veins and venules (=~Fig. 7B). Noteworthy, edema,
hemorrhage, and inflammatory infiltrate were absent in the
lung tissue of envenomed mice. To further establish if
Russell’s viper venom induces thrombi in microvasculature
and tissues, skeletal muscle (tibialis anterior) injected with
vehicle control or Russell’s viper venom was analyzed by
immunohistochemistry using FITC-labeled anti-fibrinogen
antibodies. The muscle sections from control mice showed
normal tissue architecture 5 days after the injection. The
nuclei were spaced at the periphery of muscle fibers giving
the typical hollow fiber appearance. Notably, there was no
binding of anti-fibrinogen antibodies to the control muscle
sections (=Fig. 7C). However, muscle injected with Russell’s

viper venom showed considerable disruption to tissue
architecture evidenced by a massive invasion of cells leading
to large areas covered by DAPI-positive nuclei, and a
significant amount of fibrinogen deposition including large
thrombi (=Fig. 7D). These data demonstrate that Russell’s
viper venom can induce thrombosis in the vasculature in
affected tissues.

Discussion

Bleeding complications (hemorrhage) from SBE inflicted by
many viperid species are commonly reported and they can
lead to cerebral hemorrhage,zg'29 pituitary failure,>° pseu-
doaneurysm,'® perinephric hematoma,'3? and acute
kidney injury.33 These complications can also contribute to
the onset of cardiovascular shock and multiple organ failure.
However, thrombosis, specifically peripheral arterial throm-
bosis, is a rare (but serious) phenomenon following SBE.
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There have been scarce reports of cases with thrombosis as a
consequence of viperid snakebites.>*73 An exception to this
trend of the low frequency of thrombotic phenomena in SBE
is the envenoming by Bothrops lanceolatus, an endemic
species in the Caribbean Island of Martinique. A significant
proportion of patients bitten by this species develop throm-
botic complications associated with infarctions in the lungs,
heart, and brain®*3’; however, no effects on limbs were
reported in the literature. The mechanisms behind this effect
were not established, although it has been proposed to be
related to the actions of metalloproteases (which are abun-
dant in this venom) on the vasculature.>®3° Russell’s viper is
a foremost medically important venomous snake in India
and other Asian countries. The bites from this species in India
mostly lead to extensive bleeding, cardiovascular disturban-
ces, muscle necrosis, acute kidney injury, neurotoxic effects,
and multiple organ failure. These envenoming effects may
result in permanent disabilities or death if not treated
promptly. A few cases of cerebral thrombosis following
envenomings by Russell's viper have been reported.*0-44
However, to the best of our knowledge, the peripheral
arterial thrombosis resulting in loss of function of affected
limbs has not been reported previously following Russell’s
viper bites. Hence, for the first time, we report three serious
cases where the patients developed large (3-4 inches) occlu-
sive thrombi in their peripheral arteries of upper limbs
following Russell’s viper bites despite antivenom treatment.
While these patients were treated successfully using throm-
bectomy, one patient had to undergo amputation of their
fingers. These thrombotic events are uncommon compared
with the high prevalence of bleeding diatheses that accom-
pany envenoming by Russell’s vipers. Therefore, this condi-
tion needs significant scientific and medical attention to
provide timely diagnosis and appropriate treatment for SBE
victims, and thereby prevent permanent disabilities or
deaths.

Russell’s viper envenoming typically results in a pattern of
local swelling and bleeding at the bite site, lymphadenopa-
thy, hypotension, coagulopathy, and systemic bleeding,*’
although the severity of symptoms varies widely based on
the amount of venom injected. Moreover, other complica-
tions such as acute kidney injury, systemic capillary leakage
syndrome, vascular damage in the pituitary gland, and
neurotoxicity also occur following Russell’s viper bites.*® In
addition to clinical symptoms, simple coagulation tests such
as a 20-minute whole blood clotting test, PT and aPTT, and
the levels of fibrinogen and D-dimers are used to ascertain
coagulopathy in SBE (including Russell’s viper) victims.#®
Based on the severity of other complications, ultrasound,
Doppler, CT, and magnetic resonance imaging (MRI) scans
are utilized to establish bleeding and thrombotic conditions
as well as organ damage/failure in Russell’s viper and other
SBE victims.'>3? The patients described in this study were
relatively young (aged 21-35 years) and had no significant
previous medical conditions. However, they developed
thrombi in their peripheral arteries and displayed symptoms
at various time points following bites. The laboratory inves-
tigations demonstrated normal clotting and metabolic pro-
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file in all patients indicating that the clotting might have
occurred much earlier than their arrival at the emergency
department. All of them were treated with polyvalent anti-
venom raised against the Indian “big four” venomous snakes.
While in one case (the third patient who was admitted
directly to the emergency department), the time between
the bite and first antivenom administration was around
2 hours, in others these details were not available as they
received treatments elsewhere before the admittance in the
emergency department. Interestingly, antivenom treatment
did not prevent the development of thrombi in these victims,
possibly due to the rapid/transient actions of venom com-
ponents in the circulation or to the fact that thrombosis
might be the result of endogenous processes that, once
established, cannot be reverted by antivenom. Thrombi
were formed in the bitten limb of two victims who had bites
on the hand or finger while the third patient bitten in the
neck developed regional thrombi. CT angiography played a
critical role in the diagnosis of thrombosis in these patients,
and it allowed the evaluation of precise locations of thrombi.
The patients were successfully treated with thrombectomy,
although the second patient who presented 4 days after
envenoming developed gangrene and thus the affected fin-
gers and thumb had to be amputated. All these patients
received anticoagulant therapy which aided in the prognosis
postthrombectomy. The prognosis of the first and third
patients demonstrates that the earlier intervention is critical
in thrombotic conditions to restore adequate flow to the
affected areas and prevent the loss of limbs.

Russell’s viper venom largely contains serine proteases,
metalloproteases, and PLA;s and all of these are known to
interfere with the coagulation cascades, disrupt endothelial
function, and cause tissue necrosis. Specifically, it comprises
procoagulant factor Vand X activators,*”-*® and prothrombin
activating enzyme,*® all of which induce blood clotting in
vitro, while under in vivo settings, their action predominant-
ly results in consumption coagulopathy with a rapid reduc-
tion in the concentrations of fibrinogen and other clotting
factors, leading to bleeding. In some cases, thrombocytope-
nia as well as an increase in plasma fibrinolytic activity may
occur, thus generating fibrin degradation products.”® Our
experimental observations using standard clotting tests and
ROTEM corroborate the procoagulant activity of this venom.
Such in vitro procoagulant activity is responsible for the
consumption coagulopathy®' that is usually observed in
patients suffering envenomings by this species. The inhibi-
tory effects displayed on agonist-induced platelet activation
are likely to play a role in overall hemostatic disturbances
and subsequent bleeding induced by this venom. In addition
to direct hemostatic alterations, venom metalloproteases
may promote hemorrhage by cleaving various components
of the basement membrane such as type IV collagen in blood
vessels,” which can be potentiated by coagulopathy. Indeed,
the use of marimastat (a matrix metalloprotease inhibitor) in
ROTEM experiments confirms the impact of Russell’s viper
venom metalloproteases in inducing procoagulant effects. It
appears that the PLA;s present in this venom may not
contribute to the procoagulant effects, as varespladib did
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not reverse these actions. We cannot rule out the possible
actions of other venom components in inducing blood
clotting. Overall, the predominant hemotoxic actions of
Russell’s viper venom are associated with consumption
coagulopathy, incoagulable nature of blood, and bleeding
diathesis, although thrombosis was unusually observed in
the patients reported in this study. In these sporadic cases, a
portion of venom might have been injected directly into the
blood vessels, thus causing the rapid formation of thrombi
which can become immovable at junctions of arteries where
continuous clotting can occur without embolization
despite high arterial shear conditions. Indeed, our data
demonstrate that the direct injection of Russell’s viper
venom in the caudal vein can induce the formation of large
thrombi.

