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Editorial on the Research Topic

Experimental and computational aspects of bioactive proteins from
animal venoms: an insight into pharmacological properties and
drug discovery

The fascinating realm of animal venoms is a treasure trove of bioactive proteins,
known as toxins, that are responsible for life-threatening pathological conditions in
envenoming. Despite their deadly nature, they have promising potential to be developed
into life-saving drugs. For example, an angiotensin-converting enzyme (ACE) inhibitor,
captopril, from Bothrops jararaca venom has been developed for the treatment of life-
threatening hypertension (Smith and Vane, 2003). To harness this potential, a
comprehensive understanding of animal venom toxins (e.g., intricating their
structures, functions, and mechanistic actions) is essential for therapeutic discovery
and antivenom development (Kini, 2010). Recent advancements in biotechnologies have
facilitated deeper insights into animal venoms. The use of omics (e.g., genomics,
transcriptomics and proteomics) in venom research, termed venomics, seeks to
describe the diversity and complexity of venoms, providing the foundation for toxin
characterisation, and antivenom development (Modahl et al., 2020; Tan, 2022). These
approaches characterise the pharmacological properties of toxins through the
convergence of experimental and computational methods. Indispensable
computational studies of toxins encompass molecular modelling, docking and
simulations of molecular dynamics delineate structure-function relationships,
especially interactions with cellular targets that drive pharmacological effects (Ojeda
et al.,, 2017).

Our Research Topic collected 9 articles of new findings and perspectives to unravel the
pharmacological and drug discovery potentials of venoms from spiders, snakes and bees.
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Understanding the mechanistic actions of toxins on molecular
targets is the first step towards the development of novel
therapeutics. Li et al. expressed a novel toxin, LCTX-F2,
identified from spider Lycosa singoriensis venom, and performed
a series of characterisation experiments. LCTX-F2 is a 7.5 kDa
peptide with 65 amino acids and belongs to the toxin
35 superfamily in spider venoms. Notably, this toxin possesses
procoagulant activity with significant reduction in clotting times
through interaction with coagulation factors FXIIa, Fxa, kallikrein,
and thrombin. This study demonstrated a dose-dependent decrease
in bleeding time in experimental mouse models with no cytotoxic or
haemolytic activities. These findings suggest the potential of LCTX-
F2 as a future procoagulant drug.

Badari et al. discovered a cysteine-rich secreted protein (CRISP)
isoform they have named patagonin in the venom of a snake,
Philodryas patagoniensis, by reverse-phase HPLC bioassay-guided
fractionation. Patagonin exhibited significant antimicrobial effects
against Pseudomonas aeruginosa and Penicillium expansum.
Patagonin is also non-cytotoxic and non-haemolytic, highlighting
snake
antimicrobial molecules.

Chan et al. discovered ZK002, a 30kDa protein from
Deinagkistrodon acutus venom with anti-angiogenic and anti-

venoms  as  promising  sources of  novel

inflammatory effects. This protein targets VEGF signalling
pathways and angiogenic-related proteins. It also suppresses pro-
inflammatory cytokines which demonstrates the potential of
ZK002 as dual-functional therapeutic agents for angiogenesis and
inflammation-related diseases.

The scorpion venom toxin has also been found to exhibit
anticancer properties. In a study by Mlayah-Bellalouna et al,
POl toxin from Androctonus australis selective
effects

SK2 channels. Their findings proposed the potential therapeutic

possesses

anticancer against glioblastoma cells, by targeting
development of P01 for glioblastoma.

Shi et al. reviewed the pharmacological potentials of bee venoms.
This

pharmacological effects of bee venoms and their principal

review covers a comprehensive appraisal of the
components responsible for their anticancer, anti-inflammatory,
anti-infective, analgesic and neuroprotective effects. The authors
applied bioinformatic analyses, KEGG pathway analyses, and
protein-protein interaction (PPI) analyses to predict mechanistic
actions and signalling pathways which represent important
molecular pharmacology of bee venoms. The review also provides
a thorough overview of potential therapeutic applications of bee
venoms through network pharmacology.

In addition to characterising toxin activities, it is of great
importance to understand the structure-function relationship of
toxins and their molecular targets. Dongol et al. investigated
structure-function relationships of a spider venom toxin, Sspla, a
selective sodium channel (Nav) subtype antagonist. They adopted
molecular docking to design two promising Sspla analogues, S7R-
E18K-rSspla and N14D-P27R-rSspl, with enhanced potency and
selectivity for NaV subtypes.
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From here, they successfully developed S7R-E18K-rSspla and
N14D-P27R-rSspl, two promising analogues with improved efficacy
and selectivity towards NaV subtypes, NaV1.3 and NaV1.2/1.7,
respectively. These findings emphasise how computational
approaches could be applied in rational drug design from toxins
to achieve therapeutic outcomes for medical conditions associated
with sodium channel subtypes.

Although we observe great therapeutic potentials in certain
animal venom toxins, we also appreciate that it is the diversity of
the animal venom toxins which can make the treatment of
envenoming challenging. One of these challenges is the
immunogenicity of venom toxins, which requires study to
develop better antivenoms targeting specific toxins (Hiu et al,
2023) and exhibiting broader neutralising potency. In this regard,
Chan et al. examined immunogenicity of a-neurotoxins from elapid
venoms. Neurotoxins are lethal toxins found predominantly in
which

victims.

elapid venoms cause neuromuscular paralysis in

exhibited low
neutralisation efficacy for neurotoxins. Herein, the authors used a

envenomed Current  antivenoms
structure-based prediction model analysis and a DM-editing
determinant screening algorithm to evaluate the immunogenicity
of a-neurotoxins from five Asiatic elapid venoms - Naja kaouthia,
Ophiophagus hannah, Laticauda colubrina, Hydrophis schistosus,
and Hydrophis curtus. It was found that the low immunogenicity of
neurotoxins could be attributed to the smaller size and amino acid
compositions, hindering the effectiveness of existing antivenoms.
The authors proposed the use of synthetic epitopes to develop more
effective neurotoxin neutralising antivenoms.

Drug repurposing has also been an alternative, accessible and
cost-effective treatment option for envenoming (Koh et al., 2020;
Puzarietal., 2021; Hall et al., 2023). Herein, Clare et al. developed a
high-throughput screening (HTS) panel on repurposed drug
libraries and identified 14 repurposed drugs that can antagonise
snake venom metalloproteinases (SVMPs), a known toxin family
that causes haemorrhage and coagulopathy. In addition, a similar
HTS pipeline was applied in parallel for another venom toxin,
i.e., phospholipase A, (PLA,) as discussed by Albulescu et al. These
HTS pipeline methodologies offer automated and rapid strategies
to discover drug “hits” from diverse chemical libraries as potential
future envenoming therapeutics.

Overall, this Research Topic highlights the comprehensive
investigations into experimental and computational facets within
animal venom research, paving the way for profound insights and
transformative drug discovery. The application of bioinformatics
and computational tools enables holistic improvement in the
identification of promising leads from animal venoms, forming a
paradigm shift in drug discovery. Moving forward, artificial
intelligence (AI) integration in animal venom research will likely
revolutionise therapeutics discovery in a more streamlined and
guided manner. Additionally, database curation of potential hits
from animal venoms requires collation of diverse data, aiding in
therapeutic development for venom research and promoting
interdisciplinary collaboration.
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Spider venoms contain many functional proteins/peptides such as proteinases, serine/
cysteine proteinase inhibitors, insecticidal toxins, and ion channel toxins. However, to
date, no peptide toxin with procoagulant activities has been identified from spider venom.
In this study, a novel toxin LCTX-F2 with coagulation-promoting activity was identified and
characterized in the venom of the spider Lycosa singoriensis (L. singoriensis). LCTX-F2
significantly shortened activated partial thromboplastin time (APTT), clotting time, and
plasma recalcification time. This toxin directly interacted with several coagulation factors
such as FXlla, kallikrein, thrombin, and FXa and increased their protease activities. In liver
bleeding and tail bleeding mouse models, LCTX-F2 significantly decreased the number of
blood cells and bleeding time in a dose-dependent manner. At the same dosage, LCTX-
F2 exhibited a more significant procoagulant effect than epsilon aminocaproic acid
(EACA). Moreover, LCTX-F2 showed no cytotoxic or hemolytic activity against either
normal cells or red blood cells. Our results suggested that LCTX-F2 is a potentiator of
coagulation factors with the potential for use in the development of procoagulant drugs.

Keywords: spider venom, peptide, coagulant, coagulation factors, toxin

INTRODUCTION

Excessive blood loss is a leading cause of the high mortality rate associated with surgical operations
(Willner et al., 2016). Reducing blood loss and managing hemostasis are vital during surgery and
hemorrhagic shock (Zakaria et al., 2005). In surgical operations, tranexamic acid (TXA), epsilon
aminocaproic acid (EACA) (Alkjaersig et al., 1959), aprotinin, and recombinant activated factor VII
(rFVIIa) are the most commonly used procoagulant drugs. The two antifibrinolytic agents, TXA

Abbreviations: APTT, activated partial thromboplastin time; PT, prothrombin time; FXIIa, activated factor XII; FXa, activated
factor X; rFVIIa, recombinant activated factor VII; EACA, epsilon aminocaproic acid; TXA, tranexamic acid; HEK-293T,
Human embryonic kidney 293T; CHO, Chinese Hamster Ovary 1; PBS, phosphate-buffered saline; PPP, platelet-poor plasma;
IPTG, Isopropyl B-D-thiogalactoside; RBC, red blood cell.
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and EACA, competitively inhibit the conversion of plasminogen
to plasmin. Meanwhile, aprotinin is used to reduce bleeding
during complex heart and liver surgery, and its main function is
to slow down fibrinolysis so as to allow the breakdown of blood
clots (Willner et al., 2016).

Several proteins that promote coagulation have been
isolated from the venom of the snake Pseudonaja textilis. a
factor Xa-like protein, Haempatch'", which exhibits potent
procoagulant effects, has been developed as a haemostatic
drug, and is used to reduce blood loss due to surgery or
trauma. CoVase' is regarded as a procoagulant cofactor. It is
a systemic antibleeding medication used to treat
noncompressible hemorrhage and internal bleeding (Fry
et al,, 2005). Textilinin-1, a selective plasmin inhibitor, can
reduce blood loss associated with complex surgeries (Flight
etal., 2009). Those procoagulant proteins affect multiple steps
in the hemostatic process, ranging from activation
of coagulation factors to platelet aggregation (Santos
et al., 2000).

Abundant evidence has demonstrated that spider venoms
contain many active peptide components (Meng et al., 2016).
Most peptides identified in spider venom are small, disulfide-
rich neurotoxins. Spiders of the genus Loxosceles (Tavares
etal, 2011; Tavares et al., 2016), also known as brown spiders,
are widely distributed in South America and their venom can
cause a necrotizing-hemolytic syndrome in humans, as well as
hemorrhagic problems, hemolysis, platelet aggregation, and
renal failure (Tavares et al., 2004; Van Den Berg et al., 2007;
Nguyen and Pandey, 2019); however, the mechanism
underlying these venom-induced hemorrhagic disorders is
poorly understood. Lycosa singoriensis (L. singoriensis) is
distributed throughout the west of China and its venom
causes severe illness, including pain, cutaneous necrosis,
nausea, vomiting, and even dyspnea. In this study, a novel
peptide with procoagulant activity, LCTX-F2, was identified
in the venom of L. singoriensis and characterized. LCTX-F2
significantly shortened activated partial thromboplastin time
(APTT), clotting time, and plasma recalcification time. We
further employed in vivo mouse models of tail bleeding and
liver bleeding to investigate the mechanism underlying the
procoagulant activity of LCTX-F2.

MATERIALS AND METHODS

Animals and Cells

The BALB/c mice used in this experiment were purchased
from Kunming Medical University. HEK-293T (Human
embryonic kidney 293T) and CHO (Chinese hamster ovary
1) cells were purchased from the cell bank of the Kunming
Institute of Zoology. All experiments were performed in
accordance with national legislation and approved by the
animal experimental ethics committee (SMKX-20170210)
of the Kunming Institute of Zoology, Chinese Academy
of Sciences.

cDNA Library Construction and
Sequencing

The L. singoriensis sample was stored at the Kunming Museum
of Zoology (Kunming City, Yunnan Province, China). The
venom gland of L. singoriensis was dissected and used for the
construction of a cDNA library (Yang et al., 2012). Total RNA
was extracted from the venom glands of 20 spiders using TRIzol
reagent (Life Technologies Ltd, Carlsbad, CA, USA) following
the manufacturer’s instructions. The cDNA library was
constructed using the Creator SMART cDNA Library
Construction Kit (Clontech, Palo Alto, CA, USA) according to
manufacturer’s instructions. A cDNA library with 3 x 10°
independent colonies was produced. All the clones from the
cDNA library were sequenced on an ABI PRISM 377 DNA
sequencer (Applied Biosystems, Foster City, CA, USA). cDNA
fragments longer than 200 bp were selected for further analyses.
The LCTX-F2 sequence has been uploaded to GenBank of NCBI
under the accession number BankIt 2321489 MT178457.

Expression and Purification of
Recombinant LCTX-F2

The DNA sequence of LCTX-F2 was synthesized (Sangon
Biotech, Co., Ltd, Shanghai, China) and a TEV enzyme
cleavage site (ENLYFQG) was inserted immediately upstream
of the sequence (Ma et al., 2016). For recombinant expression, an
LCTX-F2/pET32a (+) prokaryotic expression vector was
transformed into Escherichia coli strain BL-21 (DE3). LCTX-F2
was cleaved from the recombinant protein using the TEV
enzyme (Beijing Solarbio Science & Technology Co., Ltd). The
hydrolyzed LCTX-F2 was first separated by molecular exclusion
using a Sephadex G-75 gel filtration column (2.6 cm x 100 cmy
GE Healthcare Bio-Sciences AB, Uppsala, Sweden) with
phosphate-buffered saline (PBS) (150 mM NaCl, 2.7 mM KClI,
1.5 mM KH,PO,, and 8 mM K,HPO,, pH 7.2). Then, LCTX-F2
was further eluted by reversed-phase high-performance liquid
chromatography (RP-HPLC) using a C18 column (Unisil C18
column, 5-um particle size, 10 x 250 mm). The gradient of high-
performance liquid chromatography solution (0.1%
trifluoroacetic acid/acetyl) increased by 1% per min. LCTX-F2
was dissolved in 0.1% trifluoroacetic acid/water (0.5 ul) and
spotted onto a plate with 0.5-ul matrix (10 mg/ml o.-cyano-4-
hydroxycinnamic acid in 60% acetonitrile). The molecular
weight of LCTX-F2 was determined using an UltraFlex I mass
spectrometer (UltraFlex I, Bruker Daltonics, Billerica, MA, USA)
in positive ion mode. The accuracy of mass determination was
recorded according to the manufacturer’s instructions. The
purity of LCTX-F2 was approximately 95%.

Blood Coagulation Time Assay

Blood recalcification time was measured according to a
previously described method (Gulliani et al., 1976). The
platelet-poor plasma (PPP) negative control obtained from
healthy human subjects was transferred to 96-well plates.
LCTX-F2 (final concentration ranging from 0.0 to 3.0 uM) was
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dissolved in 80 ul of HEPES buffer (10 mM HEPES, 150 mM
NaCl, pH 7.4) and added to the plates with 20 ul of PPP. Two
samples were incubated for 10 min at room temperature. Before
recording clotting time, 50 pul of CaCl, (25 mM) was dispensed
into the 96-well plates. The APTT was assayed as previously
described (Jung and Kim, 2009). APTT reagent (50 ul), PPP (40
ul), and LCTX-F2 (10 pl) were incubated for 5 min at 37°C. The
APTT was recorded after the addition of 50 ul of CaCl, (25 mM).
The prothrombin time (PT) was assayed. PPP (40 pl) and LCTX-
F2 (10 ul) were incubated for 5 min at 37°C. The PT was
recorded after the addition of 50 pl of PT reagent. Three
parallel tests were performed and the absorbance was recorded
at 650 nm using a microplate spectrophotometer (BioTek
Instrument, Inc., Winooski, VT, USA).

Determination of Serine Protease Activity
Serine protease activity was tested in Tris-HCI buffer (0.05 M,
pH 7.8) at 37°C (Ma et al., 2016). The proteases factor Xa
(HFXa 1011), trypsin (T4665), thrombin (T4393), plasmin
(P1867), factor XIla (HFXIIal212a), and kallikrein (HPKa
1303) were preincubated with different doses of LCTX-F2
(0.0-3.0 uM) for 10 min at 37°C. Factor Xa, factor XIIa, and
kallikrein were purchased from Enzyme Research
Laboratories (South Bend, IN, USA). Thrombin, trypsin,
and plasmin were purchased from Sigma (St. Louis, MO,
USA). LCTX-F2 was mixed with the enzymes for 10 min,
after which 0.5 mM of substrate was added to initiate each
assay. The substrate for FXa, trypsin, thrombin, plasmin, and
kallikrein/factor XIIa were F3301, B3133, H-D-Phe-Pip-Arg-
pNa-2HCI, G8148, and H-D-Pro-Phe-ArgpNA-2HCI,
respectively. All the substrates were purchased from Sigma,
except H-D-Phe-Pip-Arg-pNa-2HCI and G8148 which were
purchased from Hyphen Biomed (Neuville-sur-Oise, France).
The LCTX-F2 enzyme reactions were continuously measured
for 20 min at 405 nm.

Surface Plasmon Resonance Assay

The binding of LCTX-F2 to FXIla, kallikrein, FXa, and
thrombin was tested with a Biacore 3000 (GE Healthcare
Bio-Sciences, Uppsala, Sweden) according to a previously
described method (Konings et al., 2011; Zhang et al., 2012).
The experiments were performed at 25°C using HBS-EP buffer
as a running buffer (10 mM HEPES, pH 7.4, 3 mM EDTA, 150
mM NacCl, and 0.05% P20 surfactant). LCTX-F2 as a ligand
was diluted with running buffer and coupled to CM5 by amine
coupling, yielding a total of 2,000 response units. The running
buffer flow rate was maintained at 30 pl/min. A series of
twofold dilutions of FXIIa, kallikrein, FXa, and thrombin, as
analytes, were generated using running buffer (0, 3.125, 6.25,
12.5, 25, 50, 100 pg/ml). Solutions of the different analytes
were injected over the flow channel at a flow rate of 30 ul/min
for 120 s, followed by dissociation for 300 s. The LCTX-F2/
enzyme binding curve was acquired by subtracting the FL1
curve from the FL2 curve. All surface plasmon resonance
(SPR) experiments were performed in triplicate and analyzed
by BIA evaluation software.

Tail Bleeding Assay

Six BALB/c mice (20-25 g) were used in each group. The mice
were anesthetized by intraperitoneal injection of 100 pl of a 0.3%
pentobarbital sodium solution. Subsequently, saline, LCTX-F2
(0.625, 1.25, or 2.5 mg/kg), or EACA (5 mg/kg) was separately
injected into the tail vein. After 10 min, a 7-mm tail-tip
transection was made according to a previously described
method (Schoenwaelder et al., 2011) to estimate the hemostatic
effect. After transection, the bleeding tail was quickly steeped in
saline solution at 37°C and the timing began. Bleeding time was
recorded from the beginning of tail transection until 120 s after
blood flow had stopped.

Liver Bleeding Assay

Seven BALB/c mice (20-25 g) were used in each group. The mice
were anesthetized by intraperitoneal injection of 100 ul of a 0.3%
pentobarbital sodium solution. Subsequently, saline, LCTX-F2
(1.25, 2.5, or 5 mg/kg), or EACA (5 mg/kg) were separately
injected into the tail vein. After 10 min, scissors were used to
open the thoracic cavity along the ventral white line. A piece
(5.00 + 0.15 mg) was cut from the lower edge of the right liver
lobe (Tilly et al., 2014) and the thoracic cavity closed. After 20
min, the number of RBCs was calculated after peritoneal lavage
with 4 ml of a 0.9% saline solution.

Cytotoxicity Assay

A cell counting kit-8 (CCK-8, HY-K0301; MedChemExpress,
Monmouth Junction, NJ, USA) was used to evaluate the effect of
LCTX-F2 on cell viability (Wang et al., 2010). HEK-293T and
CHO cells were incubated with LCTX-F2 (0, 5, 10, 20, or 100 mg/
ml) for 24 h. The cells were subsequently incubated with 0.2 ml of
culture medium containing 10% CCK-8 reagent for 2 h.
The absorbance was monitored at 450 nm using a
microplate spectrophotometer.

Hemolysis Assay

A rabbit RBC suspension (2%) in PBS was obtained for
subsequent experiments as previously described (Vives et al,
1997). Rabbit RBC suspensions were incubated with PBS, LCTX-
F2 (5,10, 20, or 100 mg/ml), or distilled water as positive control for
3 h at room temperature. After centrifugation at 10,050 rpm for
3 min, the absorbance of the supernatants was measured
spectrophotometrically at 570 nm to calculate the hemolysis ratio.

Statistical Analysis

Data are presented as means + SD from three independent
experiments. Significance was determined by unpaired t-test;
P < 0.05 was considered significant.

RESULTS

Identification of LCTX-F2

The L. singoriensis venom gland cDNA library comprised 3 x 10°
independent clones. To obtain high-quality EST sequences, clones
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FIGURE 1 | Amino acid and cDNA sequence of LCTX-F2. (A) The cDNA sequence of LCTX-F2. The sequence of mature LCTX-F2 is boxed and the stop codon is
indicated by a bar (-). (B) NCBI-BLAST sequence alignment of LCTX-F2 with other homologs. Identical amino acid residues are indicated by the symbol (*). Cysteine

shorter than 200 bp were excluded. A novel peptide named LCTX-
F2 was identified from the cDNA library (Figure 1A). The open
reading frame of LCTX-F2 was 315 bp long and encoded a 109-
amino acid residue precursor containing a 44-residue signal
peptide and a 65-residue mature peptide. A BLAST search
indicated that LCTX-F2 belonged to the toxin 35 superfamily of
spider toxins (Figure 1B), and the distribution of eight cysteines
was the same as that observed in homologous toxins (LCTX-Ls1a,
LCTX-Lsld, and PT-2).

Expression and Purification of
Recombinant LCTX-F2

The LCTX-F2/pET32a (+) prokaryotic expression vector was
transformed into the E. coli strain BL-21 (DE3). LCTX-F2 was
first induced by isopropyl B-D-thiogalactoside (IPTG, 1 mM)
and then purified from soluble E. coli lysates. LCTX-F2 was
separated using a Ni*" affinity column (His-binding resin) and
cleaved by the TEV enzyme. After cleavage, two bands were
observed in SDS-PAGE, indicating that the fusion protein had
been completely cleaved (Figure S1A). LCTX-F2 was first
isolated using a Sephadex G-75 gel filtration column
(Figure S1A), and then further separated by RP-HPLC on a
C18 column with a linear gradient from 0-50% acetonitrile in
60 min. A single peak containing LCTX-F2 was detected at the
33.7% acetonitrile gradient (Figure S1B). The purified LCTX-
F2 was subjected to mass spectrometric (MS) analysis. LCTX-
F2 was found to have a molecular weight of 7,501.50 Da
(Figure S1C), which was 8 Da less than the theoretical

molecular weight (7,509.56 Da), implying the formation of
four intramolecular disulfide bridges.

LCTX-F2 Shortened Blood

Coagulation Time

The effects of LCTX-F2 on blood coagulation were tested by
APTT and plasma recalcification time assays. In the APTT test,
0.03, 0.3, and 3 uM LCTX-F2 significantly reduced the APTT
from 24.6 s to 23.9, 20.1, and 16.3 s, respectively (Figures 2A,
B). The recalcification time of the control was 5.8 min. After the
application of 0.75, 1.5, and 3 puM LCTX-F2, the plasma
recalcification time was significantly reduced to 5.0, 3.3, and
2.9 min, respectively (Figures 2C, D). However, in the PT test,
the clotting time of the negative control was 14.3 s. After the
application of 0.3 and 3 uM LCTX-F2, the plasma
recalcification time was reduced to 13.7 and 13.4 s, but the
reductions were not significant (Figures S2A, B). As previously
reported, the APTT test detects intrinsic coagulation pathways,
whereas the PT test detects extrinsic coagulation pathways.
Therefore, our results implied that LCTX-F2 had an effect on
intrinsic coagulation pathways.

LCTX-F2 Increased Procoagulant Activity

Because we found that LCTX-F2 reduced the coagulation
time, we further tested how LCTX-F2 affects coagulation
factors and platelet aggregation. After LCTX-F2 application
at 0.03, 0.3, and 3 uM, the relative protease activity of FXIIa
was increased by 1.2%, 44.0%, and 96.0%, respectively. At 3
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FIGURE 2 | The effect of LCTX-F2 on coagulation. (A) The effect of LCTX-F2 on APTT. LCTX-F2 was incubated with APTT reagent (50 ) at 37°C for 3 min.
(B) Histogram of APTT levels. (C) The effect of LCTX-F2 on recalcification time. (D) Histogram of recalcification time with different doses of LCTX-F2. Data are
presented as means + SD of three independent experiments. *P < 0.05, **P < 0.01 compared with vehicle as determined by the two-sample Student’s t-test.

uM, LCTX-F2 increased the activity of thrombin, FXa, and
kallikrein by approximately 36.9, 34.8, and 33.3%, respectively
(Figures 3A, B). LCTX-F2 increased the activity of FXIla
significantly more than that of FXa and kallikrein. However,
LCTX-F2 application had no effect on FVIIa, plasmin, and
trypsin activity (Figures S3A-C). In the platelet aggregation
assay, at 3 UM, no promotive effect of LCTX-F2 was observed
(Figures S3D, E).

Interaction Kinetics Between LCTX-F2 and
Coagulation Factors

As LCTX-F2 increased the activity of several coagulation
factors, we tested whether LCTX-F2 directly interacts with
these factors using a real-time SPR binding assay. The
coagulation factors FXIIa, kallikrein, thrombin, and FXa
were injected onto a chip containing immobilized LCTX-F2.
Sensorgrams of the interactions between LCTX-F2 and the
evaluated coagulation factors are shown in Figure 4. The
binding affinity (Kp) of LCTX-F2 for FXIla, kallikrein,
thrombin, and FXa was 7.2, 4.6, 0.7, and 0.18 uM,
respectively (Figure 4). LCTX-F2 showed stronger affinity
for FXIIa and kallikrein than for FXa and thrombin. FXa and
thrombin are reported to belong to the common coagulation
pathway, whereas FXIIa and kallikrein belong to the intrinsic
coagulation pathway. These results indicated that LCTX-F2
promoted blood coagulation through increasing the activity of
the blood coagulation factors FXIIa, kallikrein, thrombin,
and FXa.

LCTX-F2 Decreases Traumatic Hemorrhage
As shown in Figure 5A, the RBC count in the liver bleeding mouse
model was 1.21 x 10°/ul. After injection with 1.25, 2.5, or 5 mg/kg
LCTX-F2 and 5 mg/kg EACA, the RBC count significantly
decreased to 1.04 x 107, 0.99 x 10°, 0.70 x 10, and 0.88 x10°/l,
respectively (Figure 5A). In the tail bleeding model, a 7-mm wound
was made in the mouse tail to assess homeostasis. Compared with
that of vehicle, tail vein injection of LCTX-F2 at 0.625, 1.25, or
2.5 mg/kg and EACA at 5 mg/kg significantly decreased the
bleeding time from 171.5 to 139.3, 94.5, 68.5, and 114.3 s,
respectively (Figure 5B). These results suggested that, at the
same dose, LCTX-F2 had a better hemostatic effect than EACA.

LCTX-F2 Showed No Cytotoxic or
Hemolytic Activities

Incubation with LCTX-F2 at concentrations ranging from 0 to
100 pg/ml for 24 h did not inhibit the viability of HEK-293T or
CHO cells (Figures 6A, B). In the hemolysis assay (Figure 6C),
LCTX-F2 did not exhibit hemolytic activity, even at the
concentration of 100 pg/ml.

DISCUSSION

Peptides derived from spider venom are highly diverse,
and include metalloproteinases, serine proteinases,
hyaluronidases, serine/cysteine proteinase inhibitors,
alkaline phosphatases, ATPases, and insecticidal toxins
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FIGURE 3 | LCTX-F2 increased the activity of coagulation factors. (A) After incubating with 0.03, 0.3, and 3 pM LCTX-F2, the activities of thrombin, FXa, FXlla, and
kallikrein were evaluated with the corresponding chromogenic substrates for 20 min. Relative activity was calculated through enzymatic reactions. (B) Histogram
depicting the percent increases in coagulation factor activity stimulated by LCTX-F2. Data are presented as means + SD of three independent experiments.
*P < 0.05, “*P < 0.01 compared with vehicle as determined by the two-sample Student’s ¢-test.

(Machado et al., 2005; Chaim et al., 2011; Jin et al., 2017).
LCTX-F2 consists of 65-amino acid residues, including four
intramolecular disulfide bridges. The BLAST results showed
that LCTX-F2 belongs to the toxin 35 family and shares high
sequence identity with several known peptide toxins from
wolf spiders. The number and positions of cysteines are highly
conversed in the toxin 35 family, implying that LCTX-F2 also
contains an ICK motif toxin (Zhang et al., 2010). The function
of spider toxin 35 family members is not known, except that of
purotoxin-2, which has been shown to act on ion channels
(Liang, 2004; Liang, 2008; Kabanova et al., 2012).

In this study, LCTX-F2 significantly reduced the plasma
recalcification time and APTT in a dose-dependent manner.
Results of the SPR assay indicated that LCTX-F2 is a novel
agonist that has affinity for, and directly interacts with, FXIIa,
kallikrein, thrombin, and FXa. Moreover, LCTX-F2 did not
enhance the activity of plasmin, trypsin, or FVIIa, or reduce
platelet aggregation time. Evaluation of the effect of LCTX-F2
on traumatic hemorrhage in liver bleeding and tail bleeding
mouse models showed that LCTX-F2 exhibited a more
significant procoagulant effect than EACA at the same
dosage. Furthermore, cytotoxicity and hemolysis assays
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FIGURE 5 | The effect of LCTX-F2 on bleeding model in vivo. The hemostatic effect of LCTX-F2 (0.65, 1.25, and 2.5 mg/kg) and 5 mg/kg EACA were measured in
liver bleeding (A) and tail bleeding (B) mouse models. (A) The number of red blood cells (RBCs) was counted to determine the effect of LCTX-F2 and EACA (n = 7).
RBCs are shown in (A). (B) Bleeding time was determined as the time from tail transection to the moment the blood flow stopped for 120 s (n = 6). Data are
presented as means + SD. *P < 0.05, *P < 0.01, **P < 0.001 compared with vehicle as determined by the two-sample Student’s t-test.

indicated that LCTX-F2 exerted no cytotoxic or hemolytic
effects on normal cells.

Hemostasis is a complex physiological process encompassing
initiation, amplification, propagation, and stabilization
(Macfarlane, 1964). Hemostasis has also been traditionally
classified into intrinsic and extrinsic pathways, and a further
pathway common to both (Grover and Mackman, 2019). The
intrinsic pathway is triggered by activation of FXII, followed
by the sequential proteolytic activation of FXI and FIX.
Formation of the intrinsic Xase (a complex of FVIIla and

FIXa) leads to the formation of the intrinsic FXa; in turn, FXa
and FVa form the prothrombinase complex that catalyzes the
cleavage of prothrombin (FII) to thrombin (FIIa). Thrombin
is the terminal coagulation factor that cleaves soluble
fibrinogen to insoluble fibrin. Procoagulant drugs such
as factor-Xa like proteases, TXA, EACA, and kaolin have
been used in clinical treatment. TXA and EACA, two
antifibrinolytic agents, competitively inhibited the
conversion of plasminogen to plasmin. Kaolin as an
emergency trauma hemostatic agent could activate FXII
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proenzyme into FXIIa. Factor X-like proteases from the  prothrombin to thrombin. In this study, LCTX-F2 promoted
venom of snakes (Siigur et al., 2001; Larreche et al., 2008;  blood coagulation by increasing the activity of intrinsic blood
Sajevic et al., 2011; Khan and Al-Saleh, 2015) are either = coagulation factors, including FXIIa, kallikrein, thrombin,
metalloproteases or serine proteases and could activate  and FXa (Figure 7).To the best of our knowledge, LCTX-F2
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is the first peptide activates coagulation factors and shortens
blood coagulation time using mechanisms different from
those previously reported for other proteins or drugs.

In summary, we identified LCTX-F2 as the first
procoagulant peptide in spider venom. LCTX-F2
promoted coagulation by increasing the activity of blood
coagulation factors. LCTX-F2 showed a better procoagulant
activity than EACA and exhibited no cytotoxic or hemolytic
activity against normal cells. LCTX-F2 may be a good
candidate and/or template for the development of
procoagulant drugs.
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Snake venom contains a variety of toxins with a range of biological activity, among these
toxins cysteine-rich secreted proteins (CRISPs) can be found. The proteins of this family have
masses of 20-30 kDa and display homologous amino acid sequences containing 16 cysteine
residues, forming eight disulfide bonds. Some of these proteins have been explored,
characterized, and described in terms of their activity; however, little is known about their
range of activities. A search for new antimicrobial molecules is ongoing, as the number of
microbial strains resistant to available antibiotics is increasing. We identified antimicrobial
activity in the secretion of Duvernoy’s gland of the rear-fanged Philodryas patagoniensis.
Fractions of this venom were subjected to reverse-phase high performance liquid
chromatography and analyzed to determine their antimicrobial activity with a liquid broth
inhibition assay. One of the fractions presented activity against a Gram-negative bacterium
and a filamentous fungus. This fraction was analyzed with LC-MS/MS, and a protein of
24,848.8 Da was identified. Database searches allowed us to identify it as a CRISP due to the
presence of some unique fragments in the molecule. We called it patagonin-CRISP, as the
same protein in the venom of P. patagoniensis had previously been characterized as having a
different biological activity. Patagonin-CRISP presented activity at very low concentrations
and showed no cytotoxic activity. This is the first time that antimicrobial activity has been
identified for P. patagoniensis venom or for a CRISP family protein.

Keywords: CRISP, antimicrobial, bioprospecting, dipsadidae, snakes, toxin and patagonin-CRISP

INTRODUCTION

Microbial resistance is a major public health concern. Pathogenic microorganisms are responsible for
countless deaths and generate huge financial losses worldwide. The increased resistance of
microorganisms to antimicrobial agents is a serious public health problem that has aroused the
attention of the pharmaceutical industry and led it to search for new types of antibiotics. The failure

Frontiers in Pharmacology | www.frontiersin.org 18

February 2021 | Volume 11 | Article 586705


http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2020.586705&domain=pdf&date_stamp=2021-02-02
https://www.frontiersin.org/articles/10.3389/fphar.2020.586705/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.586705/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.586705/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.586705/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.586705/full
http://creativecommons.org/licenses/by/4.0/
mailto:pisjr@butantan.gov.br
https://doi.org/10.3389/fphar.2020.586705
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2020.586705

Badari et al.

of available antibiotics to contain certain pathogens indicates the
need to develop more efficient and less toxic molecules from
natural sources (Potron et al., 2015; Vassilara et al., 2017).

Brazil features a wealth of biomes that include a large part of
the world’s biodiversity; it is considered to have the highest
number of endemic species (O'Driscoll et al., 2013), and one
cannot deny its proliferation of natural products. These products
have been extensively studied and much work have been done on
different compounds of biological origin that may be usable in the
development of new drugs and to improve existing diagnostic
methodologies (Peichoto et al., 2007; Doley and Kini, 2009;
Figueroa-Espinoza et al., 2015).

Studies have found antimicrobial activity in snake venom. This
activity is linked to the need for self-protective mechanisms
against pathogens present in their prey that are triggered by
the innate immune system (Thomas and Pough, 1979; Osipov
et al., 2005; Perumal Samy et al., 2017).

Venom from rear-fanged snakes, given their complexity and
great pharmacological potential, is an interesting category to
explore (Fry, 2005; Peichoto et al., 2011).

Philodryas patagoniensis is an opisthoglyphous snake, a
member of the family Dipsadidae (Utkin, 2015). These snakes
are distributed around all South America, inhabiting different
environments, and they show high plasticity when adapting to
places altered by man in addition to having an excellent ability to
camouflage themselves due to their coloration (de Medeiros et al.,
2010; Gouveia et al., 2017).

These snakes have a well-developed Duvernoy’s gland,
connected to their grooved teeth, which, although it is
homologous to the venom glands of Solenoglyphous and
Proteroglyphous snakes, are functionally and anatomically
different (Kardong, 2002; Jackson and Vidal, 2019). Due to its
musculature and lack of storage space, this gland produces a low
amount of venom, which makes it challenging to study these
materials, as it is difficult to obtain sufficient material to
characterize it (Modahl and Mackessy, 2019).

Duvernoy’s gland has an immediate function in feeding due to
the presence of its serous cells, which, with the other components
present in the toxic secretion, helps immobilize its prey, lubricates
the food, and plays roles in digestive functions, antiputrefaction
of the food, microbial neutralization, and oral hygiene (Taub,
1966; Serapicos and Merusse, 2006; Shivik and Carrion, 2009;
Oliveira et al., 2016; Weinstein, 2016). The envenomation frame
caused by P. patagoniensis includes local pain, swelling, erythema,
ecchymosis, and regional lymphadenopathy with normal
coagulation (Mosmann, 1983; Eberspaecher et al., 1995). These
symptoms are often confused and treated as bothropic accidents
(Silveira and Nishioka, 1992; Ribeiro et al., 1999).

The composition and biological activities of P. patagoniensis
venom have previously been studied, and some of its components
have been isolated and characterized (Hill and Mackessy, 2000;
Peichoto et al., 2009; Peichoto et al., 2011; Peichoto et al., 2012).

One of these molecules is a cysteine-rich secretory protein
(CRISP) called patagonin (Peichoto et al., 2012). CRISPs are a
large family of single-chain bioactive polypeptides with a
molecular mass between 20 and 30kDa. The name of the
group comes from the set of cysteine residues settled in its
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C-terminal  region, establishing a compact domain
(Eberspaecher et al, 1995). Cysteine-rich venom proteins
(CRVPs) are widely distributed among lizard and snake
venom (Adade et al.,, 2014).

The main characteristic here is the homology of the amino
acid sequences, which contains 16 highly conserved cysteine
residues, which form eight disulfide bonds; 10 of these Cys
residues are in the C-terminal portion. In addition to the
similarity of their molecular mass and the presence of Cys
residues as distinctive structural features, they also have two
distinct domains (PR-1 and CRD) (Tadokoro et al., 2020).

The C-terminal region includes the cysteine-rich domain
(CRD), which is responsible for the interaction of CRISPs with
the ionic channels. The sequence that makes up the N-terminal
region is the most conserved among these proteins and belongs to
the PR-1 domain. This domain promotes the interaction of these
proteins with the target cell (Lima et al., 2006; Gibbs et al., 2008;
Estrella et al., 2011; Tadokoro et al., 2020).

The biological activity of most snake venom CRISPs has not
yet been described, and their role in envenomation is still
uncertain; some studies suggest that they act as ion channel
blockers (Silveira and Nishioka, 1992; Osipov et al., 2005; Utkin,
2015; Bernardes et al, 2019). Patagonin has already been
characterized, and its biological activity has been described; it
expresses necrotic activity in the murine gastrocnemius muscle
when injected intramuscularly and has no effect on human
platelet aggregation or proteolytic activity (Peichoto et al., 2009).

The CRISP Natrin, isolated from the venom of the snake Naja
atra, promotes the regulation of the expression of adhesion
molecules in endothelial cells that are involved in
inflammation (Wang et al, 2010; Samy et al, 2014). Nk-
CRISP is a CRVP isolated from the venom of another species
of Naja that up regulates inflammatory gene expression in human
macrophages (Deka et al., 2020).

Crovirin, isolated from Crotalus viridis venom, has been
identified to have antiparasitic activity against different strains
of Leishmania and Trypanosomes (Adade et al., 2014). The first
CRISP from Bothrops jararaca has been isolated and
denominated Bj-CRP, and it demonstrates possible action on
the induction of inflammatory response (Levinskaite, 2012). A
CRVP from the Bothrops alternatus venom was characterized as
having effects on potassium channels and in inflammatory
processes. This molecule was named BaltCRP (Bernardes
et al., 2019).

The main objective of this study was to isolate, identify, and
characterize at a primary structural level the antimicrobial
molecules present in Duvernoy’s gland secretion of Philodryas
patagoniensis.

MATERIALS AND METHODS

Venom Samples

The venom was obtained from an adult female belonging to the
Zoological Park Foundation of Sio Paulo. The extraction was
performed using a pair of 100 uL microcapillary tubes placed in
contact with the rear-fangs according to the procedure previously
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described (Ferlan et al., 1983). During the extractions, the snake
was not anesthetized, and no parasympathomimetic stimulants
were used. In all, 16 extractions were performed, and each
extraction had a variable yield between 30 and 60 pL.

Determination of Protein Concentration

The quantification of the samples was performed using
Bradford’s (1976) method, following the procedure described
in the BIO-RAD protocol, with known concentrations of bovine
albumin (Sigma) used as the standard.

Fractionation

Freeze-dried crude P. patagoniensis venom (~2 mg/ml) was
homogenized in a 0.05% aqueous solution of TFA-
trifluoroacetic acid and subjected to the reverse-phase high
performance liquid chromatography (RP-HPLC) Shimadzu
LC-10 system. In the first step, the sample was used for
semipreparative Jupiter® RP-C18 LC-Column (10 um, 300 A,
10mm x 129 250 mm, Phenomenex™) that had previously
been balanced with A solvent (0.05% TFA). Elution was
performed in a linear acetonitrile (ACN) gradient equilibrated
in 0.05% TFA of 0-80% for 80 min at a flow rate of 2 ml/min. The
absorbance was monitored at 225 and 280 nm, and the fractions
were manually collected. Then, lyophilized fractions were
suspended in 500 pL ultrapure water and an aseptically filtered
in Millipore® 0.22 um filters for antimicrobial assay.

The molecule here described (fraction 33) was submitted to a
second step of fractionation in a linear gradient of ACN (20-55%)
with 0.05% TFA for 80 min, at a flow rate of 1.0 ml/min and an
analytic column Jupiter® C18 LC-Column (10 um, 300 A, 4.60 x
250 mm, Phenomenex™), with ACN equilibrated in 0.05% TFA.
The hand-collected fractions were dried (Savant Instruments
Inc.®?) and suspended in 500 pL ultrapure water for MIC
and MBC.

SDS-PAGE

Samples were submitted to 20% SDS-PAGE gel (sodium dodecyl
sulfate-polyacrylamide gel electrophoresis). Then, 20 ug protein,
solubilized in 20 pL ultrapure water and a sample buffer, was
submitted to electrophoresis under reducing conditions. SeeBlue
Prestained (Life Technologies R, 198-3 kDa) was used as a
molecular mass marker. The proteins were stained with
Coomassie Brilliant Blue R-250 (Laemmli, 1970) and Silver
(Morrissey, 1981), and the gel images were captured with a
photo documentation apparatus (UVITEC, Cambridge,
United Kingdom). The protein band of interest was excised
from the gel and eluted for antimicrobial activity and mass
spectrometry analyses. The same band was digested with
trypsin (Hanna et al., 2000) and analyzed by mass spectrometry.