The continuous development of thrombi over several hours
after envenoming resulted in delayed symptoms and loss of
function of limbs until thrombi became occlusive. These
patients might have experienced a high degree of endothelial
damage secondary to the actions of venom metalloproteases in
the vasculature, leading to an increase in exposed tissue factor,
collagen, or von Willebrand factor with the resultant blood
clotting. The experimental results presented in this study
demonstrate that the clotting cascades played a major role
independently from platelets, although this is unusual for
arterial thrombosis. The activation of clotting factors and
subsequent thrombosis with minimal inputs from platelets
normally occurs under venous circulation often leading to
pulmonary embolism.>* Indeed, our experimental observa-
tions in mice indicate that prominent thrombi are observed in
pulmonary veins within minutes of intravenous injection of
the venom, thus suggesting that such venous thrombosis is the
result of the rapid action of procoagulant enzymes in the
venom in the circulation. Furthermore, our work shows that
thrombi develop not only in the lungs in animal models but
also in skeletal muscle (i.e., locally affected muscle around the
bite/injection site). The skeletal muscle tissue has a very high
capacity to regenerate, exemplified by the rapid formation of
muscle fibers a few days after total muscle fiber necrosis
induced by cardiotoxin. However, following Russell’s viper
venom-induced damage, there was considerable evidence
for unresolved tissue necrosis as well as significant levels of
fibrinogen deposition indicative of thrombi formation in the
microvasculature and affected tissues. This is possibly due to
the sustained action of venom components acting to continu-
ally damage the tissue as well as leading to thrombus
formation. Russell’s viper venom also induces prominent
inflammatory responses,>* and thus, the increase in a plethora
of inflammatory mediators in the blood may also induce the
acquisition of a proinflammatory and procoagulant phenotype
in endothelial cells, thus favoring the formation of thrombi.
Furthermore, the specific characteristics of individuals may
affect the clinical features following SBE. It is possible that a
certain subset of patients might possess increased levels of
specific coagulation factors such as factors V and/or X which
may create a hypercoagulable status during envenoming. Other
endogenous factors such as undiagnosed atherosclerosis might
also contribute to a condition that favors arterial thrombosis in
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some patients. It is unknown if preexisting atherosclerosis (in
blood vessels other than the ones imaged) in these patients may
have played a role, although atherosclerotic risk increases with
advanced age® and all of these patients were younger than
40 years. Therefore, it is likely that the thrombosis described in
this study is multifactorial in its origin.

The regional variations of Russell’s viper venom composi-
tion>®~>® and their impacts on clinical manifestations of
envenomings were previously reported.*®>° Indeed, we
reported various unusual complications of Russell’s viper
envenomings in South India that could be attributable to the
variations in venom composition. Hence, these three patients
might have been bitten by Russell’s vipers that might have
had unusual quantities of procoagulant venom toxins result-
ing in stable occlusive thrombosis. Here, snake-related
genetic factors could have also played a role in the develop-
ment of thrombosis. For example, genetic variations in
subpopulations of species might have increased the propor-
tion of procoagulant enzymes. It is well known that venom
composition varies geographically in Russell’s vipers even
within India, resulting in significant variations in antivenom
efficacy.””>® Indeed, different subspecies of Russell’s viper
were identified across South Asia.?® Hence, further studies
with additional cases describing thromboembolic events
would be required to determine if a geographic relationship
exists. Although difficult to assess in the field, the variable
amount of venom delivered in a single bite might also play a
role. Thus, a combination of patient-specific and snake-
specific features may also contribute to the likelihood of
the development of occlusive thrombi in some cases.

In conclusion, the procoagulant actions of Russell’s viper
venom mostly result in consumption coagulopathy leading to
the incoagulable nature of blood, which contributes to the local
and systemic bleeding characteristic of these envenomings.
Conversely, as shown in this study, in some victims, occlusive
thrombosis may occur which may impair blood flow down-
stream of the clot and cause ischemia resulting in pain,
numbness, and, if left untreated, excessive tissue necrosis
leading to permanent disabilities. Therefore, robust diagnostic
and management strategies are required to handle Russell’s
viper bite victims. In addition to the usual coagulation tests, CT
angiography is required for the robust diagnosis of thrombosis.
It should be performed early when patients complain of
relevant symptoms following bites. If thrombosis is confirmed,
prompt thrombectomy with minimal surgery or percutaneous
catheterization should be performed to remove the thrombi
and rescue blood flow. Moreover, anticoagulant therapy is
necessary to prevent subsequent thrombosis postthrombec-
tomy. The patients should be monitored for excessive bleeding
phenotype while receiving anticoagulant therapy. Clinicians in
areas endemic to SBE including Russell’s viper should be aware
of such serious complications.

Methods

Patients’ Data Collection
The collection of data from snakebite victims for this study
was approved by the Institutional Ethics Committee at
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Toxiven Biotech Private Limited (ICMR-Toxiven Ethics 2019-
001/002). Written informed consent was obtained from all
patients. The patients were treated using standard protocols
and specialized treatments as described in this article.

CT Angiography

Helical CT angiography was performed using a fourth gener-
ation multidetector CT scanner (GE Optima CT660 128 Slice,
UK) with a 0.6-second gantry rotation period. The angiogra-
phy was achieved by acquiring four rows of 1.25-mm sec-
tions at a pitch of 1.5 following intravenous administration of
100 to 150 mL of iohexol (Omnipaque, 300 mg/mL iodine)
with a power injector at a rate of 4mL/second. When the
arterial attenuation value (180-200 H) was reached follow-
ing the injection of the contrasting agent, helical scanning
was manually initiated. Around 150 to 300 axial images were
obtained, and 2 to 10 reformatted images were constructed
for the upper extremity in a CT 3D rendering workstation
(Ultra 60, Sun Microsystems Inc, United States).

Thrombectomy Procedure

In the first patient, a longitudinal medial incision was made
at the right cubital fossa followed by dissection and isolation
of the right brachial artery. Arteriotomy and subsequent
thrombectomy using a 6-Fr Fogarty catheter (Edwards Life-
sciences LLC, United States) was used to remove around 3- to
4-inch-long thrombus from the right brachial artery. To
ensure adequate forward and backward blood flow following
thrombectomy, 100,000 units of streptokinase and 500 units
of heparin were infused. The incised artery was closed using
Prolene 6/0 in a simple continuous fashion, and Nylon 3/0
was used for closing the skin. A similar procedure was used in
the second patient to remove the thrombus from the right
radial artery, and amputation of the entire thumb, index, and
ring fingers, as well as the little finger at the middle phalan-
ges level was performed. In the third patient, under general
anesthesia, ultrasound-guided access to the right subclavian
artery was achieved using a micropuncture technique. Sub-
sequently, a thrombectomy was performed using a 3-Fr
Fogarty catheter and the clot was removed.

Enzymatic Assays

The venom metalloprotease activity was analyzed using DQ-
gelatin (ThermoFisher Scientificc UK) as a fluorogenic
substrate. Various concentrations of Russell’s viper venom
(Kentucky Reptile Zoo, United States) were mixed with
10 pg/mL DQ-gelatin in a total reaction volume of 100 uL
(final volume was made up using PBS) in a 96-well microtiter
plate. The plate was incubated at 37°C, and the level of
fluorescence was measured at various time points using an
excitation wavelength of 485 nm and emission at 520 nm in a
Fluostar Optima (BMG Labtech, Germany) spectrofluorome-
ter. Similarly, the serine protease activity was measured
using Na-benzoyl-i-arginine 7-amido-4-methyl coumarin
HCI (Sigma Aldrich, UK) as a fluorogenic substrate. Following
the mixing of the substrate (2 uM) with different concen-
trations of Russell’s viper venom, the plate was incubated at
37°C and the resulting fluorescence was measured at an
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excitation wavelength of 366 nm and emission wavelength of
460 nm at various time points. The PLA, activity of Russell’s
viper venom was measured using an EnzCheck Phospholi-
pase A kit (ThermoFisher Scientific; dioleoyl phosphatidyl-
choline and dioleoyl phosphatidylglycerol as substrates)
according to the manufacturer’s instructions.