Enzymatic In-Gel Digestion

The patagonin-CRISP bands were cut and stored separately in
1.5 ml microtubes. The band was destained in 0.5ml 50%
methanol/5% acetic acid overnight at room temperature
before dehydration in 200 uL ACN, followed by complete
drying in a vacuum centrifuge. The protein was reduced by
adding 50 pL Dithiothreitol-DTT (10 mM) and alkylated by
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adding 50 pL iodoacetamide-IAA (100 mM) for 30 min at
room temperature.

The bands underwent dehydration and rehydration using
200 uL ACN and 200 L ammonium bicarbonate (100 mM),
respectively. Finally, the bands were rehydrated in 50 uL with
20 ng uL ™" ice-cold porcine trypsin (Sigma-Aldrich®). Digestion
was performed overnight at 37°C. The tryptic peptides produced
were collected with successive extractions in 50 pL with 50 mM
ammonium bicarbonate) and 50 uL with 50% ACN/5% formic
acid (twice). The supernatant was concentrated in a vacuum
centrifuge.

Mass Spectrometry

The samples were suspended in 10 pL 0.1% formic acid solution
and analyzed by liquid chromatography coupled to tandem mass
spectrometry  (LC-MS/MS) using LTQ-Orbitrap  Velos
equipment (Thermo Fisher Scientific Inc.) coupled to the
Easy-nLC 1II liquid nano-chromatography system (Thermo
Fisher Scientific Inc.). A 5uL sample was automatically
injected into a C-18Jupiter C-18 (10 pum x 100 um x 50 mm)
precolumn (Phenomenex), coupled to an ACQUAC-18 analytical
reverse phase column (5 pm x 75 um x 100 mm) (Phenomenex).
A linear gradient of 0-60% ACN for 60 min was used, with a flow
rate of 200 nL/min. The jonization adopted was used in a positive
mode that detects positively charged ions. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset
identifier PXD022842.

Bioinformatics Analysis

The data were acquired by the Qual Browser program in
XCalibur software (version 2.0; Thermo Fisher Scientific),
using the default parameters, and the data were exported as
text. The intact mass of protein was calculated with the
deconvolution of m/z values from the MS spectra text file,
performed with the software MagTran 1.02 (Zhang and
Marshall,1998;Potron et al,2015). The MagTran used a mass
range of 3,000-30,000 and a charge range of 2-30. The raw data
files were processed with a search on PEAKS Studio software
(version 8.5, Bioinformatics Solutions Inc.). The analyses had a
10 ppm error tolerance for the precursor ions and a 0.6 Da
tolerance for the fragment ions. Oxidation was considered a
variable modification, and trypsin was considered to be enzyme-
specific.  The data were analyzed with cysteine
carbamidomethylation as fixed modification and the oxidation
of methionine as a variable modification. The MS/MS spectra
were searched against the snakes, Dipsadidae, Colubridae, and
CRVP databases (downloaded in FASTA format on October 20,
2019, from UniprotKB; http://www.uniprot.org/; 17,546, 3,867,
12,437, and 208 entries, respectively). The sequence obtained for
the selected protein was subjected to similarity searches through
the public NCBI (National Center for Biotechnology) database
using the Basic Local Alignment Search Tool (Blast) to confirm
the protein identity (Blast, 2020). To determine amino acid
sequences, the LC-MS/MS files were loaded into PEAKS
Studio software (Bioinformatics Solutions Inc.) and again
subjected to analyses in the Uniprot databases.
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Microorganisms and Antimicrobial Activity
Gram-positive and Gram-negative bacteria, fungi, and yeasts

were tested for their sensitivity to the chromatographic
fractions obtained from the P. patagonmiensis secretion. The
bacterial strains used for the tests were
ATCC27853 Pseudomonas aeruginosa (Gram-negative) and

ATCC6633 Bacillus  subitilis  (Gram-positive) from the
American  Type Culture Collection (ATCC), vyeast
MDM8 Candida albicans from the Department of

Microbiology, University of Sdo Paulo (USP), and the fungus
Penicillium expansum (bread isolated). Microbial inoculum was
prepared according to the method recommended by the standard
M07-A9 from the Clinical and Laboratory Standards Institute
(CLSIL, 2012) in bacterial culture and described by NCCLS M38-P
(NCCLS, 2002) for fungal inoculums.

The antimicrobial activity was monitored with a liquid
growth inhibition assay (de Jesus Oliveira et al., 2019),
performed on 96-well sterile microplates with a final
volume of 100 uL. Aliquots of 20 uL fractions collected by
HPLC were applied to each well, and 80 uL culture medium
containing the suspension of a microorganism culture in log
phase was added at a concentration of 1 x 10° CFU/ml.
Ultrapure water was used as negative control, and the
antibiotics Tetracycline and amphotericin B (10 mg/ml)
were used as positive controls. Poor broth medium (1.0 g
Peptone in 100 ml H,O containing 86 mM NaCl, pH 7.2,
217mOsM) used for bacterial strains, and poor
dextrose potato broth (1.2 g potato dextrose in 100 ml H,O,
pH 5.0,79 mOsM) was used for fungus. Quality control was
conducted for the water and the media with aliquots of 100 pL.
The microplates were incubated at 30°C, and the bacteria were
kept under stirring for 18 h, and the fungi were kept for 36 h
without stirring. Microbial growth was evaluated according to
the turbidity of the medium by measuring the optical density
of the culture in a Victor® (1,420 Multilabel Counter/Victor?,
PerkinElmer) microplate reader at 595 nm.

The eluted fractions were placed in a liquid growth inhibition
assay that inhibited the growth of the tested microorganisms and
were screened based on the apparent expression of inhibition
(turbidity reduction) and submitted to SDS-PAGE and
subsequent mass spectrometry to verify homogeneity and purity.

MIC and MBC

MIC: After antimicrobial activity was confirmed for some
fractions through the initial screening, they were submitted to
a test of inhibition of microbial growth in liquid medium to
determine the minimum inhibitory  concentration
(Antimicrobial-peptide-database, 2019). The MIC was
performed using a sterile 96-well plate with a final volume
of 100 pL. The purified fractions were serially diluted in
ultrapure water, beginning with the same volume as the
one where the sample showed activity (20 uL), and 80 pL
inoculum with the medium solution was added. After 24 or
36 h incubation, the microplate was read at 595nm
absorbance, using a Victor’microplate reader (1,420
Multilabel Counter/Victor3, PerkinElmer). MIC was
defined as the minimum concentration of the peptide that

was
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causes 100% inhibition of the microorganism (Wiegand et al.,
2008; Samy et al, 2014). The minimum inhibitory
concentration  (antimicrobial-peptide-database) the
concentration range between the maximum concentration
of the tested peptide in which the microorganism is still
growing and is the lowest concentration of the peptide that
causes 100% microorganism death (Hetru and Bulet, 1997;
Potron et al., 2015).

MBC: To determine the minimal bactericidal concentration
(MBC), bacterial growth rates were measured after 96 hat
595nm (Hancock, 1999; Yamamoto, 2003). The lowest
concentration of the fractions that inhibited microbial growth
was determined as MBC, indicating 99.5% of the initial inoculum.
Microbial growth was monitored by increasing the optical density
at 595nm in a Victor’ microplate reader (1,420 Multilabel
Counter/Victor’, PerkinElmer) modified from O’Driscoll et al.
(2013). The assays were performed in triplicates.

MTT Assay in VERO Cells

The toxicity of patagonin-CRISP was evaluated in mammal
cells, i.e.,, VERO cells (African green monkey kidney cells,
Cercopithecus aethiops), using MTT assay (Molchanova et al.,
2017). Cells were cultured at 37°C in T25 flasks containing
5 ml Leibovitz medium (L-15), supplemented with 10% fetal
bovine serum, and kept in a CO, oven until reaching
confluence. In the exponential phase, they were suspended
in culture medium and counted in a hematocytometer to
determine the cell concentration for plating. The cells were
seeded in 96-well plates (2 x 10° cells/well) and cultured for
24h. The molecule was tested with eight two-fold serial
dilutions, starting from a concentration of 120 pg/ml, and
cells were exposed to the varying concentrations of the
molecule for 24 h. After this, 20 uL MTT (5 mg/ml in PBS)
was added for another 4 h at 37°C. The formazan crystals were
dissolved by adding 150 uL isopropanol, and the plate was
incubated at room temperature until all crystals were
dissolved. The cytotoxicity results were transformed into
percentages in relation to the control (100% viability). For
comparison between the treated and control groups, we used
the ANOVA parametric.

is

Hemolytic Assay

Human red blood cells (hRBCs) were collected from a healthy
donor in 0.15 M sodium citrate buffer pH 7.4, washed three times,
and centrifuged (700x g, 15min) in 0.15M PBS (137 mM NaCl,
2.7 mMKCI], Na 2 HPO410 mM, 1.76 mM KH 2 PO 4, and pH 7 4).
After the last centrifugation, the erythrocytes were suspended in
PBS, pH 7.4.50 uL (120 pg/ml), and protein aliquots were tested in
duplicate by adding 50 uL3% (v/v) solution of human erythrocytes
in PBS on a U-bottom plate and incubated for 3 h at 37°C. The
supernatant was transferred to a new flat-bottom microplate and
used to determine the hemolytic activity of the protein with
absorbance measurement at 405nm in a Victor3 (1,420
Multilabel Counter/Victor3, PerkinElmer) plate reader. The
percentage of hemolysis was expressed in relation to 100% of
the lysis control (erythrocytes incubated with 0.1% triton X-100);
PBS was used as a negative control.

Frontiers in Pharmacology | www.frontiersin.org

21

February 2021 | Volume 11 | Article 586705


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Badari et al.

TABLE 1 | Antimicrobial activity fractions from Duvernoy’s gland secretion.

Philodryas patagoniensis Snake Antimicrobial CRISP

ACN% Fraction Microorganism
Pseudomanas aeruginosa Bacillus subitilis Candida albicans Penicillium expansum
ATCC27853 ATCC6633 MDM8 (Bread isolated)
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FIGURE 1 | Purification steps and molecular mass characterization. (A) Chromatographic profile of Duvernoy’s gland secretion. Sample was subjected to a
\Jupiter® C18 semipreparative column (10 um, 300 A, 10 x 250 mm, Phenomenex™), with a 0-80% linear gradient of ACN in acidified water for 80 min at 2 ml/min flow
rate. Absorbance was monitored at 280 and 225 nm. The fractions indicated by the numbers (2, 31 and 33) had antimicrobial activity. (B) Second step of purification by
RP-HPLC. The chosen fraction (33) was subjected to an analytical column Jupi’[er® C18 (10 um, 300 A, 4.60 mm x 250, Phenomenex™) to check the
homogeneity. The prominent peak was hand collected and submitted to a test of the inhibition of microbial growth in a liquid medium and mass analyzing. The SDS-
PAGE analysis under reducing conditions shows a single band, with a mass of 25 kDa approximately, and confirms the fraction homogeneity. (C) Mass spectrometry
analyses. The deconvolution of the ions revealed an m/z of 24,848.8 Da. The spectrum was submitted to the MagTran® software.

RESULTS

Fractionation of the Molecules from

Durvenoy’s Gland Secretion

After being extracted, Duvernoy’s secretion was processed and
submitted (2 mg/ml) to a fractionation step on a semipreparative
C18 Japiter® HPLC apparatus. In all, 80 fractions were eluted by
the linear gradient of ACN (0-80%). All eluted molecules were
tested against the microorganisms in a liquid growth inhibitory
assay. Three fractions with antimicrobial activity were displayed
(2, 31, and 33) (Table 1).

The fraction eluted with =55% CAN (fraction 33) was chosen
for the characterization (Figure 1A). This fraction was active
against Pseudomonas aeruginosa (ATCC27853), Bacillus subitilis
(ATCC6633), and Penicillium expansum (isolated from bread) at

a concentration of 240 pg/ml. Fraction homogeneity was assessed
using RP-HPLC in an analytic column Jipiter® C18 LC-Column
(Figure 1B). The fractions collected were retested, and the
antimicrobial activity of the major peak was reconfirmed by
the inhibition of microbial growth in a liquid medium.

The molecule was applied (20 ug) to SDS-PAGE 20%
polyacrylamide under reducing conditions, where the mass
was compared with the molecular weight marker (Life
Technologies®). In the gel, the homogeneity of the sample was
confirmed (Figure 1B), and the molecular mass obtained was
between 28 and 18 kDa.

Protein Identification
Aliquots of molecules digested and not digested by trypsin were
analyzed separately by mass spectrometry in an LC-MS/MS,
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FIGURE 2 | Patagonin-CRISPidentification. (A) Through PEAKS Studio analyses with the Uniprot database, a cysteine-rich venom protein from Philodryas olfersii
(AAZ75603.1) was identified by the presence of some unique fragments in our molecule. (B)The unique peptide fragments obtained with 99% ALC. The ions belonging to
the y (red) and b (blue) series, indicated in the spectrum, correspond to the amino acid sequences of the peptide LVDFDSESPRRPEIQRVIVDTHNSYRR and AGNFAGR.

coupled with an LTQ-Orbitrap Velos. The analyses of the
undigested molecule by MagTran® revealed a single protein with
a mass (m/z) of 24,848.8 Da (Figure 1A), which corroborated the
results obtained in SDS-PAGE analyses. Analyses of digested
sample spectra with PEAKS Studio were used to compare the
spectrum with Uniprot databases; keeping in mind that a unique
peptide is defined as a peptide that exists only in one protein of
interest, irrespective of length (Zhao and Lin, 2010), we identified a
CRVP from Philodryas olfersii (AAZ75603.1) through the presence
of unique fragments in our molecule (Figure 2A).

The analyses performed using PEAKS Studio allowed us to
determine a peptide fragment of a primary structure of
patagonin-CRISP, obtained with 99% average local confidence

(ALC) from the N-terminal region, composed of 26 amino acids
(LVDFDSESPRRPEIQRVIVDTHNSYRR).  Another unique
short fragment belonging to the C-terminal region has also
been identified, and PEAKS Studio revealed a sequence
composed of seven amino acids (AGNFAGR) (Figure 2B).
The N-terminal sequence was submitted to BLAST analyses
using the BLAST protein function (BLASTp), which found a
100% identity and high reliability index with different fragments
of CRVPs (sequence IDs: AJB84505.1, Q09GJ9.1, AAZ75604.1,
P86537.1, POMG5.1, and others). One of these is patagonin
(P85099.1), a CRISP from Duvernoy’s gland secretion of
P. patagoniensis that was previously identified by Peichoto
et al. (2009) and deposited in the database (Peichoto et al., 2009).
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TABLE 2 | Minimum inhibitory concentration and minimum bactericidal concentration.

Microorganism MIC (ug/ml) M MBC (ug/ml) M
Pseudomanas aeruginosa (ATCC27853) 16-7.5 0.6-0.3 30-15 1.2-0.6
Penicillium expansum 7.5-3.7 0.3-0.15 30-15 1.2-0.6

MIC reports the minimum inhibitory concentration that is required to achieve 100% inhibition of microbial growth; MBC refers to the minimum inhibitory concentration that inhibits microbial
growth after 96 h.
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FIGURE 3 | Antimicrobial activity. In the graph it is possible to compare the results of the antimicrobial activity presented by the treatments with the samples in
comparison to the controls. Result of antimicrobial assays against Pseudomonas aeruginosa ATCC27853 (MIC 1 —in grey) and Penicillium expansum (MIC2 —in black)
by reading absorbance at 595 nm. BM —-Broth medium (PB to bacteria and PDB to fungus): 100 ul; H20 —sterile ultrapure water: 100 ul; MIC —microorganism: 20 pl of
sterile ultrapure water + culture medium with inoculums; ANT -antibiotics (Tetracycline to bacteriaand Anfotericin B to fungus): 20 pl ofantibiotic (10 mg/ml) +
culture medium with inoculums; PS —protein sample (0.3 uM for MIC 1 and 0.15 uM for MIC 2) in sterile ultrapure water: 20 pl of sample +culture medium with inoculums.
Obs.: Microorganisms shown in sterile microplates with a lid. The bacteria, being aerobic organisms, were kept under agitation. The incubation period was 18 h for
bacteria and 36 h for fungus, at 30°C (Orbital Shaker for Microplates).

ABS 595 nm
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Antimicrobial Assays
The antimicrobial activity of the native protein called patagonin-

CRISP was screened against Gram-negative and Gram-positive
bacteria, yeast, and fungus strains. The protein was active against
Pseudomonas  aeruginosa (ATCC27853) and Penicillium
expansum (isolated from bread). The MIC of patagonin-CRISP
was 15-7.5 pg/ml (0.6-0.3 uM) and 7.5-3.7 pug/ml (0.3-0.15 uM).
The MBC was 30-15pg/ml (1.2-0.6 uM) against both
microorganisms (Table 2). The results of the absorbance
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readings of the plates are shown in Figure 3. To confirm the N

antimicrobial activity of patagonin-CRISP again, the eluted PBS Patagonin-CRISP DMSO
protein from the gel was retested at a certain concentration

only against Pseudomonas aeruginosa (ATCC27853), and it FIGURE 4 | Cytotoxicity analysis. MTT assay analysis of patagonin-

CRISP against VERO cell line did not demonstrate significant cytotoxicity at
<120 pg/ml concentrations.

exhibited its effects at 120 ug/ml (4.8 uM).

Cytotoxicity

Cells from the Vero line were used to test the cytotoxicity of

patagonin-CRISP. Protein cytotoxicity was evaluated at the same statistically with analyses of variance (Molchanova et al., 2017),
concentration as the antimicrobial assay, and no sign of  followed by the Bonferroni post-test, executed in the Graph Pad
cytotoxicity was observed with patagonin-CRISP in the  Prism 5.0 software. The compiled results are presented in Figure 4.
concentration  range of 3-120pg/ml.  Viability = was Hemolytic activity was evaluated at a concentration of 120 pg/
approximately 97% after treatment, and no morphological  ml, the maximum concentration at which antimicrobial activity
changes were observed. The obtained data were analyzed  was tested, and no hemolytic activity was identified for human
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red blood cells (results not shown); this suggests that at other
concentrations (<120 pg/ml), it is not toxic.

Higher concentrations (>120 pg/ml) have not been tested due
to the small amount of native protein available.

DISCUSSION

CRISPs are widely distributed in reptile venom (Mosmann,
1983; Utkin, 2015) and exhibit a wide range of activities.
However, the biological activity of most CRVPs has not been
described, and their roles in envenomation remain unknown
(Osipov et al., 2005; Levinskaite, 2012; Adade et al., 2014; Samy
et al., 2014). In this work, we found a CRISP with antimicrobial
activity from Duvernoy’s gland secretion of the Philodryas
patagoniensis snake.

Using RP-HPLC and LC-MS/MS, we found a protein with a
molecular mass of 24,848.8 Da or the mass range presented by
CRISPs, which usually have weights of about 20-30kDa
(Eberspaecher et al., 1995; Osipov et al., 2005). CRISPs are a
group of nonenzymatic, single-chain proteins with homologous
amino acid sequences, containing 16 highly conserved cysteine
residues in the C-terminal region, forming eight disulfide
bridges. These features distinguish this family of proteins,
which also has two distinct functional domains: C-terminal,
that is, a cysteine-rich region, which includes an ion-channel
regulation domain (Gibbs et al., 2008), and N-terminal region,
which combines to form the CRISP, antigen 5, and PR-1domain
(Gibbs et al., 2008).

The CRISP we identified using PEAKS Studio was found to
be from Philodryas olfersii (AAZ75603.1) due to the presence
of some unique fragments in our molecule. According to
Zhao and Lin (2010), a fragment is defined as a single peptide
that exists only in one protein of interest and that peptide
may appear more than once in the protein’s amino acid
sequence. The analyses of patagonin-CRISP spectra
obtained from PEAKS Studio led us to determine a peptide
with 99% ALC. This peptide belongs to the N-terminal region
of CRISP and is composed of 26 amino acids in the sequence
LVDFDSESPRRPEIQRVIVDTHNSYRR. A unique short
peptide belonging to the C-terminal region was also
identified, and it is composed of seven amino acids
(AGNFAGR). We decided to focus on the N-terminal
peptide and submit it to BLAST protein analyses, which
found 100% identity with other peptides unique to
CRISPs. The application of the concept of unique peptides
to the identification of proteins increases confidence in the
results.

The amino acid sequence that makes up the N-terminal region
characterizes the super-conserved domain of this protein group
(Milne et al., 2003; Osipov et al., 2005; Modahl and Mackessy,
2019). One of the CRISPs found by BLASTp was patagonin
(P85099.1), a CRVP purified from the venom of P. patagoniensis.
Patagonin has a molecular mass of 24,858.64 Da and a peptide
characterized by 14 amino acid residues (VDFDSESPRRPEIQ)
(Peichoto et al., 2009). A subtle difference can be observed
between the molecular masses of patagonin and patagonin-

Philodryas patagoniensis Snake Antimicrobial CRISP

CRISP, probably due to a variation in the composition of the
amino acids.

The composition and the biochemical and pharmacological
properties of snake venom vary by species and even between
individuals of the same species. Diet, season, age, sex, and habitat
are directly related to these possible changes (Koh et al., 2006).
Thus, locality differences can lead to species-specific variation in
the genetic code and promoting minor changes in the amino acid
sequence of proteins but without compromising conserved
domains or their functions (Zamudio et al., 2016; Holding
et al., 2018).

The domain belonging to the N-terminal is responsible for
promoting interaction with the target cell (Milne et al., 2003;
Osipov et al., 2005; Gibbs et al., 2008). It is also known that the
PR-1 domain is related to antifungal activity and may also have
antimicrobial activity, amplifying defense signals via sterols or
effectors binding (Niderman et al., 1995; Tadokoro et al., 2020).
However, this is the first time that antimicrobial activity has been
reported for the CRISP family of proteins.

The toxins in snake venom have molecules of peptide and
nonpeptide origin and with wide chemical and functional
variability, and they have evident richness in bioactive compounds.
Previous findings indicate that proteins isolated from snake venom
can lead to the production of clinically and commercially viable drugs.
For example, we have the antihypertensive Captopril, using a peptide
extracted from Bothrops jararaca venom, and the antiplatelet agents
Integrilin (eptifibatide) and Aggrastat (tirofiban), taken from the
venom of Sistrurus miliarius barbouri and Echis carinatus,
respectively (Cushman and Ondetti, 1991; Koh and Kini, 2012;
Kini and Koh, 2020).

Other drugs are already under development, such as VRCTC-
310-Onco, composed of two toxins, a crotoxin isolated from the
poison of the Crotalus durissus terrificus and a cardiotoxin
isolated from the poison of the Naja atra (Calderon et al., 2014).

Many studies have shown the antimicrobial potential of snake
venom and their components (Perumalsamy et al., 2014). The
venom of snakes from the families Viperidae and Elapidae has
received the most exploration in the search for new antibiotics
and exhibit a broad spectrum of activity against different
microbial strains. At present, research is focused on combating
resistant microorganisms that pose a threat to both public health
and the economy (Bocian and Hus, 2020).

Patagonin-CRISP was screened against various strains of
microorganisms with liquid growth inhibition assay. The microbial
strains chosen are drawn from snakes’ oral cavities or are of medical
and economic relevance (Hetru and Bulet, 1997; Vassilara et al., 2017;
Yin et al,, 2017; Ghosh et al,, 2018; Yadav et al,, 2018).

The molecule acted against Pseudomonas aeruginosa, Gram-
negative bacteria, and Penicillium expansum, a filamentous
fungus. Four microbial strains were chosen to perform this
screening to identify antimicrobial activity for the native
protein. Because venom yields from rear-fangs snakes can be
very low and we were using a native protein (Modahl and
Mackessy, 2019), this provides a certain limitation on
production until a synthetic protein is available.

The MIC obtained for patagonin-CRISP in this study suggested
a potent activity with low concentrations (0.6-0.3 uM against P.
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aeruginosa and 0.3-0.15 uM against P. expansumy). The same was
true for MBC, where the protein showed activity at concentrations
below 1.2 uM, which means that a low quantity of the protein
would be required to inhibit microbial growth; further, it does not
show cytotoxicity and hemolytic activity at the concentrations
tested. This result highlights the advantages of exploring the
protein here identified, in view of the need for new effective
substances, that can fight bacterial species that become resistant
after a few days or even hours of exposure (Niderman et al., 1995;
Overbeck et al., 2017; Gomes et al., 2018).

The identification of new antimicrobial agents originating
from venom, which present different targets of action, together
with the search for new routes of administration, makes this a
very promising line of research (Bocian and Hus, 2020).

The mode of action of patagonin-CRISP remains unclear, but
it is known that some CRVPs have already been characterized to
inhibit several ion channels, which suggest that patagonin-CRISP
might recognize and act on certain membrane targets (Martinac
etal.,, 2008; Modahl and Mackessy, 2019). Our next step will be to
express and obtain recombinant protein to allow it to be tested on
a larger microbial spectrum so that we can investigate the
mechanism of action of patagonin-CRISP.

Natural products are promising candidates against multidrug-
resistant pathogens and for the suppression of biofilm formation
due to their activities and low toxicity. They also can help the
entry of other substances into cells, such as antibiotics, and act as
antiresistance compounds to classic antibiotics (Dosler and
Karaaslan, 2014).

CONCLUSION

These results indicate a new function of a CRVP and indicate a
pharmacologically relevant substance for exploration. This article
reports the identification of the first CRISP from Philodryas
patagoniensis Duvernoy’s gland secretion with antimicrobial
activity against Gram-negative bacteria and filamentous fungus.
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Bee venom (BV), a type of defensive venom, has been confirmed to have
favorable activities, such as anti-tumor, neuroprotective, anti-inflammatory,
analgesic, anti-infectivity effects, etc. This study reviewed the recent progress
on the pharmacological effects and mechanisms of BV and its main
components against cancer, neurological disorders, inflammatory diseases,
pain, microbial diseases, liver, kidney, lung and muscle injury, and other
diseases in literature during the years 2018-2021. The related target proteins
of BV and its main components against the diseases include Akt, mTOR, JNK,
Wnt-5a, HIF-1a, NF-xB, JAK2, Nrf2, BDNF, Smad2/3, AMPK, and so on, which
are referring to PI3K/Akt/mTOR, MAPK, Wnt/p-catenin, HIF-1a, NF-kB, JAK/
STAT, Nrf2/HO-1, TrkB/CREB/BDNF, TGF-#/Smad2/3, and AMPK signaling
pathways, etc. Further, with the reported targets, the potential effects and
mechanisms on diseases were bioinformatically predicted via Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway, disease ontology
semantic and enrichment (DOSE) and protein-protein interaction (PPI)
analyses. This review provides new insights into the therapeutic effects and
mechanisms of BV and its main components on diseases.

KEYWORDS

bee venom, melittin, phospholipase A,, pharmacological effect, effect mechanism,
bioinformatic analysis

Introduction

Under the dual selection of natural selection and genetic evolution, the animal
kingdom has long evolved a unique defensive venom system (Casewell et al., 2013). Bee
venom (BV), a type of defensive venom, is generated in the bee’s venom glands and stored
in the abdominal poison sac. (e.g., Apis mellifera) (Aufschnaiter et al., 2020). BV is a clear
liquid with bitter taste, strong fragrance, pH value at 4.5-5.5, and specific gravity of 1.13,
which is prone to volatilize and crystallize in the air (Khalil et al., 2021). BV contains
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smaller proteins, peptides and enzymes such as melittin (MEL),
apamin, phospholipase A, (PLA,) and other components
referring to amines, sugars and minerals (Aufschnaiter et al.,
2020; Khalil et al.,, 2021).

Based on these active components, BV has multiple diverse
pharmacological effects. Some reviews have retrieved the
pharmacological progress on one or a few aspects of BV,
mainly referring to anti-tumor (Dutta et al, 2019; Mirzaei
et al., 2021), neuroprotective (El-Seedi H. R. et al., 2020), anti-
inflammatory (Dutta et al, 2019), analgesic (Kim and Han,
2020), anti-infectivity effects (El-Seedi H. 2020),
improving wound healing (Kurek-Gorecka et al., 2021), and

et al,

other effects. Recently, Khalil et al. (2021) also summarized
the therapeutic effects of BV in treatment of cancers, multiple
sclerosis, dementia, osteoarthritis, rheumatoid arthritis (RA), and
wounds, etc. These demonstrates that BV has a wide range of
clinical applications could be attributed to its multi-target and
multi-pathway characteristics. However, so far, there is still a lack
of comprehensive and systematic pharmacological analysis of BV
with multiple targets and pathways, which is unbeneficial to
understanding the integrative pharmacological effect and
mechanism of BV and its main components on diseases.

the past 10 years, e.g.,
Encyclopedia of Genes and Genomes (KEGG) pathway,

In bioinformatic analyses,
disease ontology semantic and enrichment (DOSE) and
protein-protein interaction (PPI) analyses, etc., have been
widely used in the investigation fields of genomics and
proteomics, due to that they can comprehensively discover the
biological mysteries of large and complex biological data
accounting for physiological and pathological alternations of

organism, or changes of organism in response to external

stimuli (Yu et al, 2015 Wen et al, 2022). For the
bioinformatic analyses, differentially ~expressed miRNAs
(differentially ~expressed genes (DEGs) or differentially

expressed proteins (DEPs) from omics experiments are
screened firstly, and KEGG and disease ontology (DO)
databases can then be called online by R language platform
with the screened DEGs or DEPs to identify enriched
pathways and related diseases usually using a two-tailed
Fisher’s exact test. Meanwhile, all DEGs or DEPs can be
searched against the STRING database for protein-protein
interactions and can be visualized in R package to predict the
key hub targets (genes or proteins). At present, by means of these
bioinformatic ideas and tools, the potential therapeutic effects
and mechanisms of several natural active ingredients, such as
ginsenoside Rb;, Re and Tanshinone ITIA have been analyzed
systematically and deeply through mining their reported targets
and pathways from literature, which indeed provide a lot of
inspiration and clues for the future study of these ingredients
(Zhong et al., 2021; Cai et al., 2022; Lin et al., 2022). Reasonably,
with the help of bioinformatic tools, it should also be able to
comprehensively understand the therapeutic effects and
potential targets and mechanisms of the main ingredients in
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BV by mining their reported targets and pathways from previous
reports.

Hence, in this paper, articles published from 2018 to
2021 and archived in Web of Science and PubMed databases
were searched mainly using the keywords “bee venom and
pharmacology,” supplemented with the keywords “bee venom
and cancer” and “melittin and cancer,” and the duplicate articles
were excluded. Based on these articles, we reviewed the current
progress mainly from year 2018-2021 on the investigation of
pharmacological effects and mechanisms of BV and its main
components, mainly MEL, bvPLA, and apamin. The reported
action targets and pathways of them against cancer, neurological
disorders, inflammatory diseases, pain, microbial diseases, liver,
kidney, lung and muscle injury, and other diseases were
summarized. Further, the possible anti-ill mechanisms of BV
and its main components comprehensively and
systematically studied through DOSE, KEGG pathway, and
PPI analyses according to the reported targets. The present

were

study has deeply understood the pharmacological effects and
mechanisms of BV and its main components against ills, which
will help to promote the development and clinical application
for BV.

Main components of bee venom

MEL, bvPLA, and apamin are three main components in BV,
which are the important material basis for BV to exert its
pharmacological effects, and their structures are shown in
Figure 1.

Melittin

MEL is the dominant component, which is consisting of 26-
residue peptide and representing about 40%-60% BV’s dry
weight (Wehbe et al,, 2019). The carboxyl terminal of MEL
contains positively charged amino acids, while the amino
terminal is hydrophobic. Therefore, it both
hydrophilic and hydrophobic properties. Both the MEL
molecules and the membrane-bound MEL are through a

contains

spirally connected (Raghuraman and Chattopadhyay, 2007).
Apart from its non-specific biofilm dissolution characteristics
(Carpena et al., 2020), it has significant antibacterial, anti-tumor,
and other effects (Pashaei et al., 2019; Yu et al., 2020).

Bee venom phospholipase A,

PLA, is a 128 amino acids single polypeptide chain
containing four disulfide bridges. The bvPLA, pertains to the
group III secretory PLA, (sPLA,) enzymes, accounting for 12%-
15% of BV’s dry weight (Wehbe et al., 2019; Carpena et al., 2020).
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FIGURE 1

The structures of (A) MEL (PDB ID 6dst), (B) bvPLA, (PDB ID 1poc) and (C) apamin (PDB ID 7oxf). Structure (A) and (C) appear to be dominated by
a-helix while structure (B) is dominated by a combination of a-helix and B-pleated sheet.

It hydrolyzes the sn-2 fatty acyl ester bond of membrane
fatty
lysophospholipids, and this catalytic activity disrupts cell

glycerol-3-phospholipids  to liberate acids and
membranes, contributing to its anti-tumor, anti-infectivity,
and other effects (Putz et al., 2007; Carpena et al., 2020).
Besides, the abundant amino acids in bvPLA,, leucine and
lysine, promotes the phenomenon

(Pattabhiramaiah et al., 2020).

of neurotoxicity

Apamin

Apamin, an 18 amino acid peptide, makes up 2%-3% of its
total dry weight (Gu et al., 2020). It is formed by a disulfide bond
between two cysteines, which shapes its highly stable and
compact chemical structure (Nguyen et al., 2015). Apamin has
demonstrated the potential benefits in anti-atherosclerosis, anti-
heart failure, and improvement of neurological disorders (Gu
et al., 2020).

Anticancer effects

The incidence rate of cancer, the most serious cause of
death, is constantly testing the global medical system’s coping
and resolving ability (Sung et al., 2021). The morbidity of
many cancers, e.g., lung cancer, breast cancer, and colorectal
cancer is still high, and the exploration of various forms,
approaches and strategies of cancer treatment is still serious
(Siegel et al., 2021). Animal-derived venoms are rich in a large
number of active proteins and enzymes and have potential
anticancer activities (Ejaz et al., 2018). As a promising natural
product, BV and its main component MEL can regulate the cell
cycle, change the permeability of cell membrane, inhibit the
proliferation and migration, and promote endogenous/
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exogenous apoptosis and autophagy and other regulatory
cell death modes to promote cell death (Mirzaei et al,
2021). Thus, it shows potential in strategies for inhibiting
the occurrence and development of cancer and tumor (Wehbe
et al.,, 2019; Carpena et al., 2020), as shown in Table 1, and the
main affected targets and pathways in anticancer effects of BV
is shown in Figure 2.

Anti-lung cancer research

In 2020, Lung cancer became the second most common
malignancy worldwide with an incidence rate of 11.4% (Sung
etal., 2021), mainly non-small cell lung cancer, occupying 80% of
all new lung cancer cases (Sugarbaker and Dasilva, 2011). BV
could inhibit epithelial-mesenchymal transition (EMT), increase
the expression of vimentin, down-regulate the E-cadherin
expression, and inhibit the recombination of F-actin related to
the tumor metastasis in lung cancer A549, H1739 and H23 cells
induced by epidermal growth factor (EGF). In A549 cells, BV
decreased the phosphorylation of extracellular-regulated kinase
(ERK), c-Jun N-terminal kinase (JNK), focal adhesion kinase
(FAK) and mammalian target of rapamycin (mTOR), and
eventually provoked the decrease of the transcription factors
zinc finger E-box-binding homeobox 2 (ZEB2) and Slug in the
EMT, suggesting its potential function in anti-cancer cell
metastasis (Jeong et al., 2019). At the same time, as the main
component of BV, MEL had a blockade effect on transforming
growth factor-p (TGF-B), ERK and phosphorylated ERK in the
ERK signaling pathway, resulting in the synthesis of Caspase-3
and Apaf-1 proteins that promoted apoptosis in A549 cells, and
the cell growth, migration, invasion and other activities were
blocked (Yu et al, 2020). Similarly, MEL also increased the
apoptotic ratio in ChaGo-K1 of lung cancer, and the
expression of mitogen activating protein-kinase activating
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TABLE 1 Summary of the anti-cancer effects and mechanisms of BV and its main components.

BV and/or Model
its components
Lung cancer

BV Lung cancer

MEL Lung cancer
MEL Lung cancer
MEL Lung cancer
MEL Lung cancer

MLT@ZIF-8 NPs Lung cancer,

cervical carcinoma

MpG@LPN Lung cancer

Breast cancer

BV, MEL, MEL and
docetaxel

Breast cancer

Cell/Animal (BV
etc. administration)

A549 (EGF induce; 0.1, 0.5, 1 and
2 pg/ml, for 1, 2, 12 and 24 h)

H1739, H23 (EGF induce; 0.1, 0.5,
1 and 2 pg/ml, for 12 h)

Effects

Inhibit cell migration and
invasion; inhibit EMT

Inhibit EMT

10.3389/fphar.2022.1001553

Mechanisms

|F-actin recombination; |EMT:
TE-cadherin, |vimentin, |ZEB2,
|Slug; | MARK pathway: |p-
ERK, |p-JNK; |[mTOR pathway:
1p-FAK, |p-mTOR, |p-p70S6K,
|p-4E-BP1

|F-actin recombination; |EMT:

TE-cadherin, |vimentin

A549, H358 (2 pg/ml, for 24,
48 and 72 h)

Male nude mice (5 mg/kg, local
injection, once every 3 days for
21 days)

ChaGo-K1 (0.7 and 2.5 puM,
for 24 h)

A549/DDP (2, 4 and 8 pg/ml,
for 48 h)

Balb/c athymic nude mice
(2 mg/kg, i.p., every 7 days for
3 weeks)

NCI-H441 (0.5, 1, 2 and 4 pg/ml,
for 24, 48 and 72 h)

A549 (2 pg/ml, for 72 h)
Balb/c nu/nu mice (5 mg/kg, s.c.,
daily treated for 4 weeks)

A549 (2, 4 and 8 pg/ml, for 24 h)

Hela (1, 2, 4, 6 and 8 ug/ml,
for 24 h)

Ul4 tumor-bearing Kunming
mice (MEL containing 1 mg/kg,
i.v., daily treated for 3 days)

A549 (5, 10, 15, 20 and 25 pg/ml,
for 3, 24 and 48 h)

Female athymic nude mice
(5 mg/kg, i.v., every other day for
5 times)

SUM159 (2.5, 5, 5.58, 10, 15 and
20 ng/uL (BV), 2.5, 4.24, 5, 10,
15 and 20 ng/uL (MEL), for 1,
18 and 24 h)

SKBR3 (2.5, 5, 5.77, 10, 15 and
20 ng/uL (BV), 2.5, 5, 10, 15 and
20 ng/pL (MEL), for 1 and 24 h)

Inhibit cell growth, migration
and invasion; induce apoptosis

Inhibit tumor growth, prolong
the survival time of mice

Cell shrinkage and floating;
inhibit cell proliferation and
migration; promote apoptosis/
necrosis; G0/G1 phase arrest

Inhibit the Warburg effect;
inhibit cell growth and induce
apoptosis

Inhibit tumor growth and
reduce tumor size and mass;
enhance the sensitivity of
tumor and cells to cisplatin

Promote cell apoptosis, inhibit
migration and invasion;
inhibit cell growth

Inhibit cell growth

Inhibit tumor growth

Cells become smaller and
round, chromatin condenses
and nucleus shrinks; inhibit
cell activity; promote apoptosis
and reduce hemolysis

Inhibit cell activity

Inhibit tumor growth

Induce apoptosis; reduce
hemolysis and nonspecific
cytotoxicity

Inhibit tumor growth and
reduce liver injury; improve
tumor targeting ability

The plasma membrane shrinks
and is destroyed; reduce cell
viability, induced cell death/
apoptosis

Reduce cell viability

TCaspase-3, TApaf-1; |ERK
signaling pathway: | TGF-p,
|ERK, |p-ERK
|TGF-B, |ERK

1Bcl-2, [MADD

|Tripartite motif-containing 8
(TRIMS); Akt pathway: |p-Akt

|miR-183, |Bcl-2, TCaspase-
2, TBax

TCaspase-2

Tp53, TBax, TCyt C, TCaspase-3,
TCaspase-9, |p-Akt, |PI3K,
|Bcl-2

TCaspase-3

PI3K/Akt and MAPK signaling
pathway: Tcleaved Capsase-3,
Tp-p44/42 MAPK, Tp-Akt, |p-
EGER (BV).

PI3K/Akt and MAPK signaling
pathway: Tcleaved Capsase-3,
Tp-p44/42 MAPK, Tp-stress-
activated protein kinase (SAPK)/
JNK, Tp-p38 MAPK, |p-EGFR,
|p-Akt (MEL)

PI3K/Akt and MAPK signaling
pathway: |p-HER2, |p-EGFR,

Reference

Jeong et al. (2019)

Yu et al. (2020)

Tipgomut et al.
(2018)

Zhang et al.
(2021)

Gao et al. (2018)

Li et al. (2018)

Ye et al. (2021)

Duffy et al. (2020)
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TABLE 1 (Continued) Summary of the anti-cancer effects and mechanisms of BV and its main components.

BV and/or

its components

Model Cell/Animal (BV

etc. administration)

MDA-MB-231 (2.5, 5, 10, 15 and
20 ng/uL (MEL), for 1 h)
BALB/c] female mice (5 mg/kg
(MEL) and/or 7 mg/kg
(docetaxel), intratumoral
injection, on days 3, 5, 7, 9, 11,
13 and 15 post inoculation of
TI11 cells)

Effects Mechanisms Reference

|p-p44/42 MAPK, |p-Akt, |p-
SAPK/JNK, |p-p38 MAPK
— 1p-EGFR, |p-MARK (MEL)

Reduce tumor cell
proliferation; enhance cell
sensitivity to docetaxel (MEL)

|PD-L1, |p-EGER, |p-
HER2 (MEL)

BV Breast cancer, MDA-MB-231 (8, 12, 25, 50 and  Induce nuclear reduction; |DNA methylation Uzuner et al.
hepatocellular 100 pg/ml, for 45 min and 24 h)  reduce cell viability; reduce (2021)
carcinoma mitochondrial membrane

permeability; reduce 5meC

and 5hmC; make 5 fC and

5caC increase first and then

decrease
HepG2 (8, 12, 25, 50 and 100 ug/  Reduce cell viability; reduce TDNA methylation
ml, for 45 min and 24 h) mitochondrial membrane

permeability; increase mtDNA

CNV; make 5meC, 5hmC, 5 fC

and 5caC increase first and

then decrease

BV Breast cancer, lung MCF-7, A549 (for 24 h) Inhibit cell proliferation; TH,O,; |Cyclin D1, |The Yoon et al. (2018)
cancer GI phase arrest nuclear translocation of NF-kB

MEL Breast cancer 4T1, MCF-7 Inhibit cell viability TBax/Bcl-2 Chang et al.

Mice (i.p.) Improve tumor — (2020)
radiosensitivity; inhibit tumor
growth
MEL Breast cancer 4T1 (0.125, 0.25, 0.5, 1, 2, 4, 8, Inhibit cell proliferation TMfnl, 1Drpl Moghaddam et al.
16 and 32 pg/ml, for 72 h) promote cell hemolysis and (2020)
apoptosis
MEL Breast cancer MDA-MB-231 (5% O, induce; 1,  Inhibit cell proliferation and TBax, TNF-a |HIF-1la signaling ~ Mir Hassani et al.
2 and 4 pg/ml, for 6 and 24 h) induce apoptosis; adjust TME ~ pathway: |[NF-«B, |HIF-1a, (2021)
|LDHA, |VEGFA
BV, MEL Breast cancer MCF-7 (0.1, 1, 10, 50 and 100 pg/  Inhibit cell growth — Lischer et al.

BV (combined with  Breast cancer
hesperidin, piperine,

tamoxifen)

BV, BV and
Annona muricata
fruit

BV, BV and
cisplatin

ml (BV), 0.1, 1, 5, 10, 25 ug/ml
(MEL), for 24 h)

MCEF-7, T47D (at a non-constant
combination concentration,
for 24 h)

Breast cancer Wistar albino rats
(N-methylnitrosourea induce;

75 pg/kg (BV), s.c., 2 dose of BV
on the 4th and 16th day of
gestation, 200 mg/kg (A. muricata
fruit), from day 4 of pregnancy till
weaning, 75 ug/kg (BV) and

200 mg/kg (A. muricata fruit))

4T1 (2, 4, 6, 8 and 10 pg/ml (BV),
5, 10, 15, 20, 25 and 30 pg/ml
(cisplatin), 2, 4, 6, 8 and 10 pg/ml
(BV) and 10 pg/ml (cisplatin),
for 24 h)

Breast cancer

(2021)

Khamis et al.
(2018)

Reduce cell viability and TBax, |Bcl-2, |ERa, |EGFR
induce apoptosis; G2/M phase

arrest

IMDA, TCAT, 1SOD; |[MMP-1,
INF-kB, | TNF-a, |p53,
|Calretinin, TCaspase-3

El-Beltagy et al.
(2021)

Restore ovarian tissue
structure and damage

Reduce cell viability and — Arani et al. (2019)
induce death; promote the

cytotoxicity of cisplatin to cells

MEL, MEL and
plasma-treated
phosphate buffered
saline solution

Breast cancer, skin
cancer (melanoma)

MCEF-7, A375(0.5,1, 1.5and 2 pg/
ml (MEL), 0.5, 1, 1.5 and 2 pg/ml
(MEL) and 10% (plasma-treated
phosphate buffered saline
solution), for 24 h)

Frontiers in Pharmacology

Reduce cell viability; induce —
late apoptosis/necrosis and

lipid peroxidation; inhibit

tumor growth, reduce tumor

size and mass

Shaw et al. (2019)
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TABLE 1 (Continued) Summary of the anti-cancer effects and mechanisms of BV and its main components.

BV and/or
its components

Model

MEL loaded on FA-
PENSs

Breast cancer

MEL loaded on
nGO, GN and ND

Breast cancer

MEL loaded on
niosome

Breast cancer

MEL loaded on
CA-MNPs

Breast cancer

MEL loaded on
APNPs

Breast cancer

MELloaded on PIC  Breast cancer

Cell/Animal (BV
etc. administration)

MDA-MB-231 (15 pg/ml, for
24 and 48 h)

MCEF-7, MDA-MB-231 (10 mg/L
(MEL), 20 mg/L (MEL) and

10 mg/L (GN), 20 mg/L (MEL)
and 10 mg/L (nGO), 20 mg/L
(MEL) and 10 mg/L (ND),

for 24 h)

4T1 (72.42 uM (MEL), 97.41 uyM
(melittin-loaded niosome), for
72 h); SKBR3 (65.13 uM (MEL),
85.76 uM (melittin-loaded
niosome), for 72 h)

Female BALB/c inbred mice

(3 and 6 mg/kg (MEL), 1.5 and
3 mg/kg (melittin-loaded
niosome), i.p., daily injection for
20 days)

MCE-7 (0.097, 0.195, 0.39, 0.781,
1.56, 3.125, 6.25 and 12.5 pg/ml,
for 48 h)

MDA-MB-231 (0.25, 0.5 and

1 uM, for 3 days)
Tumor-bearing mice (24 pg per
mouse, i.v., 3 times a week for
2 weeks)

Effects

Lead to apoptosis and cell cycle
arrest

The cell bodies shriveled and
cell protuberances were
shortened; reduce cell
metabolic activity; induce cell
necrosis and apoptosis

Reduce cell viability; promote
cell apoptosis, inhibit
migration and wound healing

Inhibit tumor growth, reduce
tumor volume and the number
of inflammatory cells in tumor;
inhibit weight loss in mice

Inhibit cell growth; improve
the ability of magnetic
targeting tumor

Inhibit cell growth

Promote tumor cell apoptosis;
inhibit the tumor growth;
improve tumor targeting

ability

MCEF-7 (15 and 30 pg/ml, for 3,
7 days)

Enhance the uptake and the
cytotoxicity of MEL; inhibit
cell growth; reduce hemolysis
and prevent MEL degradation;
improve tumor targeting
ability

Mechanisms

|Cyclin D1, |Bcl-2, |Caspase-8

TROS; TBax, Thigh temperature

requirement protease A (HTRA),

TCaspase-3, TCaspase-8, |p21,
|XIAP

TCaspase-3, TCaspase-9, TBax,
|MMP-2, |MMP-9, |Bcl-2

Reference

Motiei et al.
(2021)

Daniluk et al.
(2020)

Moghaddam et al.
(2021)

Hematyar et al.
(2018)

Yu et al. (2018)

Raveendran et al.
(2020)

Cervical cancer

BV Cervical cancer HeLa, Caski (1, 5 and 10 ug/ml,  Reduce cell viability; inhibit
for 12, 24 and 48 h) cell proliferation, migration
and wound healing; promote
cell death and apoptosis
BV Cervical cancer, HeLa (12.5 pg/ml, for 12 h); A549  Cell contraction, irregular

lung cancer, breast
cancer

(3.125 and 12.5 pg/ml, for 12 h);
MDA-MB-231 (6.24 and 12.5 pg/
ml, for 12 h)

MEL Cervical cancer

MEL loaded on
PEG-GO-Fe;0,

Cervical carcinoma

BV loaded on NFC  Cervical carcinoma

Frontiers in Pharmacology

character and cell membrane
damage; reduce cell viability
and induce apoptosis

HeLa (1, 1.8 and 4 pg/ml,
for 12 h)

HelLa (13 pg/ml (PEG-GO-Fe;0,/
MEL), containing 5 pg/ml (MEL),
for 24, 48 and 72 h)

HeLa (500 pg/ml, for 24 and 48 h)

Cell shrinkage, cytoplasm
condensation, cell structure
became disorder and lost
shape; inhibit cell proliferation
and induce apoptosis

Prevent MEL from
denaturation or degradation;
induce cell contraction,
deformation and membrane
rupture; inhibit cell growth
and promote apoptosis

Cell contraction and cell
membrane blistering; promote
apoptosis

34

Tp21, Tp27, Tp53, TRb, TBax,
Tcleaved PARP, |Cyclin A,
|Cyclin B, |Bcl-2, |Bcl-xL,
|HPV E6, |HPV E7, |pro-
Caspase-3, | pro-Caspase-9;
|Mitotic signaling pathway:
LAKkt, |p-Akt, |JNK, |p-JNK,
1p38, Lp-p38, |paa/a2, lp-
pa4/42

Da-Hyun Kim
et al. (2020)

Borojeni et al.
(2020)

Zarrinnahad et al.
(2018)

Qi et al. (2020)

Alalawy et al.
(2020)
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TABLE 1 (Continued) Summary of the anti-cancer effects and mechanisms of BV and its main components.

BV and/or
its components

Model

Cell/Animal (BV
etc. administration)

Pancreatic cancer, gastric cancer, and colorectal cancer

MEL PDAC

MEL Gastric cancer
BV, MEL Colorectal cancer
MEL Colorectal cancer,

gastric cancer

BV, MEL, bvPLA, Colorectal cancer

BV Colorectal cancer

PDAC cells (SW 1990, etc. 3 pg/
ml, for 48 h)

AGS (0.05, 0.1 and 0.15 puM,
for 24 h)

HCT-116, SW-480 (1, 5 pg/ml,
for 24 h)

COLO205, HCT-15, AGS (5,

10 and 20 pg/ml, for 30 s, 1, 5, 10,

15 min and 4 h)

HCT116 (14.05 ug/ml (MEL),
10 and 50 pg/ml (bvPLA,),
for 24 h)

HT-29 (7.5, 15 and 30 pg/ml, for

24 and 48 h)

Effects

Inhibit cell growth, migration,
wound healing and EMT

Reduce cell viability; inhibit
cell migration, invasion and
EMT; inhibit cell adhesion and
colony formation

Reduce cell viability; induce
early and late apoptosis; affect
the biotransformation of
cancer cell

Cytoplasmic contraction and
cell membrane damage; inhibit
cell growth and induce cell
death

Reduce cell viability and
inhibit proliferation (BV,
MEL); MEL and bvPLA,
synergistically inhibited cell
proliferation

Inhibit cell proliferation and
promote apoptosis

Mechanisms

TNONHSAT105177; |EMT
pathway: |Snail, |Slug,
|vimentin, TE-cadherin

|MMP-2, |[MMP-9, | MMP-13;
PI3K/AKkt signaling pathway: |p-
Akt, |PI3K; | Wnt/B-catenin
signaling pathway: |Wnt-5a, |B-
catenin, |vimentin, |N-cadherin,
TE-cadherin; BMP/Smad
signaling pathway: |Smad 1/5/8,
|BMP, Tglycogen synthase
kinase 3a/B (GSK3 a/p)

TMitochondrial apoptosis
pathway: TFas, TCaspase-9;
|CYPIAL, |GSTPI, | Bcl-2, |Bax
(except HCT-116 with BV),
TMRP-2 (HCT-116 with MEL),
|MRP-2 (SW-480 with MEL)

T15-lipoxygenase-1

Reference

Wang et al.
(2018)

Huang et al.
(2021)

Nikodijevic et al.
(2021)

Soliman et al.
(2019)

Yaacoub et al.
(2021)

Zare et al. (2019)

MEL loaded on
oligopeptide
alginate NPs

Human clonal
colon
adenocarcinoma

Hepatocellular carcinoma

MEL Hepatocellular
carcinoma

MEL Hepatocellular
carcinoma

BV, MEL, BV and  Hepatocellular
sorafenib; MEL and carcinoma

sorafenib

Bladder cancer

MEL Bladder cancer

Caco-2 (2.5 and 5 uM, for 48 h)

HepG2 (3,5and 10 pg/ml, for 4, 8,

12, 24, 48 and 72 h)

Induce cell death

Inhibit cell growth, induce
apoptosis and autophagy

SMMC-7721 (CoCl, induce; 2 and  Inhibit the formation of EMT

4 pg/ml, for 24 h)

Huh7, HepG2 (2 and 4 pg/ml,
for 24 h)

BALB/c nude male mice (50 and
100 pg/kg, i.v., daily injection for

11 days)

HepG2 (at a non-constant
combination concentration,
for 24 h)

T24, 5637 (4 pg/ml, for 48 h)

and VM; reduce cell viability;
inhibit cell migration and
invasion

Inhibit the formation of VM;
reduce cell viability; inhibit cell
migration and invasion
Inhibit tumor growth and
reduce tumor volume

Reduce cell viability and
inhibit proliferation; G2/M
phase arrest

Inhibit cell proliferation and
migration

1Bcl-2, |p62, TBeclin 1, TLC3;
TMitochondrial apoptotic
pathway (When autophagy is
inhibited): TCyt C, TCaspase-3,
TCaspase-9

|N-cadherin, |vimentin, T
E-cadherin, |VEGF, | MMP-2,
IMMP-9; | Akt pathway: |HIF-
la, |p-Akt

|VEGF, |MMP-2, | MMP-9,
HIF-1a

|HIF-1a

TMDA; Tp53, TBax, TCaspase-3,
TCaspase-7, TPTEN, |Bcl-2,
1Cyclin D1, |HIF-1a, |VEGF,
|Racl, |MMP-9, |NF-xB

|PI3K/Akt pathway: |LPARI,
|COL5A1, |COL6A2; | TNF

Wattanakul et al.
(2019)

Lv et al. (2019)

Chen et al. (2019)

Mansour et al.
(2021)

Jin et al. (2018)
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TABLE 1 (Continued) Summary of the anti-cancer effects and mechanisms of BV and its main components.

BV and/or Model Cell/Animal (BV Effects Mechanisms Reference
its components etc. administration)

pathway: |CXCLI, |CXCL2,

|CXCL3
MEL Bladder cancer UM-UC-3, 5637 (2, 4 and 6 ug/ Inhibit cell proliferation, |IMAPK pathway: | ERKS5, Yao et al. (2020)
ml, for 24 h) migration and invasion IMEKS, |ERK1/2, |p-ERK1/2,

|JNK, |p-JNK, |p-p38, |NRAS,
|PAKI, |PAK2, |EGFR; | V-
ATP: TATP6VIF, | ATP6VOB,
JATP6VICI, |ATP6VIE,
JATP6VOC, |ATP6V0A2

Skin cancer

BV,MEL,MELand Melanoma A375SM (1, 2.5 and 5 pg/ml (BV,  Inhibit cell growth, migration, Tcleaved Caspase-3, Tcleaved Lim et al. (2019)
temozolomide MEL), 50 uM (temozolomide), 1,  invasion and promote Caspase-9, | MITF; |PI3K/Akt/
2.5 pg/ml (MEL) and 50 uM apoptosis mTOR pathway: |p-PI3K, |p-
(temozolomide), for 24 and 72 h) Akt, |p-mTOR; |MAPK

signaling pathway: |ERK,]|p-
ERK, |p38, | MMP-2

B16F10 (0.5, 1, 2.5 and 5 pg/ml Inhibit cell growth, migration, —

(BV, MEL), for 24, 72 h); SK- invasion and promote

MEL-28 (1, 2.5 and 5 pg/ml (BV, apoptosis; inhibit melanin

MEL), 50 uM (temozolomide), 1,  production

2.5 pg/ml (MEL) and 50 uM

(temozolomide), for 24 and 72 h)

MEL-AF Melanoma A375 (1, 2 and 3 pg/ml, for Inhibit cell proliferation, TF-actin, |EGFR (MEL-AF); Sangboonruang
2 and 24 h) migration and invasion, and TMitochondrial pathway: TCyt et al. (2020)
induce apoptosis C, TCaspase-3, TCaspase-9
MEL, MEL and 5-  Skin squamous cell A431 (0.52 uM (MEL), 025 uM  Cell abscission and — Ombredane et al.
fluorouracil carcinomas (5-fluorouracil), 0.52 uM (MEL) contraction, DNA (2021)
and 0.25 pM (5-fluorouracil), fragmentation; inhibit cell
for 72 h) proliferation and induce

apoptosis/necrosis; S and G2/
M phase arrest; enhance the
sensitivity of cells to 5-

fluorouracil
BV, BV and HNSCC UMSCC12, UMSCC29, Reduce cell viability and TBax, |Bcl-2, |[EGFR Grawish et al.
cisplatin UMSCC38, UMSCC47 (at a non-  inhibit growth; G2/M phase (2020)
constant combination arrest
concentration, for 24 h)
Leukemia
MEL Leukemia CCRF-CEM, K-562 (1, 10 and Reduce cell viability and TCaspase-3/7 pathway: Ceremuga et al.
100 uM, for 24 and 48 h) induce apoptosis Thydrolytic activity of Caspase-  (2020)
3/7
MEL Leukemia Jurkat (10~° M, for 0.5 h) Inhibit cell survival; increase — Gasanoff et al.
permeability through the (2021)
plasma membrane
Melectin Leukemia K562 (10, 20, 30 and 40 pM, for Destroy cell membrane; inhibit ~ TLDH Liang et al. (2021)
0.5 and 4 h); K562/ADM, HL-60, cell proliferation
Jurkat (10, 20, 30 and 40 uM,
for 4 h)
Other tumors
MEL Hodgkin KM-H2 (0.5, 1 and 1.5 pM, for Inhibit cell survival; — Kreinest et al.
lymphoma 24 and 72 h) (2021)
L-428 (0.5, 1 and 1.5 pM, for Inhibit cell survival; enhance
24 and 72 h) the sensitivity of cells to
cisplatin
MEL Human 143B (1, 2 and 4 pg/ml, for Inhibit cell invasion; inhibit | Wnt/B-catenin signal pathway: ~ Zhu et al. (2021)
osteosarcoma 24 and 48 h) cell and tumor migration IMMP-2, [MMP-9, |Cyclin D,
Female BALB/c™™ nude mice Reduce tumor size and mass; ~ |LRP5, |B-catenin, |C-myc,
(160, 320 and 640 pg/kg, reduce the number of Lsurvivin, | VEGF
intratumoral injection, each pulmonary metastatic nodules
(Continued on following page)
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TABLE 1 (Continued) Summary of the anti-cancer effects and mechanisms of BV and its main components.

BV and/or Model
its components

BV, MEL Glioblastoma
multiforme

Cell/Animal (BV
etc. administration)

course lasted for 5 days and lasted
for 4 courses, with an interval of
1 day between the 2 courses)
Hs683, T98G, U373 (2.5, 5 and
10 pg/ml, for 1, 4, 8 and 72 h)

Effects Mechanisms

10.3389/fphar.2022.1001553

Reference

Reduce cell viability; promote ~ TBak, TBax, | Caspase-3; Long Lebel et al. (2021)

late apoptosis and necrosis

non-coding RNAs: TRP11-
838N2.4, [XIST

BV, MEL; BV and  Ehrlich ascites
y-radiation; MEL and  carcinoma
y-radiation

MEL loaded on Glioma
°G-A7R-Disk

EAC cell (30, 60, 120, 240, 480 and
960 pg/ml, for 24 h)

Female albino tumor-bearing
mice (0.56 mg/kg (BV), 500 ug/kg
(MEL), i.p., daily for 21 days,

0.5 Gy (y-radiation) each time for
30 min)

Inhibit cell viability —

El Bakary et al.
(2020)

Reduce tumor volume; destroy ~ TCAT; |TNF-a, | VEGF-A,

tumor tissue

U87 (1, 2 and 4 uM, for 72 h) Inhibit cell growth —

Male BALB/c nude mice (total
does of 18 mg/kg, i.v., at the 6th,
8th, 10th, 12th and 14th day)

Promote tumor cell apoptosis
and inhibit angiogenesis; cause
tissue damage

IMMP-2, | MMP-9, TCaspase-3

Wang et al.
(2019)

Abbreviationsare as shown in the literature. (), down-regulation or inhibition; (T), up-regulation or activation.

FIGURE 2

Bee Venom
Phosphate group

Promote
Inhibit

The main affected targets and pathways in anticancer effects of BV. In cancer, BV mainly affects the PI3K/Akt/mTOR pathway (e.g., PI3K, Akt, and
mTOR), apoptosis signaling pathway (e.g., EGFR and TNF-q, including downstream effectors such as Casp-3, Casp-7, Casp-8, Casp-9, Bcl-2, Bax and
Bcl-xL), p38 MAPK pathway, and thus affect the growth, differentiation, invasion, autophagy or migration of cancer cells in lung, breast, cervical and
other cancers. Green arrows or red cut-off lines represent the “promote” or “inhibit” effect of the target (gene or protein) by the upstream target
factor, respectively. Bee Venom, known as BV, is dispersed on the surface of a phospholipid bilayer. The text shows the direct or indirect targets of BV.
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death domain (MADD) decreased, which further brought about
cell cycle arrest in GO/G1 phase (Tipgomut et al., 2018).

After cisplatin-resistant lung cancer cells A549/DDP were
cultured in vitro and treated with MEL, the Warburg effect as well
as phosphorylated protein kinase B (Akt) were suppressed; after
vaccinating A549/DDP into Balb/c athymic nude mice and
treating them via intraperitoneal (i.p.) injection of MEL, their
tumor and cell sensitivity to cisplatin was enhanced and tumor
size and mass were controlled (Zhang et al., 2021). In addition,
the miR-183 played a role as a tumor marker of lung cancer, and
was inhibited by MEL in NCI-H441 cells. Its inhibition further
increased the expression of Caspase-2 and Bcl-2-associated X
protein (Bax), and reduced the Bcl-2 expression. Not only that,
after subcutaneous (s.c.) injection of MEL in Balb/c nu/nu mice,
Caspase-2 was elevated and tumor growth was restricted
similarly (Gao et al., 2018).

Besides, MEL-carried nanoparticles (NPs) systems have
considerably enhanced the security of MEL in vivo and its
efficacy against tumors, offering the possibility of tumor
elimination (Zhou et al., 2021). Such drug nano-delivery
platforms have been observed in lung cancer research. MEL-
carried zeolitic imidazolate framework-8 (MLT@ZIF-8) NPs (Li
etal,, 2018) and lipid-coated polymer NP (MpG@LPN) (Ye et al.,
2021) increased apoptosis in A549 cells and inhibited tumor
growth. In the meanwhile, the cellular hemolysis caused by
piggybacking on these two nanomaterials was reduced to a
certain extent compared with MEL alone.

Anti-breast cancer research

Breast cancer, as the most commonplace tumor in female
population, has a very strong time variant tumor metastasis and
spatial heterogeneity associated with genotype and phenotypic
differences, leading to a continuous change in the evaluation and
treatment process of breast cancer (Fumagalli and Barberis,
2021).

BV and MEL induced strongly selective cell death in triple-
negative breast carcinoma and human epidermal growth factor
receptor 2 (HER2) enriched breast cancer with little effect in
routine cells, through interfering with growth factor-dependent
receptor tyrosine kinase interactions critical for receptor
phosphorylation and activation of phosphoinositide 3-kinase
(PI3K)/Akt and mitogen-activated protein kinase (MAPK)
signaling. Besides, in an allograft model, the effect of
docetaxel in suppressing breast tumor growth was potentiated
by the administration of MEL, and the programmed death
(PD-L1)
HER2 and epidermal growth factor receptor (p-EGFR), were
significantly reduced (Duffy et al, 2020). Researchers also
investigated the effect of BV on epigenetic changes in cancer

ligand-1 protein  expression, phosphorylated

cells: after confirming that BV decreased the viability and
mitochondrial membrane permeability of MDA-MB-231 cells,
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they further inspected epigenetic and mitochondrial DNA
(mtDNA) Copy Number Variation (CNV). The experimental
results revealed that BV generated morphological changes in the
nucleus of MDA-MB-231 cells, and the exploration of cytosine
modification in cancer cells showed that 5’-methylcytosine
(5meC), 5'-hydroxymethylcytosine (5hmC) cells decreased
rapidly after treatment with BV in MDA-MB-231 cells. And
(5fC) and 5'-carboxycytosine (5caC)
exhibited a similar increasing and then decreasing process
(Uzuner et al., 2021).

BV reduced the expression of nuclear translocation of
nuclear factor-kB (NF-kB) and Cyclin D1, enhanced H,O,
production, blocked G1 cycle and inhibited breast cancer
proliferation in MCF-7 cells (Yoon et al.,, 2018). MEL reduced
the viability of 4T1 and MCF-7 cell lines, and the addition of
irradiation resulted in a significant increase of Bax/Bcl-2 value.

5'-formlylcytosine

Besides, MEL enhanced tumor radiosensitivity and inhibited the
tumor growth in 4T1 tumor-bearing mice (Chang et al., 2020).
MEL also showed the potential to promote mitofusin-1 (Mfn1)
and dynamin-related protein 1 (Drpl) expression and apoptosis
in 4T1 cells (Moghaddam et al., 2020). After 5% O, induction in
MDA-MB-231 cells, the hypoxia-inducible factor-1a (HIF-1a)
signaling pathway was inhibited by MEL and the expression of
NEF-kB, HIF-1q, vascular endothelial growth factor A (VEGFA)
and lactate dehydrogenase A (LDHA) decreased, while the
expression of Bax and tumor necrosis factor-a (TNF-a) was
reversed, ultimately disrupting the tumor microenvironment
(TME) of cancer cells and activating the phenomenon of
apoptosis (Mir Hassani et al., 2021).

BV alone and in combination with other drugs or solutions
had an anti-breast cancer impact (Khamis et al.,, 2018; Arani
et al,, 2019; El-Beltagy et al., 2021). In vitro, BV inhibited the
growth of MCF7 and T47D cells, while blocking the cell cycle in
the G2/M phase. BV alone or in combination with tamoxifen,
hesperidin, and piperine resulted in reduced expression of Bcl-2,
EGFR, and estrogen receptors o (ERa) receptors, and elevated
expression of Bax, which eventually led to apoptosis. The
anticancer and anti-drug resistance effects of tamoxifen were
enhanced by the synergistic effect of BV (Khamis et al., 2018). In
vivo, N-methylnitrosourea was able to induce breast cancer and
ovarian complications in Wistar albino rats. After the
combination of BV and Annona muricata fruit, serum levels
of matrix metalloproteinase-1 (MMP-1), NF-kB, TNF-q,
malondialdehyde (MDA), elevated Caspase-3,
(SOD), (CAT),
histopathological changes due to mammary carcinoma were
Additionally,
calreticulin and p53 protein response in the ovarian stroma

superoxide

dismutase catalase and  ovarian

improved in mothers and offspring rats.
switched from positive to negative (El-Beltagy et al., 2021). In
addition, the non-specific cytotoxicity of MEL in the clinical
setting cannot be conveniently ignored. However, plasma-treated
phosphate buffered saline solution can cause the death of MCF-7

and A375 melanoma cells on the one hand and circumvent the
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non-specific cytotoxicity of MEL to a certain extent on the other,
revealing the value of the combination therapy (Shaw et al,
2019).

The application of nanomaterials in combination with MEL
has also yielded beneficial results in the treatment of breast
carcinoma. The disruption of cell membrane by MEL was
unaffected by loading in the NPs after carrying the MEL, and
its effect on causing necrosis or apoptosis of the tumor or cancer
cells remained undisturbed, such as folic acid (FA)-
polyelectrolyte nanocarriers (PENs) (Motiei et al, 2021),
nanographene oxide (nGO) and graphene (GN) (Daniluk
et al, 2020), the niosome (Moghaddam et al., 2021), citrate
functionalized Fe;O, magnetic NPs (CA-MNPs) (Hematyar
et al., 2018), and activatable protein NPs (APNPs) (Yu et al,
2018). Besides, after carrying MEL in poly-ion complex (PIC)
added with estrone, it prevented the degradation of MEL in cells
and increased the uptake of MEL and cytotoxicity (Raveendran
et al.,, 2020).

Anti-cervical cancer research

Cervical cancer is one of the most common cancers in the
global female population (Volkova et al, 2021). BV
demonstrated the ability to inhibit the growth and migration
of HPV-positive cervical cancer Caski and HeLa cells, and cell
cycle protein Cyclin A and Cyclin B, Akt, JNK and p38/44/42 and
their phosphorylated proteins associated with mitogenic
signaling pathways were inhibited, and pro-Caspase-3, pro-
Caspase-9, cleaved polyadenosine-diphosphate-ribose
polymerase (PARP), Bcl-2 and Bcl-xL expression was reduced.
On the contrary, proteins such as p53, p21, and retinoblastoma
(Rb) were upregulated in expression with the utility of BV, and
the number of dead and apoptotic cells was significantly
promoted (Kim D. H. et al., 2020). It is worth noting that the
main mode of death of HeLa cells after BV treatment is apoptosis,
which causes severe cell membrane damage and cell shrinkage
(Borojeni et al., 2020), while MEL can show the effect of
inhibiting HeLa cell proliferation and inducing apoptosis such
as cell shrinkage and structural disorganization (Zarrinnahad
et al., 2018).

Graphene oxide magnetic nanocomposites (PEG-GO-
Fe;04)/MEL complexes caused time-dependent toxic effects
on HeLa cells with deformation lysis, membrane breakage and
other abnormal cellular states. The experimental results
demonstrated that this material achieved the long-lasting
release and effect enhancement of MEL, while preventing
the degradation or denaturation of MEL, ensuring the anti-
cervical cancer effect of MEL (Qi et al., 2020). BV loaded on
nano-fungal chitosan (NFC) also showed effective anticancer
activity in promoting apoptosis in HeLa cells (Alalawy et al.,
2020).
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Anti-pancreatic cancer, gastric cancer,
and colorectal cancer research

BV and MEL have also been used to treat cancers of the
digestive system, such as pancreatic cancer, gastric cancer, and
colorectal cancer.

(PDACQ),
overexpression of NONHSAT105177 in long non-coding

In  pancreatic  ductal  adenocarcinoma
RNAs is associated with activities such as cell proliferation
and migration (Wang et al, 2018). This RNA is able to
increase its expression under the regulation of MEL, further
promoting its inhibitory effect on PDAC, which is related to
EMT pathway-related proteins, such as causing the repressive
expression of Snail, Slug and vimentin and the up-regulated
expression of E-cadherin.

MEL exhibited inhibitory effects on human gastric cancer
AGS cell viability, adhesion, colony-forming ability, EMT, and a
limiting effect on MMP-2, MMP-9 and MMP-13 proteins related
to cell migration and invasion ability. In addition, MEL tended to
act more in a variety of signaling pathways, containing bone
morphogenetic protein (BMP)/Smad, Wnt/B-catenin and PI3K/
Akt pathways (Huang et al., 2021).

When BV and MEL were applied to HCT-116 and SW-480 of
colorectal cancer cells, respectively, the mitochondrial apoptotic
pathway was activated, cancer cell viability was reduced,
chromatin was contracted, and apoptosis was induced in early
and late colorectal cancer cells. The expression of Caspase-9 and
Fas death receptor increased, however, CYP1A1 and GSTPI, Bcl-
2 decreased in the same trend in both cells; while the mRNA
expression of Bax and multidrug resistance protein-2 (MRP-2)
increased when BV treated HCT-116 cells and decreased when
BV treated SW-480 cells. After MEL treatment, the expression of
Bax decreased and MRP-2 increased in HCT-116 cells, while the
expression of Bax and MRP-2 decreased in SW-480 cells
(Nikodijevic et al., 2021). Besides, the high concentration of
MEL could directly and quickly cause membrane damage,
content outflow and cell death to gastric cancer and colorectal
cancer cell membranes within 15 min. This rapid dissolution
effect appeared in AGS cells, COLO205 and HCT-15 cells in
different ways (Soliman et al, 2019). In addition, MEL and
bvPLA, inhibited HCT116 cell proliferation in a synergistic
manner, demonstrating synergistic utility: MEL promoted the
effect of bvPLA, on cell membranes, and pretreatment of cells
with bvPLA, enhanced the inhibitory effect of MEL on cells
(Yaacoub et al., 2021). Besides, the expression and activity of 15-
lipoxygenase-1, a tumor suppressor in HT-29 cells, have elevated
after being affected by BV, which in turn promoted apoptosis
(Zare et al., 2019).

Meanwhile, the derivation of the side chain of oligopeptide-
alginate NPs provided the basis for the specific binding of MEL,
ultimately achieving potent killing ability on human cloned colon
adenocarcinoma Caco-2 cells (Wattanakul et al., 2019).
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Anti-liver cancer research

In the study of hepatocellular carcinoma, BV achieved the
same breakthrough as MEL in anti-hepatocellular carcinoma
growth with autophagy, which implied a possible anti-mutagenic
effect on normal cells. The results showed that MEL down-
regulated Bcl-2 and up-regulated cytochrome C (Cyt C),
Caspase-3, and Caspase-9 expression, predicting that MEL
may rely on the mitochondrial apoptotic pathway to induce
tumor injury, and the ratio of apoptosis to necrosis in cancer cells
was positively relative to the MEL concentration. On the other
hand, MEL achieved
HepG2 cells by downregulating p62 and upregulating Beclin

its autophagy-inhibiting effect on
1 and LC3 expression. The anti-tumor effect of MEL was
enhanced when the autophagy inhibitor chloroquine was
applied; effect of MEL on
hepatocellular carcinoma cells was diminished after the

the enhanced autophagic
application of the autophagy activator rapamycin (Lv et al,
2019). The shaping of hypoxic environment is strongly
associated with tumor proliferation or angiogenesis, and the
vasculogenic mimicry (VM) produced by SMMC-7721 cells
induced by cobalt chloride (CoCl,) with EMT can also be
inhibited by applying MEL. The hypoxia model caused
upregulation of the expression of HIF-1a, VEGF, MMP-2 and
MMP-9 in SMMC-7721, Huh7, and HepG2 cells, and MEL
reversed this trend. In addition, in the presence of MEL, it
decreased SMMC-7721 cell viability, inhibited EMT induced
by CoCl,, upregulated E-cadherin, and downregulated p-Akt,
vimentin and N-cadherin expression. An in vivo tumor
treatment model of MEL was established by s.c. injecting
SMMC-7721 cells which
showed the significantly inhibited HIF-la expression and
tumor growth (Chen et al., 2019).

Sorafenib had unsatisfactory effects in the treatment of

into male BALB/c nude mice,

advanced hepatocellular carcinoma, while BV and MEL had

certain efficacy in inhibiting hepatocellular carcinoma.

Therefore, BV and MEL alone or in combination with
sorafenib, respectively, showed synergistic effects in adjuvant
inhibition of HepG2 cell proliferation. The expression of p53,
Bax, Caspase-3, Caspase-7 and PTEN was elevated, meanwhile
the expression of Bcl-2, Cyclin D1, HIF-1a, VEGF, Ras-related
C3 botulinum toxin substrate 1 (Racl), MMP-9 and NF-kB
decreased in HepG2 cells. The promotion or suppression
effects on the above genes were strengthened under the

crosstalk conditions (Mansour et al., 2021).

Anti-bladder cancer and prostate cancer
research

In an investigation of the Gene Expression Omnibus

database of bladder cancer, MEL regulated and inhibited the
expression of key module genes in the PI3K-Akt and TNF
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signaling pathways, referring to LPAR1, COL5A1, COL6A2,
CXCL1, CXCL2 and CXCL3 in human bladder cancer cell
lines T24 and 5637, and suppressed cell proliferation and
migration activities, revealing the potential role of these genes
as targets of MEL in bladder cancer (Jin et al., 2018). Similarly,
bearing in mind the bioinformatics analysis of bladder cancer, the
genes corresponding to two bladder cancer cells, UM-UC-3 and
5637, were selected for study. All these demonstrated that MEL
could inhibit cell proliferation, migration and invasion by virtue
of its effect on MAPK signaling pathway or V-ATPase (Yao et al.,
2020).

Prostate cancer is divided into metastatic/non metastatic
prostate cancer. As one of the familiar type diseases in
masculinity, it faces several problems with drug resistance of
cancer cells and inability to control the progress and spread of the
disease. BV and MEL have certain effects on a variety of prostate
cancer and xenotransplantation (Badawi, 2021). For example, BV
produced selective antitumor effects on PC3 cells, reducing their
cell viability (Viana et al., 2021).

Anti-skin cancer research

Melanoma stands out as one of the most lethal and invasive
malignancies in skin cancer, yet it is highly resistant to drugs. BV
and MEL can help to fight against the growth, migration and
invasion of melanoma A375SM, B16F10 and SK-MEL-28 cells,
causing apoptosis. Among them, MEL showed a more effective
ability to inhibit migration and promote apoptosis. BV and MEL
had similar inhibitory effects on PI3K/Akt/mTOR and MAPK
signaling pathways in A375SM cells. At the same time, it elevated
the cleaved Caspase-3 and Caspase-9 expression and reduced the
microphthalmia-associated transcription factor (MITF) level. In
addition, when MEL was combined with temozolomide, the
growth and invasion inhibition of A375SM and SK-MEL-
28 cells elevated (Lim et al, 2019). MEL from Apis florea
(MEL-AF) similarly showed a proliferation inhibitory effect
on A375 cells, where MEL-AF, upon binding to the cell
membrane, caused an elevation of intracellular F-actin with a
decrease in EGFR, ultimately resulting in apoptosis through the
induced expression of Cyt C, Caspase-3 and Caspase-9 in the
mitochondrial apoptotic pathway (Sangboonruang et al., 2020).

MEL alone or in combination with 5-fluorouracil was able to
damage A431 cells of skin squamous cell carcinomas, causing
morphological alternations, e.g., cell shedding, shrinkage, and
plasma membrane damage. Besides, the combination of MEL
and 5-fluorouracil caused a more significant decrease in terms of
cell number and cell cycle arrest in both phases S and G2/M.
More importantly, the drug combination re-sensitized A431 cells
to 5-fluorouracil (Ombredane et al., 2021).

Head and neck squamous cell carcinoma (HNSCC) is also a
type of skin cancer. Four types of HNSCC cells viability such as
UMSCC12, UMSCC29, UMSCC38 and UMSCC47 were
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inhibited by BV alone or combined with cisplatin. Besides,
mitosis was blocked in G2/M phase, during which the Bcl-2
and EGFR expression was significantly reduced, while the
expression of Bax was significantly elevated. It is worth noting
that different drugs and ratios of treatment were shown to
significantly reduce the number of the S-phase cells (Grawish
et al., 2020).

Anti-leukemia research

MEL induced apoptosis while inhibiting cell viability in
CCRF-CEM and K562 cells, relying on activation of the
hydrolytic activity of Caspase-3/7 in the mitochondrial
pathway and the hemiphilic aspartate pathway (Ceremuga
et al, 2020). In addition to inhibiting cell viability, MEL had
high permeability to the plasma membrane of cells in human
acute T cell leukemia Jurkat cells, which enhanced the
permeability of MEL through the plasma membrane and
further caused cell death (Gasanoff et al., 2021). The anti-
infectivity peptide melectin from Melecta albifrons, by virtue
of its a-helical structure, inhibited cell proliferation by interfering
with the cell membrane of leukemic cells K562, decreasing the
viability of various cells such as K562, K562/ADM and HL-60
while enhancing LDH output (Liang et al., 2021).

Anti-other cancer research

In a study of Hodgkin lymphoma, MEL produced toxicity in
lymphoma cells L-428 and KM-H2, while increasing the
sensitivity of drug-resistant L-428 cells to cisplatin. And MEL
preferentially acted on tumor cells, demonstrating prospect of
Hodgkin lymphoma therapy in the future (Kreinest et al., 2021).
Besides, Cyclin D, MMP-2, MMP-9, lipoprotein receptor related
protein 5 (LRP5), B-catenin and other proteins associated with
the Wnt/B-catenin pathway were downregulated after moderate
and high concentrations of MEL on human osteosarcoma
143B cells, a malignant bone tumor. The s.c. injection of
143B cells and treatment with MEL in female BALB/c™™
nude mice showed a reduction in tumor size, mass and
number of lung metastatic nodules, and inhibition of tumor
metastatic behavior (Zhu et al., 2021). Glioblastoma multiforme
is also a malignant tumor. BV and MEL reduced the viability of
Hs683, T98G and U373 cells, elevated Bak and Bax expression,
inhibited Caspase-3 expression as well as promoted late
apoptosis and necrosis in glioblastoma multiforme. In
addition, the expression of long-chain non-coding RNARP11-
838N2.4 and X (XIST) was
significantly elevated in glioblastoma multiforme cells (Lebel

et al, 2021). BV or MEL alone inhibited the growth of

inactive-specific transcript
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Ehrlich ascites carcinoma cells. Injection of BV or MEL into
female albino tumor-bearing mice resulted in destruction of
tumor tissue and suppression of tumor size. In addition, after
combined treatment with y-radiation, the tumor size inhibition
was enhanced by re-enforcing the elevated levels of TNF-a,
VEGF-A, serum MMP-2 and MMP-9, and CAT in liver
caused by BV or MEL alone (El Bakary et al., 2020).
Lipodisk-based paclitaxel and MEL co-delivery system
functionalized with glycopeptide °G-A7R (°G-A7R-Disk/PTX/
MEL) were used as an anti-degradation delivery system for MEL
on U87 glioma cells cultured in vitro contributing to the growth
inhibitory effect. Besides, inoculation of U87 cells in female
BALB/c nude mice and intravenous (i.v.) administration of
°G-A7R-Disk/PTX/MEL
increased apoptosis, tissue damage, and reduced angiogenesis

co-loaded liposomes resulted in
at the glioma, demonstrating their targeted anti-tumor effects

(Wang et al., 2019).

Effects on neurological disorders

Parkinson’s disease (PD) and Alzheimer’s disease (AD),
belonging to neurodegenerative diseases, are caused by
nervous system abnormalities, involving neurotransmitter
abnormalities, the accumulation of false proteins, etc. (Guo
and Ma, 2019). BV and its main component, bvPLA,, showed
neuroprotective effects and could postpone the progression of
degenerative diseases. The effects mainly included enhancing
motor performance or alleviating memory impairments,
inhibiting oxidative stress, decreasing neuroinflammation,
protecting neurons, preventing apoptosis, etc. Besides, BV and
its main components also had neuroprotective effects against
other neurological disorders, seen in Table 2, and the main
affected targets and mechanism of BV and its main
components in treating neurological disorders is shown in
Figure 3.

Delaying the development of PD

BV was reported to have neuroprotective effect on
dopaminergic neurons and alleviate PD symptoms. BV
attenuated motor impairment, decreased oxidative/nitrosative
stress, and TNF-a, Caspase-3, and monocyte chemoattractant
protein-1 (MCP-1) expression, and increased dopamine (DA)
content and butyrylcholinesterase (BuChE) activity in a
rotenone-induced PD mice model (Badawi et al, 2020).
Besides, BV restored the levels of DA, norepinephrine and
serotonin (5-HT), balanced glutamate/y-aminobutyric acid
levels, prevented DNA fragmentation, reduced TNF-a and
interleukin-1p  (IL-1f), the brain-derived

and increased
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TABLE 2 Summary of the role and mechanism of BV and its main components in treating neurological disorders.

BV and/or  Model Inducer/Method Animal/Cell (BV  Effects Mechanisms References
its etc.
components administration)
PD
BV PD Rotenone (s.c.) Swiss albino male mice ~ Enhance motor IMDA, |[NO, TGSH, Badawi et al.
(0.065, 0.13, and performance; inhibit TPONI activity, TTAC;  (2020)
0.26 mg/kg, intradermal  oxidative/nitrosative IMCP-1, |TNF-a,
(i.d.), once a day every stress; decrease |Caspase-3, TBuChE
other day for 2 weeks) neuroinflammation; activity, TDA
protect dopaminergic
neurons
BV PD Rotenone (s.c.) Swiss Albino male mice  Recover motor strength DA, |IL-1f, |IL-6 Rakha et al.
(1.0 mg/kg, i.p., for and motor (2018)
6 consecutive days) coordination; increase
dopamine level and
total antioxidant
capacity; reinforce anti-
inflammatory effect;
restrict neuronal
degeneration
BV PD Reserpine (i.p.) Male rats (10 uL/kg, Increase monoamines lacetylcholinesterase Ahmed-Farid
ip., every other day for  neurotransmitters activity, [ TNF-q, [IL-1B, et al. (2021)
30 days) (norepinephrine, TPONI activity, TBDNF
dopamine, 5-HT),
elevate y-aminobutyric
acid and arginine,
reduce glutamate, halt
DNA fragmentation
bvPLA, PD 1-Methyl-4-phenyl- C57BL/6] mice Improve motor Activate Tregs; inhibit Kyung Hwa
1,2,3,6-tetrahydropyridine (0.5 mg/kg, s.c., for a function; rescue loss of  Thl and Th17 cells Kim et al.
(MPTP) (i.p.) consecutive 6 days) dopaminergic neurons (2019a)
bvPLA, PD MPTP (i.p.) Male C57BL/6] mice Reverse motor deficits;  Induce Baek et al.
(0.5 mg/kg, ip., s.c., inhibit loss of CD4'CD25"Foxp3* (2018a), Kyung

Fraternine (a ~ PD 6-Hydroxydopamine

novel Wasp (Nigro-striatal pathway
peptide) lesioned unilaterally)
AD

BV AD AB

bvPLA, AD AP1-42 peptide (s.c.)