Human Blood Collection and Preparation of
Plasma|PRP

The blood samples from healthy human volunteers were
collected in line with the procedures approved by the
University of Reading Research Ethics Committee (UREC
17/17). Following written informed consent, blood was
collected via venipuncture in vacutainers containing 3.2%
(w/v) sodium citrate. To obtain PRP, blood was centrifuged at
100 g for 20 minutes at 20 °C in a benchtop centrifuge. The
top layer of PRP was collected carefully without disturbing
the white (opaque layer) or red blood cells and used in
platelet aggregation assays. To obtain plasma, the whole
blood was centrifuged at 1,400g for 10 minutes at 20 °C.
The top clear layer of plasma was carefully collected and used
in clotting experiments. The citrated whole blood was used
in ROTEM experiments without any modifications.

Clotting Assays

PT and aPTT were measured using standard protocols in a
Ceveron T100 fully automated coagulation analyzer (Tech-
noclone, Austria). A concentration of 50 ug/mL of Russell’s
viper venom was mixed with a predetermined volume of
plasma obtained from different donors and standard PT
(thromboplastin and 25mM CaCl,)/aPTT (silica/sulfatide
phospholipids in 25mM CacCl,) reagents provided by the
manufacturer and analyzed in Ceveron T 100.

ROTEM Analysis

The ROTEM analysis was performed using a ROTEM Delta
instrument (Werfen, UK) to determine the impacts of Rus-
sell's viper venom on various parameters of whole blood
clotting. The Intem and Extem analyses were performed to
determine the impact of venom on intrinsic and extrinsic (as
well as common) pathways of blood clotting, respectively.
Fibtem was performed to determine the impact of fibrinogen
and clotting factors in whole blood clotting in the absence of
platelets. Aptem was completed to analyze the impact of
venom on blood clotting in the absence of fibrinolysis. For
each assay, 50 ug/mL of Russell's viper venom was mixed
with 300 L of citrated human whole blood and pre-set
volumes of respective reagents in line with the manufac-
turer's instructions. For Intem and Extem, the blood samples
were recalcified using a Startem reagent (0.2 M CaCl, in
HEPES buffer, pH 7.4) and blood clotting was initiated using
intrinsic (partial thromboplastin phospholipid from rabbit
brain and ellagic acid) and extrinsic (recombinant tissue
factor, phospholipids, and heparin) activators. For Fibtem,
the blood was mixed with a Fibtem reagent (cytochalasin D
and 0.2 M CaCl, in HEPES buffer, pH 7.4) prior to the initia-
tion of clotting using the Extem activator. For Aptem, the
blood was mixed with Aptem reagent (aprotinin and 0.2 M
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CaCl, in HEPES buffer, pH 7.4) prior to the activation of
clotting using Extem activation reagent. To determine the
impacts of marimastat and varespladib on Russell's viper
venom-induced effects in Extem, 10 uM of each inhibitor was
added with and without 50 pg/mL venom. The clot formation
and lysis were monitored for 60 minutes in all assays.

Flow Cytometry and Aggregation Assays

The PRP was incubated with various concentrations of Russell’s
viper venom for 5 minutes in the presence of 2 ug/mL FITC-
labeled antihuman fibrinogen antibodies (Dako, UK) and 2 p-
g/mL PECy5-labeled CD62P (P-selectin) antibodies (BD Bio-
sciences, UK). The platelets were then added either with
modified Tyrode’s HEPES buffer (2.9 mM KCl, 134 mM Nadl,
0.34mM Na,HPO4.12H,0, 1TmM MgCl,, 12mM NaHCOs,
20mM HEPES, pH 7.3) or 5uM ADP (prepared in modified
Tyrode’s HEPES buffer), and further incubated for 5 or
20 minutes at 37 °C. Then 0.2% (v/v) formyl saline was used
to fix the cells before analysis by flow cytometry (Accuri C6, BD
Biosciences, UK). The median fluorescence intensity of each
sample was collected by analyzing 5,000 cells within the gated
region for platelets. The levels of median fluorescence intensity
obtained with the relevant controls were taken as 100% to
calculate the effects in venom-treated samples.

The aggregation assays were performed using an optical
aggregometer (Chrono-Log, United States). The PRP was
added with various concentrations of Russell’s viper venom
and incubated at 37 °C in an optimal aggregometer (Chrono-
Log) while monitoring the level of aggregation for 5 minutes.
Then ADP (5uM) was added, and the baseline was set to 0,
and the aggregation was monitored for another 5 minutes.

In Vivo Thrombotic Assays in Mice
To assess whether Russell’s viper venom induces intravascu-
lar thrombosis in vivo, experiments were performed in mice.
Before injection, Russell’s viper venom was incubated for
20 minutes at room temperature with a PLA, inhibitor,
varespladib (500uM), to inhibit the neurotoxic PLA,s of
the venom. Then, a group of three CD-1 mice of both sexes
(18-20¢g) received an intravenous injection, in the caudal
vein, of 12.5nug venom, dissolved in a volume of 100puL
0.12 M Na(l, 0.04 M phosphates, pH 7.2 (PBS). Another group
of three control mice received 100 uL of PBS alone. Mice
injected with varespladib-inhibited venom died within
15 minutes of injection, and control mice were sacrificed
at the same time interval by an overdose of ketamine and
xylazine. Immediately after death, the thoracic cavity of mice
was opened, and tissue samples of lungs were collected and
added to a formalin fixative solution. Tissues were processed
for embedding in paraffin. Then, sections of 5um were
obtained and stained with hematoxylin and eosin for histo-
logical observation. These experiments involving the use of
mice were approved by the Institutional Committee for the
Care and Use of Laboratory Animals (CICUA) of the University
of Costa Rica (permission CICUA-025-15).

Similarly, to determine if Russell’s viper venom can
induce thrombosis in microvasculature and/or affected
muscle tissues, the tibialis anterior muscle of mice (CD-1)

Senthilkumaran et al.

was injected with Russell’s viper venom (66 ng/g of mouse
weight) and thereafter left to recover. The control mice were
injected with an equal volume of PBS. Five days after
damage, the mice were sacrificed and the muscle was
processed for immunohistology analysis following cryosec-
tion (used 15-pm sections). The sections were incubated
with FITC-labeled antifibrinogen antibodies (Dako, UK) and
counterstained with DAPI to identify nuclei. These experi-
ments involving the use of mice were approved by the
Ethics Committee of the University of Reading and the
British Home Office.

Statistical Analysis

All data analyses in this study were performed using Prism 7
(GraphPad Inc, United States). The data are represented as
mean + SD. The statistical significance between control and
treated samples was calculated using an ordinary one-way
ANOVA with Dunnett’s (or Turkey’s test for ROTEM data with
inhibitors) multiple comparisons test. Where only one con-
centration of venom was used to compare its effects with
controls, an unpaired t-test was used.
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Abstract: Snakebite envenomation causes over 140,000 deaths every year, predominantly in
developing countries. As a result, it is one of the most lethal neglected tropical diseases. It is
associated with incredibly complex pathophysiology due to the vast number of unique toxins/proteins
present in the venoms of diverse snake species found worldwide. Here, we report the purification and
functional characteristics of a Group I (PI) metalloprotease (CAMP-2) from the venom of the western
diamondback rattlesnake, Crotalus atrox. Its sensitivity to matrix metalloprotease inhibitors (batimastat
and marimastat) was established using specific in vitro experiments and in silico molecular docking
analysis. CAMP-2 shows high sequence homology to atroxase from the venom of Crotalus atrox and
exhibits collagenolytic, fibrinogenolytic and mild haemolytic activities. It exerts a mild inhibitory
effect on agonist-induced platelet aggregation in the absence of plasma proteins. Its collagenolytic
activity is completely inhibited by batimastat and marimastat. Zinc chloride also inhibits the
collagenolytic activity of CAMP-2 by around 75% at 50 uM, while it is partially potentiated by calcium
chloride. Molecular docking studies have demonstrated that batimastat and marimastat are able to
bind strongly to the active site residues of CAMP-2. This study demonstrates the impact of matrix
metalloprotease inhibitors in the modulation of a purified, Group I metalloprotease activities in
comparison to the whole venom. By improving our understanding of snake venom metalloproteases
and their sensitivity to small molecule inhibitors, we can begin to develop novel and improved
treatment strategies for snakebites.