AP1-42 peptide (s.c.) and
pertussis toxin (PT) (i.v.)

Frontiers in Pharmacology

im, or iv., for 6 days;
0.01-0.5 mg/kg, s.c., for
six consecutive days)

Swiss male mice (0.01,
0.1, 1 and 10 pg/animal,

icv, onday 1,3 and 5) coordination

U87MG (human
glioblastoma cells)
(10 pg/ml, for 120 h)

AD model (3xTg-AD)
mice (0.5 mg/kg,

i.p., once a week for
3 months)

Male C57BL/6 mice
(0.5 mg/kg, i.p., once a
week for 3 months)

42

dopaminergic neurons;
suppress microglial
activation (]Ibal-
positive microglia,
ED1" microglia)

Tregs; inhibit Thl and
Th17 polarization
(IIFN-y, |IL-17A)

Trigger neuroprotective =~ —
activity; improve motor

1COX-2, | TNF-a, |IL-1,
| Caspase-3

Increase cell viability;
decrease AP
accumulation; suppress
inflammatory reaction;
prevent apoptosis

Alleviate memory
impairments; reduce A[3
burdens in the
hippocampal CAI and
cortex regions; high
cerebral glucose uptake;
eliminate central
nervous system
inflammation
Eliminate central —
nervous system
inflammation

TFN-y, | TNF-a, TIL-10

Hwa Kim et al.
(2019b)

Biolchi et al.
(2020)

Ku et al. (2020)

Baek et al.
(2018b)

(Continued on following page)
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TABLE 2 (Continued) Summary of the role and mechanism of BV and its main components in treating neurological disorders.

BV and/or  Model
its
components
BV sPLA, AD
bvPLA, AD

Other neurological disorders

BV Epilepticus

BV Blood brain barrier
damage and
neurobehavioral
changes

MEL Memory-deficit

Apamin Laceration injury in

cortical neurons

Frontiers in Pharmacology

Mechanisms References

Ham et al.
(2019a)

|GFAP, |IBA-1, |iNOS,
1COX-2, |p-IkB-a,
1p50, |p65, TFoxp3

|APP, |BACE], |B-
secretase activity,
[iNOS, |COX-2, |IBA-
1, |p-IkB-a, |p50, |p65,
|TNF-q, |IL-1p, |IL-6

|APP, |BACE],
1AB1 g2 LAB1a0r Lp-
secretase activity,
|GFAP, |IBA-1, |iNOS,
1COX-2, |TNF-a, |IL-
1B, [IL-6, TIL-4, TTGEF-
B, |p-STAT3, |p-ERK
|APP, |BACE],
1AB1_42, | P-secretase,
[iNOS, |COX-2, |IBA-
1, |TNF-a, [IL-1pB, |IL-
6, TIL-4, TTGE-p, |p-
STAT3

liNOS, |COX-2, |p-
STATS3, | TNF-aq, |IL-1p,
lIL-6

Ham et al.
(2019b)

Inducer/Method Animal/Cell (BV  Effects
etc.
administration)
LPS (i.p.) Male ICR mice (0.02, Improve memory
0.2, and 2 mg/kg, function; inhibit A
i.p., three times for deposition; inhibit
1 week) neuroinflammation and
NF-kB activation;
modulate Tregs
infiltration
LPS Microglial BV-2 cells Reduce
(0.01, 0.1, and 1 pg/ml,  amyloidogenesis and
for 3 h) neuroinflammation
— Tg2576 mice (1 mg/kg,  Alleviate genetically
i.p., twice per week for  induced memory;
4 weeks) inhibit accumulation
of A
LPS BV-2cells (0.01,0.1,and  Inhibit accumulation of
1 pg/ml, for 24 h) AP, decrease nitric
oxide concentration;
directly binds to linker
domain of STAT3
AB BV-2cells (0.01,0.1,and —
1 pg/ml, for 24 h)
Pilocarpine Male Sprague Dawley Ameliorate disturbance

rats (10 pg/animal, i.d.,
once every 3 days for
four consecutive weeks)

of electrolytes and the
interruption of
electrolytes and ions,
limit neuronal
excitability via rapid
repolarization of action
potentials

Methyl mercury chloride Male Sprague-Dawley Modulate methyl

(gavaged) rats (0.5 mg/kg, s.c., mercury chloride-
for14 days) induced behavioral
alterations, increase pan
neuron
ABys 35 HT22 mouse Reduce apoptosis,
hippocampal cell (0.3, 1,  decrease protein
and 3 pM, for 24 h) carbonyl levels
ABos 35 Male ICR mice Improve memory

(intracerebroventricular) (0.15 and 1.5 mg/kg,
s.c,, on days 3, 5,7, 9,

and 11)

impairment, increase
neuron cell
neurogenesis; reduce
acetylcholinesterase
activity, increase
acetylcholine

Enhance neurite
outgrowth and axon
regeneration, increase
BDNF-positive and
NGEF-positive neurons

Rat cerebral cortical
neurons (1 and 10 pg/
ml, for 24 and 48 h)

Laceration injury
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1SCNIA, TKCNJ2,
7CLCNC, |CACNCL,
INMDAR, |IL-6, |IL-
17, | TNF-q, | TGF-p,
|FOXP3, |CTL4, TIL-10

Abd
El-Hameed
et al. (2021)

TGSH, 1SOD, TCAT,
TGST, TGPx, |[MDA,
|PCO, |8-hydroxy-2'-
deoxyguanosine, TIL-10,
INO, |TNF-q, |IL-1p,
|INF-y, Toccludin,
Tclaudins-5, TZonula
occludens-1, | TGF-p,
11gG, |IBA-1

|Bax/Bcl-2, | AIF,
|Calpain, |Cyt C,
lcleaved Caspase-3,
|ROS, |[MDA, |LDH,
TNrf2 nuclear/

Nrf2 cytosolic ratio,
THO-1, Tp-TrkB, Tp-
CREB, {BDNF

|ROS, [NO, |[MDA, Tp-
CREB, TBDNF, [iNOS,
TM1 muscarinic
acetylcholine receptor

Abu-Zeid et al.
(2021)

Cong Duc and
Lee, (2021)

TBDNF, TNGF Aeyung Kim

et al. (2021)

(Continued on following page)
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TABLE 2 (Continued) Summary of the role and mechanism of BV and its main components in treating neurological disorders.

BV and/or Model Inducer/Method Animal/Cell (BV  Effects Mechanisms References
its etc.
components administration)
— Rat cerebral cortical — TBDNF, TNGF, TNF200,
neurons (1 and 10 ug/ TGAP43
ml, for 24 and 48 h)
BV, Wasp Neuroinflammation LPS BV-2 murine microglial  Anti-inflammatory INO, |TNF-a, |IL-6, Yun et al.
venom cells (0.5, 1,2, and 4 pg/  effect [iNOS, |COX-2, (2021)
ml (BV), 5, 10, 20, and |NF-xB
40 pg/ml (Wasp
venom), for 18 or 24 h)
Apamin Neuroinflammation ~ LPS BV-2 murine microglia  Anti- |CD11b, |TNF-a, Park et al.
cells (1 pg/ml, for 1 h) neuroinflammatory 1IL1B, |IL6, |COX2, (2020)
effect 1Kc,2.2, |pCaMKII,
|TLR4, |pp65,
|pSTAT3, |pERK,
IpJNK
LPS Rat primary microglial ~ Anti- |TNF-a, |IL1B,
cells (1 pg/ml, for 1 h) neuroinflammatory |CD11b, |Kge2.2,
effect |pCaMKII, |TLR4,
1pp65, |pSTAT3,
|pERK
Apamin Multiple sclerosis Cuprizone pellets (fed) Male C57BL/6 mice Increase Olig2+cells in ~ — Danesh-Seta
(100 ug/kg/BW, phase I, show a et al. (2021)
i.p., during phase I decreasing trend in
(demyelination) or PDGFRa + cells after
post-treatment phase II  cuprizone withdrawal;
(remyelination) twice a  stimulate
week) oligodendrocyte
progenitor cell
proliferation in phase I,
especially at the
subventricular zone
bvPLA, Multiple sclerosis MOGs3s 55 peptide in CFA  C57BL/6 mice Attenuate limb — Gihyun Lee
(experimental containing Mycobacterium (0.2 mg/kg, i.p., daily for  paralysis, decrease et al. (2019)
autoimmune tuberculosis (s.c.) and a period of 10 days) CD4* cell infiltration;

encephalomyelitis)

pertussis toxin (i.p.)

the beneficial effects of
bvPLA, disappeared
when Tregs were
depleted

Abbreviations are as shown in the literature. (|), down-regulation or inhibition; (T), up-regulation or activation.

neurotrophic factor (BDNF) and paraoxonase 1 (PON1) level in
a reserpine-induced PD rat model (Ahmed-Farid et al., 2021).
The above results implied that BV could be a potential adjuvant
for PD treatment. The neuroprotective effects of bvPLA, against
PD have also been studied. Purified bvPLA, showed dose-
dependent neuroprotective effects on PD in mice, relating to
the induction of CD4"CD25"Foxp3™ regulatory T cells (Tregs),
which to some extent suppressed the polarization of T helper 1
(Thl) and Th17, and the microglia activation (Kim et al.,
2019b). Fraternine, a novel wasp peptide, also showed
neuroprotective effects and ameliorated motor coordination
in a 6-hydroxydopamine-induced PD mice model (Biolchi
et al., 2020).

Besides, current evidence was summarized and supported the
therapeutic effects of acupuncture in treating PD patients and
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animal models of PD (Guo and Ma, 2019). Therefore, BV
combined with acupuncture could have great advantages in
the treatment of PD.

Delaying the development of AD

BV increased cell viability, decreased amyloid B-protein (Ap)
accumulation in U87MG AD mimic cells, as well as suppressed
inflammatory reaction through inhibiting the mRNA expression
of IL-1, TNF-a and cyclooxygenase-2 (COX-2), and prevented
apoptosis by reducing the expression level of Caspase-3,
indicating that BV could be a potential AD therapeutic drug
(Ku et al., 2020). Besides, bvPLA, also exerted neuroprotective
effects against AD. It alleviated memory impairments, reduced
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ITNF-q, [IL-1B, |IL-6,  pro-inflammation

JIL-17A
|Caspase-3 Apoptosis
IMCP-1 Chemokines
IMDA, 1GSH Oxidative stress
PD 1BDNF Growth-associate

BBB damage and
neurobehavioral changes

|TNF-a, |IL-1B, : -
LIFN-y Pro-inflammation
TiL-10 Anti-inflammation
1GSH, 180D,
1CAT, 1GST,
1GPX, MDA, Oxidative stress
PCO
10CC, 1CLDNS, Tight junction
1201 proteins

Laceration injury in
cortical neurons

1BDNF, 1NGF,

NF200, 1GAP43 Growth-associate

The main affected targets and mechanism of BV and its main components in treating neurological disorders, referring to Alzheimer’s disease
(AD), Parkinson’s disease (PD), BBB damage and neurobehavioral changes, laceration injury in cortical neurons, memory-deficit, and epilepticus. 1"
and "]" represent up-regulated and down-regulated targets (genes or proteins), respectively in the left column in each rounded rectangular box, and
the texts demonstrate the effect and pathways in right column in each rounded rectangular box for BV and its main components.

AP burdens, showed high cerebral glucose uptake, and eliminate
central nervous system inflammation through reducing TNF-a
and interferon-y (IFN-y) level and elevating IL-10 level in a
3xTg-AD mouse model (Baek et al., 2018b). BV sPLA, improved
suppressed AP deposition, inhibited
and NF-xB the
downregulation of glial fibrillary acidic protein (GFAP),
ionised calcium binding adaptor molecule 1 (IBA-1), inducible
nitric oxide synthase (iNOS), COX-2, p-IkB-a, p50 and p65, and
modulated Tregs infiltration through the upregulation of
Foxp3 in a lipopolysaccharide (LPS)-induced AD mouse
Besides, it
neuroinflammation by reducing the level of amyloid precursor

memory function,

neuroinflammation activation

through

model brain. reduced amyloidogenesis and
protein (APP), p-amyloid precursor protein-cleaving enzyme-1
(BACEL), iNOS, COX-2, IBA-1, p-IkB-a, p50, p65, TNFE-q, IL-6,
IL-1P, and the activity of B-secretase in LPS-treated microglial
BV-2 cells. The in vivo and in vitro results indicated that BV
sPLA, inhibited inflammatory responses and amyloidogenesis
via blockage of NF-kB signaling (Ham et al., 2019a). In

addition, bvPLA, also exerted anti-inflammatory and anti-
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amyloidogenic effects via inhibiting signal transducer and
activator of transcription 3 (STAT3) activity (Ham et al,
2019b).

Effects on other neurological disorders

BV and its main components, such as MEL and apamin, also
had neuroprotective effects against other neurological disorders,
including epilepticus, blood brain barrier damage and
neurobehavioral changes, memory-deficit, laceration injury in
cortical neurons, neuroinflammation and multiple sclerosis.

BV rebalanced neurotransmitters and blood electrolytes,
ameliorated alterations of voltage-gated channels expression,
and regulated pro- and anti-inflammatory cytokines levels in a
pilocarpine-induced epilepticus rat model, which demonstrated
that BV could slow down the development of epilepticus as a
combined treatment with other antiepileptic drugs (Abd El-
Hameed et al, 2021). Besides, Egyptian BV ameliorated
blood-brain barrier dysfunction and neurobehavioral toxicity
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TABLE 3 Summary of the effects and mechanisms of BV and its main components on inflammatory diseases.

BV and/or Model

its

components

Atopic dermatitis
BV Atopic dermatitis
BV Atopic dermatitis

Inducer/Method

Chicken ovalbumin
(i.p. inoculated)

Phthalic anhydride
(topical application)

LPS

TNF-a/TFN-y

Animal/Cell (BV
etc.
administration)

Female BALB/c mice (1,
10, and 100 pg/kg,
i.p., twice a week)

BALB/c mice (200 pL of a
solution containing 0.1,
0.25, and 0.5 pg, topical
application, 3 h)

RAW 264.7 cells (1, 2.5,
and 5 pg/ml, for 24 h)

HaCaT cells (1, 2.5, and
5 ug/ml, for 24 h)

Effects

Decrease the extent of
inflammatory cell
infiltration and skin
thickness, diminish the
extent of mast cell
infiltration and
degranulation, increase
filaggrin

Reduce atopic
dermatitis clinical
score, back and ear
epidermal thickness,
the weight of lymph
node; decrease the
number of eosinophil,
neutrophil, monocytes,
mast cells, F4/80-
positive cells and
Ly6G-positive cells
Anti-inflammatory
effect

Anti-inflammatory
effect

Mechanisms

|IgE, | TNF-a, |TSLP,
1CD4+, |CD11b+

|IgE, |TL-4, |TL-13, | TNF-
a, [TL-1p, |IL-6, |p-ERK,
1p-p38, |p-INK, |p-IkB-a,
[iNOS, |COX-2

INO, |[NF-xB, |p-ERK, |p-
p38, |p-INK, |p-IkB-a,
liINOS, |COX-2, | p65, | p50
INF-kB, |p-ERK, |p-p38,
1p-JNK, |p-IkB-a,

1p65, |ps0

References

Guetal. (2018)

Ji Hwan Lee
et al. (2020)

BV and MEL Atopic dermatitis DNCB (topically to Female Balb/c mice (100,  Decrease dorsal skin |IFN-y, |IL-4, |IgE, |[TSLP  Anetal. (2018)
the shaved dorsal 200 and 500 pg, topical thickness; inhibit
skin) application, five times per  pathological changes
week for 4 weeks) including the
infiltration of
inflammatory cells in
skin lesions; decrease
the levels of CD4" and
CD3" T cells in the
dorsal skin; improve
abnormal epidermal
differentiation
TNF-o/TFN-y Human keratinocyte Modulate chemokines |CCL17, |CCL22, |IL-1B,
HaCaT cell line (1, 10 and  expression via |IL-6, [IFN-y, | p-JAK2, | p-
100 ng/ml (BV), 0.1, suppression of pro- STAT1, |p-STATS3, |p-IkB,
0.5 and 1 pg/ml (MEL), inflammatory |p-NF-kB
for 9 h) cytokines; inhibit JAK/
STAT signal pathways;
inhibit NF-kB
pathways
BV Atopic dermatitis DNCB (topical Male BALB/c mice Attenuate skin 1C3C, [MAC, 1CD55 (BV  Yenny Kim
(Irritant contact application) (0.3 mg/kg, s.c., at 2-day condition, decrease and MEL) et al. (2019)
dermatitis, ICD) intervals for 10 days) clinical skin score;
inactivate complement
system
— THP-1 cells (0-1 pg/ml, Inactivate complement ~ TCD55, Tp-ERK1/2
for 0-24 h or 0-120 min)  system
bvPLA, Atopic dermatitis DNCB and house dust  Male C57BL/6 mice Suppress atopic |IgE, |IFN-y, |IL-4, |IL-6, ~ Dasom Shin
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mite extract (D.
farinae extract)
(topically to the ear)

(80 ng/ear, topical
application, four times a
week for 3 weeks)

46

dermatitis-related skin
swelling, improve ear
thickness; decrease the
expression of Thl and
Th2 cytokines; induce
Treg; decrease
epidermal and dermal
thickness and
macrophage
infiltration; block mast
cell infiltration

|IL-10, TFoxp3

et al. (2018)

(Continued on following page)
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TABLE 3 (Continued) Summary of the effects and mechanisms of BV and its main components on inflammatory diseases.

BV and/or
its
components

BV

Arthritis
BV

BV and
hesperidin

Wasp venom

bvPLA,

Polymeric
microneedle-
mediated
transdermal
delivery of MEL

Model

Atopic dermatitis

Frontiers in Pharmacology

Inducer/Method

House dust mite (D.
farinae) extract

Freund’s complete
adjuvant (sub-plantar,
intra-dermally)

Complete Freund’s
adjuvant (s.c., right
hind paw)

Collagen-induced
arthritis and
incomplete Freund’s
adjuvant (s.c.)

Freund’s adjuvant
(injected into hint
foot pad)

Animal/Cell (BV
etc.
administration)

HaCaT cells (0.1-10 ug/
ml, for 24 h)

Male Wistar Albino rats

(2, 4 and 20 mg/kg, s.c.,

every day for a period of
15 days)

Male Wistar rats (1 mg/kg
b.w., s.c. (BV), 25 mg/kg
b.w, oral gavage
(hesperidin), daily for

3 weeks)

MH7A cells (0, 12.5, 25,
50, and 100 pg/ml)

Male DBA/1 mice (0.1,
0.5, 1.0 mg/kg, i.p., for
5 weeks)

Male SD rats (100 pg,
transdermal, every other
day for 8 times)

Male BALB/c mice (15 pg,
transdermal, every other
day for 6 times)

47

Effects

Anti-inflammatory
effects

Mechanisms

|protease-activated receptor

2 (PAR2), |intercellular
adhesion molecule-1
(ICAM-1), |IL-6

Decrease paw volume
and arthritis index;
prevent DNA damage

Decrease paw edema,
the leukocytosis,
lymphocyte,
monocyte, neutrophil
and eosinophil counts;
counteract severe
inflammatory changes
and leukocytic
infiltration in the
periarticular tissue of
the ankle joints (BV
and/or hesperidin);
amend the lymphoid
hyperplasia in white
pulps of spleen and the
widening of the
medulla and
mononuclear cell
infiltration found in
thymus (BV and
hesperidin)

Inhibit viability, induce
MHT7A synovial cell
apoptosis

Inhibit body weight
loss, alleviate
squeaking score, paw
thickness, and arthritis
index; alleviate
histological signs of
collagen-induced
abnormalities in the
knee joints; anti-
arthritic effects were
blocked by selective
Treg depletion

Decrease paw
thickness, clinical
score, suppress RA
progression, preserve
cartilage integrity,
reduce infiltration of
leukocytes and WBC
level

Decrease paw
thickness, clinical
score, reduce
symptoms of RA,
reduce infiltration of
inflammatory cells,
preserve integrity of
cartilages; increase
lymphocytes, decrease
monocytes and
granulocytes

ltotal oxidant status,
loxidative stress index,
Ttotal antioxidant status,
IMPO, |IL-1f, |IL-6,
|TNF-a, | TGF-B1, |RF,
1CRP, |ASO

1GSH, TGPx, |IL-2, |IL-12,
|TNF-a (BV); |LPO, TGSH,
180D, TGPx, 11IL-10, |IL-2,
IL-12, | TNF-q, 1IL-4 (BV

and hesperidin)

TCaspase-3, TBax, |Bcl-2

|TNF-a, |IL-17; increase
CD3CD4CD25Foxp3* cells

References

Han et al.
(2018)

Kocyigit et al.
(2019)

Ahmed et al.
(2018)

Liu et al.
(2021)

Choi et al.
(2021)

Du et al.
(2021)
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TABLE 3 (Continued) Summary of the effects and mechanisms of BV and its main components on inflammatory diseases.

BV and/or Model Inducer/Method
its
components

MEL Osteoarthritis IL-1p

BV and apamin  Gouty arthritis MSU (i.d. injection

into the right paw)

MSU

BV MSU (intra-articular

injection)

Gouty Arthritis

Inflammation related digestive diseases

BV Gastric ulceration Acetylsalicylic acid
(oral administration)
BV Nonalcoholic Fructose (drinking
steatohepatitis water)
MEL Ulcerative colitis Acetic acid
(intrarectal
administration)

Frontiers in Pharmacology

Animal/Cell (BV
etc.
administration)

C518 cells (0, 0.1, 0.5, 1,
and 10 pg/ml, for 24 h)

C57BL/6 male mice
(0.5 and 1 mg kg,
i.p., once daily for 3 days)

Murine macrophage
RAW 264.7 cells (1-5 pg/
ml, for 1 h)

Male SD rats (0.5 mg/kg,
tibiotarsal intra-articular
injection)

Male Sprague-Dawley rats
(2 mg/kg BW, i.p., for
7 days)

Male Wistar albino rats
(0.1 mg/kg, i.p., 3 times
per week during the last
2 weeks)

Swiss albino male mice
(40 pg/kg, p.o., once per
day for 5 days)

48

Effects Mechanisms

Inhibit NF-kB
activation by
preventing IkB
degradation and NF-
kB migration

iNOS, |NF-kB

Decrease paw edema,
reverse the change in
weight-bearing
distribution; decrease
MSU crystal formation

|IL-1pB, |IL-6, | TNF-q,
INLRP3, |ASC, |Caspase-
1, |[NF-kB

|TNF-a, |p-IkB-a

Mitigate paw edema
and mechanical
allodynia, suppress
neutrophil infiltration,
reduce progression of
synovitis

|MIP-1a, | MIP-1B, | MCP-
1, |GRO-q, |MIP-2q,
1iNOS, |COX-2

Gastric mucosa was
nearly normal, with
slight congestion;
attenuate
haematological,
haemostatic, and
histopathological
alterations, reduce
tissue eosinophil level;
decrease ulcer index,
fluid volumes, and
pepsin concentrations

|TNF-a, |MPO, |MDA,
TSOD, TGSH, THsp70,
|Bax, |Caspase-3

|SREBPIc, |SREBP2,
TGCL, TNrf2, [MDA,
Tintestinal tight junction
proteins, | TNF-a,
TLXRa, TFXR

Mitigate body weight
and epididymal fat
weight; increase blood
glucose, decrease
insulin concentration
and HOMA; decrease
serum and liver total
lipids and TGs, total
and LDL cholesterol,
increase HDL
cholesterol; normalize
liver ODS, minute focal
hepatocellular necrosis
associated with
inflammatory cell
infiltration

Increase body weight
gain, decrease colon
mass index; preserve
colon mucosa and
submucosa

|TNF-q, |IL-6, | TLR4,
|TRAF6, |p38 MAPK,
INF-xB, |PGE2, |COX-2,
SPLA,, | MDA,

150D, TGSH

References

Tang et al.
(2021)

Yun Mi Lee
et al. (2020)

Goo et al.
(2021)

Mohamed
et al. (2019)

Abd
El-Haleim,
(2020)

Ahmedy et al.
(2020)
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TABLE 3 (Continued) Summary of the effects and mechanisms of BV and its main components on inflammatory diseases.

BV and/or Model Inducer/Method Animal/Cell (BV Effects Mechanisms References
its etc.
components administration)
MEL Acute liver failure D-galactosamine/ Male C57BL/6 mice (2, 4, Improve survival, |Total bilirubin, |ALT, Fan et al.
LPS) (i.p.) and 8 mg/kg, i.p.) hepatic functions, LAST, |TNF-q, [IL-1B, |p-  (2020)
gross liver appearance  Akt, |p-mTOR, |PKM2,
and histological |HIF-1a, |TNF-a, |[IL-1f
changes, decrease
hepatocyte death,
alleviate hepatic
inflammation; induce
no obvious in vivo
toxicity; repress
Warburg effect
LPS RAW264.7 murine Exert antioxidative 1SOD, TCAT, TGSH,

effects; increase OCR,
decrease ECAR, inhibit
aerobic glycolysis;
disrupt Warburg effect

macrophages (0.35, 0.70,
1.40, and 2.80 uM,
for 24 h)

IMDA, Tacetyl-CoA,
|LDH, [lactate, |glucose
transporter 1 (GLUT-1),
|LDHA, |p-Akt, |[p-mTOR,
|PKM2, |HIF-1a, | TNF-q,
IL-1B

Inflammation related other diseases

BV Allergic chronic Ovalbumin (i.p.) and ~ Female BALB/c mice Decrease neutrophils JINF-y, |[NF-kB, |AP-1 Seung-Heon
rhinosinusitis Staphylococcus aureus (0.5 and 5 ng/ml, and eosinophils in Shin et al.
enterotoxin B intranasally, 3 times a nasal lavage fluid; (2018)
(intranasally) week for 8 weeks) decrease inflammatory
cell infiltration and
PAS-positive cells
BV Pleurisy Carrageenan (injected ~ Male Balb/c mice (0.8 and ~ Suppress pleural IMPO, |IL-1B Choi et al.
into pleural cavity) 0.08 mg/kg, s.c. into the exudate volume and (2018)
left Chize acupoint, LU-5,  leukocyte
the first was 5 min before  accumulation, increase
and a second was 12 h the number of Fos-ir
after carrageenan neurons
injection)
BV Inflammatory Porphyromonas Male Balb/C mice (1, 10,  Attenuate bone |TNF-qa, [IL-1p Guetal. (2019)
periodontitis gingivalis (applied to  and 100 ug/kg, once a resorption and
gingival margin) week for 4 weeks) osteoclast formation
Osteoclastogenesis RANKL Mouse monocyte/ Show no cytotoxic | Nuclear factor of activated
macrophage RAW effect; inhibit T cells 1 (NFATc1),
264.7 cells (1, 10, and osteoclastogenic lintegrin av, |integrin B3,
100 ng/ml, for 5 days) differentiation; |cathepsin K, | TNF-a, |IL-
attenuate F-actin ring 1B, |p-Akt, |p-ERK 1/2, |p-
formation and p38, |p-JNK
osteoclast resorptive
activity
MEL Periodontitis PgLPS HaCaT cells (0.1, 0.5, and  Anti-inflammatory |IFN-y, |TNF-a, |TLR-4, ‘Woon-Hae
1 pg/ml, for 8 h) effects |IL-8, |IL-6, | pIkB, [INF-kB  Kim et al.
p65, |pAkt, |pERK1/2 (2018)
BV Allergic PMA and A23187 HMC-1 cells (5and 10 pg/  Suppress histamine |TNF-q, |IL-6, |IL-1B, |[p- Kang et al.
inflammatory (PMACI) ml, for 30 min-24 h) release ERK, |p-JNK, |p-p38, |[p-  (2018)
disorders MEK1/2, |p-MAPK kinase

3/6 (p-MKK3/6), | p-MKK4,
1p-STATS3 (Ser727), |p-Akt
|TNF-a, |[IL-6, |IL-1B, |p-
ERK, |p-JNK, |p-p38, |p-
STAT3 (Tyr705)

ICR male mice
(20 mg/kg, i.p.)

Compound 48/80
(i.p.» Anaphylactic
shock)

Reduce mortality rates

Abbreviations are as shown in the literature. (|), down-regulation or inhibition; (T), up-regulation or activation.
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1CD55, |C3C, |MAC
LICAM-1

INLRP3, |ASC, |Caspase-1
|Bax, |Casp-3

tAcetyl-CoA, |GLUT-1, |LDH,
llactate, |LDHA
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MAPK
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HIF-1a
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Anti-inflammation

Oxidative stress

Chemokines

Complement
Adhesion
Inflammasome
Apoptosis

Warburg effect-
associate

MKK families

SK channels

The main affected targets and mechanisms of BV and its main components in alleviating inflammatory diseases. The texts in pink oval boxes,
light grey green boxes, and gradient grey blue boxes indicate related diseases, regulated targets and pathways (or mechanisms), respectively.

in rats induced by methyl mercury chloride through regulation of
the methyl mercury chloride altered behavioral responses, gene
expression of tight junction proteins, and immune-expression
markers for specific neural cell types (Abu-Zeid et al., 2021).
MEL exerted neuroprotective effects on HT22 cells treated
with AP,s 35 through activation of nuclear factor (erythroid-
derived 2)-like 2 (Nrf2)/heme oxygenase-1 (HO-1), and
tropomyosin-related kinase receptor B (TrkB)/cAMP response
(CREB)/BDNF
Additionally, MEL restored exhausted learning and memory

element-binding signaling  pathways.
abilities in an Ap,s_3s-induced cognitive deficits mouse model.
The above results showed that MEL could be a candidate agent
for neurodegenerative disorders (Cong Duc and Lee, 2021).
Apamin enhanced neurite outgrowth and axon regeneration
after laceration injury, and increased the expression of BDNF,
nerve growth factor (NGF) and regeneration-related genes in
mature cortical neurons (Kim H. et al., 2021). Apamin inhibited
LPS-induced neuroinflammatory responses in BV2 and rat
primary cells. It inhibited
proinflammatory cytokine production and microglial cell

microglial significantly

activation by downregulating the expression of pCaMKII and

toll-like receptor 4 (TLR4) (Park et al., 2020). Especially, apamin
inhibited the translocation of p65/STAT3 and MAPK-ERK
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signaling, which was verified through inhibitors (Park et al,
2020). The above findings suggested that apamin could be a
potential adjuvant for treating a variety of neurological diseases.
Besides, Apamin and bvPLA, contributed to the control of
multiple sclerosis (Lee G. et al., 2019; Danesh-Seta et al., 2021).

Alleviating inflammatory diseases

Chronic inflammation could cause the development of many
diseases, such as skin diseases and RA (Wehbe et al., 2019). In
classical medicine, BV and its main components were used for
treating chronic inflammatory disorders. Recent studies are
shown in Table 3, and the main affected targets and
mechanism of BV and its main components in alleviating
inflammatory diseases is shown in Figure 4.

Effects on atopic dermatitis
As a chronic skin inflammatory disease, atopic dermatitis is

caused by several genetic, inflammatory, and immunological
abnormalities and characterized by recurrent eczema and
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itching (Gu et al,, 2018; Lee Y. J. et al,, 2020). BV and its main
components, MEL and bvPLA,, have anti-inflammatory and
atopic dermatitis effects in vivo and in vitro.

In vivo, BV treatment significantly reduced phthalic
anhydride-induced atopic dermatitis clinical score, back and
ear epidermal thickness, and the lymph node weight,
decreased the level of IgE, IL-4, IL-13, TNF-q, IL-1pB, and IL-6
and the number of eosinophil, neutrophil, monocytes, mast cells,
F4/80-positive cells and Ly6G-positive cells, as well as inhibited
the iNOS and COX-2 expression and activated MAPK and NF-
kB in the skin tissues. In vitro, BV also suppressed MAPK and
NF-«B pathway in RAW 264.7 murine macrophages treated with
LPS and HaCaT human keratinocytes treated with TNF-a-/IFN-
y (Lee Y. J. et al., 2020). Besides MAPK and NF-«B pathways,
Janus kinase (JAK)/STAT signal pathways were also blockaded
by the treatment with BV or MEL in TNF-a/IFN-y-treated
HaCaT cells, and the chemokines CCL22 and CCL17 and
pro-inflammatory cytokines IL-6, IL-1B, and IFN-y decreased
(An et al., 2018).

In addition, BV relieved atopic dermatitis by inactivating the
complement system. In vitro, BV inhibited the complement
system via the induction of CD55 by activating ERKs in THP-
1 cells. In vivo, BV attenuated skin condition, and decreased
clinical skin score in mice with atopic dermatitis-like lesions from
2.5% 2,4-dinitrochlorobenzene (DNCB) treatment; furthermore,
BV and MEL inactivated the complement system, especially via
the CD55 induction, which downregulated the membrane attack
complex (MAC) and C3 convertase (C3C) levels (Kim Y. et al,,
2019).

The bvPLA, treatment suppressed atopic dermatitis-related
skin swelling, improved ear thickness, reduced IgE and the
expression of Thl and Th2 cytokines (IFN-y, IL-4, IL-6 and
IL-10), induced Treg, and decreased epidermal and dermal
thickness and macrophage and mast cell infiltration in
extract/ DNCB-treated
However, the effects were eliminated in CD206~~ mice after

Dermatophagoides  farinae mice.
D. farinae extract/DNCB treatment. The above data suggested
that bvPLA, could alleviate atopic skin inflammation through

interaction with CD206 (Shin D. et al., 2018).

Effects on arthritis

Arthritis has a high incidence rate in the world and includes
more than 100 forms, and the most common ones include RA,
osteoarthritis, psoriatic arthritis and inflammatory arthritis
(Tang, 2019). BV and its main components, MEL and
apamin, and wasp venom, have anti-inflammatory,
antioxidative, anti-apoptotic, and other effects on arthritis.

RA is a chronic inflammatory autoimmune disease, which is
often affected by genetic, epigenetic, and environmental factors
(Giannini et al., 2020). BV treatment decreased the paw volume

and arthritis index in RA rats induced by Freund’s complete
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adjuvant, and showed anti-oxidant, anti-inflammatory, anti-
genotoxic, and immunomodulatory effects through decreasing
total oxidant status, oxidative stress index, myeloperoxidase
(MPO), IL-1Bp, IL-6, TNF-a, TGF-f1 and mononuclear
leukocyte DNA  damage total
antioxidant status level (Kocyigit et al, 2019). In addition,
wasp venom dramatically inhibited the viability of MH7A
human RA synovial fibroblasts in vitro and induced MH7A
cell

levels, and increasing

apoptosis through up-regulating the expression of
Caspase-3 and Bax and down-regulating that of Bcl-2 (Liu
et al, 2021). Besides, bvPLA, showed significant anti-
inflammatory and arthritic effect on a RA mouse model
though the induction of Tregs (Choi et al, 2021). Polymeric
microneedle-mediated transdermal delivery of MEL inhibited
the progression of RA in arthritis rat and mouse models,
suppressed the levels of IL-17 and TNF-a, and raised the
percentage of regulatory CD4 T cells, which suggested that
polymeric microneedle-mediated MEL transdermal delivery
could be used as a new treatment for RA and other
autoimmune diseases (Du et al., 2021).

In addition, MEL showed anti-inflammatory effects on
C518 rat knee joint cells induced by IL-1p via suppressing
the expression of iNOS and preventing the degradation of
IkB in cytoplasm and the migration of NF-kB from
cytoplasm to nucleus, which suggested that MEL could be
used as an anti-inflammatory candidate
2021).

treatment decreased the inflammatory paw edema, and

against
osteoarthritis (Tang et al, BV and apamin
reversed the alternation in weight-bearing distribution in
monosodium urate (MSU)-administered mice by inhibiting
proinflammatory cytokine production and inflammasome
formation, as well as decreased MSU crystal formation,
which suggested that BV and apamin could be potential
novel agents for gouty arthritis (Lee Y. M. et al., 2020).
Besides, BV also showed anti-inflammatory effect to alleviate
pain and edema in gouty arthritis rats through reducing the
expression of proinflammatory cytokines and chemokines

(Goo et al., 2021).

Effects on inflammation related digestive
diseases

BV and MEL exerted anti-inflammatory effects on
inflammation related digestive diseases, such as gastric
ulceration, nonalcoholic steatohepatitis, ulcerative colitis, acute
liver failure, etc.

BV showed gastro-protective effects against rats gastric
ulceration induced by acetylsalicylic acid. It attenuated the
haematological, haemostatic, and histopathological alterations,
reduced the tissue eosinophil level, as well as decreased the ulcer
index, fluid volumes, and pepsin concentrations in acetylsalicylic
acid-treated rats, which attributed to its anti-inflammatory and
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antioxidant effects by decreasing TNF-a, MPO levels and MDA
concentration, and increasing SOD activity and glutathione
(GSH) property by
downregulating Bax and Caspase-3 levels, as well as

concentration, its  anti-apoptotic
protection of gastric tissue by upregulating Hsp70 (Mohamed
2019).

inflammatory, and anti-hyperlipidemic effects against rats

et al, Besides, BV possessed antioxidant, anti-
nonalcoholic steatohepatitis induced by fructose, which may
be due to the enhanced expression of nuclear receptors, liver
X receptor a (LXRa) and farnesoid X receptor (FXR), the reduced
liver sterol regulatory element-binding protein 1/2 (SREBP1/2)
levels, and the improved intestine tight junction protein
expression (Abd El-Haleim, 2020).

MEL showed antiulcerogenic effect in acetic acid-induced
ulcerative colitis in mice. It increased the body weight gain,
decreased colon mass index and preserved colon mucosa and
submucosa, which could be via mitigating TLR4/TNF receptor
associated factor 6 (TRAF6) mediated NF-kB and p38 MAPK
signaling (Ahmedy et al., 2020). Besides, MEL improved survival
rate, reduced serious symptoms and signs, and relieved hepatic
inflammation by reducing total bilirubin, alanine transaminase
(ALT), aspartate aminotransferase (AST), TNF-a and IL-1p
levels in failure In LPS-stimulated
RAW264.7 macrophages, MEL exerted antioxidant and anti-
inflammatory effects. Furthermore, MEL disrupted the Warburg
effect by inhibiting the Akt/mTOR/pyruvate kinase M2 (PKM2)/
HIF-1a pathway to alleviate inflammation in vitro and in vivo.
Molecular docking analysis confirmed that MEL targeted PKM2,
and knockout of PKM2 produced anti-inflammatory effects

acute liver mice.

similar to MEL in vitro. The above findings highlighted a new
strategy of MEL in treating acute liver failure (Fan et al., 2020).

Effects on inflammation related other
diseases

BV and its main components, including MEL, bvPLA, and
apamin, also exerted anti-inflammatory effects on other diseases,
such as allergic chronic rhinosinusitis (Shin S. H. et al., 2018),
pleurisy (Choi et al., 2018), inflammatory periodontitis (Kim W.
H. et al,, 2018; Gu et al,, 2019), allergic inflammatory disorders
(Kang et al., 2018), etc. For instance, BV showed anti-
inflammatory effects in an allergic chronic rhinosinusitis
mouse model. BV decreased neutrophil and eosinophil counts
in nasal lavage fluid, reduced interferon-y (INF-y) level,
inflammatory cell infiltration and PAS-positive cells, as well as
suppressed NF-kB and activator protein-1 (AP-1) expressions in
mouse nasal mucosa, which indicated that BV may possess
potential value in treating allergic chronic rhinosinusitis (Shin
S. H. et al,, 2018).
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Analgesic effect

BV is usually used to relieve pain, mainly by injecting it into
acupoints, such as ST36 (Zusanli) (Li et al., 2020a). In recently
4years, BV and its main components, including MEL and
bvPLA,, have been reported to attenuate neuropathic pain,
osteoarthritis pain, and burn injury pain, etc., as shown in
Table 4.

Effects on neuropathic pain

Neuropathic pain is a chronic pain, often caused by damaged
or abnormally discharged neurons in the peripheral or central
nervous systems (Hamad et al., 2018). Some anti-cancer agents,
such as oxaliplatin, vincristine and paclitaxel, could induce
neuropathic pain. BV acupuncture alleviated cold and
through

regulating the action potential threshold of A-fiber dorsal root

mechanical allodynia induced by oxaliplatin
ganglia neurons (Lee J. H. et al., 2020). Besides, s.c. injection of
MEL at acupoint ST36 relieved the mechanical and cold
allodynia, and inhibited hyperexcitated spinal wide dynamic
range (WDR) neuronal activity, via activating the spinal a;-
and a,-adrenergic receptors (Choi et al., 2019). BV acupuncture
inhibited abnormal hyperexcitation of the spinal WDR neurons
caused by cutaneous cold and mechanical stimulation in rats
treated with vincristine, which was mediated by the descending
noradrenergic pathway (Li et al., 2020a). Co-treatment of BV and
venlafaxine produced a lasting and additive analgesic effects on
paclitaxel-induced cold and mechanical allodynia in mice,
5-HT,/5-HT,, and 5-HT;
receptors, providing a promising clinical strategy (Li et al,
2020b).

through spinal a,-adrenergic,

Effects on other pain

BV acupuncture improved the pain-related behavior in the
rat model of collagenase-induced osteoarthritis resulting from
the partial partaking of the §-opioid and a,-adrenergic receptors
(Huh et al, 2018). Besides, BV biotherapy could sustainedly
improve knee osteoarthritis pain and body function in a phase III
clinical trial (Conrad et al., 2019).

Repeated BV treatment reduced the mechanical allodynia,
recovered the ipsilateral paw print area and single stance, and
reduced the tissue damage in a mice pain model induced by
scalding burn. And BV stimulation inhibited the increase of Sub
P expression in peripheral and central nervous systems. The
above results suggested that BV treatment could effectively
control the pain of burn patients (Kang et al.,, 2021).
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TABLE 4 Summary of the analgesic effects and mechanisms of BV and its main components.