Keywords: Crotalus atrox; metalloprotease; snake venom; neglected tropical disease; rattlesnake;
batimastat; marimastat; antivenom

Key Contribution: This study details the purification of a Group I (PI) snake venom metalloprotease

(SVMP) from the venom of Crotalus atrox venom and the efficacy of various proposed inhibitors on this
isolated SVMP in comparison to the whole venom. Both batimastat and marimastat, commercially
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available matrix metalloprotease inhibitors, effectively abrogate the metalloprotease activity of the
isolated SVMP and whole venom.

1. Introduction

In 2017, snakebite envenomation (SBE) was reinstated to the list of neglected tropical diseases
by the World Health Organisation [1,2]. SBE is estimated to occur in at least 1.8-2.7 million people,
resulting in around 80,000-137,000 deaths and over 400,000 amputations worldwide per year [3].
The distribution of fatalities is primarily concentrated in rural tropical areas that are some of the world’s
poorest and most healthcare deprived communities [1,4,5]. Prompt access to antivenom therapy and
appropriate medical facilities is crucial in order to protect victims from death, potential extensive
limb injuries and the possibility of subsequent, long-term disabilities [4]. The current antivenoms
are considered to be sub-optimal in preventing venom-induced tissue damage due to their inability
to access the affected local tissues [4,5]. Hence, the development of small molecules that are able to
neutralise the locally acting venom components would be highly beneficial in treating SBE, specifically
SBE-induced muscle damage and/or tissue necrosis.

Snake venoms are a complex mixture of bioactive proteins and peptides that have evolved over
time to assist in subduing and killing prey as quickly as possible, as well as having a secondary role
in prey digestion and defence [5]. The clinical effects of SBE range from mild local reactions to more
serious life-threatening conditions depending on a variety of variables including the size, species and
locality of the snake [6,7], ontogeny [8,9], body mass and health of the victim and the total volume of
venom injected [1,10]. Snake venoms are composed of both enzymatic and non-enzymatic components.
The enzymatic components of viper venoms primarily include the snake venom metalloproteases
(SVMPs), serine proteases and phospholipase A, (PLA;), whereas non-enzymatic venom components
include three-finger toxins, C-type lectins and disintegrins amongst many others [5]. The western
diamondback rattlesnake, Crotalus atrox (C. atrox) is likely to be responsible for the majority of
SBE-induced fatalities in Northern Mexico [11]. C. atrox venom has an abundance of two major protein
families, SVMPs and serine proteases, which together account for approximately 70% of the total
protein found within the venom [12].

SVMPs are zinc-dependent enzymes that vary in molecular mass from approximately 20 to
100 kDa and are responsible for the haemorrhagic effects and local tissue damage frequently seen
upon viper envenomation [13,14]. SVMPs are classified into PI to PIV depending on the presence of
additional domains [15]: PI—only a metalloprotease domain; PIl—a metalloprotease and a disintegrin
domain; PIIl—a metalloprotease domain, a disintegrin-like and a cysteine-rich domain; PIV—two
C-type lectin domains in addition to all the domains present in PIII. SVMPs are involved in a wide range
of toxic activities, including the degradation of collagen and other basement membrane components,
fibrinogen and a range of other proteins [13]. The peptidomimetic molecules, batimastat and marimastat
are broad-spectrum matrix metalloprotease (MMPs) inhibitors [16] that have been proposed as next
generation treatment options for the SVMP-induced effects of SBE [17]. This inhibition is achieved
by mimicking the cleavage site of natural substrates and binding to the zinc ion found in the active
site of these proteases. In this way, batimastat and the orally bioavailable and similar compound,
marimastat are able to inhibit both matrix metalloproteases as well as SVMPs [5]. An improved
understanding of MMPs, their inhibitors, and their relationship with SVMPs will aid in the development
of improved therapeutic strategies for SBE.

SVMPs in C. atrox venom account for 49.7% of total venom, which breaks down further to 22.4% PI
and 27.3% PIII SVMPs [12]. In order to determine the therapeutic potential of batimastat and marimastat
against PI venom metalloproteases, here, we report the purification and functional characterisation of a
PImetalloprotease with a molecular weight of around 23 kDa from the venom of C. atrox. The sensitivity
of the purified protein to inhibition by batimastat and marimastat was established in comparison to the
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whole C. atrox venom. Together, this study supports the potential beneficial effects of these molecules
against the broad spectrum of pathological effects induced by SVMPs.

2. Results

2.1. Purification and Identification of CAMP-2

To purify a PI SVMP from the venom of C. atrox, we deployed a two-dimensional chromatography
approach. Initially, 50 mg of whole C. atrox venom was applied to a cation-exchange (SP-HP)
chromatography column (Figure 1A) followed by the analysis of collected fractions using SDS-PAGE
(Figure 1B). Due to the abundance of the target protein at a molecular weight of around 23 kDa (typical
for a PI SVMP [18]), the selected fractions (6-9) were further fractionated by gel filtration (Superdex 75,
1.6 X 70 cm) chromatography (Figure 1C). Following SDS-PAGE analysis (Figure 1D), selected fractions
(67-72) were further run through the same gel filtration column to remove any impurities from the
protein of interest (Figure 1E,F). Finally, a pure protein with a molecular weight of approximately
23 kDa was isolated, which we henceforth refer to as CAMP-2 (denoting the second SVMP that we have
isolated from the venom of C. atrox). The molecular weight of the isolated protein was confirmed under
native conditions using chymotrypsinogen A (25 kDa) as a marker in gel filtration chromatography
(indicated with an arrow in Figure 1C,E) and under denaturing (reduced) conditions using SDS-PAGE
(Figure 1F).
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Figure 1. Purification and identification of CAMP-2. 50 mg of whole C. atrox venom was fractionated
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using a cation exchange chromatography column (A) And the collected fractions were analysed by
SDS-PAGE (B). (C) A chromatogram showing the gel filtration chromatography profile of fractions 6 to
9 collected from the cation exchange column. (D) SDS-PAGE analysis of selected fractions resulting
from the gel filtration chromatography. (E) The chromatogram from the second run of gel filtration
chromatography using fractions 67-72 from the previous run, and SDS-PAGE analysis showing the
purified protein (F). The gels shown were stained with Coomassie brilliant blue. The arrow in (C) and
(E) indicates the position of chymotrypsinogen A (25 kDa), which was used as a molecular weight
marker in the same gel filtration column. (G) Tryptic digested peptides of the purified protein were
analysed by mass spectrometry and the data show 52.2% identity to a previously sequenced PI SVMP,
atroxase, from C. atrox venom. The mass spectrometry-identified peptide sequences of purified protein
are shown in yellow on the sequence of atroxase.

To determine the identity of the purified protein, it was subjected to trypsin digestion and
subsequent analysis by mass spectrometry (Figure 1G). Mascot analysis of the MS/MS data suggested
that the isolated protein possesses a high sequence identity to atroxase, a 23 kDa SVMP from the
venom of C. atrox [19,20]. The peptide sequences resulting from the mass spectrometry covered
52.2% of atroxase, suggesting that the purified protein is highly likely to be atroxase although we
cannot confirm this due to the lack of complete sequencing from this study. However, these data
confirm that the purified protein is a PI SVMP with a molecular weight of 23 kDa, and it is likely to
be atroxase, which was previously purified and characterised as a non-haemorrhagic protease with
fibrin(ogen)olytic activities [20-23].