BV and/or Model Inducer/ Animal/Cell (BV
its Method etc. administration)
components

Neuropathic pain

BV Neuropathic Oxaliplatin (i.p.)  SD rats (0.1 and 1 mg/kg, s.c.,
pain acupoint ST36 or LI11)

MEL Peripheral Oxaliplatin (i.p.)  SD rats (0.5 mg/kg, s.c., ipsilateral
neuropathic acupoint, Zusanli (ST 36) of
pain right leg)

BV Peripheral Vincristine (i.p.)  Male SD rats (1.0 mg/kg, s.c.,
neuropathic right hind limb ST36 (Zusanli)
pain acupoint)

BV and Peripheral Paclitaxel (i.p.) Male C57BL/6j mice (0.25, 1.0,
venlafaxine neuropathic and 2.5 mg/kg, s.c., ST36 (Zusanli
(VLX) pain acupoint) of right hind limb

(BV); 1.0 mg/kg, s.c. (BV) and
40 mg/kg, i.p. (VLX))
bvPLA, Neuropathic Right L5 SNL SD rats (0.2 mg/kg/day, i.p., for
Pain surgery 2 days)
Other pain
BV Osteoarthritis Collagenase Male Sprague-Dawley rats (1 and
(intra-articularly 2 mg/kg, ST-36 acupoint)
injected)
BV Burn injury Right hind paw ~ Male ICR mice (0.01, 0.02, and

immersed in hot

0.1 mg/kg, s.c., ipsilateral knee

Effects

Alleviate cold and
mechanical allodynia

root ganglia neurons

Alleviate mechanical and
cold allodynia, inhibit
hyperexcitated spinal WDR
neuronal activity

Ameliorate cold and
mechanical
hypersensitivity, ameliorate
hyperexcitation of spinal
WDR neuron

Ameliorate cold and
mechanical allodynia (co-
administration >
monotherapy)

Attenuate mechanical
allodynia

Improve pain-related
behavior

Reduce mechanical
allodynia, recover ipsilateral

10.3389/fphar.2022.1001553

Mechanisms Reference

Increase action potential
and current threshold in
acutely dissociated dorsal

Ji Hwan Lee
et al. (2020)

Choi et al.
(2019)

Spinal a;- and a,-
adrenergic receptors are
involved in analgesic effects

Analgesia was mediated by  Li et al.

descending noradrenergic (2020a)
pathway

Spinal a,-adrenergic Li et al.
receptor, 5-HT,, 5-HT,, (2020b)

and 5-HT; receptors
mediate analgesic effects
(co-administration)

Analgesic effects are Woo et al.

mediated by activation of (2019)
spinal a;-adrenergic

receptors

Partial involvement of the ~ Huh et al.
§-opioid and a,-adrenergic  (2018)
receptors

|Sub P (dorsal root ganglia  Kang et al.
and spinal cord) (2021)

water (65°C, 3's)

area, once daily for 14 days)

paw print area and single
stance, reduce tissue
damage

Abbreviations are as shown in the literature. (|), down-regulation or inhibition; (T), up-regulation or activation.

Anti-infectivity effect

In recent 4 years, BV and main components, MEL, bvPLA,,
melectin and MPX, have been reported to show anti-infectivity
effects, as shown in Table 5. In particular, the effects on severe
acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) and
drug resistant bacteria have attracted more and more
attention.

Antiviral effect

Coronavirus disease (COVID-19), caused by SARS-CoV-2,
has infected people in 210 countries and was declared a pandemic
by WHO on 12 March 2020 (Al Naggar et al., 2021). BV has
shown potent antiviral, anti-inflammatory and
which that BV

treatment could be a promising complementary therapy to

immunomodulatory effects, suggested
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prevent SARS-CoV-2 (Kasozi et al., 2020; Al Naggar et al,
2021; Lima et al., 2021). In Hubei Province in China, the local
beekeeper association investigated 5115 beekeepers (including
723 in Wuhan) from 23 February to 8 March in 2020. The results
showed that no one had any symptoms related to COVID-19
(Yang et al, 2020). In addition, sitagliptin-MEL optimized
nanoformula was repurposed, and showed antiviral potential
against SARS-CoV-2 isolate with ICs, values of 8.439 uM and
in vitro 3CL-protease inhibition with ICs, values of 7.216 uM.
Sitagliptin-MEL could ensure improved delivery to target cells
and cell uptaking, with anti-SARS-CoV-2 activity (Al-Rabia
et al., 2021).

Human immunodeficiency virus (HIV) has been a major
social and health problem for about 30 years. BV was safe and
maybe therapeutic in a specified dose, owing to MEL uptake by
HIV infected cells which resulted in reduced HIV gene
expression and replication (Uzair et al., 2018). A recent study
using bioinformatics tools indicated that in addition to envelope
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TABLE 5 Summary of the anti-infectivity effects and mechanisms of BV and its main components.

BV and/or Model Inducer/Method Animal/Cell (BV Effects Mechanisms Reference
its etc. administration)
components
Antiviral effect
MEL, SARS-CoV-2 SARS-CoV-2 Vero E6 cells (1 ng/ml- Show antiviral activityand ~ — Al-Rabia et al.
Sitagliptin- MEL 10 pg/ml) in vitro Mpro 3CL- (2021)
optimized protease inhibition
nanoformula
BV HCV HCV (JFHLI strain of ~ Huh?7it-1 cells Inhibit HCV Act on HCV particles Sarhan et al.
genotype 2a) (0.01-1000 ng/ml) directly (2020)
CH/AL-BV PRRSV PRRSV type I LMY  Pigs (2 mg, nasally) Reduce lung lesion scores  TTh cells, TIL-12, TIFN-  Lee et al.
strain and microscopic lesion Y, TPRRSV-specific IgG  (2018)
(intramuscularly) score, decrease viral Ab, TCD4" T cells,
genome levels, increase TSTAT4, TT-bet, | Treg
virus neutralization titers  cells, |[IL-10, | TGF-p,
levels |STATS, | Foxp3, TIEN-
vy secreting CD4" T cells,
TTh/memory cells
Antibacterial effect
BV MRSA pneumonia — ATCC 33591 (reference Show antibacterial activity | hla, |agrA, |a- Kong et al.
strain, HA-MRSA) (0.98, hemolysin (2020)
1.95, 3.9, and 7.8 pg/ml,
for 4 h)
— USA300 (wild-type LAC Show antibacterial activity ——
strain, CA-MRSA)
MRSA 264.7 RAW macrophages — |TNF-q, |IL-6
(0.98, 1.95, 3.9, and
7.8 ug/ml)
USA300 A549 cells — |LDH
(0.78-6.25 pg/ml)
USA300 (intranasal Balb/c mice (0.125, 0.25, Increase survival rates; no  |Serum amyloid A3
infection) and 0.5 mg/kg/day, i.p.) abscesses, less lung edema  (Saa3), |chemokine
and fewer inflammatory (C-X-C motif) ligand 9
cells; reduce the number (Cxcl9), |orosomucoid
of bacteria in the lungs 1 (Orml), TPON1
BV and MEL MRSA — Enterotoxigenic S. aureus Show antibacterial — Pereira et al.
isolates (ATCC 13565, activity, do not interfere (2020)
ATCC 14558, ATCC with staphylococcal
19095, and ATCC 23235) enterotoxin production or
(0.45-917 pg/ml) release
MRSA ATCC 33591 and Show antibacterial —
5 clinical isolates activity, exhibit
(0.45-917 pg/ml) bactericidal synergism
with oxacillin. Show cell
distortion, cell
disintegration with
leakage of cytoplasmic
content and loss of
cytoplasm content (ATCC
33591)
BV, MEL and Escherichia coli — Escherichia coli (ATCC” Inhibit membrane-bound — Nehme et al.
PLA, 25922™) (0-200 pg/ml E. coli. F;Fy-ATPase (2020)
(BV), 0-10 pg/ml (PLA,))
BV Salmonella strains — 16 Salmonella strains Show antibacterial TrprA, ToxyS, TdsrA (S.  Arteaga et al.
(32-4096 ug/ml, for 24 h) activity, reduce biofilm Newport Lhica N2 and ~ (2019)
formation S. Typhimurium T22)
BV Pathogenic Gram- — S. aureus subsp. aureus Show a broad spectrum of — Tanuwidjaja

positive and Gram-
negative bacteria

Frontiers in Pharmacology

(DSM 20231), B. cereus
(DSM 6791), S. enterica
subsp. enterica (DSM
14221), L. innocua (ATCC
3309) and E. coli (ATCC
25922) (12.5-800 pg/ml,
for 24 or 48 h)
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TABLE 5 (Continued) Summary of the anti-infectivity effects and mechanisms of BV and its main components.

10.3389/fphar.2022.1001553

BV and/or Model Inducer/Method Animal/Cell (BV Effects Mechanisms Reference
its etc. administration)
components
Crude BV in Pathogenic Gram- B. subtilis, M. luteus, . Show more robust Maitip et al.
Thailand positive and Gram- aureus, S. aureus MRSA, S.  antibacterial activities (2021)
negative bacteria, a epidermidis, E. coli, K. against Gram-positive
fungus pneuminiae, S. than Gram-negative
typhimurium (3.12-400 pg/  bacteria or a fungus
ml, for 24 h); C. albicans
(3.12-400 pg/ml, for 48 h)
MEL XDR — XDR Acinetobacter Show antibacterial — Pashaei et al.
Acinetobacter spp. spp. (0.0625-8 pg/ml) activity, cause (2019)
fluorescence release from
XDR isolates, induce
aggregation, cell lysis,
membrane disruption,
and vesicle
A. baumannii ATCC ~ Mouse model of third Eradicate colonized XDR ~ —
19,606 (inoculated on  degree burn (Balb/c mice)  bacteria
burn wound area) (8, 16, and 32 pg/ml,
incubated on infected area,
for 2 h)
MEL and MDR A. baumannii ~ — MDR A. baumannii Show synergistic — Akbari et al.
doripenem (for 24 h) antibacterial activity (2019)
MEL- MDR P. aeruginosa — MDR P. aeruginosa Show synergistic —
doripenem and (for 24 h) antibacterial activity
MEL-ceftazidime
Melectin Broad-spectrum — S. aureus ATCC 25923, P.  Show antibacterial activity =~ Have an a-helical Ko et al.
aeruginosa KCTC 2004, K. structure, bind to LPSor ~ (2020)
pneumoniae KCTC 2008, LTA and kill bacteria
E. coli ATCC 25922; drug through bacterial
resistant strains (0-32 pM) membrane
permeabilization (S.
aureus ATCC 25923,
and P. aeruginosa
ATCC 27853)
S. aureus Human dermal fibroblasts — — |TNF-q, |IL-8, |IL-6,
(5 uM, for 24 h) JIL-1B
Melectin Broad-spectrum — Drug-sensitive bacterial Show antibacterial activity ~ Have an a-helix form, Liang et al.
strains (4, 8, and effect on the outer and ~ (2021)
16 pM, etc.) inner membrane of
bacteria (E. coli),
interact with DNA
MPX Actinobacillus — A. pleuropneumoniae (16,  Show antibacterial TPurC, |ApxI, |ApxIl, ~ Wang et al.
pleuropneumoniae 32, and 64 pg/ml) activity, increase |Apal, TSap A (2020)
membrane permeability,
release bacterial proteins
and Ca®*, Na* and other
cations, reduce biofilm
formation
A. pleuropneumoniae  Female BALB/c mice Protect mice from a lethal | TNF-a, |IL-6
serotype 5b L20 strain (20 mg/kg, i.p.) dose of A.
(inoculated pleuropneumoniae,
intranasally) decrease the number of
bacteria colonising the
lung, relieve lung
inflammation
Antifungal effect
BV Trichophyton — T. rubrum (0.1, 10, and Deliver a significant level —— Park et al.
rubrum 40 mg/distilled water of inhibition (2018)

100 L)

Abbreviations are as shown in the literature. (|), down-regulation or inhibition; (T), up-regulation or activation.
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and long terminal repeat, HIV capsid and proteases could have
great potential as MEL targets (Dehghani et al., 2020).

Hepatitis C virus (HCV) infection is a worldwide health
concern, which can lead to serious liver diseases. BV inhibited the
entry stages of HCV infection cycle by interacting with virus
particles, through a peptide(s), which
demonstrated that the BV could be a potential candidate for
characterizing and developing new natural anti-HCV agents
(Sarhan et al., 2020).

Besides, chitosan/alginate nanoparticle encapsulated BV
(CH/AL-BV) was developed, and nasal administration of CH/
AL-BV induced non-specific immune stimulating effects, and

non-common

protected against porcine reproductive and respiratory syndrome
virus (PRRSV) infection, suggesting that nasal-delivered CH/AL-
BV could produce effective protective immunity against PPRSV
infection (Lee et al., 2018).

Antibacterial effect

BV and MEL showed antibacterial activity against MRSA
(Kong et al., 2020; Pereira et al., 2020). In vitro, BV showed strong
anti-infectivity effects against two MRSA strains, ATCC
33591 and USA300, and decreased the hla and agrA genes
expression and the a-hemolysin production in ATCC 33591.
BV alleviated the secretion of TNF-a and IL-6 in MRSA-
stimulated 264.7 RAW macrophage. Besides, BV protected
A549 cells from MRSA. In vivo, BV increased mouse survival
rates, decreased the bacteria number in the lungs and relived
symptoms of pneumonia induced by MRSA in mice. The above
results indicated that BV could be a candidate for treating
pneumonia caused by MRSA infection (Kong et al., 2020). BV
and mainly MEL and bvPLA,, could inhibit E. coli F,F,-ATPase
enzyme, a key molecular target for bacteria survival, which could
be regarded as important candidate drugs against resistant
bacteria (Nehme et al., 2020).

BV
16  Salmonella

Besides, showed anti-infectivity
strains, the inhibitory
concentrations (MIC) ranged from 256 to 1024 pg/ml. In
addition, BV inhibited biofilm formation in 14 strains. The

above findings indicated that BV was a potential anti-infectivity

activity — against

and minimum

agent against food-borne pathogens (Arteaga et al., 2019).
Bacterial infection from antibiotic resistant bacteria has
become a main cause of morbidity and mortality after burns.
In vitro, MEL showed antibacterial activity against extensively
drug-resistant (XDR) Acinetobacter spp., caused fluorescence
release from XDR isolates which severed as a marker of
membrane damage, and had membranolytic effect. In vivo,
MEL eradicated the colonized XDR bacteria on infected
mouse model with third-degree burn, and no toxicity at the
2019).
Furthermore, MEL-doripenem showed synergistic antibacterial

therapeutic dose was observed (Pashaei et al,

activity against MDR A. baumannii isolates, while MEL-
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and  MEL-ceftazidime
antibacterial activity against multidrug-resistant (MDR) P.

doripenem showed  synergistic
aeruginosa (Akbari et al, 2019). The above results showed
that MEL, MEL-doripenem and MEL-ceftazidime could be
regarded as topical drugs against burn infections from
antibiotic resistant bacteria.

Melectin, from the venom of a bee, Melecta albifrons,
showed broad-spectrum anti-infectivity activities against
standard sensitive/clinical drug-resistant bacteria strains, and
exhibited low or moderate cytotoxicity and no hemolytic
activity. Besides, melectin reduced the release of TNF-a, IL-
1B, IL-6, and IL-8 from S. aureus-stimulated human fibroblasts.
These findings suggested that melectin could be considered as a
new template against multidrug resistance (Ko et al., 2020;
Liang et al., 2021).

MPX, from wasp venom, showed good antibacterial effect on
Actinobacillus pleuropneumoniae, a causative agent of respiratory
infections in pigs. MPX destroyed the bacterial cell membrane,
blocked the bacterial biofilms formation, and modulated the
expression of virulence factors of A. pleuropneumoniae
in vitro, as well as protected mice from a lethal dose of A.
pleuropneumoniae and relieved lung inflammation in vivo,
which provided information for the clinical application of
MPX (Wang et al.,, 2020).

Antifungal effect

The antifungal effects of BV components on Trichophyton
rubrum have been evaluated, and the results showed that BV
provided a significant level of inhibition in its overall form, and
BV based products may play a potential antifungal therapeutic
role (Park et al., 2018).

Protect effect on liver, kidney, lung
and muscle injury

Protect effect on liver injury

BV and its main components, such as MEL and bvPLA,,
showed protect effects on liver diseases, including non-alcoholic
fatty liver, hepatoxicity and cholestatic liver disease, as shown in
Table 6.

The trend of elevated fasting glucose and insulin levels as
well as lower levels of antioxidant parameters such as
glutathione-S-transferase  (GST), glutathione peroxidase
(GPx), Nrf2 and GSH in rats induced by high-fat diet (HFD)
was reversed by BV, and the levels of adiponectin and TNF-a were
restored. The above results suggested that BV is a promising
alternative treatment option for non-alcoholic fatty liver disease
(Hanafi et al,, 2018). BV and honey showed protective effects on
hepatoxicity and lipid peroxidation in rats caused by LPS and
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TABLE 6 Summary of the protect effects and mechanisms of BV and its main components on liver, kidney, lung and muscle injury.

BV and/or  Model Inducer/ Animal/Cell (BV Effects Mechanisms Reference
its Method etc. administration)
components
Liver injury
BV Non-alcoholic HFD Male Wistar rats (0.01, 0.05,  Normalize lipid profile |ALT, |AST, |gamma- Hanafi et al.
fatty liver 0.1 mg/kg, s.c.) values, decrease insulin glutamyltransferase, (2018)
resistance index, increase |bilirubin, |FBG, |insulin,
GSH/glutathione ITG, |TC, |LDL-C, |hepatic
disulphide (GSSG) ratio; TGs, |hepatic TC, THDL-C,
improve the architecture Thepatic GSH, |serum GSSG,
of liver cells showing Tglutathione reductase,
normal sinusoids TGST, TtGPx, TsGPx,
TnsGPx, TNrf2, |[ MDA,
Tadiponectin, | TNF-a
BV and honey  Hepatoxicity LPS and CCly (i.p.)  Adult male albino rats Provide a protective effect ~|ALT, |AST, |alpha- Meligi et al.
(1 mg/kg bw, i.p. (BV); on hepatotoxicity, fetoprotein (AFP), |Plasma (2020)
1 mg/kg bw, ip. and reestablish disturbed lipid peroxide, TGPx
25 mg/kg bw;, orally (BV and  hematological parameters
honey); every day for and liver histopathology
2 months)
MEL Hepatotoxicity ~ Isoniazid and Male rats Rattus rattus Increase body weight and | Direct bilirubin, |total Naji et al.
rifampicin (p.o.) (15 and 30 pg/kg, s.c., for liver weight, decrease total ~ bilirubin, |alkaline (2021)
15 days) protein content, show high  phosphatase (ALP), |ALT,
hematological alterations, ~ |AST, |LDH, TGSH
decrease severe
histopathological lesions
bvPLA, Cholestatic liver ~ 3,5- Male C57BL/6N mice Ameliorate cholestatic |AST, |ALT, |ALP, |total Jung-Yeon
disease diethoxycarbonyl- (0.2 mg/kg, i.p., twice a week  liver injury and fibrosis, bilirubin, |collagen I, Kim et al.
1,4-dihydrocollidine  for 4 weeks) attenuate apoptotic cell |fibronectin, |a-SMA, (2021b)

diet

death, increase the
number of Foxp3-positive
cells, decrease the number
of F4/80* macrophages
and CD4" T-cells

|TGF-p1, |p-Smad2/3,
|cleaved Caspase-3, | cleaved
PARP-1, | TNF-q, |IL-6, |p-
NF-«B p65, TIL-10

Kidney injury

BV Sepsis-related LPS (ip.) C57BL/6N mice (100 pg/kg Reverse renal dysfunction  |creatinine, |blood urea Jung-Yeon
acute kidney bw, i.p.) and structural injury, nitrogen (BUN), |neutrophil ~Kim et al,,
injury reduce the number of gelatinase-associated (2020a)

Mac-2 or CD4-positive lipocalin (NGAL), |kidney
cells, decrease the number  injury molecule-1 (Kim-1),
of TUNEL-stained cells |TNF-a, |IL-6, |4-
hydroxynonenal (4-HNE),
IMDA, |cleaved Caspase-3,
|cleaved PARPI1, |p53
MEL Sepsis-related LPS (i.p.) Male C57BL/6 N mice Dampen renal dysfunction | creatinine, |BUN, [NGAL, Jung-Yeon

acute kidney
injury

Frontiers in Pharmacology

(0.01 mg/kg, i.p.)

57

and structural damage,
suppress NF-kB DNA-
binding activity, reduce
Mac-2-positive and CD4-
positive cells, reduce 4-
HNE-positive cells, reduce
the number of TUNEL-
stained cells, enhance
survival rate

|Kim-1, |TNF-a, |IL-6, |p-
IkB-a, TIkB-a, |p-NF-kB
p65, |NF-kB p65, [ MDA,
|NOX4, INrf2, THO-1,
Tquinone oxidoreductase 1
(NQO1), |cleaved Caspase-3,
lcleaved PARP-1, |p53,
|Bax, |receptor-interacting
serine/threonine protein
kinase 1 (RIPK1), |RIPK3,
lp- mixed-lineage kinase
domain-like protein (MLKL)

Kim et al.
(2021a)

(Continued on following page)
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TABLE 6 (Continued) Summary of the protect effects and mechanisms of BV and its main components on liver, kidney, lung and muscle injury.

BV and/or  Model Inducer/
its Method
components
Apamin Sepsis-related LPS (i.p.)
acute kidney
injury
MEL Acute kidney Cisplatin (i.p.)
injury
Apamin Renal fibrosis Unilateral ureteral
obstruction surgical
procedure
TGF-f1

Lung and muscle injury

MEL Lung injury Paraquat (i.p.)

MEL Muscle injury Drop mass method

Animal/Cell (BV
etc. administration)

Male C57BL/6N mice
(0.1 mg/kg, i.p.)

Male C57/BL6 mice (10, 50,
and 100 pg/kg, i.p., for
5 days)

Male C57BL/6 mice
(0.5 mg/kg, i.p., twice a week)

Rat renal interstitial fibroblast
cells (NRK-49F) (0.5, 1, and
2 ug/ml, for 48 h)

Male Swiss albino mice
(0.1 and 0.5 mg/kg, i.p., twice
per week for 4 weeks)

Male C57/BL6 mice (4, 20,
and 100 pg/kg, i.m., for
7 days)

C2C12 cells (1, 2.5, 5 ng/ml,
for 16 h)

Effects

Ameliorate renal
dysfunction and
histological injury,
alleviate loss of brush
borders in the proximal
tubule, reduce 4-HNE-
positive cells, increase
GSH/GSSG ratio, decrease
the number of TUNEL-
stained cells, decrease
number of galectin-3-
stained and CD4-stained
cells

Increase survival,
ameliorate renal tubular
damage, decrease CD16/
32" cells, increase Argl™*
cells, induce

M2 macrophage
infiltration into the kidney

Attenuate renal interstitial
fibrosis, decrease F4/80*
macrophages

Inhibit renal fibroblasts
activation

Reduce lung injuries

Increase locomotor
activity in open field test
and treadmill running
activity, improve
histological changes of
damaged tissue

Abbreviations are as shown in the literature. (|), down-regulation or inhibition; (T), up-regulation or activation.

Mechanisms Reference
|creatinine, |BUN, [NGAL, Jung-Yeon
|Kim-1, [MDA, |[NOX4, Kim et al,,
THO-1, |cleaved Caspase-3, (2020b)
|cleaved PARP-1, | TNF-q,

|IL-6, | TLR4, |p-p65/p65,

| E-selectin, | VCAM-1,

JICAM-1

|creatinine, |BUN, |IL-6, Hyunseong
|IL-1p, TIL-10, |COX-2, Kim et al.
|macrophage receptor with (2020)

collagenous structure
(MARCO), Targinase 1

Gwon et al.
(2021)

TE-cadherin, |[NGAL,
|creatinine, |BUN, |TNF-a,
|IL-1B, |cleaved-IL-1p, |IL-
6, IMCP-1, |a-SMA,
|vimentin, |fibronectin,
fibroblast-specific marker-1
(FSP-1), | TGF-p1, |p-
STATS3, |p-Smad2, |p-
Smad3, TSmad7

lcollagen I, |fibronectin,
|TGF-B1, |p-STAT3/
t-STAT3, |p-Smad2, |p-
Smad3, TSmad7

TSOD, TCAT, TGPx, [MDA,
INO, TBcl-2, TSurvivin,
|Ki-67

El-Aarag et al.
(2019)

IMCP-1, | TNF-q, |IL-6,
TMyoD, Tmyogenin, Ta-
SMA, TMHC

Jae Eun Lee
et al. (2019)

TMHC

carbon tetrachloride, while MEL possessed hepatoprotective
activity on isoniazid- and rifampicin-induced liver hepatoxicity
in rats, both of which suggested that a combination of BV and
honey, or MEL could be beneficial for the prevention of
hepatoxicity and could be used as potential therapeutic agents
(Meligi et al., 2020; Naji et al., 2021). Besides, after treatment with
bvPLA,, the levels of cholestasis markers in the serum were
attenuated, the abnormal state of liver fibrosis was restored, and
hepatocyte inflammation and apoptosis were inhibited in mice
with diet feeding 3,5-diethoxycarbonyl-1,4-dihydrocollidine (Kim
J.-Y. et al., 2021b).

Frontiers in Pharmacology

Protect effect on kidney injury

BV and its main components, such as MEL and apamin,
showed protect effects on acute kidney injury and renal fibrosis,
as listed in Table 6.

Acute kidney injury associated with sepsis is a worldwide
health dilemma. Sepsis-related acute kidney injury is a global
health issue. During sepsis, the endotoxin LPS mediates systemic
inflammatory responses. BV, MEL and apamin ameliorated LPS-
induced acute kidney injury via the suppression of oxidative
stress, inflammation and cell death in mice (Kim J. Y. et al,
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2020a; Kim J. Y. et al., 2020b; Kim et al., 2021a). Take MEL as an
example, it dampened renal dysfunction and structural damage,
and at the same time, the levels of direct tubular injury markers
were attenuated in LPS-treated mice. MEL decreased systemic
and renal TNF-a and IL-6 levels, attenuated the accumulation of
immune cells in the kidney, and suppressed NF-«kB pathway.
MEL reduced MDA level and inhibited the expression of
nicotinamide adenine dinucleotide phosphate oxidase 4
(NOX4), and promoted Nrf2-mediated antioxidant defenses,
as well as inhibited apoptosis and necrosis after LPS
treatment. In addition, the survival duration of LPS-injected
mice was significantly prolonged after MEL injection. The
above results suggest that MEL could have a responsibility
among the prospective options for the prevention and
treatment of renal complications of sepsis (Kim J.Y. et al.,
2021b). Besides, MEL alleviated mice acute kidney injury
induced by cisplatin via regulating M2 macrophage expression
(Kim H. et al., 2020).

With the chronic accumulation of progressive renal
the
irreversible damage, and end-stage diseases such as renal

fibrosis, kidneys continuously suffer one-way,
failure arrive as scheduled. In vivo, apamin inhibited renal
fibrosis induced by unilateral ureteral obstruction; in vitro,
it resisted renal fibroblasts activation induced by TGF-p1.
This  peptide  suppressed  TGF-p1/Smad2/3

STAT3 pathways to inhibit inflammation response and

and

tubular atrophy as well as reduce the activation of
myofibroblast and the expression of fibrotic gene. These
studies suggest that apamin may have a competitive
the of
alternatives against renal fibrosis (Gwon et al., 2021).

advantage in screening therapeutic agent

Protect effect on lung and muscle injury

In addition, MEL reduced lung injuries induced by paraquat
in mice. It increased SOD, CAT, and GPx activity, and decreased
MDA and NO levels, as well as upregulated Bcl-2 and survivin
expressions and downregulated Ki-67 expression, which
demonstrated that MEL restored the pathological alternations
of paraquat-induced lung injury in mice from the perspectives of
enhancing antioxidant activity and reducing apoptosis (Table 6)
(El-Aarag et al., 2019).

MEL ameliorated muscle function and histological
changes of damaged tissue, and debilitated the production
of pro-inflammatory factors, including IL-6, MCP-1, and
TNEF-a in muscle contusion mouse model. In addition, the
expression of muscle recovery and regeneration-related
biomarkers, such as myogenin, MyoD, a-smooth muscle
actin (a-SMA) and myosin heavy chain (MHC), was
elevated in mice. The results suggested that MEL could be
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a promising candidate for the muscle injury treatment
(Table 6) (Lee J. E. et al., 2019).

Protect effect on other diseases
Anti-diabetic efficacy

Bee wax coated water-soluble fraction of BV (BWCBVA) and
MEL-loaded NPs showed anti-diabetic efficacy in diabetic animal
models, as shown in Table 7. BWCBVA decreased blood glucose
level, normalized the serum biochemical parameters, and
increased the body weight in streptozotocin-induced diabetic
rats. Also, administration of BWCBV A reduced the expression of
PI3K-p85 and enhanced the expression of glucokinase in liver, as
well as increased the number of islet cells and decreased the
damage of B-cell in pancreas. Furthermore, co-administering
BWCBVA with nifedipine and nicorandil resulted in insulin
secretion through enhancing the calcium ion influx and
obstructing the potassium ion channel. The above results
indicated that BWCBVA could be considered as an available
mode to treat diabetes (Balamurugan et al., 2019). In addition,
prolonged  MEL polyelectrolyte-based
nanocomplexes improved blood glycemic control in a type II
diabetes mouse model (Gui et al., 2020).

release  from

Protective effect on cardiovascular system

Administration of BV decreased fasting blood glucose, serum
total cholesterol (TC), triglycerides (TG), LDL-C, VLDL-C,
creatine kinase (CK)-MB, LDH, troponin I, and heart MDA,
NEF-xB levels, and heart vascular cell adhesion molecule-1
(VCAM-1) and galectin-3 expression, as well as increased
bodyweight, plasma insulin, serum HDL-C and heart total
antioxidant capacity (TAC) levels in diabetic hyperlipidemic
rats, which indicated that BV could reduce oxidative stress
and downregulate NF-kB pathway to improve cardiac
dysfunction (Zahran et al., 2021). Besides, bvPLA, could be a
potential agent for atherosclerosis through inducing Treg cells
(Kang et al., 2020). The above results are shown in Table 7.

Attenuating HFD-induced obesity

In vitro, BV suppressed lipid accumulation, and inhibited
adipogenesis by reducing the expression of CCAAT/enhancer-
binding proteins (C/EBPs), peroxisome proliferator-activated
receptor y (PPARY), and p-p38, as well as by upregulating the
of p-ERK, p-JNK,
monophosphate-activated protein  kinase

expression p-adenosine

(AMPK), and
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TABLE 7 Summary of the protect effects and mechanisms of BV and its main components on other diseases.

BV and/or
its
components

Diabetes

BWCBVA

Model

Diabetes
mellitus

MEL-loaded
nanoparticles

Type II diabetes

Cardiovascular system

BV

bvPLA,

Cardiac
dysfunction

Atherosclerosis

Inducer/
Method

Streptozotocin (i.p.)

Streptozotocin (i.p.),
a high-fat diet

Atherogenic high-
cholesterol diet

Animal/Cell (BV
etc. administration)

Male Wister albino rats (0.125,
0.25 and 0.50 mg/kg, orally,
once a day for 3 weeks)

Effects

Decrease glucose level,
increase body weight,
increase the islet cell
numbers and decrease
-cell damage, result in
insulin secretion by
enhancing the calcium
ion influx and
obstructing the
potassium ion channel
when co-administered
with nifedipine and
nicorandil

Male db/db mice (3 mg/kg, i.p.)

Male albino rats (0.5 and
1.23 mg/kg, i.p., daily for
4 weeks)

ApoE™" mice (0.2 mg/kg,
i.p., every 2 days after a 4-week
diet)

Mechanisms

Tinsulin, |HbAlc,
ITC, |TG, [SGOT,
SGPT, | PI3K-p85,
Tglucokinase

Decrease blood glucose
level and body weight

Increase bodyweight,
decrease fasting blood
glucose levels

Increase in CD4*
Foxp3* Treg cells in the
lymph nodes, reduce
atherosclerotic lesions
and foam cell formation

Tinsulin, | TG, |TC,
|LDL-C, |VLDL-C,
THDL-C, |CK-MB,
|LDH, [troponin I,
1TAC, |[MDA, |NF-
KB, |VCAM-1,
|galectin-3
THDL-C, |LDL-C,
THDL/LDL, |AST,
|IFN-y, |TNF-a

Reference

Balamurugan et al.
(2019)

Gui et al. (2020)

Zahran et al.
(2021)

Kang et al. (2020)

HFD-induced obesity
BV

bvPLA,

HFD-induced
obesity

HFD-induced
obesity

Frontiers in Pharmacology

Adipocyte
differentiation

HFD

HFD

LPS for

M1 activation
IL-4 and IL-13 for
M2 activation

Adipocyte
differentiation

3T3-L1 preadipocytes (2.5, 5,
and 10 pg/ml, for 3 or 9 days)

C57BL/6 mice (0.1 and
1 mg/kg, i.p., during the last
4 weeks)

Male C57BL/6 mice (0.5 mg/kg,
i.p., every 3 days for 11 weeks)

Bone marrow cells (0-10 pg)

Bone marrow cells (0-10 pg)

3T3-L1 preadipocytes (0-10 pg)

60

Suppress cell
hyperplasia and lipid
accumulation

Suppress body weight,
fat, and lipid
accumulation

Reduce body weight
and adipose tissue
weight, decrease
hepatotoxicity and
nephrotoxicity, alleviate
metabolic dysfunction;
decrease macrophage
infiltration and crown-
like structures
formation, decrease the
M1/M2 ratio

Inhibit M1 macrophage
polarization

Stimulate

M2 macrophage
polarization

Regulate lipid
accumulation through
macrophages

|C/EBPa, |C/EBP,
|C/EBPS, | PPARYy,
Tp-ERK, Tp-JNK, |p-
p38, Tp-AMPK,
Tp-ACC

|PPARy, |C/EBPaq,
Tp-AMPK, Tp-ACC

JALT, |creatine,
lglucose, |LDL-C,
linsulin, |leptin,

|TNF-q, |IL-12a, TIL-

4, 7CD206, |C/EBPa,
TUCP-1

|TNF-q, |IL-12a

1Yml, 1CD206

Cheon et al.
(2018)

Jeong et al. (2021)

(Continued on following page)
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TABLE 7 (Continued) Summary of the protect effects and mechanisms of BV and its main components on other diseases.

BV and/or Model
its
components
BV Obesity-
associated
inflammation
Wound healing
BV Impaired

diabetic wound

healing

bvPLA,

Wound healing

Inducer/
Method

LPS

Streptozotocin (i.p.),
excising the skin and
underlying

panniculus carnosus

Polyinosinic-
polycytidylic acid
[poly (I:C)]

Reproductive performance and growth performance

BV Reproductive
performance

BV Reproductive
performance

BV Growth
performance

Frontiers in Pharmacology

Animal/Cell (BV
etc. administration)

Differentiated 3 T3-L1
preadipocyte (0, 1, 5, and

10 pg/ml)

RAW?264.7 macrophages (0, 1,
5, and 10 pg/ml)
Differentiated 3 T3-L1
preadipocyte,

RAW?264.7 macrophages

(0, 1, 5, and 10 pg/ml)

Male BALB/c mice (200 pg/kg/
wounded area/day, s.c., for
15 days)

HaCaT cells (0.05,0.1, 0.5, 1 and
5 pg/ml)

Male V-line rabbits (bucks) (0.1,
0.2, and 0.3 mg/rabbit, s.c.,,
twice weekly over 20 weeks)

Spanish V-line mature does
(primiparous) (0.1, 0.2 and

0.3 mg/rabbit, s.c., twice weekly
for 1 week before mating and
4 weeks after mating)

Male broiler chicks (10, 50, 100,
and 500 pg/kg of diet, for
5 weeks)

61

Effects

Inhibit lipid
accumulation;

Enhance wound
closure, rescue wound
tissue macrophages
from apoptosis and
restore impaired
functional activity,

Increase poly (:C)
localization in the
lysosomes; increase the
intracellular uptake of
poly (I:C) and its
enzymatic activity is
essential

Show shorter reaction
time (increased libido),
increase viable sperm
and concentration, total
sperm output, live
sperm, fertility
percentage, testosterone
concentration, and total
protein, albumin, and
glucose levels

Increase litter size at
birth, litter weight,
survival rate at weaning
age, milk yield,
conception and fertility
rates, decrease plasma
total lipids, cholesterol
and urea

Improve feed
conversion ratio,
increase body weight
gain; lower relative
weight of spleen, bursa
of Fabricius, and liver,
increase relative breast
meat yields; increase
lightness (L*) value for
meat decrease ileal
villus height and
narrowed width; reduce
total in caecal digesta

Mechanisms

|PPARY, |C/EBPa

|TNF-a, |COX-2,
JiNOS, |IL-1p
|TNF-q, |COX-2,
JiNOS, |IL-1B, |IL-6,
IMCP-1, TAdipoQ,
1GLUT4

TCollagen I, TAng-1,
TNrf2, Tphospho-
tyrosine (pTyr) Tie-2,
TpeNOS, TpAkt,
1pERK, TCD31, TGSH
Px, Tmitochondrial
SOD, TCAT, TCCL2,
TCCL3, TCXCL2,
1BD-2

TIL-8, Tp-ERK, Tp-
JNK, Tp-IKKap, Tp-
IkB-a

TTAC, TGST, 1GSH,
TIgA, 11gM

TEstradiol 17-p (E2),
|progesterone (P4),
LAST, |ALT, 1TAC,
TGSH, TGST, TGPx,
TSOD, |MDA,
ITBARS, T1gG,
TIgM, TIgA

TSecretory IgA, |[NO

Reference

Hee-Yeon Kim
et al. (2020)

Hozzeinab et al.
(2018)

Nakashima et al.
(2020)

El-Hanoun et al.
(2020)

Elkomy et al.
(2021)

Kim et al. (2018a)

(Continued on following page)
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TABLE 7 (Continued) Summary of the protect effects and mechanisms of BV and its main components on other diseases.

BV and/or Model Inducer/ Animal/Cell (BV Effects Mechanisms Reference
its Method etc. administration)
components
Other aspects
BV Asthma IL-13 A549 cells (0.1 and 1.0 pg/ml)  — |p-Akt/Akt, [SPDEF,  Sanga Kim et al.
TFOXA2, I[MUC5AC  (2021)
BV iPSCs — iPSCs (0-5 ug/ml) Induce cell death, |F-Actin, |FAK, Aeyung Kim et al.
reduce cell membrane |Talin-1, |vinculin, (2020)
integrity; induce both Tp-RIP, Tp-MLKL,
apoptosis and Tcleaved Caspase-3,
necroptosis; enhance Tcleaved PARP, Tp-
calcium influx, calpain CaMKII, Tp-cPLA,
activity, and ROS
generation
BV alongside CS  Radial bone A 5 mm bone piece  Male Wistar rats (0.1 mg, Show high radiographic ~— Meimandi-Parizi
defect from the middle of  injected percutaneously into the  outcomes, density of et al. (2018)

the radius bone was  defect site)
removed to produce

a non-union model

osseous tissue, and
osteocytes and
osteoblasts count

Natural extract
eye drops
containing BV,
musk, and deer
antlers

Dry eye disease  Scopolamine (s.c.)

Lacrimal gland-
excised

bvPLA, Abortion LPS (i.p.)

Male Sprague-Dawley rats
(4 times a day for 5 days)

Male Sprague-Dawley rats
(4 times a day for 5 days)

Mated female C57BL/6 mice
(0.5 mg/kg, i.p., once a week for
2 weeks prior to mating)

Decrease corneal Choi et al. (2020)
fluorescein staining
scores

Decrease corneal
fluorescein staining
scores, increase tear

volume

|LDH, TMUCS5AC

|LDH, IMUC5AC

Prevent fetal loss Baek et al. (2019)
accompanied by growth
restriction in the
remaining viable fetus,
increase CD4" T helper
cells and uNK cells,
decrease CD8"
cytotoxic T cell
populations

|TNF-a, [TFN-y,
|IL-17A

Abbreviations are as shown in the literature. (|), down-regulation or inhibition; (T), up-regulation or activation.

p-acetyl-coenzyme A carboxylase (ACC) during differentiation
of 3T3-L1 preadipocytes. In vivo, BV inhibited fat and lipid
accumulation and reduced body weight, through downregulating
the expression of adipogenic markers, PPARy and C/EBPa, and
upregulating the expression of p-AMPK and p-ACC in HFD-
induced obese mice, suggesting BV an effective preventive and
therapeutic candidate for obesity (Cheon et al., 2018). Besides,
bvPLA, also attenuated HFD-induced obesity in mice (Jeong
et al, 2021). In addition, BV could attenuate adipocyte
hypertrophy, as well as improve insulin resistance and
obesity-related inflammation in obese adipose tissue (Kim H.
Y. et al.,, 2020). The above results are shown in Table 7.

Improving wound healing

Diabetic wound formation is one of the serious
complications of diabetes. BV treatment improved wound
closure in streptozotocin-induced mice diabetic model

through enhancing p-defensin-2 (BD-2) and collagen
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expression and restoring angiopoietin-1 (Ang-1) and
Nrf2 levels, and thereby increasing the Tie-2 downstream
signaling, including the phosphorylation of endothelial nitric
oxide synthase (eNOS), Akt and ERK. Furthermore, BV
restored wounded tissue antioxidant enzymes GSH Px,
mitochondrial SOD and CAT activities, and the
chemokines CCL2, CCL3 and CXCL2 levels, and then
rescued wound macrophages from apoptosis induced by
mitochondrial membrane potential. The above results
provided a new example for BV treatment to stimulate
angiogenesis and improve the wound healing process of
diabetes 2018). bvPLA,
increased IL-8 production in HaCaT cells induced by poly
(I:C), upregulated the expression of p-ERK, p-JNK, p-IKKafp
and p-IkB-a. It enhanced the intracellular poly (I:C) uptake,
the activity was These
findings indicated that bvPLA, could ameliorate wound
healing the of TLR3
(Nakashima et al., 2020). The above results are shown in
Table 7.

(Hozzeinab et al., Besides,

and enzymatic essential.

via enhancement responses
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Improving reproductive performance and
growth performance

BV could improve reproductive performance and growth
performance, as shown in Table 7. BV improved reproduction
and immune response of male and female rabbits, which
demonstrated that BV could be used as an effective and safe
substitute for artificial chemical drugs (sex stimulants) in rabbit
breeding to improve some reproductive characteristics, immune
response and health (El-Hanoun et al., 2020; Elkomy et al., 2021).
Besides, dietary BV improved growth performance, the yield and
quality of breast meat, and the concentration of secretory IgA on
ileal mucosa in broiler chickens, and lowered internal organs
including spleen, bursa, and liver, caecal short-chain fatty acids
concentrations and ileal villus height, which demonstrated that
BV could be regarded as a natural value-added substitute for
antibiotics in feed to enhance growth and animal health (Kim D.
H. et al,, 2018).

Other aspects

Moreover, BV and bvPLA, had therapeutic and ameliorative
effects on asthma, radial bone defect, dry eye disease and
abortion, as well as eliminated teratogenic human induced
pluripotent stem cells (iPSCs), as shown in Table 7.