2.2. CAMP-2 Exerts Collagenolytic, Fibrinogenolytic and Haemolytic Activities

To determine the roles of CAMP-2, various functional assays using synthetic and natural substrates
were performed in comparison to the whole C. atrox venom. Fluorogenic substrates such as DQ-gelatin
and EnzCheck™ lipid-based substrate were used to assess if CAMP-2 possesses metalloprotease
(collagenolytic) and PLA; activities, respectively. Similar to the whole C. atrox venom (Figure 2A),
CAMP-2 (Figure 2B) exhibited strong collagenolytic activity. While the whole C. atrox venom showed
clear PLA; activity, CAMP-2 did not display any PLA; activity (Figure 2C). These data not only suggest
that CAMP-2 is an SVMP, but it is also free from any PLA, impurities which have a similar molecular
weight. Moreover, human fibrinogen, a plasma protein which is a natural substrate for some SVMPs,
was incubated with CAMP-2, before the digest was analysed by SDS-PAGE to determine its effects
on fibrinogen. This analysis showed that CAMP-2 has fibrinogenolytic activity and notably, it exerts
high specificity for the Ax chain of fibrinogen, as it was completely digested within 10 min (Figure 2D)
although over a longer time (e.g., 12 h), it also began to degrade the Bf3 chain while the y chain of
fibrinogen remained largely unaffected. Similarly, CAMP-2 showed a mild haemolytic effect compared
to the whole venom when incubated with human red blood cells over 24 h (Figure 2E). These data
suggest that CAMP-2 is a collagenolytic, fibrinogenolytic and mildly haemolytic enzyme.
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Figure 2. Functional characterisation of CAMP-2. The metalloprotease (collagenolytic) activity of
different concentrations of whole C. atrox venom (A) and CAMP-2 (B) was assessed using DQ gelatin
(a fluorogenic substrate). (C) the PLA; activity of whole C. atrox venom and CAMP-2 was analysed
using EnzCheck™ lipid-based substrate. (D) The fibrinogenolytic activity of CAMP-2 was analysed
by incubating it with human fibrinogen and the samples collected at different time points (0-720 min as
indicated at the top) were assessed by SDS-PAGE and Coomassie staining. (E) Haemolytic activity
of whole C. atrox venom and CAMP-2 was analysed by incubating them with human red blood cells
and analysing the cell-free supernatant by spectrometry. The positive (+ve) control represents the
complete lysis achieved using 1% (v/v) Triton-X in PBS. Data represent mean + S.D. (1 = 3). The p-values
shown were calculated using one-way ANOVA followed by posthoc Tukey’s test using GraphPad
Prism (** p <0.01, *** p < 0.001 and **** p < 0.0001).

2.3. CAMP-2 Inhibits Human Platelet Aggregation

To determine if CAMP-2 is able to affect human platelet function, platelet aggregation assays using
platelet-rich plasma (PRP) and isolated platelets from human whole blood were used. CAMP-2 at
both low (3 pg/mL) and high (10 pg/mL) concentrations did not induce platelet aggregation on its
own (indicated as 0-5 min in aggregation traces shown in Figure 3). However, 10 ug/mL CAMP-2
inhibited (Figure 3A,B) platelet aggregation (by around 25%) induced by a cross-linked collagen-related
peptide (CRP-XL) when isolated platelets were used, although the low concentration did not show
any significant effect. This inhibitory effect was absent when PRP (i.e., in the presence of plasma
proteins) was used (Figure 3C,D). When the whole C. atrox venom was used, at a low concentration
(3 ug/mL) it displayed mild inhibitory effects on CRP-XL induced platelet aggregation, although at a
higher (10 ng/mL) concentration it has possibly lysed (even in the absence of an agonist as shown in
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the aggregation traces between 0 and 5 minutes) the platelets when both isolated platelets (Figure 3E,F)
and PRP (Figure 3G,H) were used. These results demonstrate that although CAMP-2 is able to display
a minimal inhibitory effect on platelet aggregation when isolated platelets were used, it is unable to
affect their function in the presence of plasma proteins, indicating that this may not be its primary role
in humans. However, the whole venom may induce the lysis of platelets based on the concentrations

injected during the bite.
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Figure 3. Effect of CAMP-2 on human platelets. The effect of CAMP-2 on human isolated platelets (A,B)
and platelet-rich plasma (PRP) (C,D) was analysed in the presence and absence of a platelet agonist,
cross-linked collagen-related peptide (CRP-XL) by aggregometry. Similar experiments using isolated
platelets (E,F) and PRP (G,H) were performed using the whole C. atrox venom. The aggregation traces
shown are representative of three separate experiments. (I) The cytotoxicity of CAMP-2 and the whole
venom was determined by incubating them with human platelets for 30 min and analysing using a
lactate dehydrogenase (LDH) assay kit by spectrometry. The positive (+ve) control (100% cytotoxicity)
was achieved using a lysis buffer provided in the kit. Data represent mean + S.D. (1 = 3). The p-values
shown were calculated using one-way ANOVA followed by a posthoc Tukey’s test using GraphPad
Prism (* p < 0.05, ** p < 0.01, and **** p < 0.0001).
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In order to assess if CAMP-2 and the whole venom are able to exert direct cytotoxic effects
on platelets, lactate dehydrogenase (LDH) assay using human isolated platelets was performed.
These results indicated that CAMP-2 does not have any cytotoxic effects on platelets at the concentrations
tested in this study, although the whole venom displayed a mild (around 10% at 10 pg/mL) cytotoxic
effect on platelets (Figure 3I) similar to its effect on platelet aggregation (Figure 3E-H).

2.4. Chlorides and a Metal Chelator Affect Metalloprotease Activity of CAMP-2

As zinc-dependent proteases, SVMPs rely on free divalent cations such as calcium for catalysis,
the impact of various metal chlorides on the metalloprotease activity of CAMP-2 was assessed.
Diverse concentrations of both zinc and calcium chloride were used to assess if they would interfere
with the metalloprotease (collagenolytic) activity of CAMP-2 and the whole C. atrox venom. The results
demonstrate that while zinc chloride significantly reduced the metalloprotease activity observed with
both the whole venom (Figure 4A) and CAMP-2 (Figure 4B), calcium chloride potentiated this activity
of whole venom (Figure 4C) and CAMP-2 (Figure 4D).
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Figure 4. The effect of chlorides and a metal chelator on the metalloprotease activity of CAMP-2.
The effect of different concentrations of zinc chloride on the metalloprotease (collagenolytic) activity of
whole venom (A) and CAMP-2 (B) was analysed using DQ-gelatin as a substrate by spectrofluorimetry.
Similarly, the effect of various concentrations of calcium chloride (C,D) and a metal chelator, EDTA (E,F)
on whole C. atrox venom, as well as on CAMP-2, was analysed. Data represent mean + S.D. (n = 3).
The p-values shown are as calculated by one-way ANOVA followed by posthoc Tukey’s test using
GraphPad Prism (* p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001).

Similarly, the effect of a metal chelator on proteolytic activity was assessed using
ethylenediaminetetraacetic acid (EDTA). The metalloprotease activity of both whole venom (Figure 4E)
and CAMP-2 (Figure 4F) was strongly inhibited by different concentrations of EDTA, further
corroborating that CAMP-2 is a metalloprotease and sensitive to metal chelators such as EDTA.