BV prevented forkhead box A2 (FOXA2)-regulating mucin
5AC (MUCS5AC) expression in IL-13-treated A549 cells not only
through inhibiting Akt activation but also by suppressing
enhanced SAM-pointed domain containing Ets-like factor
(SPDEF), which demonstrated that BV could help prevent
mucus metaplasia in asthma (Kim et al, 2021d). Although
iPSCs is considerable practical in potential cell-based therapy,
they remain confronted with problems such as teratoma
BV treatment resulted in
filaments within iPSCs, Ca** inward flow and accumulation to

formation. impaired F-actin
the cytoplasm, elevated calpain activity and reactive oxygen
species (ROS) generation, selective induction and reduction of
viability and adhesion capacity of undifferentiated stem cell
iPSCs, and increased cell death. In addition, BV treatment
before in ovo transplantation suppressed the formation of
iPSC-derived teratoma. Moreover, BV was neither cytotoxic
nor genotoxic to iPSC-derived differentiated cells. The above
findings indicated that BV possessed anti-teratoma effect by
getting rid of residual iPSCs, and could be a safe and effective
cell preparation agent for stem cell therapy (Kim et al., 2020a).

BV alongside chitosan scaffold (CS) displayed high radiographic
outcomes compared with the untreated and CS groups at day
56 postoperatively, and showed high osseous tissue density and
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high counts of osteocytes and osteoblasts compared with the CS and
autograft groups, which highlighted the capability of CS-BV as a
potential alternative and enhancer of bone graft substitute material
(Meimandi-Parizi et al., 2018). The natural extract containing BV,
deer antlers and musk as eye drops had therapeutic effects on
scopolamine-injected dry eye disease rat models and lacrimal gland-
excised dry eye disease rat models through repairing the damaged
ocular surface, increasing the amount of tears, and restoring the tear
mucin layer (Choi et al., 2020).

bvPLA, prevented fetal loss with growth restriction in the
remaining live fetuses in abortion mouse model induced by LPS.
It increased Treg cells, and decreased TNF-a and IFN-y
expression. The prophylactic effect of bvPLA, was not found
in abortion prone mice lacking Treg. The above results indicated
that bvPLA, might have effects on LPS-induced abortion mice
through regulating Treg populations (Baek et al., 2019).

Safety and venom immunotherapy

An important concern with BV has been its safety. BV can
cause anaphylaxis (Cherniack and Govorushko, 2018). It is
reported that up to 3.4% of children and up to 7.5% of adults
have systemic allergic sting reactions. Allergic reactions can
be mild in skin; however, it can also be moderate to severe
with a risk of life-threatening allergic reactions (Sturm et al.,
2018). In an individual patient education, it addressed to
correctly and timely use epinephrine auto-injectors, and
recommend to stop physical exercise and adopt supine
position during acute allergic attack (Stoevesandt et al,
2020).

Venom immunotherapy (VIT) could prevent severe allergic
reactions in 80-100% subjects allergic to Hymenoptera venom.
An immunological study on the early phase of VIT performed on
forty individuals indicated that cytokines (CCL5/RANTES and
IL-17E/IL-25) and eosinophils were conducive to the immune
response (Palgan et al., 2020).

MEL could be used in adjuvant immunotherapy. MEL
combined with LPS produced an increase of IL-1B and IL-6
levels and a decrease of IL-10 level in phorbol 12-myristate 13-
acetate (PMA)-differentiated THP-1 cells. Besides, the response
to MEL and LPS was characterized by metabolic profiling, and
the clearest effects were on glycolysis, tricarboxylic acid cycle,
oxidative phosphorylation, and purine, pyrimidine, and fatty acid
metabolism (Alqarni et al., 2018). Similarly, the same research
group also studied the metabolomic profiling for the immune
stimulatory effect of a major constituent of BV, (Z)-11-eicosenol,
and its derivations methyl cis-11-eicosenoate and cis-11-
eicosenoic acid on PMA-differentiated THP-1 cells. The
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results supported the proposed actions of the three components
as immune system stimulators (Algarni et al., 2019). Besides,
bvPLA, has attenuated several immune system-related diseases.
In a recent study, bvPLA, decreased apoptotic Treg cells, reduced
early apoptosis in splenocytes and CD4"CD25" Treg cells, and
raised the expression of CTLA-4 and PD-1 on CD4*CD25"* Treg
cells, which showed that bvPLA,; could induce Treg expansion by
changing apoptotic signal (Baek et al., 2020).

As experts have commented, if the venom is selected
correctly, and adequate venom preparation and maintenance
dose are used, VIT may be a treatment method of significant
value in preventing the systemic reaction of Hymenoptera stings.
Besides, the duration of VIT is usually 5 years, which can provide
long-term protection from stinging after treatment interruption,
but it recommends indefinite (possibly life-long) treatment for
patients with mastocytosis or other high-risk patients (Incorvaia
et al., 2018).

Toxicity, administration dose and new
drug delivery system

Although BV and its main components often show good
results towards cancerous cells, bacteria, viruses as well as other
disorders and diseases, there are always open questions regarding
their potential toxicity on normal non-target or host cells and
tissues making this kind of toxicity one of the biggest obstacles for
the possibility of applying such natural products as medications.
A single high dose of 100 pg/ml of BV damaged the DNA
molecule in human lymphocytes in vitro, resulting in cellular
instability (Garaj-Vrhovac and Gajski, 2009). A further study
suggested that the DNA damage effects of BV could be at least
partially related to oxidative stress (Gajski et al, 2012). In
addition, BV decreased cell viability, altered cell morphology,
as well as induced cytogenotoxicity and dominantly necrotic type
of cell death, in human peripheral blood lymphocytes with a
dose- and time-dependent manner (Gajski and Garaj-Vrhovac,
2011). Similarly, MEL was also found to induce cytogenetic
damage and oxidative stress in human peripheral blood
lymphocytes (Gajski et al., 2016).

Therefore, the administration dose is of great noteworthy.
Wi-38, a species of human lung fibroblast, was less sensitive to
MEL and has higher colony formation capacity than ChaGo-K1
cells (IC5p = 0.6 uM), with an ICs, value of 2.35uM at 48 h
(Tipgomut et al., 2018). After 72 h incubation, the cell viability of
BESA-2B (normal lung epithelial cells) remained unaffected at
MEL concentrations <4 pg/ml with some reduction in activity,
while the viability of NCI-H441 and A549 cells (lung cancer cells)
was significantly affected at 2 pg/ml (Gao et al., 2018). Besides,
the Selective Index of NIH3T3 (healthy mouse fibroblast cells)
was higher than 3 compared to HepG2 and MDA-MB-231 cells,
implying that BV was more selective for both types of cancer cells
and that NTH3T3 showed altered cell morphology only when BV
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was 100 pg/ml (Uzuner et al, 2021). Moreover, Melectin at
around 15 uM only slightly inhibited NIH3T3; Concentration
below 50 uM caused only 20% erythrocyte lysis, with no
significant hemolytic effect (Liang et al., 2021). Comparable
MEL-AF treatment, where MEL-AF
remained non-significantly cytotoxic at doses in the range
of <10 pg/ml after 24 h of MEL-AF treatment (Sangboonruang
et al.,, 2020). Besides, NRK-49F (rat renal interstitial fibroblast
cells) cell viability with 48 h apamin treatment was reduced at

results existed for

10 pg/ml of apamin. However, 0.1, 0.5, 1, 2, and 5 pg/ml did not
affect NRK-49F cell viability (Gwon et al., 2021).

The effect of MEL on the viability of MCF 10A (human
normal mammary epithelial cells), HDFa (human dermal
fibroblasts), and MCF-12A (human mammary epithelial cells)
cells was more delayed and attenuated, with an ICs, value of
22.17 pug/ml for HDFa cells at 24 h (Duffy et al., 2020).

When BV and MEL treated THLE-2 (normal human liver
cell line) for 24 h, the ICs, values were 95.73 pug/ml in the BV
group and 78.38 ug/ml in the MEL group, both of which were
significantly higher than the ICs5, values of treated HepG2
(1.4 and 2.8 ug/ml, respectively), which showed negligible
effects of BV and MEL on hepatocytes (Mansour et al., 2021).

After treating HaCaT (normal human keratinocytes) with
0.1-10 pug/ml of BV and MEL for 24 and 72 h, the toxic effects
possessed by BV were more pronounced, with ICs, values
reaching 6.72 and 6.38 ug/ml for the two time periods,
respectively; the ICs, values of MEL-treated HaCaT were
than the
concentration used in the experiment (Nikodijevic et al.,, 2021).

greater 10 ug/ml  exceeding maximum MEL

BV and Wasp venom were non-toxic to BV-2 murine
microglial cells at concentrations of <12 ug/ml and <160 pg/
ml for 24 h, respectively (Yun et al, 2021). And 1 pg/ml of
apamin showed a 10% decrease in BV2 microglial cell
proliferation for 12h (Park et al, 2020). Cell viability of
0.1-30 uM of MEL on HT22 mouse hippocampal cells for
24 h was assessed and 3 pM was found to be the maximum
safe concentration for further study (Cong Duc and Lee,
2021).

BV at 0.1 and 1 mg/kg was an effective concentration and had
no side effects on rats (Lee et al., 2020a). Similarly, 0.5 and
1.23 mg/kg of BV were also taken as therapeutic dosages to rats
(Zahran et al., 2021). Besides, ip. administration of 1, 2, and
4 mg/kg of MEL leaded to no toxicity in mice. The LDs, of mice
with i.p. injection of MEL was 7.4 mg/kg (PubChem Database.
MEL, CID = 16129627) (Fan et al.,, 2020).

In order to decrease the toxic and side effects such as
hemolysis of BV and MEL, and improve the characteristics of
drug targets and release, besides of NPs mentioned above (Zhou
et al, 2021), other new drug delivery system has also been
developed and applied in clinics (Lyu et al., 2019). After the
amino acid modification of MEL or the addition of specific
functional groups, it can improve the ability of MEL to target
recognition and prevent degradation of target cells while
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reducing its toxicity to normal cells (Giribaldi et al., 2021). For
example, after replacing valine at position 8 and proline at
position 14 in MEL with lysine, MEL-pep had stronger ability
to resist cell proliferation and inhibit tumor growth, reverse the
drug resistance of cells to 5-fluorouracil, inhibit Akt pathway and
P-glycoprotein (P-gp) of cells related to the exclusion of foreign
bodies (Ke et al., 2018). Besides, a pH-sensitive amide bond was
introduced between the 2,3-dimethyl maleimide and lysine of
MEL to modify MEL, which could reduce the hemolytic status of
MEL and maintain its low activity in the neutral or microalkaline
environment, and show a stronger tumor targeting effect in the
(Luo et al, 2018). The above
investigations provided a feasible platform for improving the

acidic microenvironment

targeting and safety applications of BV and its main components,
such as MEL.

Conclusion and perspectives

BV and its main constituents have multiple biological
activities and applied to treat several diseases, such as cancer,
neurological disorders, inflammatory diseases, pain, microbial
diseases, liver, kidney, lung and muscle injury, etc. In this paper,
we reviewed the recently published reports (2018-2021) on BV
and its main constituents. These articles have indicated that BV
and its main constituents exerted the above protections and were
contained in a variety of signaling tranduction pathways
(Figures 2-4).

BV played a vital role in cell proliferation, migration,
invasion, inhibition of EMT and induction of apoptosis and
autophagy by exerting multi-pathway and multi-target long-
lasting effects on cells in lung cancer, breast cancer, cervical
cancer, and many other cancers in vitro and in vivo. The
mechanisms of action of BV were: upregulation of Caspase-3,
Caspase-7, Caspase-9, Bax, p21, p27, p53, Rb, PTEN, and 15-
lipoxygenase-1 expression, downregulation of MITF, PARP, Bcl-
2, Bcl-xL, ERa, EGFR, VEGF, MMP-1, MMP-2, MMP-9, TNF-q,
NEF-«B, HIF-1a, Cyclin D1, Cyclin A, Cyclin B, and Racl, etc. BV
inhibited the mTOR pathway, PI3K/Akt and MAPK signaling
pathway, and mitotic signaling pathway by reducing the
expression of p-mTOR, Akt, p-Akt, p38, p-p38, INK, p-JNK,
ERK, p-ERK, p-PI3K, p-EGFR, and p-HER2, which in turn
impaired cancer cell viability, reduced migration and invasion
death. BV activated the
mitochondrial apoptotic pathway in cancer cells by increasing

activities, and promoted cell
the expression of apoptosis signaling molecules such as Fas and
Caspase-9. On the other hand, it inhibited EMT in cancer cells by
decreasing the expression of vimentin, ZEB2, and Slug and
elevating the expression of E-cadherin (Figure 2).

Except cancer, BV and its main components can treat a
variety of other diseases, including neurological disorders,
inflammatory diseases, liver, kidney, lung and muscle injury,
etc., mainly via inhibiting the release of inflammatory cytokines
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FIGURE 5

DOSE (A) and KEGG (B) analyses of proteins reported for BV
and its main components in the literature. Top 20 diseases and
KEGG pathways are enriched using R package "“DOSE" and
"topGO”, respectively with p-value Cutoff = 0.01, g-value
Cutoff = 0.01).

and chemokines, regulating the redox balance in the body,
modulating the expression of apoptosis related factors, and so
on. The most common points were: first, BV and its main
components reduced pro-inflammatory cytokines (TNF-a, IL-
1B, IL-6, IFN-y, IL-13, IL-2, IL-12, IL-17, etc.) and raiseed anti-
inflammatory cytokines (IL-10 and IL-4); second, they improved
antioxidant capacity by upregulating the levels of GSH, GPx,
SOD, CAT, glutamate-cysteine ligase (GCL), GST, etc., and
downregulating the levels of lipid peroxidation (LPO), MPO,
MDA, protein carbonyl (PCO), ROS, etc; third, they
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FIGURE 6

PPI analyses (confidence:0.4) of proteins and genes reported for BV and its main components in the literature visualized by Cytoscape
3.6.0 software. Texts in purple circle, green circle and light blue circle demonstrates the central hub target, secondary node target and the others

node target.

1

downregulated pro-apoptotic factors (Caspase-3, cleaved
Caspase-3, cleaved PARP-1, Bax, p53, apoptosis-inducing
(AIF), Cyt C, etc)
anti-apoptotic factors (Bcl-2 and Survivin); fourth, they
reduced chemokines, such as CCL17, CCL22, thymic stromal
lymphopoietin (TSLP), macrophage inflammatory protein-la
(MIP-1a), MIP-1f3, MCP-1, growth related oncogene-a (GRO-
a), and so on; finally, they often downregulated MAPK, TLR4/
NF-kB, Akt/mTOR and JAK/STAT signaling pathways, and
upregulated Nrf2/HO-1 signaling pathway thereby producing
effects different

factor Calpain, and upregulated

corresponding  pharmacological on
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pathophysiological environments. Besides, BV and its main
components upregulated TrkB/CREB/BDNF signaling pathway
and the expression of growth-associated factors (BDNF, NGF,
neurofilament 200 kDa (NF200) and growth-associated protein
43 (GAP43)), as well as downregulated the expression of
amyloidogenic proteins (APP, BACEL, AB; 4, and AP;_4) in
treating neurological disorders. They inhibited hepatic and renal
fibrosis via suppressing TGF-p/Smad2/3 signaling pathway. They
also downregulated the expression of C/EBPs and PPARy,
and activated AMPK signaling pathway in the treatment of
obesity.
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The potential effects of BV and its main components on ills
and their potential mechanisms were predicted through
bioinformatic analysis, referring to DOSE analysis and KEGG
pathway enrichment of the targets reported using bioinformatics
tools in the light of our previous methods (Zhong et al., 2021; Lin
et al., 2022). As shown in Figure 5A, beside the reported diseases
by literature, BV and its main components maybe have effect on
the connective tissue cancer and obstructive lung disease.
Meanwhile, KEGG pathway enrichment analysis (Figure 5B)
shows that BV and its main components can mainly regulate
the proteins involved in the pathways of lipid and atherosclerosis,
PI3K-Akt,
papillomavirus infection, etc. To further screen the pivotal

Human cytomegalovirus infection, Human
targets, PPI analysis was performed with the reported proteins
for BV and its main components using the STRING on-line sever
(https://www.string-db.org). As shown in Figure 6, a central
protein, TRAF6 is highlighted in the PPI “tree” (located in
purplish red circle). Indeed, according to the KEGG database,
this protein is truly involved in the regulation of up to
34 pathways, including MAPK, NF-kB, Pathways in cancer,
etc. Moreover, seven subcentral proteins, X-linked inhibitor
of apoptosis protein (XIAP), TNF, phosphoinositide-3-kinase
regulatory subunitl (PIK3R1), tumor protein p53 (TP53),
SQSTM1 (p62), TLR4 and TGF-p receptor 1 (TGFBRI),
which can be attributed to different functional pathways,
are displayed the direct interaction with the central protein
TRAF6.

Ultimately, based on the previous results and the present
bioinformatics and PPI analysis, it gives the following

perspectives.

(1) First, although all the reported targets were proved to be
correlated with the interfere effects of BV and its main
components mainly on cancers, the DOSE analysis
strongly suggest that BV and its main components could
have an effect on lung disease and obstructive pulmonary
disease, which could be worth exploring in the current
COVID-19 epidemic. Therefore, next, it is suggested to
further validate the effect of BV and its main components
on lung disease and obstructive pulmonary disease for
seeking hope for the treatment of lung diseases, especially
COVID-19.

(2) Second, the present KEGG enrichment analysis suggests that

lipid and atherosclerosis, Human cytomegalovirus infection

and Human papillomavirus infection pathways could be
involved in the disease intervention, but these pathways
are not mentioned in the previous reports for BV and its
main components. For integratively understanding the
of BV and main

intervention and mechanisms its
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components on diseases, proteomics or genomics
investigations should be performed using in vitro and in
vivo disease models to confirm the unreported pathways in
the future study.

Last, TRAF6 is predicted as one core target and XIAP, TNF,
PIK3R1, TP53, SQSTM1, TLR4 and TGFBRI are predicted

as subcentral proteins for the therapeutic effects of BV and its

3)

main components. Accordingly, it will be very meaningful to
validate the target roles of these proteins for the further drug
development of BV and its main components by gene
silencing, knockout experiments, etc.

In conclusion, these ideas provide valuable clues or
perspectives to further study on the pharmacological effects
and mechanisms of BV and its main components, so as to the
promoting the drug development and clinical applications
for BV.
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Introduction: Most elapid snakes produce venoms that contain alpha-
neurotoxins (a-NTXs), which are proteins that cause post-synaptic
blockade and paralysis in snakebite envenoming. However, existing elapid
antivenoms are known for their low potency in neutralizing the neurotoxic
activity of a-NTXs, while the immunological basis has not been elucidated.

Methods: In this study, a structure-based major histocompatibility complex |l
(MHCII) epitope predictor of horse (Equus caballus), complemented with DM-
editing determinant screening algorithm was adopted to assess the
immunogenicity of a-NTXs in the venoms of major Asiatic elapids (Naja
kaouthia, Ophiophagus hannah, Laticauda colubrina, Hydrophis schistosus,
Hydrophis curtus).

Results: The scoring metric M3R, representing the relative immunogenic
performance of respective a-NTXs, showed all a-NTXs have an overall low MsR
of <0.3, and most of the predicted binders feature non-optimal P1 anchor
residues. The M,R scores correlate strongly (R* = 0.82) with the potency
scores (p-score) generated based on the relative abundances of a-NTXs and
the neutralization potency of commercial antivenoms.

Discussion: The immunoinformatic analysis indicates that the inferior antigenicity
of a-NTXs is not only due to their small molecular size but also the subpar
immunogenicity affected by their amino acid composition. Structural
modification with conjugation and synthetic epitope as immunogen may
potentially enhance the immunogenicity for improved antivenom potency
against a-NTXs of elapid snakes.

KEYWORDS

three-finger toxins, antivenom efficacy, bioinformatics, immunogenicity, antigenicity,
molecular docking

1 Introduction

Alpha-neurotoxins (a-NTXs) belong to the three-finger toxins (3FTx) family and are
commonly found in the venoms of most Asiatic elapid snakes, e.g., cobras (Naja spp.), sea
snakes (Hydrophis spp.), King Cobra (Ophiphagus hannah) and kraits (Bungarus spp.) (Tan
etal, 2015a; Tan et al., 2015b; Tan et al., 2015¢; Leong et al., 2015; Oh et al., 2021). Depending
on the amino acid composition, the a-NTXs are further classified into short neurotoxins

73 frontiersin.org
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(SaNTX, 6-7 kDa) and long neurotoxins (LaNTX, 7-9 kDa) (Barber
et al, 2013). As antagonists of post-synaptic nicotinic acetylcholine
receptors (nAChR) of neuromuscular junctions, these non-enzymatic
neurotoxins account for the neurotoxicity in most elapid
envenomation, resulting in a fast onset of flaccid systemic
paralysis, with death ensuing rapidly in the absence of proper
treatment (Barber et al., 2013; Ranawaka et al., 2013).

Antivenoms, which contain animal immunoglobulins or
derivatives raised against snake venoms, remain the definitive
treatment for snakebite envenoming (World Health Organization,
2016). However, earlier studies consistently showed elapid
antivenoms have low efficacy, with neutralization potency (P,
expressed in the amount of venom neutralized completely per
milliliter of antivenom) well below 1 mg/ml (Leong et al., 2012;
Leong et al., 2015). In contrast, viperid antivenoms appear to have
higher efficacy, with Potency (P) values up to 10 mg/ml (Leong et al.,
2014). The lower efficacy of elapid antivenoms would inevitably lead
to the need for a higher dose of antivenom treatment, resulting in
higher medical expenses, curtail of antivenom stockpile, and at the
same time exposing patients to a greater risk of hypersensitive
reactions that can be fatal (World Health Organization, 2016;
Patikorn et al, 2022). The elapid antivenom efficacy is
particularly low in neutralizing venom lethality driven by a-
NTXs (Ratanabanangkoon et al., 2016; Wong et al.,, 2016; Tan
et al,, 2017), suggesting inadequate immunogenic capacity of the
a-NTX for the production of neurotoxin-specific antibodies. In this
regard, factors such as the size, dose and foreignness of a molecule
are known to affect its immunogenicity as an antigen during
immunization (Clementi et al., 1991; Irais et al., 2020). The small
size of a-NTX indicates a lower number of epitopes in eliciting an
immune response, and the immunogenicity may be further
compromised by other larger snake venom toxins present in an
immunogen mixture. To overcome the current predicament, the
concept of “diverse toxin repertoire” has been proposed and trialled
whereby the pool of a-NTXs of various elapid species was used to
enrich the venom immunogen mixture containing minimum high
molecular weight (MW) components for hyperimmunization in
horses (Ratanabanangkoon, 2021). The resultant antisera showed an
exceptionally broad para-specificity of neutralization against diverse
elapid venoms, while the strategy did not translate into a major
improvement of neutralizing potency per individual snake species
(Ratanabanangkoon et al., 2016; Ratanabanangkoon et al., 2020).
Furthermore, even antivenoms raised against elapid venoms that
contain abundant a-NTX (>40% of total venom proteins) showed
generally low neutralizing potency, questioning if the “dose” of a-
NTX is indeed the key determinant of eliciting good immunization
response (Ratanabanangkoon et al., 2016; Palasuberniam et al.,
2021; Tan et al, 2021). Hypothetically, there are other factors at
play that intrinsically modulate the makeup of epitope(s) in the a-
NTX, and this results in variable immunorecognition by the B-cell
receptor (BCR) and/or T-cell receptor (TCR) for antibody
production.

Conventionally, antivenom production exploits the adaptive
immune system of host animals such as horses, in which venom
proteins are used as specific antigens to strategically mount
This
and maturation of naive B-cells into antibody-producing plasma
B-cells, under the regulation of helper T cells (also called CD4" cells).

a humoral immune response. entails the activation
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To produce specific venom-targeting antibodies, the venom antigens
must first be recognized, bound and internalized by professional
antigen-presenting cells (APC) which include the naive B-cells (via
the BCR), and other phagocytes, e.g., macrophages and dendritic
cells. The endocytosed venom proteins are degraded in the endo-
lysosomal compartments, yielding peptide fragments as antigens
that will be loaded onto major histocompatibility complex II
(MHCII) and displayed on the external cell membrane. The
MCHII-loaded peptide displayed on phagocytes,
especially dendritic cells, will be recognized by naive T helper

antigens

cells (Ty, cells) via the TCR, activating them into effector and
memory Ty, cells. The effector Ty, cells recognize the particular
antigen peptide displayed by the MCHII complex of B-cells, fully
activating  them to  produce toxin-specific  antibodies
(immunoglobulin G) with longer half-life and higher affinity,
while the same T), cells also release cytokines that mediate
proliferation of the activated B-cells (Hoogeboom and Tolar, 2016).

All in all, initiating the venom/toxin-specific humoral
immunity requires proper loading of the toxin peptides onto
MHCII membrane-bound proteins for subsequent antigen
presentation to the Ty, cells. The MHCII protein is composed
of two subunits (a and B) chains, whose o, and ; domains of the
extra-cellular segments form the antigen-binding groove with
multiple pockets destined to bind antigenic peptides (of the
exogenous toxins) in the endosomal compartment. From the
endoplasmic reticulum where MHCII proteins are assembled,
throughout their intracellular transport to the Golgi apparatus
and finally to endosomes, the MHCII binding groove is blocked
from endogenous peptide binding by the invariant (Ii) chain. In
the endosomes, the drastic change in pH partially degrades the
MHCII-bound Ii chain while leaving behind a short peptide
named CLIP (class II MHC associated Ii peptide) that
continues to shield the MHCII binding site. Here, the equine
version of human leukocyte antigen-DM (HLA-DM) molecule
plays a critical role for peptide exchange, where it accelerates the
removal of CLIP and other peptides that lack appropriate anchor
residues, thereby “editing” the repertoire of internalized peptides
to make way for proper MHCII-peptide loading and subsequent
antigen presentation on APCs (Morris et al., 1994; Denzin and
Cresswell, 1995; Fung-Leung et al., 1996; Zhou et al., 2009;
Schulze et al, 2013). The susceptibility to DM-mediated
peptide editing is modulated by the dynamic conformation of
MHCII bound with peptide. Previous studies highlighted the
importance of the hydrogen bond network formed between
peptide backbone and conserved residues in MHCII, especially
those at the P1 and P2 pockets which are key sites of peptide
binding (Stratikos et al., 2004; Anders et al,, 2011; Yin et al,
2014). with
appropriate anchor residues for the pockets will succeed in the
DM-mediated MHCII
immunodominance of epitopes over others that favors their

Accordingly, only strong-binding peptides

peptide exchange, demonstrating
recognition by T, cells in mounting a good humoral immune
response. In this context, the understanding of the DM-editing
susceptibility of various peptides display of a-NTXs to proper
MHCII-peptide elucidate the
immunogenicity of these venom proteins, which has deep

loading is important to

implication in antivenom production. Therefore, the present
study aimed to assess immunogenic capacity of a-NTXs by using
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the modified structure-based predictor in complement with the
screening algorithm of DM-editing determinants. In addition, a
scoring metric was configured to determine the relative
immunogenicity of a-NTXs. It is hoped that this study will
provide a deeper understanding about the poor efficacy of elapid
antivenoms.

2 Materials and methods

2.1 Prediction of B-cell antigenic
determinant

The full amino acid sequence of respective a-NTXs was
acquired from UniProt and submitted to the input panel for
B-cell epitope prediction with Kolaskar and Tongaonkar
antigenicity scale (http://tools.iedb.org/bcell/) (Kolaskar and
Tongaonkar, 1990). Selected a-NTXs for this study are: (i)
LaNTXs, which include (a) a-cobratoxin (Nk_LaNTX-a-Cbtx,
UniProt ID: P01391, Naja kaouthia); (b) long neurotoxin OH55
(Oh_LaNTX-OH55, UniProt ID: Q53B58, O. hannah); and (c)
long neurotoxin 1 (Hc_LaNTX-1, UniProt ID: Q8UW?29,
Hydrophis curtus), and (ii) SaNTXs: (a) cobrotoxin-c¢ (Nk_
SaNTX-Cbtx-¢, UniProt ID: P59276, N. kaouthia); (b) short
neurotoxin 1 (Hs_SaNTX-1, UniProt ID: P68415, Hydrophis
schistosus); and (c) short neurotoxin 2 (Lc_SaNTX-2, UniProt
ID: P10457, Laticauda colubrina). Zinc metalloproteinase-
disintegrin-like atragin (Na_SVMP, Uniprot ID: D3TTC2,
Naja atra) was selected as a standard of high MW toxin.

2.2 Homology modeling of Eqca-DR MHCII
models

The homology structures of horse (Equus caballus) major
histocompatibility complex II (Eqca-DR) were modeled after
human HLA-DRI crystal structure [PDB_ID: 1HXY] obtained
from Protein Data Bank (https://www.rcsb.org). With HLA-DRI
selected as a template, molecular modeling was carried out for the
two allelic variants of Eqca-DR (Eqca-DRA*00103:DRB2*00201 and
Eqca-DRA*00201:DRB2¥00201; sequence obtained from EMBL’s
European Bioinformatics Institute (https://www.ebi.ac.uk) and
modeled via webserver Swiss-Model (https://www.swissmodel.
expasy.org).
transferring conserved atom coordinates as identified by the target-

The 3D protein models were generated after

template alignment. To acquire a full-atom protein model, the
construction of non-conserved amino acid side chains was
performed with OpenStructure computational structural biology
framework and ProMod3 modeling engine. Both models with the
highest Global Model Quality Estimation (GMQE) and optimal
QMEAN scores were submitted to Structural Analysis and
Verification Server of UCLA (https://saves.mbi.ucla.edu/), and
passed the Verify3D (at least 80% of the amino acids have
>0.2 in the 3D/ID profile) and PROCHECK
(Ramachandran plot: 92.4% residues in most favored regions, 6.9%

scored
residues in additional allowed regions, 0.3% residues in generously

allowed regions and 0.3% residues in disallowed regions) assessments
(Laskowski et al., 1993; Eisenberg et al.,, 1997).
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2.3 Preparation of 15-mer a-NTXs peptide
fragments

15-mer peptide sequences were generated automatically with an
in-house Bash script that extracts 15 continuous amino acid residues
from respective o-NTXs. Following that, the 3-dimensional
structures of 15-mer were constructed with Pymol (Schrodinger
and DeLano, 2020). Open Babel software was used to minimize the
energy of the resulting 15-mer peptide structures with a conjugated
algorithm for 100 cycles (O'Boyle et al., 2011).

2.4 Molecular docking simulation

The series of docking analyses were performed via the guru
interface of the HADDOCK 2.2 webserver (https://alcazar.science.
uu.nl/servicess HADDOCK2.2/).  The HADDOCK  protocol
encompasses three docking stages: (i) rigid body minimization
(it0), (ii) semi-flexible annealing (itl), and (iii) explicit solvent
refinement (water) (van Zundert et al., 2016). The decoys
generated were clustered with Fraction of Common Contacts
algorithm (FCC: 0.6) (Rodrigues et al, 2012; Takemura and
Kitao, 2019). Cluster with the lowest HADDOCK scores of the
top 4 models was ranked on top. By default, the HADDOCK scoring
function settings are for protein-protein complexes that entail
weighted sum of following terms:

HADDOCKscore — it0 = 0.01 E, 4, + 1.0 Egjec + 1.0 E gos1
+0.01 E,;, — 0.01 BSA
HADDOCKscore —itl = 1.0E, 4, + 1.0 Ejpc + 1.0 Ejp + 0.1 E;,
—0.01 BSA

HADDOCK score — water = 1.0 E, g, + 0.2 Ejoc + 1.0 E gosor
+ 0.1 E;;,

where E4,, is the van der Waals energy, E.. is the electrostatic
energy, Egeo is the desolvation energy, E,;, restraints (i.e., distance)
violation energies, BSA is the buried surface area. More
comprehensive  HADDOCK protocol and different docking
parameter settings were reported in de Vries et al. (2010).

2.4.1 Docking parameters optimization and
validation of Eqca-DR MHCII models

To optimize input parameters of HADDOCK, hemagglutinin
(HA) [PDB_ID: 1HXY] crystal structure was selected as the
standard ligand (used in all quantitative analysis); endogenous
peptide A2 (A2) [PDB_ID: 1AQD] crystal structure was selected
as reference ligand (used to establish arbitrary binding threshold for
binders classification). Both ligands were docked to both allelic
variants of Eqca-DR due to their experimental proven MHCII
binding (Stern et al., 1994; Murthy and Stern, 1997). The
intermolecular interactions of the resulting Eqca-DR:HA and
Eqca-DR:A2 complexes were assessed for hydrogen bonding
interactions, via BIOVIA Discovery Studio Visualizer, between
the main-chain peptide and conserved HLA-DRI residues as
reported earlier (Stern et al., 1994; Murthy and Stern, 1997). The
sampling size across rigid body minimization (It0), semi-flexible
annealing (It1) and explicit solvent refinement (water) stages was
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optimized at 5000:300:300; random exclusion of ambiguous
interaction restraints (AIRs) was disabled. The conserved residues
of membrane-distal alpha-helices and whole peptides were selected as
input for active residues; passive residues of receptor and ligand were
defined automatically by HADDOCK. The computed linear
combination of various energies and buried surface area of the
Eqca-DR:HA and Eqca-DR:A2 complexes in the form of arbitrary
HADDOCK scores were recorded.

2.4.2 Selection of 15-mer a-NTXs peptide
fragments by docking with Eqca-DR

The energy-minimized 15-mer peptide fragments derived from
a-NTXs were respectively docked onto Eqca-DRA*00103:
DRB2*00201 and Eqca-DRA*00201:DRB2*00201 as per Section
2.4.1. The resulting Fraction of Common Contacts algorithm
(FCC)-clustered  decoys
susceptibility to DM-catalyzed peptide editing based on the

were screened and selected for

defined algorithms in the present study:

1) The backbone atoms of P-1, P1, P2 anchor residues of the
examined peptides must be hydrogen-bonded to Sera53-
AsnP82 of MHCII molecules.

2) The examined peptide N-terminus must extrude from the
P1 pocket.

3) Bidentate hydrogen bonds must be formed between Asn82f and
P2 anchor residue of the examined peptides.

4) The combined count of hydrogen bonds and salt bridges formed
between membrane distal alpha-helices of MHCII molecules and
the examined peptides must be >14. This is to enrich the pool of
epitopes featuring binding stability and appropriate poses.

The lowest HADDOCK score of respective MHCII-peptide
complexes was computed and inverted bars were plotted. The
HADDOCK score of binders filtered via the algorithm outlined
above was highlighted.

2.4.3 Determination of immunodominant regions
of a-NTXs

Considering the immune response is elicited based on the
binding strength and successful intermolecular interactions of a
complex, the immunodominant regions of a-NTXs were estimated
by HADDOCK score along with the scoring of amino acid residues
of 15-mer a-NTXs peptides from immunogenic binders. The M,R
scoring metric, which represents the degree of computed immune
response elicited by respective 15-mer peptides in the context of
MHCII, was quantified as described in the formulation:

}
MR=Y"  Sui (1)
g
R ®
Zn:O H'R n+l

Where “S” is the score of individual residue constituting a-
NTXs, “I"” is the total number of amino acid residues constituting a-
NTXs, “r” is the frequency of individual amino acid residue that

constitutes the filtered 15-mer peptides, “R” represents the

maximum frequency attainable for each residue, “i” is the total
number of MHCII-bound 15-mer peptides, “I” is the total number of

15-mer peptides constructed from respective a-NTXs, “h” is the
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HADDOCK score ratio of respective algorithm-filtered decoys and
standard ligand (HA), and “H” is the maximum attainable
HADDOCK score ratio.

The cumulative score of each residue was quantified,
accumulated and plotted to quantify M,R which represents the
immunogenic spectrum of individual a-NTX.

3 Results and discussion
3.1 Molecular size and antigenicity of a-NTXs

In the present study, six different lethal elapid a-NTXs (Figure 1)
belonging to short-chain and long-chain groups, and a snake venom
metalloproteinase [SVMP, a higher molecular weight (MW) toxin]
were analyzed for their antigenicity using the B-cell epitope
prediction tool (Kolaskar and Tongaonkar, 1990). As shown in
Figure 2, the sheer number of predicted antigenic sites of SVMP
(MW~47 kDa, 15 antigenic sites identified) far exceeded that of the
six a-NTXs (MW~7-8kDa,
consistent with previous findings of low MW toxins possessing
less antigenic peptides (Tan et al., 2019b; Tan and Tan, 2021). The
higher number of antigenic peptides in high MW proteins may

1-3 antigenic sites identified),

provide greater exposures to BCRs, thus eliciting a higher antibody
titer specific to these antigens, in comparison to the low MW
proteins where a-NTXs are classified (MW~7-8 kDa). Moreover,
the presence of high MW proteins in an immunogen mixture
containing proteins with varying MW may dampen the
antigenicity of low MW a-NTXs (<10kDa) (Clementi et al,
1991; TIrais et al, 2020) in eliciting immune responses amid the
antigenic competition for BCRs (Hunt et al., 1995), consequently,
the resulting neutralizing antibodies may be skewed toward high
MW toxins. This is well exemplified by previous immunoprofiling
studies applying microarrays (Engmark et al., 2016) and enzyme-
linked immunosorbent assay (Lingam et al., 2020), as well as in vivo
neutralization studies that showed viperid antivenoms are
significantly more potent than elapid antivenoms (Calvete et al.,
2016; Ratanabanangkoon et al., 2016; Bailon Calderon et al., 2020;
Faisal et al., 2021). This is likely due to most viperid venoms are
predominated with high MW toxins (MW > 25 kDa) (e.g., SVMP
and snake venom serine protease, SVSP) (Offor et al., 2022), which
are capable of eliciting stronger immune response for the production
of neutralizing antibodies. However, given that venoms constituting
neurotoxins of more than ~40% failed to raise antivenoms with
major improvement in neutralization efficacy (Tan et al., 2015b; Tan
et al., 2016a; Tan et al., 2019a; Palasuberniam et al., 2021), it is
therefore suggested that the low neutralizing efficacy of elapid
antivenom may be also attributed to other factors, such as amino
that
configuration of a-NTXs to be recognized by T-cell receptor

acid composition, intrinsically modulate the epitope

(TCR) to elicit a strong humoral response.

3.2 Screening of HLA-DM exchange
determinant

The present study generated homolog models of Eqca-DR due to
the absence of equine MHCII alleles binding data in the currently
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FIGURE 1

Multiple sequence alignment of selected elapids long-chain and short-chain alpha-neurotoxins. Sequences were acquired from the UniProt
database. Abbreviations: NAJKA, Naja kaouthia; OPHHA, Ophiophagus hannah; LATCO, Laticauda colubrina; HYDSC, Hydrophis schistosus; HYDHA,

Hydrophis curtus. Asterisk symbols indicate the location of disulfide bonds.

available databases. The immunogenicity of a-NTXs derived from
the venoms of selected Asiatic elapids was examined by docking 15-
mer peptides of a-NTXs generated to Eqca-DR, to assess for MHCII
epitopes. The use of a structure-based approach in the present study
is mainly due to the limitations of the existing range of
bioinformatics tools (i.e., NetMHC-3.4, PSSM, SMM, TEPITOPE)
in the provision of an accurate estimate on MHCII epitopes. Despite
the availability of data-driven avenue, most of the data-driven
machine-learning mediated predictors of MHC epitopes were
trained with MHC-peptidome composed of synthetic sequences
(Sidney et al., 2013) that sidestep proteasome cleavage and DM-
editing selection. Although this method could narrow down the
potential candidate of MHC epitopes, but it may not provide
accurate prediction (Robbins et al, 2013; Yadav et al, 2014).
Furthermore, although recent development entails the adoption
of naturally processed and presented mass spectrometry (MS)
derived MHC peptides to hone the accuracy of the existing
predictors, the current MS-derived peptidome datasets still do
not correlate well with predicted binding affinity (Zhao and Sher,
2018). Factors such as the indirect linear relationship between the
kinetic stability of MHCII-peptide complexes and alignment issues
due to peptide length varieties may have bugged the algorithm from
performing at full capacity in predicting the MHCII binder
2002; Nielsen et al., 2010; ten Broeke et al.,
2013). Thus, these limitations raise the need for an alternative

(Belmares et al.,

avenue for immunogenicity study.

Contrary to the data-driven predictor, the structure-based
approach does not rely on binding data. Adding to that, it
provides of
interaction between the MHCII-peptide complex. Peptides are

visualization atomic-resolution  intermolecular
bound to MHCII via hydrogen bonding network between
conserved MHCII side chains and peptide backbone and through
interactions between MHCII pockets and peptide side-chain
The

customized based on the identification of multiple critical

anchors. complementing  screening  algorithm  was
hydrogen bonds between conserved MHCII side-chains and
peptide backbone (Figure 3) as a gauge to the susceptibility of
DM-catalyzed peptide editing (McFarland et al, 2001; Stratikos
et al., 2004; Zhou et al., 2009; Ferrante and Gorski, 2010; Anders
etal,, 2011; Painter et al., 2011). Following the same principle, MHC-

loading enhancers (MLE) target P1 pocket as canonical MLE site to
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enhance T}, cells response, by maintaining the peptide-receptive
conformation of MHCII which in turn expedited antigen-loading
and ligand exchange on the cell surface (Gupta et al., 2008;
Dickhaut et al., 2009). Validation of the MHCII homologs and
optimization of docking simulation parameters were conducted
by redocking standard (HA) and reference ligands (A2) with two
allelic variants of Eqca-DR models (Figure 4). Two homologs
examined feature critical intermolecular hydrogen bonding
formed between MHCII residues with HA and A2 peptides
(with side chains occupying major pockets, hence designated
as P-1, which verified the
compatibility of the generated Eqca-DR models and the

P1 and P2 anchor residues),

optimized docking simulation parameters for this study.

Herein, structure-based MHCII epitopes predictor augmented
with DM-editing determinant algorithm, mimicry of humoral
response, was adopted to assess the immunogenicity of a-NTXs
derived from venoms of selected terrestrial, submarine and marine
Asiatic elapids (Figure 1). The use of a-NTXs selected from cross-
genus elapids was to validate the flexibility of the structural approach
in determining the immunogenicity of a-NTXs, as well as for
comparison to the previously reported data from neutralization
studies (Tan et al., 2016b; Tan et al., 2018).

3.3 Algorithm clustering of MHCII binders

The arbitrary binding affinity threshold is commonly used as a
gauge for the prediction of MHCII epitope ligands (Sette et al., 1994;
1998). Table 1 showed the HADDOCK score of
decoys of two allelic Eqca-DR models (Eqca-DRA*00103:
DRB2*00201 and Eqca-DRA*00201:DRB2*00201) redocked with
HA and A2 ligands that provide inference for a strong binder (Stern

Southwood et al.,

et al,, 1994; Murthy and Stern, 1997). Applying the same approach,
the inverted stacked HADDOCK scores of decoys of 15-mer
peptides with respective allelic variants of Eqca-DR were shown
in Figure 5. As delineated by Table 2, the 15-mer peptides were
further benchmarked arbitrarily as strong (<-230), moderate
(230 to -180) and weak binders (>—180) based upon the
HADDOCK score of HA and A2 ligand bindings (Table 1).

The present study showed none of these 15-mer peptides
generated from all a-NTXs were considered as “strong binder.”
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FIGURE 2

Prediction of antigenic determinants (B-cell epitope) of a-NTXs with Kolaskar and Tongaonkar antigenicity scale (Kolaskar and Tongaonkar, 1990).
Abbreviations: Nk_LaNTX-a-Cbtx, a-cobratoxin (UniProt ID: P01391, N. kaouthia); Oh_LaNTX-OHS55, long neurotoxin OH55 (UniProt ID: Q53B58, O.
hannah); Hc_LaNTX-1, long neurotoxin 1 (UniProt ID: Q8UW29, H. curtus); Nk_SaNTX-Cbtx-c, cobrotoxin-c (UniProt: P59276, N. kaouthia); Hs_SaNTX-
1, short neurotoxin 1 (UniProt ID: P68415, H. schistosus); Lc_SaNTX-2, short neurotoxin 2 (UniProt ID: P10457, L. colubrina); Na_SVMP, snake venom

zinc metalloproteinase (Uniprot ID: D3TTC2, Naja atra) (high MW toxin). Yellow areas represent predicted B-cell epitopes with antigenicity scores above
the dynamic threshold (~1.0).
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FIGURE 3

An atomic resolution of HLA-DR1:HA complex derived from PDB crystal structure (PDB:1HXY) with annotated critical intermolecular interactions
between peptide ligand and the side chains of MHCII. Peptide backbone that formed conserved hydrogen bonds with MHCII residues (a53S and p82N)
were denoted as P-1, P1 and P2 anchor residues and highlighted in yellow.
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FIGURE 4

Molecular interactive illustration showing the interaction of redocked standard ligands with homology models of the two allelic Eqca-DR. (A)
hemagglutinin (HA) and (B) endogenous peptide A2 (A2). 2D chemical structure represents the ligand surrounded by interactive MHCII binding groove
residues. P-1, P1 and P2 anchor residues of HA and A2 and their hydrogen bonding interaction with residues of the binding grooves were circled in red.
Two allelic Eqca-DR models examined were Eqca-DRA*00103:DRB2*00101 and Eqca-DRA*00201:DRB2*00101.

Out of the 57-58 15-mer peptides generated from the three LaNTXs,  among the 46-48 15-mer peptides. At this point, the pool of low
there were only 3-12 that were considered as “moderate binders”  affinity 15-mer binding MHCII decoys already foreshadows weak
while the remaining were “weak binders.” Similarly, the SANTXs  immunogenicity, because it is suggested that the peptide that binds
that are shorter in sequence length also showed no “strong binders”  with a long half-life has the propensity to dominate the T}, cell
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TABLE 1 HADDOCK scores of redocking of two allelic variants of Eqca-DR MHCIl models with standard and reference ligand.

MHCII alleles

Egca-DRA*00103:DRB2*00201
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Accumulative inverted HADDOCK scores of 15-mer peptides binding decoys (Eqca-DR:15-mer) derived from docking of Eqca-DRA MHCII models

to 15-mer peptides generated from a-neurotoxins. (A) Long-chain alpha-neurotoxins (LaNTX), and (B) Short-chain alpha-neurotoxins (SaNTX). Blue bars
indicate Eqca-DRA*00103:DRB2*00201; and orange bars indicate Eqca-DRA*00201:DRB2*00201. Bars with dark blue/dark brown indicate the decoys
(Eqca:15-mer) that fulfilled the defined algorithm in the present study. Abbreviations: Nk_LaNTX-a-Cbtx, a-cobratoxin (UniProt ID: P01391, N.
kaouthia); Oh_LaNTX-OH55, long neurotoxin OH55 (UniProt ID: Q53B58, O. hannah); Hc_LaNTX-1, long neurotoxin 1 (UniProt ID: Q8UW?29, H. curtus);
Nk_SaNTX-Cbtx-c, cobrotoxin-c (UniProt: P59276, N. kaouthia); Hs_SaNTX-1, short neurotoxin 1 (UniProt ID: P68415, H. schistosus); and Lc_SaNTX-2,

short neurotoxin 2 (UniProt ID: P10457, L. colubrina).

response (Pos et al.,, 2013). Although previous studies suggested that
MHCII binders with higher affinity may not be translated to MHCII
binding in vivo (Zhao and Sher, 2018), this may be a result of
excluding the importance of peptide-editing role of DM molecules
in the prediction or study performed (Belmares et al., 2002).
With the DM-editing determinant screening algorithm used in
this study, the filtered 15-mer peptides were selected as predicted
MHCII epitopes (Table 2). In comparison, LaNTXs generally
feature a higher percentage of predicted MHCII binders (24%-
38%) than SaNTXs (12%-34%) (Table 2). Of the LaNTXs derived
15-mer peptides, only 14-22 were predicted as MHCII epitopes,
with the lowest binder proportion shown in Nk_LaNTX-a-Cbtx
(24%-26%), followed by Oh_LaNTX-OH55 (~34-36%), and Hc_
LaNTX-1 (31%-38%). For SaNTXs, the MHCII binder proportion
was ranging from 12% to 34%, with the lowest shown in Lc_SaNTX-
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2 (~12%), followed by Hs_SaNTX-1 (26%-28%), and Nk_SaNTX-
Cbtx-c (30%-34%). Unsurprisingly, most predicted MHCII binders
were on the “weak binder” spectrum, with only a few classified as
“moderate binders.”

Binding affinity relative to algorithm-identified binders is
suggested as a vital indicator that represents the degree of posing
fit which indirectly reflects the importance of amino acid
composition, dictates the dynamic
conformation of MHCII-peptide that is least susceptible to DM-
editing mechanism (Pos et al., 2013; Yin et al., 2014). Also, it relays
information on the possible disposition of P9 leucine-binder in
sidestepping the hydrogen bonding and pocket interaction at P1
(Yin et al,, 2014), which may be a perk of strong MHCII binder
(i.e., endogenous peptide A2). Ergo, it is suggested that the low
amount of MHCII epitopes and their relatively weak affinity may

and  consequently
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TABLE 2 Clustering of display and non-display decoys (Eqca-DR:15-mer) based on HADDOCK scores.

Peptide 15-
mers

Eqca-DRA*00103:DRB2*00201

Binder
classification®

Predicted MHCII
epitope®

Long-chain alpha-neurotoxins (LaNTX)

Predicted MHCII
epitope (%)°

Eqca-DRA*00201:DRB2*00201

Predicted MHCII
epitope®

Predicted MHCII
epitope (%)

Binder
classification?

Nk_LaNTX-a- (S0:M12:W45) W15 26.32 (S0:M12:W45) MIW13 24.56
Cbtx

Oh_LaNTX- (S0:M3:W55) M2W19 36.21 (S0:M3:W55) M2W18 34.48
OH55

Hc_LaNTX-1 (S0:M12:W45) w22 38.60 (S0:M9:W48) W18 31.58
Short-chain alpha-neurotoxins (SaNTX)

Nk_SaNTX- (S0:M12:W35) M3W13 34.04 (S0:M11:W36) MIW13 29.79
Cbtx-c

Hs_SaNTX-1 (S0:M6:W40) w12 26.10 (S0:M5:W41) W13 28.26
Lc_SaNTX-2 (S0:M2:W46) W6 12,50 (S0:M2:W46) W6 12.50

“15-mer peptides were classified into “strong binder” (S, HADDOCK score <-230), “moderate binder” (M, HADDOCK score —230 to —180), and “weak binder” (W, HADDOCK score >-180)
based on the arbitrary binding thresholds. Thresholds are defined based on the HADDOCK scores of standard and reference ligands (hemagglutinin and endogenous peptide A2). The

numerical values indicate the number of binders.

*15-mer peptides that fulfilled the defined algorithms outlined in the present study (Section 2.4.2). The numerical values indicate the number of binders.
“Relative percentage of 15-mer peptides with predicted MHCII epitopes over the total number of 15-mer peptides generated per examined a-NTX.
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FIGURE 6

Anchor residue preferences of P1 pocket. Violet box: Positive side chain; Orange box: Negative side chain; Yellow box: Polar side chain; Blue box:
Special cases; Green box: Non-polar side chain; Red square: Optimal P1 anchor residues. Abbreviations: Nk_LaNTX-a-Cbtx, a-cobratoxin (UniProt ID:
P01391, N. kaouthia); Oh_LaNTX-OH55, long neurotoxin OH55 (UniProt ID: Q53B58, O. hannah); Hc_LaNTX-1, long neurotoxin 1 (UniProt ID: Q8UW?29,
H. curtus); Nk_SaNTX-Cbtx-c, cobrotoxin-c (UniProt: P59276, N. kaouthia); Hs_SaNTX-1, short neurotoxin 1 (UniProt ID: P68415, H. schistosus);

and Lc_SaNTX-2, short neurotoxin 2 (UniProt ID: P10457, L. colubrina).

compromise the chances of a-NTXs to be processed for MHCII
display by APCs that non-specifically uptake and process antigens
for the activation of T, cell in the context of humoral immunity
(Hilhorst et al., 2014).

3.3.1 Binding specificity of major anchor sites of
MHCII

Compositional analysis of a-NTXs was performed by profiling the
amino acid residues of predicted MHCII binders derived from
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respective a-NTXs occupying P-1, P1 and P2 binding pockets of
Eqca-MHCIIL The known major anchor sites are P1, P4, P6 and
P9 as evidenced by their substantial buried side chain solvent-
exposed surface area (Murthy and Stern, 1997). However, we
specifically look into the P1 pocket as the residue preference in this
position plays a major role in dictating DM-catalyzed peptide editing
susceptibility relative to other major pockets (Painter et al., 2011).
An earlier study showed tryptophan, tyrosine, phenylalanine
and leucine that feature hydrophobic side chains are optimal
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The immunodominant coverage across the amino acid sequences of a-neurotoxins. (A) Long-chain alpha-neurotoxins (LaNTX), and (B) Short-chain
alpha-neurotoxins (SaNTX). Dashed squares in the figure represent the different loops and C-terminus tail of a-NTXs. The brown-dash dotted line
indicates the maximum score of respective amino acid residues. Abbreviations: Nk_LaNTX-a-Cbtx, a-cobratoxin (UniProt ID: P01391, N. kaouthia); Oh_
LaNTX-OH55, long neurotoxin OH55 (UniProt ID: Q53B58, O. hannah); Hc_LaNTX-1, long neurotoxin 1 (UniProt ID: Q8UW29, H. curtus); Nk_
SaNTX-Cbtx-c, cobrotoxin-c (UniProt: P59276, N. kaouthia); Hs_SaNTX-1, short neurotoxin 1 (UniProt ID: P68415, H. schistosus); and Lc_SaNTX-2, short
neurotoxin 2 (UniProt ID: P10457, L. colubrina). The details analyses were provided in Supplementary File S1.

P1 anchor residues (Yin et al., 2014). As depicted in Figure 6, only
16 out of 177 (<10%) identified predicted MHCII binders feature
optimal P1 anchor amino acid residues mentioned above. These
include Nk_SaNTX-Cbtx-c (8 binders), Hs_SaNTX-1 (5 binders),
and Hc_LaNTX-1 (3 binders), and worth noting that all 16 binders
consistently possess leucine as anchor residue. The lack of optimal
P1 anchor residues may have culminated in binders with weak
affinity to Eqca-DR which coincides with the predominant of weak
MHCII binders as displayed in Table 2. Thus, this finding further
validates that the amino acid composition of a-NTXs could be one of
the major limiting factors in eliciting a strong humoral response,
during the immunization process of antivenom production.

3.4 Immunodominance of a-neurotoxins

For ease of interpretation, scoring metric that reflects both
binding affinity and proportion of predicted MHCII binders are
vital for multilayered analysis. Based on the predicted MHCII
epitopes, each amino acid composing a-NTXs was scored and

cumulatively quantified as M,R to enable elucidation of
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FIGURE 8

M3R scoring of a-neurotoxins. Abbreviations: Nk_LaNTX-a-Cbtx,
a-cobratoxin (UniProt ID: P01391, N. kaouthia); Oh_LaNTX-OH55,
long neurotoxin OH55 (UniProt ID: Q53B58, O. hannah); Hc_LaNTX-
1, long neurotoxin 1 (UniProt ID: Q8UW29, H. curtus); Nk_
SaNTX-Cbtx-c, cobrotoxin-c (UniProt: P59276, N. kaouthia); Hs_
SaNTX-1, short neurotoxin 1 (UniProt ID: P68415, H. schistosus); and
Lc_SaNTX-2, short neurotoxin 2 (UniProt ID: P10457, L. colubrina).
The details analyses were provided in Supplementary File S1.
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TABLE 3 Correlation of neurotoxin abundance and neutralization efficacy of its homologous antivenom.

Elapid Antivenom

Ophiophagus hannah monovalent

Naja kaouthia monovalent Sea snake antivenom

antivenom (OHMAV) antivenom (NkMAY) (SSAV)
a-NTXs Oh_LaNTX-OH55 Nk_LaNTX-a- Nk_SaNTX- @Hc_LaNTX- Hs_SaNTX-
(@0]0% Cbtx-c 1 1
Relative abundance of a-NTXs in ~43.0 30.9" 4.6" 11.9¢ 52.2¢
venom (%)
Normalized potency (mg/g) ‘ 26.75% 4.89" ‘ 1.33% 6.35" 1.617
p-score ‘ 0.62 0.16 ‘ 0.29 0.53 0.03

The values were acquired from previous studies reported from the same laboratories: f(Tan et al., 2015a); “unpublished; “(Tan et al.,, 2016b); ®(Tan et al., 2015b). p-score: Normalized potency of

the respective antivenom/relative abundances of a-neurotoxin in the venom. “LaNTX of Hydrophis schistosus was annotated to LaNTX of Hydrophis curtus (Hc_LaNTX-1) in the venom

proteome study (Tan et al,, 2015b).
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FIGURE 9
Coefficient of determination between empirical-based p-score
and computed M,R scoring.

immunodominance, in the context of Ty, cell activation, across the

entire sequence of a-NTXs (Figure 7; Supplementary File S1).
In general, the immunodominant amino acid sequences were

noted to be skewed differently for all three LaNTXs from different
species, where Nk_LaNTX-a-Cbtx and Oh_LaNTX-OH55 were
shown to be more immunogenic at loop II, and to a lesser extent
for He_LaNTX-1 that is more loop III dominant. All three a-NTXs
feature minute responsiveness at loop I as indicated by their
extremely low MR score. On the contrary, Nk_SaNTX-Cbtx-c,
Hs_SaNTX-1 and Lc_SaNTX-2 are responsive across the three
loops, except that Lc_SaNTX-2 featured a negligible response for
loop I. Overall, all a-NTXs were predicted to be relatively responsive
on loop II, which corroborates with a previous study that employed a
data-driven MHCII epitope predictor utilizing human and mouse
MHCII alleles binding data in predicting the immunogenicity of
snake 3FTXs (Pruksaphon et al., 2022).

The general trend of M,R scores for respective a-NTXs is
shown to be less than 0.3 (Figure 8) while all predicted epitopes
feature multiplier HADDOCK score ratio (h) <1 (Maximum
M,R = 1), suggesting a-NTXs are generally poor immunogens.
The result is paralleled with the algorithm clustering of MHCII
binders that showed the predomination of weak MHCII binders
(Table 2). The accumulated overall M,R scores for each a-NTX
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were also estimated and shown descending from Oh_LaNTX-
OH55(0.28) > Hc_LaNTX-1(0.27) > Nk_SaNTX-Cbtx-c(0.25) >
Hs_SaNTX-1(0.22) > Nk_LaNTX-a-Cbtx(0.2) > Lc_SaNTX-
2(0.11) (Figure 8).

For comparative purposes, Table 3 illustrates the correlation
study of reported commercial antivenoms on five selected a-NTXs
examined in the present study. The p-score, defined as the relative
potency of commercial antivenom for respective a-NTXs, is highly
correlated (coefficient of determination, R* = 0.82) with M,R scoring
in the present study (Figure 9). The p-score trend showed as: Oh_
LaNTX-OH55(0.62) > Hc_LaNTX-1(0.53) > Nk_SaNTX-Cbtx-
c(0.29) > Nk_LaNTX-a-Cbtx(0.16) > Hs_SaNTX-1(0.03). Except
for the slight swapping order between Nk_LaNTX-a-Cbtx and Hs_
SaNTX-1, the p-score generated is consistent with the M,R score in
showing Hc_LaNTX-1 and Nk_SaNTX-Cbtx-c are more
immunogenic compared to their homologous Hs_SaNTX-1 and
Nk_LaNTX-a-Cbtx,
inconsistent with the earlier postulation where antigenicity and

respectively. The finding is however
immunogenicity of LaNTXs are generally greater than SaNTXs,
attributed to the slightly greater molecular size (Tan et al., 2016b;
Wong et al,, 2016; Tan et al,, 2017). The present study showed a
mixed observation that both LaN'TXs and SaNTXs are generally low
in antigenicity and immunogenicity, without clear distinction.

On the other hand, the p-score shown in Table 3 also highlights the
disproportionate link between the relative abundance of a-NTXs and the
neutralization efficacy of antivenoms. The poor neutralization potency of
antivenom against a-NTXs could be multifactorial (e.g., molecular size,
relative abundance, amino acid composition, and peptide binding
recognition by MHCII), in particular the amino acid composition as
highlighted in the present study, contributing to the inadequate
immunogenic capacity of o-NTXs in eliciting a strong humoral
response during the immunization in an animal host. Furthermore,
the antigenicity could have been impacted by its small size when
competing for B-cell receptors in the context of a heterogenous
immunogen mixture (Hunt et al,, 1995).

To date, a number of innovative strategies for new antivenom
production have been reported, such as the use of synthetic peptide
antigen (de la Rosa et al,, 2018), multiepitopes string (Ramos et al., 2016)
and virus-displayed epitopes (Menzies et al, 2022) as immunogens.
These strategies selected the toxins mainly based on targeted snake
species and showed that it is possible to produce elapid antivenoms by
replacing crude venom immunogens. In the future exploration of
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antivenom production, the immunoinformatic approach developed in
this study can be applied to further strengthen the design of synthetic
epitopes, thereby increasing the neutralization efficacy of antivenoms,
especially in targeting the alpha-neurotoxins of elapid species.

4 Conclusion

In the present study, antigenicity tool and structure-based
MHCII  epitope
determinant screening algorithm, collectively allude a-NTXs as

predictor augmented with DM-editing
poor antigen and immunogen. This is further supported by the
relative immunogenicity of a-NTXs derived from the computed
prediction that correlates strongly to the empirical data of in vivo
neutralization efficacy of commercial antivenoms. Adding to that,
most of the predicted binders feature non-optimal P1 anchor
residues that greatly impede the formation of the MHCII-peptide
complex with stronger affinity and stability. Overall, the outcome of
this study suggests that both molecular size and amino acid
composition are the main factors limiting the epitope
configuration of a-NTXs as recognized by B-cell receptor (BCR)
and T-cell receptor (TCR), resulting in a weaker humoral response
in the animal host during immunization that applies a whole venom
immunogen. The finding of the study provides insight into the low
efficacy of elapid antivenoms against most elapid venoms which
contain a-NTX as the principal toxins. Furthermore, DM-editing
determinants could be incorporated as feature descriptors to the
existing machine-learning-based predictors to enhance their
accuracy in predicting MHCII epitopes while enabling the
elucidation of immunodominant coverage of a-NTXs. This
application has potential utility in the design and production of
synthetic epitope immunogens for developing a better antivenom by
applying various innovation strategies (Ramos et al., 2016; de la Rosa

et al., 2018; Menzies et al., 2022).
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governing PO1 scorpion toxin
effect against U87 glioblastoma
cells oncogenesis
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YLR20IPTO1 Biomolécules, Venins et Application Théranostique, Institut Pasteur de Tunis, Université de
Tunis El Manar, Tunis, Tunisia, 2N2C UMR 1069, Institut national de la santé et de la recherche médicale,
University of Tours, Tours, France, *LR16IPT04 Laboratoire d'Epidémiologie Moléculaire et Pathologie
Expérimentale, Institut Pasteur de Tunis, Université de Tunis El Manar, Tunis, Tunisia, “USCR Séquenceur
de Protéines, Faculté des Sciences de Sfax, Route de Soukra, Sfax, Tunisia, *Aix Marseille Université, CNRS,
Plateforme Protéomique, IMM FR3479, Marseille Protéomique (MaP), Marseille, France

The emerging concept of small conductance Ca®*-activated potassium channels
(SKca) as pharmacological target for cancer treatment has significantly increased
in recent years. In this study, we isolated the PO1 toxin from Androctonus australis
(Aa) scorpion venom and investigated its effect on biological properties of
glioblastoma U87, breast MDA-MB231 and colon adenocarcinoma
LS174 cancer cell lines. Our results showed that POl was active only on
U87 glioblastoma cells. It inhibited their proliferation, adhesion and migration
with ICsq values in the micromolar range. We have also shown that PO1 reduced
the amplitude of the currents recorded in HEK293 cells expressing SK2 channels
with an ICsq value of 3 pM, while it had no effect on those expressing SK3 channels.
The investigation of the SKc; channels expression pattern showed that
SK2 transcripts were expressed differently in the three cancer cell lines.
Particularly, we highlighted the presence of SK2 isoforms in U87 cells, which
could explain and rely on the specific activity of PO1 on this cell line. These
experimental data highlighted the usefulness of scorpion peptides to decipher the
role of SKc, channels in the tumorigenesis process, and develop potential
therapeutic molecules targeting glioblastoma with high selectivity.

KEYWORDS

small conductance calcium activated potassium channel, SK2 channel subtype,
glioblastoma, androctonus australis scorpion venom, P01 toxin

Abbreviations: Aa, Androctonus australis; CH3CN, acetonitrile; Coll-I, collagen-I; DMEM, dulbecco’s
modified eagle medium; DMSO, dimethylsulfoxyde; ECM, extracellular matrix; Fg, fibrinogen; Fn,
fibornectin; FPLC, fast protein liquid chromatography; HPLC, high performance liquid
chromatography; Lam, laminin; MTT. 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
NR, Non retained AaG50 fraction; PBS, phosphate-buffered saline; PBS, phosphate-buffered saline; Pl,
poly-L-lysine; SKc,, small conductance calcium-activated potassium channels; TFA, trifluoroacetic acid.

87 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2023.1203247/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1203247/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1203247/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1203247/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2023.1203247&domain=pdf&date_stamp=2023-06-23
mailto:aissaoui.dorra@yahoo.com
mailto:aissaoui.dorra@yahoo.com
https://doi.org/10.3389/fphar.2023.1203247
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2023.1203247

Mlayah-Bellalouna et al.

1 Introduction

Potassium (K*) channels are the most diverse class of ion channels
and are widely distributed in a variety of cells including cancer cells, where
they are implicated in different stages of their development (Srairi-Abid
et al, 2019). K* channel family described in tumor cells, includes Ca**-
activated K* channels (Kc,), Shaker-type voltage-gated K" channels,
ether-a-go-go (EAG) K* channels, inward rectifier K* channels, ATP
sensitive K* channels and swelling-activated K* channels (Wang, 2004).
Particularly, the expression of K, channels, including small-conductance
Kea (SKe,) channels (consisting of SK1 (K,2.1), SK2 (K¢,2.2), and SK3
(Kca2.3) subtypes), intermediate-conductance (IK,/SK4) and big-
conductance (BKCa) channels in tumor cells has gained interest in
the cancer field. They are associated with cell cycle progression,
migration/invasion, cell volume control and apoptosis (Prevarskaya
et al,, 2010). SKCa channels are expressed in several cancer cell types
and have been reported to be implicated in processes related to tumor cell
survival (Krabbendam et al, 2020). Indeed, SK3 channels play a
predominant role in melanoma and breast cancer cell migration
(Potier et al, 2006; Chantome et al., 2009; Girault et al, 2012). On
the other hand, SK4 channels have been involved in the migration
potency of glioblastoma stem cells (Ruggieri et al, 2012). Thus, SKCa
channels could be considered as biomarkers for carcinogenesis diagnosis
and pharmacological targets for cancer treatment.

In this context, scorpion venom was shown to contain toxins and
peptides which are specific blockers of these channels. Recently, the
anticancer activities of some natural peptides/toxins attracted
considerable attention in drug discovery and have been the object of
several studies showing that they affect tumor growth, induce apoptosis
and inhibit cancer metastasis and angiogenesis in vitro and in vivo (Ding
et al,, 2014; Majc et al, 2022). Several examples of the activity of these
peptides/toxins as well as their effect on K* channels have been recently
allowed
channels in

summarized in many reviews.
highlighting  the
cancerogenesis (Srairi-Abid et al, 2019). For instance, charybdotoxin
(from Leiurus quinquestriatus), a known blocker of IK,/SK4, Kv1.3, and
BKc, channels, inhibited proliferation and cell cycle progression in

These peptides/toxins

implication of different ion

pancreatic and endometrial cancer cell lines (Wang, 2004). Moreover,
tapamin, a toxin isolated from the Mesobuthus tamulus scorpion,
blocked some cancer-related ion channels, such as SKc, and IKc,/
SK4, and exerts a cytotoxic effect (Diaz-Garcfa et al,, 2020).

In this work, we isolated and purified P01 from Androctonus
australis (Aa) venom, previously reported as inhibiting binding of
'**T-apamin, a selective blocker of SK¢, channels. PO1 was used for
studying its effects on the proliferation, migration and adhesion of
three human cancer cell lines: U87 cells, derived from glioblastoma;
MDA-MB231 cells, from breast cancer; and LS174 cells, from colon
adenocarcinoma. Electrophysiological recordings, QPCR and
Western  blot to highlight the
involvement of SK2 channels in U87 glioblastoma tumorigenesis.

studies were undertaken

2 Experimental procedures
2.1 Scorpion venom and reagents

Venom of Androctonus australis scorpion from Beni Khedach
(Tunisia) was collected by the veterinarian service of the Pasteur
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Institute of Tunisia (IPT) and kept frozen at —20°C in its crude form
until use.

Chemicals (reagent grade) were purchased from Sigma
Chemical Company, unless indicated otherwise.

Cell culture supplements and reagents were purchased from
GIBCO (Cergy-Pontoise, France). Extracellular matrices were
purchased from Sigma (St Louis, MO).

2.2 Cells lines and cellular culture

The ATCC (American Type Culture Collection, Rockville,
MD, United States) cancer cell lines U87 (glioblastoma), MDA-
MB231 (breast cancer) and LS174 (colon adenocarcinoma) were
routinely cultured in DMEM supplemented with 10% feetal
serum (FBS), 1% l-glutamine and 100 IU/mL
penicillin/streptomycin. The fetal kidney HEK293 and
HEK293T cell lines that do not express native SKc, channels
were used for transfection experiments with plasmids encoding
for the rat SK2 and human SK3. Rat SK2 ¢cDNA cloned into
pJAS5 plasmid was a gift from Dr. Skolnik (university Langone
Medical center, New York). Human SK3 c¢cDNA cloned into
Pipru vector was a king gift from Pr. Soriani (Université Cote
d’Azur, CNRS, Inserm, Nice, France).

HEK293T-hSK3 and HEK293-rSK2 cells were selected
using the gene
respectively. HEK cells were routinely cultured in DMEM
supplemented with 5% FBS and 1% l-glutamine. All cell
lines were maintained at 37°C in a humid atmosphere of 5%
CO, in air.

bovine

puromycin and neomycin resistance

2.3 Purification of the scorpion venom

Crude venom was extracted with cold water (1:4 v/v), then
centrifuged at 15,000 g for 15 min. The supernatant was loaded on
Sephadex G-50 gel filtration chromatography column (K26/100)
equilibrated with 0.1 M acetic acid as described by (Miranda et al.,
1970). The major fraction was lyophilized and fractionated by FPLC
(Dionex Ultimate 3,000, Germany). A Resource S column (HR 5/5,
6 mL 16 x 30 mm, GE Helthcare, Sweden) pre-equilibrated with
0.05 M ammonium acetate (pH 6.6) was used. Proteins were eluted
with a 40 min linear gradient from 0.05 to 0.5 M ammonium acetate,
(pH 6.6) at a flow rate of 0.8 mL/min. Absorbance was monitored at
280 nm, Elution was controlled by the software Chromeleon
(version 6.80). High Performance Liquid Chromatography
(HPLC) purification of the Non Retained (NR) AaG50 fraction
(Srairi-Abid et al., 2005), was performed on a C18 reversed-phase
HPLC column (5um 4.6 x 250 mm, Beckman Fullerton, CA,
United States). The elution and detection were performed by
Beckman Coulter Series125 pump and a Beckman diode array
detector set, respectively and controlled by means of the 32 Karat
software (Beckman Coulter Fulletrton CA United States). Proteins
were eluted from the column at a flow rate of 0.8 mL/min, using a
linear gradient (45 min) from 15% to 45% of buffer B (0.1% TFA in
CH;CN) in buffer A (0.1% TFA in water). The polypeptide
concentration was determined using QuantiPro BCA Assay Kit
(Sigma Aldrich).
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2.4 Mass spectrometry and amino acid
sequence determination

Samples were analyzed on an Ettan MALDI-Tof Pro (GE
Healthcare Uppsala, Sweden) operating in positive reflectron
mode with delayed extraction. The sample was co-crystallized
with a 5mg/mL solution of-cyano-4-hydroxy cinnamic acid
(HCCA) on the MALDI target by the dry droplet method.
MALDI spectra were acquired with an accelerating potential of
20 kV and a laser power set to the minimum level necessary to get a
good signal. Mass calibration of the spectra was based on external
calibration using appropriate peptide standards (Pepmix4,
Laserbiolabs, Nice, France). Spectra acquired were analyzed on
MoverZ software (Genomic Solutions,United States).

Reduction of 2 g peptide with dithiothreitol and alkylation with
4-vinylpyridine, were performed as previously described (Srairi-
Abid et al., 2000). The amino acid sequence was compared with
those deposited in NCBI database, using FASTA (https://www.ebi.
ac.uk/Tools/sss/fasta/) and BLAST program (https://blast.ncbi.nlm.
nih.gov/Blast.cgi?PAGE=Proteins). Alignment was performed using
CLUSTALW?2 (https://www.ebi.ac.uk/Tools/msa/clustalw2/).

2.5 Cell viability assay

The human cell lines U87, MDA-MB231, or LS174 (10,000 cells
per well) were treated with P01 peptide at different concentrations
(25; 50; 100 and 200 pg/mL). After 24 h, the wells were washed with
phosphate-buffered (PBS) and then the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
(0.5 mg/mL) was added to the cells as previously described
(Kouba et al,, 2020). The crystals formed after the reduction of
MTT by mitochondrial dehydrogenases were dissolved with
dimethylsulfoxyde (DMSO). The quantification of live cells was
achieved by measuring 560 nm using a
spectrophotometer (Thermo-Multiskan EX, Shanghai, China).

saline

absorbance at

2.6 Cell proliferation test

The effect of the P01 peptide on cell proliferation was studied. The
human cell lines U87, MDA-MB231 or LS174 (5,000 cells per well) were
treated with 2; 5 and 10 pg/mL of P01 peptide. The plates were placed at
37°C for 72h. Cellular proliferation was quantified at 560 nm by a
spectrophotometer (Thermo-Multiskan EX, Shanghai, China) after
treatment with 1% glutaraldehyde and staining with 0.1% crystal violet.

Every 24 h, a series of wells was washed with PBS, the cells were
fixed with 1% glutaraldehyde, and preserved in PBS to follow the
kinetics of proliferation. After 72h, the cells were stained with
crystal violet 0.1% and quantified by measuring the absorbance at
560 nm using a spectrophotometer (Thermo-Multiskan EX,
Shanghai, China).

2.7 Cell migration assay
Cell migration assay was performed using modified Boyden

chamber (NeuroProbe Inc., Bethesda, MD, United States) as

Frontiers in Pharmacology

10.3389/fphar.2023.1203247

previously described (Sarray et al, 2007). Membranes were
coated with fibrinogen (Fg) (50 ug/mL), fibronectin (Fn) (10 ug/
mL), collagen type I (Coll-I) (50 pg/mL) for U87, MDA-MB231 and
LS174 cells respectively, for 2 h at 37°C. Cells were harvested as a
single cell suspension (10° cells/mL) and treated with P01 at 50 pg/
mL. Then added to pre-coated membranes and allowed to migrate
for 5 h at 37°C in Boyden chamber. Cells were fixed on the underside
of the membrane, stained by 0.1% crystal violet and migration was
quantified by measuring the absorbance at 560 nm using a
spectrophotometer (Thermo-Multiskan EX, Shanghai, China).

2.8 Cell adhesion assay

Adhesion assays were performed as previously described by (Sarray
et al,, 2007). Glioblastoma U87 cells in suspension (10° cells/mL) were
treated with 50 pg/mL of PO1 and deposited on wells coated with purified
extracellular matrix (ECM): Fg at 50 pg/mL; Fn at 10 pg/mL; Coll-I at
50 pg/mL; laminin (Lam) at 15 ug/mL or poly-L-lysine (PL) at 20 ug/mL
for U87. MDA-MB231 and LS174 cells were also used in their adequate
ECM: Fg and Coll-I respectively. They were incubated to adhere to the
substrate for 2 h or 24 h at 37°C. After washing, attached cells were fixed,
stained by 0.1% crystal violet, lysed with 1% SDS and quantified by
measuring absorbance at 560 nm. The specific adhesion is obtained by
subtracting the absorbance obtained in the absence of adhesion substrate
(no specific control). To study the dose-response effect, different
concentrations of P01 were used (25-100 pg/mL) and the ICs, value
was determined.

To study the implication of integrins in the P01 peptide activity,
adhesion assays using anti-integrin blocking antibodies: anti- a1f1
(1/200), anti- avp3 (1/200), anti- o5 (1/200) and anti- f3 (1/200)
were performed as described above, except that cells were pretreated
with the active peptide P01 at 50 ug/mL.

2.9 PCR analysis

2.9.1 Total RNA extraction

RNA was extracted as previously described by (Jebali et al.,
2014). Cells (1 x 10°) were washed in ice-cold PBS and lysed in the
Trizol buffer (Invitrogen) according to the manufacturer’s
instructions. The supernatant was cleared by centrifugation,
Isopropanol-precipitated =~ and  resuspended  in  sterile
Diethylpyrocarbonate (DEPC) 0.1%: nuclease inhibitor-water

(Amersham-Pharmacia).

2.9.2 Reverse transcription (RT-PCR) and PCR
amplification

Reverse transcription of total RNA was operated using the
transcriptase reverse M-MLV RT (Moloney Murine Leukemia
Virus-Reverse Transcriptase) according to the manufacturer’s
instructions. The reverse transcription reaction was performed
with a mixture containing: 1uL RNA (10ng), 4 uL of First
strand buffer (5X buffer) (Amersham-Pharmacia), 1 uL of dNTP
(I mM), 2 uL of oligo d (T) (0.1 mg/mL), 2 uL of DTT (100 mM)
and 8.5 puL of DEPC H,O for a final volume of 20 uL. The samples
were mixed and incubated for 5 min at 65°C, then after a short
centrifugation, a second incubation of 10min at 37°C was
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TABLE 1 The primer sequences used for PCR and qPCR reactions.

Primer Sequence Amplicon size (bp)

F-hGAPDH | 5'CGCTCTCTGCTCCTCCTGTT 3/ 310

R-hGAPDH | 3'CCATGGTGTCTGAGCGATGT 5'

F-SK1 5' AGGGAGACGTGGCTCATCTA3' 158

R-SK1 3'TTAGCCTGGTCGTTCAGCTTS'

F-SK2 5'GACTTGGCAAAGACCCAGAA 230

R-SK2 3'CCGCTCAGCATTGTAAGTGAS'

F-SK3 5'GTTTGGAATTGTTGTTAT 130
GGTGA3'

R-SK3 3'GATGATCAAGCCCAAAAGGAS'

performed. 1 pL of reverse transcriptase M-MLV RT (200 IU) and
0.5 pL of RNase inhibitor (RNasin (Ribonuclease inhibitor 40 IU)
were then added and incubated for 1 h at 37°C. The inactivation of
the reverse transcriptase is carried out for 5 min at 95°C.

The PCR reaction was performed in a final volume of 50 uL
of the reaction mixture containing 0.5 pg of cDNA; 20 picomoles
of each of the two primers corresponding at both ends of the
target DNA (Table 1); 10 mM of each dNTP; 1x Taq buffer
(50 mM KCl, 10 mM pH 8.3 and 1.5 mM MgCl,) and 1 units of
Taq polymerase (Amersham-Pharmacia). The PCR protocol
included an initial denaturation step at 95°C for 5 min
followed by 35 cycles of denaturation (30s at 94°C),
annealing (30 s at 55°C) and extension (30s at 72°C), and a
final extension for 7 min at 72°C. The amplified fragments were
separated on 1% agarose gel electrophoresis. The Amplicon was
visualized under UV light on a transilluminator to be
photographed.

2.9.3 Quantitative-PCR

One-step  quantitative real-time reverse transcription
polymerase chain reaction (Q-PCR) was performed on a
LightCycler’480 II  System from Roche using the
LightCycler480 SW 1.5 Software. Brilliant II SYBR_Green QPCR
Master Mix was used for the Q-PCR reaction in a final volume of
25uL of the reaction mixture. The experimental reaction was
prepared as recommended by the manufacturer. The primer
sequences used are presented in Table 1. The endogen control
GAPDH was used as a housekeeping gene and was prepared in
the same conditions. The alternative protocol with Three-Step
Cycling, cited in the manufacturer instructions, was used with an
initial denaturation step of 10 min at 95°C followed by 40 cycles.
Each cycle comprises 3 steps: DNA denaturation at 95°C for 30 s, a
specific hybridization of the SK1, SK2 and SK3 primers for 1 min at
58°C and a polymerization at 72°C for 30 s. Primer pair specificity

was tested by amplification of the target using 10 ng of DNA.
2.10 Western blot analysis

Protein expression of the SK2 channel was assessed by Western
blotting analysis using a polyclonal antibody raised against synthetic
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peptide ETQMENYDKHVTYNAERS corresponding to a region of
SK2 (Clinisciences). U87, LS174 and MDA-MB-231 cells were
plated at a density of 3.10° cells/well in 6-well culture plates in
DMEM medium supplemented with 10% FBS (Fetal Bovine Serum)
and allowed to adhere overnight. Cells were washed twice with PBS
and subsequently lysed with Laemmli buffer (1X) at room
temperature. About 50 ug of whole cell extracts were resolved in
SDS-polyacrylamide gels (10%) and
polyvinylidene difluoride (PVDF) membrane (Immobilon-P,

transferred onto a
Millipore). The immune-reactive proteins were visualized by the
enhanced chemiluminescence detection system (ECL, Pierce,
Rockford).

2.11 Patch-clamp experiments

Experiments were performed with cells seeded into 35-mm Petri
dishes at 3,000 to 6,000 cells per cm® All experiments were
performed using the conventional whole-cell recording
configuration of the patch-clamp technique (Girault et al., 2011).
For HEK cells expressing SK2 or SK3 channels, voltages clamp ramp
protocols were used with a duration of 2 s, with varying voltages -
100 to +100 mV, with a holding potential of 0 mV. This protocol is
suitable for studying the channels whose activation (and
inactivation) is independent of the voltage and the time, which is
the case of SK¢, channels. The compositions of extracellular solution
(in mM: NaCl 140, KCl 4, MgCl, 1, NaH,PO, 0.33, CaCl,2 HEPES
10, and D-glucose 11.5) and the intracellular pipette solution (KCI
145, MgCl, 1, Mg-ATP 1, CaCl, 0.87, EGTA 1, HEPES 10; the pCa is
of 6 (107° M of calcium concentration) are such that predominantly
visible currents, resulting from this imposed voltage protocol, are
due to the activity of K* channels, particularly SK¢,. Indeed, using
these solutions, the equilibrium potential for chlorine (E¢-) in our
conditions is zero, due to the presence of an identical amount of
chloride ions on each side of the cell membrane (Ec. = 0 mV). To
measure the amplitude of the currents in HEK cells overexpressing
channels of interest, we positioned ourselves to this membrane
voltage (Vm = 0mV). Also, at 0 mV, the membrane potential
currents will be recorded mainly K* currents and not Cl~ currents.

For U87 cells, whole-cell K* currents were generated by stepwise
8 mV depolarizing pulses from a constant holding potential
of =90 up to +60 mV. The composition of extracellular solution
is the same as that described above and the intracellular pipette
solution is as follows in mM: K-glutamate 125, KCI 20, MgCl, 1, Mg-
ATP 1, HEPES 10, CaCl, 0.7, EGTA 1, and pH was adjusted to
7.2 with KOH. The pCa is of 6.4 (10"%* M of calcium concentration).
Leidab-7 (Tocris, France) was used as reference peptide to selectively

block SK2 currents in U87 cells.

2.12 Statistics

Statistical analysis, evaluated by one-way analysis of variance
(ANOVA) done with GraphPad Prism 6 (GraphPad Softweare, San
Diego, CA, United States), was made using Student t test. Data are
reported as mean * SD. Statistical comparisons between three or
more sets of data were performed. Differences were considered
significant when p < 0.05.
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(A) Chromatogram of the HPLC purification of PO1: C18 with a linear gradient from 15% to 45% buffer B (0.1% TFAin CHzCN) in A (water 0.1% TFA) at a
flow rate of 0.8 mL/min over 45 min. (B) the major fraction 1 has a mass of 3,177 Da. (C) Comparison of Amino acid sequence obtained by the Edman

method of fraction P1 and sequence of the PO1 toxin (Zerrouk et al., 1996).

3 Results
3.1 Purification and identification of PO1

The toxic fraction AaHG50 representing 33% of the crude
venom and containing peptides of 3-7 kDa (Miranda et al., 1970)
was obtained by sephadex-G50 chromatography of Aa venom. FPLC
of AahG50 has been performed as previously described by (Srairi-
Abid et al., 2005). The non-retained AaG50 fraction was injected in
an HPLC system using C18 column (Figure 1A). A mass
spectrometry analysis of the first major peptide P1 gives a mass
of 3,177 Da (Figure 1B).

The Edman degradation of 1 nmol of the native peptide allowed
the identification of the 25 first amino acids of its sequence
(Figure 1C). Comparison with protein sequences existing in the
databases indicates that this peptide showed complete identity with
the N-terminal sequence of POl toxin (Figure 1C). Furthermore,
fragmentation of our peptide and that of P01 (provided by Maya
Belghazi), using ULTRAFLEX II mass spectrometer, showed a
complete MSMS spectrum identity between the two peptides
(data not shown).

3.2 P01 had a specific effect on
U87 glioblastoma cells

Cell viability was investigated on the three cancer cell lines U87,
MDA-MB231 and LS174 using MTT assay. Our results showed that
after 24 h of treatment, P01 at different concentrations (25-200 ug/
mL) did not have a cytotoxic effect (Figure 2A) on the tested tumor
cells that maintained a normal morphology. Interestingly, after 72 h,
POl at 10ug/mL (3 uM) inhibited about 50% of U87 cell
proliferation with no effect on MDA-MB231 and LS174 cells
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(Figure 2B). The kinetic effect of P01 on U87 cells showed that
the inhibition appeared after 48 h of treatment (Figure 2C).