Toxins 2020, 12, 309 8of 17

2.5. Marimastat and Batimastat Inhibit the Activity of CAMP-2

After confirming the biological actions of CAMP-2, the effects of MMP inhibitors, batimastat and
marimastat on this protein in comparison to the whole C. atrox venom were analysed.
Different concentrations of these inhibitors were incubated with 2 ug of CAMP-2 or whole venom
for 5 min prior to analysing their metalloprotease (collagenolytic) activity using DQ-gelatin by
spectrofluorimetry. The results suggest that marimastat (Figure 5A,B) and batimastat (Figure 5C,D) are
able to inhibit the metalloprotease activity of both the whole venom and CAMP-2. A concentration
of around 3 pM was able to completely inhibit the activity of both the whole venom and CAMP-2.
Moreover, neither marimastat nor batimastat exerted any cytotoxic effects on human platelets, as
analysed by an LDH assay (Figure 5E,F). These data suggest that these two MMP inhibitors are effective
at inhibiting PI SVMPs such as CAMP-2, and they do not possess any cytotoxic activities.
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Figure 5. Inhibitory effects of marimastat and batimastat on metalloprotease activity of CAMP-2
and whole C. atrox venom. The inhibitory effects of various concentrations of marimastat (on whole
C. atrox venom (A) or CAMP-2 (B)) and batimastat (on whole C. atrox venom (C) or CAMP-2 (D)) were
quantified in vitro using a fluorogenic substrate, DQ-gelatin by spectrofluorimetry. The inhibitors
were incubated with the whole venom or CAMP-2 for 5 min prior to the addition of DQ-gelatin
and further incubation of 30 min prior to measuring the level of fluorescence by spectrofluorimetry.
The cytotoxicity of marimastat (E) and batimastat (F) on human platelets was also assessed using a
lactate dehydrogenase (LDH) assay. C represents the positive control (100% lysis) achieved using the
lysis buffer provided in the kit. Data represent mean + S.D. (n = 3). The p-values shown are as calculated
by one-way ANOVA followed by posthoc Tukey’s test using GraphPad Prism (**** p < 0.0001).
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2.6. Interactions of CAMP-2 with Batimastat and Marimastat

The mass spectrometry (Figure 1G) and functional data suggested that CAMP-2 is highly likely to
be a previously characterised PI SVMP, atroxase, from the venom of C. atrox. Hence, we have used
the complete sequence of atroxase (Uniprot accession number: Q91401) as CAMP-2 in this study for
further analysis. Sequence analysis confirmed that CAMP-2 displayed approximately 74% and 50%
identity with other metalloproteases, atrolysin C (PI SVMP; PDB accession numbers: 1DTH and 1ATL)
and catrocollastatin (PIIl SVMP; PDB accession number: 2DWO0), respectively, from the same C. atrox
venom. A three-dimensional structure of CAMP-2 was generated using homology modeling in Swiss
Model Server [24] based on the template of adamalysin II (PDB accession number: 4AIG) from the
venom of Crotalus adamanteus. A pairwise sequence alignment confirmed that CAMP-2 exhibited
83% identity with adamalysin II and, therefore, this protein has been used as a template instead of
atrolysin C to develop the structure of CAMP-2. The superimposing of CAMP-2 with the structure of
adamalysin has displayed a minimum rmsd of 0.142 A, which further emphasises the reliability of
this model.

Following the validation of the modeled structure of CAMP-2, molecular docking analysis
was performed using AutoDock 4.2 [25] with the chemical structures (obtained from PubChem)
of batimastat and marimastat. Three-dimensional atomic coordinates of these compounds were
generated using the Online SMILES Translator and Structure File Generator (NCI NIH server (https:
//cactus.nci.nih.gov/translate/)). Subsequently, the compounds were subjected to energy-minimization
using the PRODRG server. The docking analysis revealed that both the inhibitors exhibited comparable
binding energy and reliable hydrogen bond interactions with the active site residues of CAMP-2 (Table 1).
While batimastat possessed slightly higher binding energy and inhibitory constant, marimastat formed
a greater number of hydrogen bonds and hydrophobic interactions with CAMP-2 (Figure 6A-D).
Notably, batimastat was found to interact with one of the catalytic triad residues, His 154, through its
backbone nitrogen, while marimastat formed a bifurcated hydrogen bond interaction with the active
site, Glu 145, through its sidechain oxygen (Table 1). These results are in line with the inhibitory effects
observed in the metalloprotease assay (Figure 5A-D).

Figure 6. Interactions of marimastat and batimastat with the modeled structure of CAMP-2.
The structure of CAMP-2 was modeled using the crystal structure of adamalysin II, a highly (83%)
similar SVMP from the venom of Crotalus adamanteus as a template. This structure was used for
molecular docking analysis (using AutoDock) to evaluate the interactions of marimastat (A,B) and
batimastat (C,D) with CAMP-2. The structures shown in (B,D) are enlarged views of the docking
complex (catalytic site with the small molecule inhibitors batimastat and marimastat).
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Table 1. Results of molecular docking of CAMP-2 with the inhibitors batimastat and marimastat using
AutoDock (a molecular docking tool).

Binding Energy = Ligand Efficiency = Inhibitory Constant H Bond Interactions Distance

Compound " al/mol) (keal/mol) (uM) (D-H ... A) A)
. ALATI4N-H... O 28
Batimastat -5.59 -0.17 79.37 HIS154N-H ... O 28
N-H ... OLYS 109 32

ILE111N-H ... O 32

Marimastat ~5.29 023 13252 GLY112N-H... O 30

N-H... O(E2) GLU 145 2.6
O-H... O(E2) GLU 145 3.1

3. Discussion

Common effects of SBE caused by vipers include haemorrhage, rhabdomyolysis, oedema and
severe muscle damage, and often these result in permanent disabilities [1]. These consequences can
trigger serious lifestyle and socio-economic ramifications for victims, particularly those in rural areas
with difficulty in accessing affordable and effective antivenom [26,27]. The most abundant proteins
within viper venoms that are responsible for many of these consequences are SVMPs [13]. The currently
used antivenom therapy has proven to be largely ineffective in treating local tissue damage induced
by SVMPs due to their inability to access the damaged site because of the large size of antibodies
and damaged/blocked blood capillaries around the bite site [5]. As a result, clinicians are forced to
employ surgical procedures such as fasciotomy, debridement or limb amputation in severe cases
to treat/remove the affected tissues [27]. Therefore, developing an alternative therapy is critical to
prevent/treat SBE-induced muscle damage and subsequent disabilities. The use of MMP inhibitors
such as batimastat and marimastat has been proposed to inhibit the activities of SVMPs from various
venoms [5]. These drugs were originally developed for cancer but failed in clinical trials—batimastat
due to its poor solubility and low oral bioavailability, and marimastat, although it showed much promise
and reached phase II and III clinical trials, was eventually discontinued after failing to demonstrate a
survival benefit [28]. Its longer-term use also leads to debilitating “musculoskeletal syndrome” [29].
Despite these failings, their applications (particularly, orally bioavailable marimastat) in treating the
acute local effects induced by SBE would be greatly beneficial to prevent SBE-induced disabilities.
Hence, in this study, we have evaluated the efficacy of batimastat and marimastat, specifically on a
purified PI SVMP from the venom of C. atrox.

We have previously used the two-dimensional chromatography approach (e.g., a combination of
ion exchange and gel filtration) as an effective method to purify various venom components, including a
50 kDa PIII SVMP CAMP from the venom of C. atrox [14,30]. Here, we have deployed a similar
approach to purify a PI SVMP with a molecular weight of 23 kDa from the venom C. atrox. The mass
spectrometry analysis of this purified protein (entitled CAMP-2) suggests that this is highly likely to be
a previously sequenced protein, atroxase, from the same venom. Further functional assays confirmed
that CAMP-2 is a collagenolytic, fibrinogenolytic and mildly haemolytic enzyme. At a relatively high
concentration, CAMP-2 was also found to inhibit human platelet aggregation. These functions of
CAMP-2 are very similar to the ones that have been reported for atroxase (a non-haemolytic protease
with fibrin(ogen)olytic activity) [20,23]. Although the complete sequence of CAMP-2 was not obtained
in this study, based on the mass spectrometry and functional data, this protein is highly similar, if not
identical, to atroxase.

Given that SVMPs directly and indirectly mediate local tissue damage, the inhibition of these
enzymes is likely to reduce SBE-induced local tissue damage [13]. Here, the sensitivity of CAMP-2 to
MMP inhibitors (batimastat and marimastat) was tested in comparison to the whole C. atrox venom.
There is a great degree of both structural and functional homology between SVMPs and human variants
of MMPs [31]. This implies that substrate/inhibitor interactions between these subfamilies are likely to
be similar [31]. Marimastat is a hydroxamic acid derivative which exerts broad-range metalloprotease
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inhibition by mimicking the cleavage site of collagen substrates [31]. When comparing the structural
differences between these two compounds, marimastat has an additional hydroxyl group, increasing its
hydrophilicity and thus, improving its pharmacokinetic properties [32]. Although they are likely to
inhibit the majority of SVMPs, the additional domains found in PII, PIII, and PIV SVMPs would most
likely be unaffected by these inhibitors. Indeed, batimastat and marimastat have already been reported
to inhibit SVMPs in various venoms under in vitro and in vivo [33-35] settings. Similar to previous
studies, the metalloprotease activity of both whole venom and CAMP-2 were almost completely
inhibited by MMP inhibitors at around 3 uM. Notably, as a PI SVMP, CAMP-2 possesses only the
metalloprotease domain. These data emphasise that batimastat and marimastat are both likely to act
as broad-spectrum inhibitors for SVMPs including the PI SVMP analysed in this study. In contrast to
these inhibitors, which target only the metalloprotease domain of SVMPs, antivenoms, on the other
hand, are probably capable of binding all, or many of, the domains including the metalloprotease
domain in SVMPs. While the large size of antibodies affects their ability to reach the bite site in time
to prevent local tissue damage, the small molecule inhibitors are likely to reach and act rapidly for
SBE-induced tissue damage. Multiple injections of these inhibitors have also been suggested to treat
SBE, although the consequences of inhibiting human MMPs in the body are yet to be elucidated.

In the past, EDTA has been used to treat SBE under clinical/in vivo settings [36]. As a chelating
agent, it binds to divalent cations and therefore affects the catalytic activity of metalloproteases.
Several studies have reported the impact of EDTA on venom and other human metalloprotease
activities [36]. In this study, EDTA has inhibited the metalloprotease activity of both the venom and
CAMP-2; however, its use is problematic, and being orally bioavailable, marimastat is a far better clinical
approach, especially considering the passing of stage II clinical trials. Similarly, ZnCl, has proven to be
a successful inhibitor of SVMPs through its ability to cause stereochemical and structural instabilities
of metalloproteases when used in excess [37,38]. ZnCl, has also shown a significant inhibitory
effect on the metalloprotease activity of whole venom and CAMP-2 at many of the concentrations
tested. Another observation is that the plateau of the SVMP activity observed at 25, 50 and 100 pM
concentrations when the whole venom was used. This may be as a result of Zn?* saturation, which may
have caused Zn?* to bind to other ions and proteins within the whole venom, rather than just the
metalloproteases [39].

As marimastat and batimastat have proven to be effective in the inhibition of SVMP activity of
CAMP-2, a cytotoxicity assay was completed to establish whether they are cytotoxic to human cells,
such as platelets. As the LDH cytotoxicity assay measures whether the plasma membrane is damaged,
this can be correlated with the effects that the compounds would have on other cells in the human
body. If they present signs of cytotoxicity, they would not be appropriate for human use. However,
both marimastat and batimastat showed no significant cytotoxic effects on platelets at the numerous
concentrations tested and also passed phase I safety trials in humans [28]. This highlights their potential
for further development into next-generation treatments for SBE in humans. However, the long-term
side effects of their use and dosage requirements are still unknown and demand extensive in vivo
research before they can be fully supported as an adjunctive treatment for SBE. The use of structural
biology to screen and identify small molecules that are likely to affect venom toxins is also beneficial in
finding alternative treatments for SBE. In this study, the structure of CAMP-2 was modeled and used
in a docking analysis with batimastat and marimastat. Batimastat possessed higher binding energy
and inhibitory constant, whereas marimastat has formed multiple hydrogen bonds with the active site
of CAMP-2. While batimastat was found to interact with one of the catalytic triad histidine (His 154)
residues through its backbone nitrogen, marimastat was observed to form a bifurcated hydrogen bond
interaction with another active site residue, glutamate (Glu 145), through its sidechain oxygen. Due to
the easy access and robustness of these in silico approaches, they can be used to analyse the binding
efficiencies of these and other similar molecules with SVMPs from diverse venoms to determine their
potential in treating SBE.
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SVMPs play important roles in the overall pathophysiology of viper envenoming by inducing
local tissue damage and haemorrhage, which can be primarily attributed to their potential to degrade
basement membrane components and affect coagulation factors [18,40]. SVMPs activate two key
coagulation factors, factor X and prothrombin, to exhibit their procoagulant effects. SVMPs are also
known to digest plasma fibrinogen, which may induce clotting effects in some cases, but, largely,
it induces the consumption coagulopathy by reducing the functional fibrinogen levels in the plasma,
which subsequently results in bleeding. CAMP-2 has also exerted its ability to degrade fibrinogen,
specifically the Ao chain, with delayed/minimal effect on B chain. SVMPs [18,40], as well as venom
serine proteases [41], show varying specificity to cleave the Ax and/or B chains of fibrinogen with
rarely an effect on the y chain. Therefore, in addition to their impact on local tissue damage, the effects
of SVMPs on the blood coagulation factors, specifically fibrinogen, should also be reduced in order to
combat SBE-induced pathological complications.

In conclusion, SVMPs are one of the key venom toxins that should be neutralised as quickly
as possible following a snakebite, particularly in the case of vipers. The inability of antivenoms to
counteract the effects of SVMPs, particularly at the local bite site, emphasises the urgent need to develop
alternative, small molecule-based treatments to minimise SBE-induced tissue damage, which often
results in permanent disabilities. In this study, we give a comprehensive analysis of the applications of
batimastat, marimastat, EDTA and ZnCl, in inhibiting a purified PI SVMP, CAMP-2, in comparison
to the whole C. atrox venom. The cytotoxic effects of batimastat and marimastat were also analysed.
Hence, this study demonstrates a robust method to screen small molecule inhibitors for therapeutic
utility against venom toxins using a spectrum of functional assays and in silico techniques in order to
develop alternative therapies for SBE.

4. Materials and Methods

4.1. Protein Purification

Lyophilised C. atrox venom (50 mg) (Sigma Aldrich, Dorset, UK) was dissolved in 1 mL of 20 mM
Tris. HCI (pH 7.4) (ThermoScientific, Loughborough, UK), and after centrifugation at 5000x g for 5 min
to remove the undissolved materials, the supernatant was applied to a 5-mL HiTrap™ Sepharose
(SP) HP cation exchange chromatography column (GE Healthcare, Amersham, UK) and fractionated
using an Akta Purifier (GE Healthcare, Amersham, UK). Fractions were collected at a rate of 1 mL/min
using 20 mM Tris.HCI pH 7.4 (Buffer A) and 1 M NaCl prepared in Buffer A (Buffer B) with a gradient
reaching 60% Buffer B over 30 min. All fractions containing the target protein were pooled together,
desalted and concentrated using Vivaspin ultra-centrifugal filtration tubes (Sartorius, Epsom, UK),
and applied to a gel filtration column (Superdex 75) to further purify the target protein. Fractions were
collected at a rate of 1 mL/min using 20 mM Tris.HCI (pH 7.4).

The fractions were stored on ice and analysed by Bradford protein assay according to the
manufacturer’s protocol (ThermoScientific, Loughborough, UK) and SDS-PAGE, as described
previously [42]. The protein assay was run, and the intensity of the color developed was measured
at 600 nm using an Emax spectrophotometer (Molecular Devices, Wokingham, UK). Bovine serum
albumin (BSA) (ThermoScientific, Loughborough, UK) was used as a standard in the protein assay.
For SDS-PAGE, the proteins were denatured using reducing sample treatment buffer (RSTB) (10% (w/v)
SDS (ThermoScientific, Loughborough, UK), 10% (v/v) 3-mercaptoethanol (Sigma Aldrich, Dorset, UK),
1% (w/v) bromophenol blue (Sigma Aldrich, Dorset, UK), 50% (v/v) glycerol (ThermoScientific,
Loughborough, UK) and 20 mM Tris.HCI (pH 7.4)) and heating at 90 °C for 10 min. Samples (30 pL
from each fraction) were loaded into precast gradient (4-15%) Mini-PROTEAN® TGX™ gels (Bio-Rad,
Watford, UK) alongside a protein molecular weight marker (Bio-Rad, Watford, UK) and resolved using
a Mini-Protean II apparatus (Biorad, Watford, UK). Gels were immersed in a staining solution (0.1%
(w/v) Coomassie Brilliant blue R250 (Sigma Aldrich, Dorset, UK) dissolved in 10% (v/v) acetic acid
(ThermoScientific, Loughborough, UK), 40% (v/v) methanol (ThermoScientific, Loughborough, UK)
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and 50% deionized water) for 1 h on a plate shaker, washed 3x with deionised water for 5 min and
destained (10% (v/v) acetic acid, 10% (v/v) methanol and 80% deionized water) for 3 h or until protein
bands became clear.

4.2. Mass Spectrometry Analysis

A gel slice (from SDS-PAGE) containing CAMP-2 was subjected to tryptic digestion before
undergoing mass spectrometry analysis at Alta Bioscience (Birmingham, UK), as we described
previously [14]. Both MS and MS/MS scans were cross-referenced against the Uniprot protein
database using the Sequest algorithm (Thermo fisher PD 1.4) in order to determine the identity of the
purified protein.

4.3. Fluorogenic Assays

The metalloprotease (collagenolytic) activity of the venom or the purified protein (CAMP-2)
was measured using a fluorogenic substrate, DQ™-gelatin (ThermoScientific, Loughborough, UK).
Several concentrations of the purified protein or venom (with and without different concentrations of
batimastat, marimastat, EDTA, ZnCl, and CaCl, (Sigma Aldrich, Dorset, UK)) were added to a black
96-well plate in triplicates along with appropriate controls. Then DQ-gelatin (10 pg/mL) was added to
each well, and following mixing, the plate was incubated at 37 °C and the level of fluorescence was
measured at various time points using an excitation of 485 nm and emission wavelength of 520 nm in
a FLUOstar OPTIMA (BMG Labtech, Ortenberg, Germany) spectrofluorimeter. To determine PLA,
activity, an EnzChek™ Phospholipase A, Assay Kit (ThermoFisher Scientific, Loughborough, UK) was
used in accordance with the manufacturer’s instructions.

4.4. Fibrinogenolytic Assay

CAMP-2 (1 mg/mL) was mixed with fibrinogen (10 mg/mL) (Sigma Aldrich, Dorset, UK) in PBS
and incubated at 37 °C for various time points. Samples (50 pL) were taken at time intervals of 10,
30 and 60 min and then again after 12 h and immediately mixed with 25 uL of RSTB before boiling at
90 °C for 10 min. Each sample was then analysed by SDS-PAGE, as explained above.

4.5. Human Blood Collection, Platelet Preparation and Aggregation Assay

Blood samples from healthy human volunteers were obtained in accordance with the approved
procedures by the University of Reading Research Ethics Committee (UREC 17/17 approved: 10 May
2017) and after obtaining written informed consent. The platelets were prepared, as described
previously [42]. Blood was collected using venepuncture into vacutainers containing 3.2% (w/v) citrate.
For PRP, blood samples were centrifuged at 102x g for 20 min at 20 °C. PRP was rested for 30 min at
30 °C in a water bath before use. For isolated platelets preparation, the PRP was mixed with 3 mL of
acid citrate dextrose (ACD) and 10 ng/mL prostacyclin (PG1; dissolved in EthOH) (Sigma Aldrich,
Dorset, UK) and mixed gently by inversion and centrifuged at 1413 g. Modified tyrodes-HEPES buffer
(1 ml with 5 mM glucose) was added together with 150 uL. of ACD to the platelet pellet to resuspend
the pellet, and the final volume was made up to 25 mL using a pre-warmed modified tyrodes-HEPES
buffer. A further 3 mL of ACD and 10 ng/mL prostacyclin was added prior to centrifuging at 1413x g
for 10 min at 20 °C. Finally, the supernatant was discarded, and the platelets were resuspended in
modified tyrodes-HEPES buffer at a density of 4 x 10® platelets/mL. The aggregation assays were
performed using isolated platelets or PRP with 0.5 ug/mL CRP-XL (obtained from Professor Richard
Farndale, University of Cambridge, UK) as an agonist. The level of aggregation in the presence and
absence of different concentrations of venom or CAMP-2 was monitored using an optical aggregometer
(model 700, Chrono-log, USA).
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4.6. Haemolytic Assay

Human erythrocytes were collected from the dense red blood cells found in the bottom of
vacutainers following centrifugation for the collection of PRP, as mentioned above. These erythrocytes
were then washed three times by mixing with an equal volume of PBS, centrifuging at 2000x g for
2 min, and discarding the supernatant. The haemolytic activity was measured using these washed
human erythrocytes suspended in calcified phosphate-buffered saline (PBS). The erythrocytes were
treated with different concentrations of CAMP-2 or venom and incubated at 37 °C for various time
points. A detergent, Triton X-100 (1%) (Sigma Aldrich, Dorset, UK), and PBS were used as a positive
and negative control, respectively. Following incubation, the samples were centrifuged at 2000x g
for two minutes and 50 pL of supernatant was pipetted into a 96-well plate and the absorbance was
measured at 540 nm using a spectrophotometer.

4.7. LDH Cytotoxicity Assay

An LDH cytotoxicity assay kit (ThermoFisher, Loughborough, UK) was used in accordance
with the manufacturer’s instructions. Briefly, human platelets were incubated at 37 °C for 30 min
prior to incubation with different concentrations of venom or CAMP-2 or small molecule inhibitors
for five minutes. These results were compared with those from the positive control (100% lysis)
achieved using the lysis buffer provided. The substrate mix from the kit was added to the platelets and
incubated for another 30 min and subsequently stopped using the stop solution provided. The level of
absorbance was read at 490 and 650 nm using a Fluostar Optima (BMG Labtech, Ortenberg, Germany)
spectrofluorimeter. The assay was performed in duplicates using platelets obtained from three
individual donors.

4.8. Structure Modelling and Molecular Docking

A three-dimensional structure of CAMP-2 was developed using homology modeling in the Swiss
Model Server [24] based on the crystal structure of adamalysin II (PDB accession number: 4AIG)
from the venom of Crotalus adamanteus as a template. Before proceeding to the docking simulation,
protein preparation steps such as fixing charge for the Zn?>* metal ion, adding solvation parameters and
polar hydrogens to the metalloprotease were carried out. AutoDock [25] necessitates pre-calculated
grid maps for each type of atom present in the ligand molecule being docked because it stores the
potential energy produced from interacting with the macromolecule. This grid surrounds the region of
interest (active site) of the macromolecule. A grid box of size 50 x 50 x 50 A with a spacing of 0.375 A
was prepared at the active site of CAMP-2 metalloprotease. The Lamarckian genetic algorithm was
used to identify the best conformers. Throughout the docking process, a maximum of 15 conformers
was considered per compound. AutoDock (version 4.0 SRC, California, USA) was compiled and run
under Microsoft Windows XP operating system.

4.9. Statistical Analysis

All statistical analyses were performed with GraphPad Prism (version 7.0, Graphpad Prism,
California, USA, 2018). For most of the data, the statistical significance was analysed using one-way
ANOVA, which was followed by a posthoc Tukey’s test.
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