When tested on the migration of the 3 cell lines, P01 (at 50 ug/
mL) exhibited an anti-migratory effect only in U87 cells (48% of
inhibition), while it had no effect neither on MDA-MB231 nor on
LS174 cells (Figure 3).

Likewise, PO1 inhibited the adhesion of only U87 cells (data not
shown). As shown in Figure 4A, after 2 h of incubation, the best
inhibitory effects were obtained with Fg and Fn, as ECM, with a rate
of 41% and 38%, respectively. Moreover, no inhibition could be
observed on the integrin-independent substratum, poly-L-lysine
(PI), suggesting that the effect of POl involves the integrins
family as adhesion receptors. Based on these results, we studied
the dose-response effect of PO1 on these two ECM (Fg and Fn). The
ICs values of P01 were 48.86 pg/mL and 62.04 pg/mL, respectively
(Figure 4C). After 24 h of incubation, P01 stayed active on Fg and
Fn, and an inhibition effect on Pl appeared (Figure 4B).

To identify the possible targeted integrins, we checked the effect
of P01 on the adhesion of U87 cells on some integrins linked to
glioblastoma malignancy. As illustrated in Figure 4D, P01 was not
able to alter cell adhesion through B3 integrins, but reduced the
adhesive function of alpl, avp3 and a5 integrins. Thus, our results
highlighted that P01 had an anti-tumoral effect specifically on
U87 glioblastoma cells and integrins could be associated with this
activity.

3.3 SK2 channel subtype is expressed in the
three cancer cell lines
Since P01 is a peptide ligand of the apamin-sensitive receptor

(Zerrouk et al., 1996), it is thought that its activity could be via the
inhibition of the SK¢, channels. Accordingly, we have investigated
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(A) Effect of PO1 on the viability of cancer cell lines: U87, MDA-MB231, and LS174 cells were treated with 25-200 pg/mL of peptide for 24 h. (B)
Dose-response effect of P01 on the proliferation of the three cancer cell lines after 72 h of incubation with 2—-10 pg/mL of PO1. (C) Kinetic effect of PO1 at
10 pg/mL on U87 cell proliferation. The Mean, SD (n = 3). *p < 0.05, significantly different from control.
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the expression of SK channel subtypes in the three tested cancer cell
lines.

First, we carried out PCR analysis to verify the expression of
SKc, channel subtypes genes in the three cancer cell lines. GAPDH
(glyceraldehyde-3-phosphate deshydrogenase) was used as a
housekeeping gene. The Figure 5A showed that only the
amplified product of 230 bp, corresponding to the SK2 subtype
of SK¢, channels transcript, is expressed in the 3 cells lines with a
Cycle threshold_(Ct) value of 16.84 + 0.58, while neither SK1 (Ct =
27.335 +2.605) nor SK3 (Ct = 26 + 0.36) expressions were noticed in

Frontiers in Pharmacology

92

the 3 cell lines (Figure 5B). Since the set of primers, used, allowed us
to highlight the expression of SK2 channels in the three cancer cell
lines, they are also exploited to quantify this channel by Q-RT-PCR.

Due to gene regulation at different levels, the expression of
mRNA transcripts does not necessarily exhibit the same pattern of
protein expression resulting in production of functional channels.
Therefore, the SK2 protein expression in the three cancer cell lines
was investigated by Western blot.

Our result showed that SK2 encodes several protein isoforms of
molecular weight (MW) ranging from 40-50 kDa to 100-140 kDa
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Effect of PO1 on rat SK2 and human SK3 channels expressed in HEK293 cells. The inhibition of SKc, currents by PO1 toxin were studied in dose-
response experiments using whole-cell configuration of patch clamp (pCa 6). Voltages ramps were performed with a duration of 2 s, with varying
voltages - 100 to +100 mV, with a holding potential of 0 mV. Amplitudes of SK2 (A) and Dose-response fit (n = 5) (B). SK3 currents were recorded at 0 mV
and plotted as a function of time. The bath solution was shifted to solutions with the indicated concentrations of PO1 at the times marked by black
arrows (C). The solid curve was obtained after applying a Hill fitting procedure to the data-points.

and differentially expressed depending on the type of tumor cell
line (Figure 5C). Ata MW range from 100 to 140 kDa, while MDA-
MB231 cells express two isoforms at the same level, U87 cells, in
contrast, express high levels of a smaller one compared to
LS174 cells showing increased expression of a larger molecular
weight isoform (Figure 5C). Interestingly, four immuno positive
protein  bands (40-50 kDa; 50-70 kDa; 70-100 kDa)
recognized by SK2 antibody were detected only in U87 cells
(Figure 5C).

3.4 Effect of PO1 on HEK cells expressing
rSK2 and hSK3 channels

We then checked whether P01 could affect the activity of
SK2 channel compared to SK3 channel. Electrophysiological
records by voltage-clamp showed that P01 reduced SK2 currents
(Figure 6A). The SK2 currents reduction was dose-dependent giving
an ICsy of 3 pM (Figure 6B), while no effect was noticed on the
current of the SK3 channel (Figure 6C).
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3.5 Effect of PO1 on SK2 currents of U87 cells

Finally, we inspected if SK2 currents were detected in U87 cells.
As shown Figure 7A, application of Leidab-7, a selective SK2 channel
blocker caused a large reduction of the outward K* currents
compared to control condition (53% reduction at + 10mV,
Figure 7B) demonstrating the presence of SK2 channel
conductance in the plasma membrane of U87 cells. As expected,
current density-voltage relationships obtained with PO1-treated cells
and Leidab-7 treated cells were similar (Figures 7A, B) suggesting
that P01 reduced endogenous SK2 conductance.

4 Discussion

Potassium channels have been implicated in many diseases,
either in a primary etiologic role in channelopathies or as mediators
in other pathogenesis. It is not surprising that roughly one third of
all drugs used in modern therapies are ion channel modulators
(Wickenden, 2002; Huang and Jan, 2014).
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Effect of PO1 on currents of U87 cells. The reduction of SK2 currents by PO1 toxin were studied using whole-cell configuration of patch clamp
(pCab.5). Whole-cell currents were generated by stepwise 8 mV depolarizing pulses (400 ms duration; 5 s intervals) from a constant holding potential
of =90 up to +60 mV. (A) Current density-voltage relationships obtained in control condition (CTL) and after application of P01 (125pM) or Leidab-7
(50 nM). Leidab-7 was used as reference peptide to selectively block SK2 currents. The current density—voltage relation was obtained by dividing the
averaged steady-state currents elicited between —-90 and +60 mV by the respective cell capacitance. (B) Current density at +10 mV normalized to control
condition (%). Results represent the mean + SEM. The Kruskal-Wallis test with Dunn’s correction was used. *: Significantly different from control
condition atp < 0.05. ns: no significant different between PO1 and Leidab-7 treatment on current density. The numbers in brackets indicate the number of

cells.

Fundamental studies have been accumulating evidence that
tumor cells possess various types of K' channels playing
important roles in regulating their development, increasing
evidence that cancer constitutes a category of channelopathies.
The K* channels involved in oncological processes belong to four
main classes (Huang and Jan, 2014). Among these, KCa channels
have gained interest in the cancer field. Indeed, they are associated
with cell cycle progression, migration/invasion, cell volume control
and apoptosis (Jager et al, 2004; Wang, 2004). Interestingly,
scorpion peptides, especially those blocking K* channels have
been investigated, as they represent specific ligands, and shown
promising anticancer effects, although purification and
characterization of active components still remain a challenge for
novel cancer therapies (Ding et al., 2014).

Our team has initiated the fractionation of Aa scorpion venom,
in order to identify scorpion peptides targeting potassium channels
involved in the oncological process. Thus, we succeeded to isolate
one peptide well represented in this venom. Based on its N-terminal
sequence and its mass fingerprint this peptide corresponded to the
P01 toxin, previously described by (Zerrouk et al, 1996). P01,
classified as a a-Ktx8.1 toxin, was reported to inhibit the binding
of "l-apamin, a toxin from Apis mellifera bee venom that
specifically blocked SK channel subtypes (Wei et al, 2005;
Pedarzani and Stocker, 2008). In this work, we found that
P01 exhibited a high inhibiting effect on the SK2 channel
subtype expressed in HEK293 cells, with an ICs, value of 3 pM,
whereas it has no effect on the SK3 channel subtype. P01 appeared to
be more active than apamin, which blocked hSK1 and rSK2 channels
in HEK 293 cells with IC5, values of 3.3 nM and 83 pM, respectively
(Strobaek et al., 2000). P01 has also a higher effect than leiurotoxin I
(also called scyllatoxin), the first toxin isolated from Leiurus
quintestriatus  scorpin, which blocked the rSK2, channels,
expressed in HEK293 cells with an ICs, value of 0.28 nM
(Hosseini et al., 2001).
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It is worthy to note that the effects of POl on SK¢, channel
subtypes, recorded in our work, were different from those obtained
by Shakkottai (Shakkottai et al., 2001), which showed that P01 had
little or no blocking activity on SK2 or SK3 expressed on Jurkat cells.
This can be explained by the differential expression of either
functional SK2 isoforms or other membrane receptors between
HEK293 and Jurkat cells. Indeed, in their work Shah and Haylett
(Shah and Haylett, 2000) showed that apamin blocked
hSK1 expressed in HEK293 and COS-7 cells with ICs, values of
8 nM and 12 nM, respectively, which are also different from that
recorded on hSK1 channels expressed in Xenopus oocytes (100 pM)
(Shah and Haylett, 2000). Accordingly, they demonstrate that the
properties of the channel may depend on the expression system.

This can also explain the specific effect of POl on U87 cells.
Indeed, we found that P01 inhibited the viability of only U87 cells
after 72 h of incubation with ICsq of 10 ug/mL (3.14 uM) and had no
effect on those of MDA-MB231 and LS174 cells. The effect of P01 is
nearly 2.5 times more important than that of KAaH2, a scorpion
peptide isolated from the same venom (Srairi-Abid et al., 2005;
Aissaoui et al., 2018). In fact, like P01, KAaH2 has an inhibiting
effect on U87 cells proliferation, with an ICs, value of 8 uM, without
being active neither on MDA-MB231 nor on LS174 cells (Aissaoui
et al., 2018). In fact P01 could be considered as a potent peptide,
comparing to peptides from scorpion venoms. Indeed it is also
6 times more active than the tetrapeptide AaTsl isolated from the
same venom (Aissaoui-Zid et al., 2021). This later inhibited the
proliferation of U87 cells with an ICs, of 0.5 mM by up regulating
the p53 and FPRL-1 expression.

When tested on cell adhesion and migration, as key processes of
metastasis, PO1 showed also a specific effect on U87 cells whereas
MDA-MB231 and LS174 cells were not affected. Indeed,
P01 affected the adhesion of U87 cells on Fg and Fn with ICs,
values of 48.86 ug/mL (15.3 uM) and 62.04 pg/mL (19.48 uM),
respectively.
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When compared to KAaH1, an isoform of KAaH2, active on
Kvl.1 and Kvl.3 potassium channels, PO1 showed a roughly
comparable effect on U87 «cell adhesion. Indeed,
KAaH]1 displayed ICs, values of 9.5 uM and 15 uM on Fg and
Fn, respectively (Aissaoui et al., 2018). Besides, contrary to P01,
at 2 h of adhesion, KAaH1 has an effect on the Pl and not with
the anti-integrinic antibodies. The P01 effect on Pl significantly
appeared when cells were treated for 24 h, showing that non-
integrinic receptors could also be involved in the U87 cell
adhesion.

For the cell migration, P01 exerted its effect on only U87 cells
with an ICsg of 50 pug/mL (15.7 uM), while KAaH]1 was active on the
3 cell lines (Aissaoui et al., 2018). Thus, P01 and KAaH]1 inhibited
the U87 cell migration with different mechanisms. These results
brought to extent the list of substances from animal venomous
reported to exhibit inhibition effects on U87 cells development,
especially those from snake venoms, with other mechanism of
PIVL,
inhibitor, from the venom of the Tunisian snake Macrovipera
lebetina transmediterranea, reduced the US87 cell adhesion,
migration and invasion in the nanomoral range, by impairing the

action. For instance, a Kunitz-type serine protease

function of avP3 integrin (Morjen et al, 2013). Also the
contortrostatin a disintegrin, that inhibited the tumor (induced
by the stereotactically injection of U87 cells) progression, and
prolongation of survival in a rodent glioma model (Pyrko et al,
2005). This protein specifically binds to certain integrins on the
tumor cell and angiogenic endothelial cell surface and inhibits their
interaction with the extracellular matrix, resulting in blockage of cell
motility and invasiveness (Schmitmeier et al., 2005). On the other
hand the CC-LAAO, an L-Amino Acid Oxidase from Cerastes
cerastes Snake Venom, induced a dose-dependent apoptotic effect
through the H,0, generated during the enzymatic reaction
(Abdelkafi-Koubaa et al., 2021).

Since P01 is highly active on SK2 channels and neither SK1 nor
SK3 channels are expressed on U87 cells, we can suggest that
SK2 channels are involved in the U87 cell tumorigenesis. This is
in agreement with a recent paper demonstrating that SK2 channel,

expressed in pancreatic ductal adenocarcinoma, increased
invasiveness and metastasis formation, an effect that depends on
cancer-associated fibroblasts (CAF) promoting

SK2 phosphorylation through an integrin-epidermal growth
factor receptor (EGFR)-AKT (Protein kinase B) axis (Rapetti-
Mauss et al., 2022).

In addition, in our study, we found, in one hand, that the level of
SK2 mRNA in the three cancer cells, was significantly higher than
those of SK1 and SK3 (Figures 5A, B), which is in accordance with
the study of (Abdullaev et al., 2010). On the other hand, we showed
that the expression pattern of the SK2 isoforms was cell-type specific
(Figure 5C). Indeed, while the three cancer cells express differently
two isoforms at high molecular weight, only U87 cells express four
SK2 isoforms at medium and smaller molecular weights. This result
is in agreement with that of Strassmaier and its collaborators that
highlighted the distribution and expression of four distinct
SK2 channel isoforms in the human brain: the standard, the long
and two short isoforms (Strassmaier et al., 2005). The shown
expression of human SK2 isoforms in the brain could explain the
variability of electrophysiological ~findings
SK2 channels (Willis et al., 2017).

observed  with
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Thus, based on the pharmacological results of P01, the specific
antitumor effect of this latter on U87 cells, could be due to its
interaction with these four isoforms expressed only in U87 cells,
suggesting that their expression could rely on their functional
activity, and their involvement in the U87 tumor mechanism.

Besides, it seems that the effect of PO1 on U87 cell proliferation is
not due only to its blocking activity of SK2 channels, but also by
targeting a complex of membrane receptors and/or effectors
expressed in U87 cells, including SK2. Indeed the use of the
UCL1848 trifluoroacetate salt, which blocked SK2 channel
expressed in HEK 293 cells with ICs, value of 0.12 nM (Hosseini
etal., 2001), had no effect on U87 cell proliferation (Abdullaev et al.,
2010). These authors noted that the concentrations necessary for
blocking proliferation were higher than those necessary for blocking
these ion channels, as we found in our study (Abdullaev et al., 2010;
Abdallah et al, 2023). This that the P01 and
UCL1848 interact with different sites, generating different activity
of SK2 channel and that the U87 cell proliferation needs the
recruitment of other protein membranes to form an active complex.

suggests

Adhesion assays using blocking antibodies raised against some
integrins known to be expressed in U87 and having affinity for Fg
and Fn (Zhu et al, 2002; Morjen et al, 2013) indicated that
P01 exerted its anti-adhesive effect by interacting with alfl,
avP3, o5 integrins. Thus, the specific effect of P01 on U87 cells
could be due to the regulation of these integrins activity through a
cross talk with the SK2 channel on the cell surface. In fact, it has been
reported that K* channels can interact with integrins (especially with
the B subunit) and constitute macromolecular complexes associated
with different cell responses (Vira and Howard, 2002; Crottes et al.,
2013; Becchetti et al., 2019). Indeed, the interaction between
B3 integrin and SKCa channels has been reported to play an
important role in the extra-telencephalic pyramidal neurons of
layer V of the medial prefrontal cortex (mPFC) of KO mice, and
that the ablation of this integrin leads to an alteration of their
functional activity (Vitale Carmela Thesis, 2018). Particularly, in
prostate cancer, the KCa/avP3 integrin complex stimulates cell
proliferation (Du et al, 2016). More still, in other cases,
complexes can be formed by three elements (channel-integrin-
receptor). For instance, in acute myeloid leukemia (AML), the
Kv1l.l1 (hERGI) associates with Pl integrin and the vascular
endothelial growth factor (VEGF) receptor 1 (also known as Flt-
1), to form a complex that modulates the cell proliferation and trans-
endothelial migration signaling pathways (Pillozzi et al., 2007).

5 Conclusion

In the light of these results, P01 is obviously a potent and specific
SK2 channel blocker that may be considered a promising tool to
study and target this channel in many diseases, in which it is
overexpressed. Interestingly, the present study advocated the
implication of SK2 channel isoforms as well as alfl, avp3,
a5 integrins in the selective activity of the scorpion toxin
P01 against U87 glioblastoma cells.

However, to gain more insight into the mechanisms of
P01 activity, further investigations are needed, especially to
decipher the interaction between the SK2 channel and these
integrins. Thus, this study highlights the potential of this peptide
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for the development of a new generation of anti-glioblastoma drugs
and opens perspectives for more effective treatment strategies to
handle these malignancies more successfully.
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Introduction: Pathological angiogenesis, the abnormal or excessive generation of
blood vessels, plays an important role in many diseases including cancer, diabetic
retinopathy, psoriasis, and arthritis. Additionally, increasing evidence supports the
close linkage between angiogenesis and inflammation. Snake venoms are a rich
natural source of biologically active molecules and carry rich potential for the
discovery of anti-angiogenic and anti-inflammatory modulators.

Methods: Here, we isolated and purified a novel protein, ZK0O02, from the venom
of the snake Deinagkistrodon acutus, and investigated its anti-angiogenic and
anti-inflammatory activities and mechanisms.

Results: ZK002 was identified as a 30 kDa heterodimeric protein of a and B chains,
which exhibited anti-angiogenic activity in various in vitro assays. Mechanistically,
ZK0O02 inhibited activation of VEGF signaling and related mediators including eNOS,
p38, LIMK, and HSP27. ZK0O02 also upregulated the metalloproteinase inhibitor TIMP3
and inhibited components of the VEGF-induced signaling cascade, PPP3R2 and
SH2D2A. The anti-angiogenic activity of ZKO02 was confirmed in multiple in vivo
models. ZKOO2 could also inhibit the in vitro expression of pro-inflammatory cytokines,
as well as in vivo inflammation in the carrageenin-induced edema rat model.

Conclusion: Our findings highlight the potential for further development of ZK002
as a dual function therapeutic against diseases with involvement of pathogenic
angiogenesis and chronic inflammation.

KEYWORDS

ZK002, snake venom protein, anti-angiogenesis, anti-inflammation, dual-function
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1 Introduction

Pathological angiogenesis, referring to the abnormal or excessive
generation of blood vessels, has been shown to play an important role in
many diseases including cancer, diabetic retinopathy, psoriasis, and
arthritis (Carmeliet, 2003). A host of growth factors, cytokines, and lipid
mediators can stimulate angiogenesis, most notably via vascular
endothelial growth factor (VEGF) signaling, which is the key
regulatory pathway of angiogenesis (Shibuya, 2011). In addition,
evidence supports a tight connection between
angiogenesis and inflammation. On one hand, during inflammation,

increasing

immune cells release pro-angiogenic factors, including VEGF, that
induce neovascularization. On the other, increased vascularization
contributes to the propagation of inflammation by facilitating the
migration of immune cells and inflammatory mediators to affected
sites (Waldner et al., 2010; Ribatti, 2017). Thus, the two processes are
tightly linked, each inducing and advancing the other.

In recent years, there has been an increased focus on the
development of anti-angiogenic modulators for the treatment of
angiogenesis-related diseases (Ferrara and Adamis, 2016). Snake
venoms are a rich natural source for the discovery of biologically
active molecules with diverse effects. Deinagkistrodon acutus, also
known as hundred-pace snake and Chinese moccasin, is a poisonous
snake belonging to the viper family and is commonly found in
southern China, Taiwan, and northern Vietnam. D. acutus has long
been used in traditional Chinese medicines for the treatment of
arthritis, and thus has significant medical and commercial value.
Recent studies have shown that snake venoms contain a mixture of
proteins and peptides including snake venom metalloproteinases,
C-type lectins, phospholipase A2, and snake venom serine proteases,
and possess a wide range of biological activities including anti-
thrombosis, haemostasis, analgesia, anti-tumor, and anti-angiogenic
effects (Chen et al.,, 2019; Mohamed Abd El-Aziz et al., 2019). Many
anti-angiogenic snake venom molecules and snake venom protein
mimetics are being studied for the treatment of various diseases
(Munawar et al., 2018). In our work, we set out to mine the
therapeutic potential of proteins isolated from the venom of
D. acutus.

In this study, we first isolated and purified a novel protein,
ZK002, from the venom of D. acutus and through in vitro and in vivo
studies, we demonstrated its potent anti-angiogenic -effects.
Mechanistic investigations demonstrated that the anti-angiogenic
activity of ZK002 potentially involved inhibition of the VEGF
signaling pathway, upregulation of metalloproteinase inhibitors,
and downregulation of components of VEGF-induced signaling.
With the aim of expanding the therapeutic scope of ZK002, its
effects in inflammation cell line and animal models were also
examined. We found that in addition to its anti-angiogenic
ZK002 also exhibited
activity, establishing it as a dual function snake venom protein.

properties, strong anti-inflammatory

2 Materials and methods

2.1 Materials

Deinagkistrodon acutus venom was purchased from Qimen
Venom Supplies (Southern Anhui, China). DEAE Sepharose Fast
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Flow was from Pharmacia (Uppsala, Sweden) and Sephacryl S-
100HR was from Cytiva (MA, United States). Protein-PAK DEAE
8HR column was from Waters (MA, United States). All other
chemicals used were of analytical grade.

2.2 Preparation of ZKO02 monoclonal
antibody

Primarily isolated ZK002 protein was subjected to SDS-PAGE
analysis. Protein of at least 85% purity was confirmed to possess
in vitro anti-migration and anti-proliferation activity before being
used as the antigen for monoclonal antibody production.
6-12 week-old BALB/c mice were used to generate the antibody.
Hybridoma cell production was performed by fusing a spleen cell
suspension from the immunized mice with myeloma cells at a 1:
5 ratio, using a standard polyethylene glycol (PEG) cell fusion
protocol. The established hybridoma cell strain was named
1D9 and hybridoma cells were cultured in serum-free media.
Hybridoma cell culture media was applied to a recombinant
Staphylococcus aureus protein A coupled affinity column and
monoclonal antibody recognizing ZK002 (purity >90%, SDS-
PAGE) was purified.

2.3 Primary purification of ZK002

Crude D. acutus venom was weighed and dissolved in 0.02 M,
pH 8.0 Tris-HCI buffer and centrifuged twice at 4,000 RPM for
10 min, with a buffer change between centrifugations. Supernatant
was applied to an equilibrated anion-exchange DEAE-Sepharose
Fast Flow (FF) column. The target fraction was identified via ELISA
using ZK002 monoclonal antibody, and further purified through
stepwise separation via cation-exchange chromatography with an
equilibrated CM-Sepharose FF column. The resulting eluent was the
primary purified ZK002.

2.4 ZK0O02 isolation by antibody affinity
chromatography

ZK002 monoclonal antibodies were coupled with a Sepharose
4B column to produce a ZK002 antibody affinity chromatography
column. The primary purified ZK002 was applied to the affinity
chromatography column equilibrated with buffer (0.02 M Tris-HCl
+0.15 M NaCl, pH 7.6). Target protein was eluted, concentrated, and
further loaded onto an equilibrated gel-chromatography S-100
filtration column. The resulting eluent was the highly purified
ZK002. The purity and molecular weight of the purified
ZK002 protein was determined by MALDI-TOF-MS using an
Autoflex IIT mass spectrometer (Bruker, Germany).

2.5 Mass spectrometry analysis and protein
identification
ZK002 o and { chains were separated by SDS PAGE and the

corresponding gel bands excised. Gel bands were dehydrated in

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1227962

Chan et al.

200 uL ACN at room temperature for 10 min, followed by removal
using a SpeedVac Vacuum Concentrator. Peptides were then
reduced by addition of 25uL 200 mM DTT solution and
incubation at room temperature for 45 min. Next, alkylation was
performed by addition of 4 uL 1 M IAA solution and incubation in
the dark at room temperature for 20min. 671 uL 50 mM
ammonium bicarbonate solution was added to dilute the urea
concentration in the samples to 1 M. For trypsin digestion, 2 pL
of trypsin gold solution was added to the samples and incubated at
37°C overnight. Afterwards, 200 pL MilliQ water and 7 pL 100%
TFA were added to the samples. The digested peptide samples were
cleaned up using a QASIS HLB 1CC Extraction cartridge with two
washes of 0.5% TFA before eluting twice with 70% ACN. The eluates
were dried with a SpeedVac. Finally, the samples were resuspended
in 100 uL 0.1% FA and transferred to LC vials with inserts for Nano-
LCMS analysis.

Proteomics analysis was carried out on an UltiMate™
3,000 RSLCnano System (Thermo Scientific) and Acclaim™
PepMap™ 100 C18 Column 250 mm (Thermo Scientific) with an
Orbitrap Fusion Lumos Mass Spectrometer (Thermo Scientific).
The mobile phase included 0.1% formic acid in water as solvent A
and 0.1% formic acid in acetonitrile as solvent B. The NanoLC
program was set as follows: 0-10 min B 2%; 10-12 min B 2%-6%;
12-47 min B 6%-20%; 47-52 min B 20%-30%; 52-56 min B 30%-
90%; 56—-61 min B 90%; 61-61.1 min B 90%-2%; 61.1-66 min B 2%.
Flow rate was set to 0.3 pL/min, and column temperature was 50°C.
MS conditions were as follows: Mode of detection: positive mode;
Scan range: 400-1,500 m/z; Ionization Source: NSI; Spray Voltage:
Static; Positive ion source voltage: 2,300 V; Ion transfer tube
temperature: 300°C. The mass spectrometer was operated in data-
dependent acquisition mode.

Protein sequences uploaded to the Mascot Server (Matrix
Science) and proteomics MS data was processed by Progenesis
QI for Proteomics (Waters) with default settings. The peptide
ions were identified by Mascot MS/MS ion search of the Uniprot
database (Taxonomy: Chordata) using the following criteria: Peptide
charge: 2+, 3+, 4+; Peptide tolerance: 10 Da (13C = 2); MS/MS
tolerance: 0.1 Da; Fixed modification: Carbamidomethyl (C);
Variable modification: Oxidation (M); Enzyme: No specific; Max
missed cleavages: 2; Instrument type: ESI-FTICR. The novel
ZK002 a-chain MS proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al.,
2022) partner repository with the dataset identifier PXD037093.

2.6 Crystallization, data collection, and
refinement of ZK002

The ZKO002 crystals formed rod-like crystals using the hanging
drop vapor diffusion method and a Mosquito robot (TTP LabTech)
at 19°C utilizing the precipitants 0.2 M (NH,4),SO,, and 20%
polyethylene glycol (PEG) 3,350 in 100 mM Tris pH 7.5. The
ZK002 crystals formed in the monoclinic space group P2, with
two copies per asymmetric unit of (af), heterodimers arranged
through 2-fold rotation symmetry. Data collection was performed
under cryo conditions (100 K) using a Rigaku RU-H3R X-ray
instrument. The crystals diffracted to 2.1 A resolution and all
diffraction images were indexed and integrated using the Mosflm
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TABLE 1 X-ray data collection statistics for the ZK002 crystal.

Data collection

PDB code
Space group

Cell dimensions

7QAJ

P121

a, b, c (A) 103.16, 54.29, 107.64
a By () 90, 100.56, 90

No. of copies in a.u 2

Resolution (A) 27.45-2.10

Upper resolution shell (A) 2.17-2.1

Unique reflections

Completeness (%)

68,733 (6,489)*

98.07 (94.81)

Average 1/0(I)

41.05 (5.19)

Rpim 0.2113 (0.3453)
cCl/2 0.75 (0.735)
Refinement

Resolution range (A) 27.45-2.10

No. of reflections [I/o(I) > 0] 67,661

No. of reflections in test set 3,269

R-working/R-free

0.1990/0.2421

No. of protein atoms 8,334
No. of water molecules 550
Overall average B factor (A% 38.62
Root mean square deviations

- bond length (A) 0.004
- bond angle () 0.59
Clashscore 3.1
Ramachandran plot

Most favored (%) 96.35
Additionally allowed (%) 3.35
Disallowed (%) 0.3

“Values in parentheses refer to the data of the corresponding upper-resolution shell.

program (Leslie and Powell, 2007), and the integrated reflections
were scaled using the SCALA program (Evans, 2006). Structure
factor amplitudes were calculated using TRUNCATE (French and
Wilson, 1978) from the CCP4 program suite. The structure of
ZK002 was solved by molecular replacement with the program
PHASER (McCoy, 2007), using the refined structure of the «a
subunit (PDB code: 1WT9) with 100% sequence identity and the
B subunit (PDB code: 3BX4) with 56% identity.

All steps of the atomic refinements were performed with the
PHENIX refine program (Afonine et al., 2012). The model was built
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into 2mFobs—DFcalc, and mFobs—DFcalc maps using COOT
(Emsley and Cowtan, 2004). Refinement movements were
accepted only when they produced a decrease in the Rfree value.
The model was optimized using PDB_REDO (Joosten et al., 2011),
and was evaluated with MOLPROBIDITY (Chen et al., 2010).
Details of the data collection and refinement statistics of the
ZK002 structure are described in Table 1. The coordinates of
ZK002 were deposited in the RCSB Protein Data Bank with
accession code 7QAJ.

2.7 Cell culture

HUVECs and RAW264.7 murine macrophages were purchased
from the American Type Culture Collection (ATCC) (Manassas,
United States). HUVECs were cultured on 0.04% gelatin-coated
(Sigma, MO, United States) plates in M199 medium supplemented
with  penicillin/streptomycin (50 U/mL), 2mM L-glutamine
(Invitrogen, CA, United States), 10% fetal bovine serum (FBS),
and 25% EGM at 37°C, 5% CO,. HUVECs underwent one
passage weekly and were used throughout passages 2 to 4.
RAW264.7 murine macrophages were maintained in Dulbecco’s
Modified Eagle Medium (DMEM) (Life Technologies,
United States) supplemented with 10% heat inactivated FBS and
penicillin/streptomycin (50 U/mL) at 37°C, 5% CO,. Cell lines were
regularly tested and confirmed to be free of mycoplasma
contamination.

2.8 Tube formation assay

Matrigel (BD Biosciences) was plated in a 96-well plate at 37°C
for 1 h to allow the matrix solution to solidify. 2 x 10* HUVECs in
medium only (uninduced), medium containing 2% FBS, or medium
containing 2% FBS and 5 uM ZK002 were then pipetted over the
matrix solution and incubated at 37°C for 16 h. Capillary tube
structures were photographed with a digital camera attached to
an inverted light microscope (x40). Quantification was conducted
using WimTube image analysis software.

2.9 In vitro wound-healing assay

HUVECs were seeded in gelatin coated 6-well plates at density of
3 x 10° cells per well for 24 h. Next, an overlapping double cross
shape was scraped in each well using a pipette tip and cells were
treated with vehicle (negative control), latrunculin, or ZK002 (5 or
10 uM) and incubated at 37°C for 3 or 6 h. Images were taken before
and after drug treatment. Cell migration was analyzed by TScratch
software by measuring the area void of cells.

2.10 Transwell migration assay

HUVECs were seeded at a density of 5 x 10* cells per well onto
8 um transwell inserts (Costar, Corning, NY, United States). The
lower chamber was filled with 500 uL low serum cell culture medium
only, or low serum cell culture medium containing VEGF (10 ng/mL).
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Cells were then treated with 0, 1, or 5 uM ZK002. After 4 h at
37°C, non-migrated cells were removed with cotton buds and
migrated cells were fixed with 4% formaldehyde and stained for
10 min with crystal violet. The magnitude of HUVEC migration
was evaluated by counting migrated cells in six random high-
power (x100) microscope fields.

2.11 Transwell invasion assay

The transwell invasion assay was conducted as the transwell
migration assay above, except inserts were coated with 50 uL of
matrigel and allowed to solidify in a 37°C incubator for 30 min to
form a thin gel layer before the seeding of HUVECs.

2.12 Analysis of VEGF-associated protein
activation

HUVECs were seeded overnight then serum starved for 3 h in
culture medium alone or with ZK002 (5 uM), after which VEGF
(100 ng/mL) was applied for 0, 2.5, 5, or 10 min. Cell pellets were
—80°C before assessment of the

collected and stored at

phosphorylation of select molecules by Western blotting.

2.13 Western blot analysis

Cell pellets were lysed in RIPA buffer (50 mM Tris-HCI, pH 7.4,
150 mM NaCl, 1mM EDTA, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS) containing 1x Complete protease
inhibitor (Roche, Germany) and 1x PhosSTOP phosphatase
inhibitor (Roche), and then centrifuged to remove debris. Cell
lysates (20 pg) were solubilized in Laemmli sample buffer
(250 mM Tris-HC, pH 6.8, 10% w/v SDS, 0.1% w/v bromophenol
blue, 50% v/v glycerol, 10% v/v B-mercaptoethanol), electrophoresed
through an SDS-PAGE gel and transferred onto PVDF membranes
(Bio-Rad, CA, United States). Blots were then blocked in 5% nonfat
skim milk in TBS-Tween20 (TBST) buffer (137 mM NacCl, 2.7 mM
KCl, 25 mM Tris-HCI, pH 7.5, 0.1% Tween 20) and probed using
the following antibodies in 5% BSA in TBST buffer overnight:
p-VEGEFR2, p-eNOS, p-p38, p-LIMK, p-cofilin, p-Hsp27, p-Erkl/
2 and PB-actin (Cell Signaling Technology, MA, United States).
Expression was quantified using by scanning autoradiogram and
densitometry (Quantity One, Bio-Rad).

2.14 Quantitative real-time polymerase
chain reaction

HUVECs were treated with ZK002 (5 or 10 uM) for 24 h.
RAW264.7 cells were pre-treated with or without ZK002 at 1 uM
for 24 h, then stimulated with 0.1 pg/mL LPS for another 6 h. To
detect changes in gene expression after ZK002 treatment, total RNA
was isolated from cells using the E.Z.N.A.” Total RNA Kit I (Omega
Bio-Tek, GA, United States)
instructions. RNA integrity was assessed using a Nanodrop One

according to manufacturer’s

spectrophotometer (Thermo Scientific, MA, United States). Single-
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strand c¢DNA was synthesized from 1pg of RNA using
SuperScript” VILO™ MasterMix (Thermo Scientific) according to
manufacturer’s instructions. The mRNA levels of select genes were
assessed by quantitative real-time polymerase chain reaction (QPCR).
Primer sequences are listed in Supplementary Table S1. PCR was
performed using PowerUp SYBR Green Master Mix (Applied
Biosystems, MA, United States). Amplification and detection were
performed using a QuantStudio 7 Real-Time PCR system (Applied
Biosystems) at the following conditions: 2 min at 50°C, 10 min at 95°C,
followed by 45 cycles of 15 s at 95°C, and 1 min at 60°C. Relative gene

2—AACT

expression was calculated using the method. B-actin was used as

a reference gene. Experiments were conducted in triplicate.

2.15 Chicken embryo chorioallantoic
membrane (CAM) assay

VEGF was mixed with various doses of ZK002 (0.3, 0.8, 1.6,
3.3, 0r 16.4 uM) in 5 respective chicken embryos. Treatment with
VEGEF alone served as a positive control. An additional treatment
(VEGF +1.6 pM ZK002 + excess ZK002 monoclonal antibody) was
used to validate the anti-angiogenic effects of ZK002. Angiogenesis
was assessed via observation and photography of blood vessel
growth in embryos and quantified using IKOSA CAM Assay online
software (Annese et al., 2023).

2.16 Animals

Male or female BALB/c nude mice (6-8 weeks) and SD rats
(~200-220 g) were purchased from the Animal Centre of The
Chinese University of Hong Kong. Animals were kept in
individually ventilated cages in a barrier-sustained animal house,
air-conditioned at 20°C + 2°C and humidity at 55% + 10%, under a
12 h light/dark cycle. Food and water were provided ad libitum, and
mice were examined daily. All animal experiments were approved by
the Animal Subjects Ethics Sub-Committee (ASESC) of The Hong
Kong Polytechnic University and conducted in accordance with the
Institutional Guidelines and Animal Ordinance of the Department
of Health, HK S.A.R.

2.17 In vivo matrigel plug assay

8-week-old male BALB/c nude mice were subcutaneously
injected at the abdominal midline with 0.4 mL matrigel alone, or
matrigel supplemented with endothelial growth supplements
(bFGF/heparin) with or without 3 uM ZK002. After 7 days, mice
were killed, and vessels penetrating the matrigel were photographed.
The matrigel plugs were then carefully extracted, with removal of
surrounding connective tissue, and analyzed for hemoglobin levels.
Plugs were weighed and homogenized for 5-10 min on ice, then
supernatant or standard (50 uL) was added to a 96-well plate in
duplicate, followed by 50 pL tetramethylbenzidine. The plate was
allowed to develop at room temperature for 15-20 min with gentle
shaking, and the reaction was stopped by adding 150 uL of 2N
H,SO,. Absorbance was read at 450 nm, and hemoglobin levels were
normalized to the weight of the plugs.

Frontiers in Pharmacology

10.3389/fphar.2023.1227962

2.18 Directed in vivo angiogenesis assay
(DIVAA)

The DIVAA assay was performed according to manufacturer’s
protocols (Trevigen, MD, United States). Briefly, 8 week-old female
nude mice were anesthetized and a 1 cm incision was made on both
dorsal-lateral surfaces of the animal, into which two basement membrane
extract (BME)-filled angioreactors were implanted on each side. Each
angioreactor contained a total of 25 uL. BME premixed with VEGF, bFGF,
and heparin with or without 3 pM ZK002. Angioreactors containing no
growth factors or ZK002 served as controls. After 7 days, mice were killed,
and the angioreactors photographed and removed. Hemoglobin content
was measured as detailed above.

2.19 Acute carrageenan-induced
inflammation rat model

Male SD rats (200-220 g each) were used for acute carrageenan-
induced paw edema inflammation experiments. Animals were
divided into 4 groups: uninduced, vehicle, ZK002 (2.5 mg/kg),
and indomethacin (positive control; 10 mg/kg). Drugs were
administered via intraperitoneal injection (ZK002) or oral
administration (indomethacin), 1h before induction. Swelling
was induced by subplantar injection of 100 uL of a 1% (w/v)
suspension of carrageenan in the right hind paw. Paw volumes of
each rat were measured with a plethysmometer every 2 h for up to
6 h post-induction. Degree of edema was calculated by the ratio a/b,
where a = right hind paw volume post-carrageenan induction, and
b = right hind paw volume pre-carrageenan induction.

2.20 Statistical analysis

Results are expressed as mean + SD (in vitro experiments) or
mean + SEM (in vivo experiments) of at least three independent
experiments. One-way ANOVA followed by Bonferroni post-test
were used for statistical analysis. Values of p < 0.05 were considered
as statistically significant.

3 Results
3.1 Isolation and purification of ZK002

In preliminary studies, we found that ZK002 isolated from the
venom of D. acutus possessed potential anti-angiogenic activity. To
facilitate further assessment, a partially purified fraction of ZK002 was
extracted from crude D. acutus venom via stepwise separation using an
anion-exchange column and cation-exchange column. As shown in
Figure 1A, six peaks were identified in the eluate from anion-exchange
columns, with the ZK002 target peak (identified by ELISA using
ZK002 monoclonal antibodies) indicated by an arrow. The collected
eluate was further purified by a cation-exchange column (Figure 1B). To
obtain highly purified ZK002, the eluate was loaded onto an antibody
affinity column (Figure 1C). The fraction was then concentrated on an
equilibrated gel-chromatography S-100 column and the resulting eluent
was the purified protein (Figure 1D). Gel electrophoresis profiles of the
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FIGURE 1

Chromatographic profiles of the purification steps of ZK002. (A) Chromatogram of crude solution A from anion-exchange chromatography. (B)
Chromatogram of crude product B from cation-exchange chromatography. (C) Chromatogram of product C from affinity chromatography. (D)
Chromatogram of high-purity ZKO02 from gel chromatography. ZK002 target peaks were identified and confirmed by ELISA with ZKO02 monoclonal
antibodies. Yields of each step, as a percentage of the initial crude protein amount, are indicated in the table below.

successive fractions indicated the removal of contaminating proteins
and enrichment of target (Supplementary Figure SI). The yield of
ZK002, as a percentage of total input venom, was 0.05%-0.08%. SDS-
PAGE analysis showed a single band for the purified protein, indicating
its high purity. Under non-reducing conditions, a band size of
observed, while under
conditions, a band of around 15kDa was seen (Figure 2). These
results provided some insight into the structure of ZK002 as a

protein of approximately 15 kDa dimers.

approximately 30kDa was reducing

By MALDI-TOF mass spectrometry analysis, we identified the
mass of purified ZK002 protein as 30,472.967 Da. The purified
protein showed a molecular mass of 30 kDa, and two distinct
peaks with a molecular mass of 15kDa (a subunit) and 16 kDa
(B subunit) (Figure 3A), results in line with our previous SDS-PAGE
experiments indicating that ZK002 is a disulfide-linked heterodimer.

Through tandem mass spectrometry analysis, we identified the
protein sequence of ZK002 o and { chains (Figure 3B; Supplementary
Figure S2). Database search showed the sequence of the B-chain was a
complete match to an existing snake venom C-type lectin protein
(snaclec) of D. actus (UniProtKB: Q8JIV8). The sequence with highest
similarity to the ZK002 a-chain was Snaclec stejaggregin-A subunit
alpha (UniProtKB: Q71RQ1.1), to which it shared 76% identity, thus
indicating that the a-chain was a novel sequence (Figures 3C, D). NCBI
Conserved Domain Database (Marchler-Bauer et al,, 2015) analysis
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indicated that both ZK002 a and B possessed C-type lectin-like
domains, a prototypical domain featured in snaclecs.

The of ZK002 was X-ray
crystallography to a resolution of 2.1 A. In agreement with the

structure determined via
mass spectrometry results above, ZK002 exists as an aff heterodimer.
In line with previous reports on snaclecs (Zelensky and Gready,
2005; Eble, 2019), the structure of both a and P chain subunits
of ZK002 comprised two [-sheets consisting of the B strands
B0-P1-P5 and P2-P3-P4, connected by two orthogonally orientated
a-helices, and a long loop was seen between 2 and B3 strands.
Further, disulphide bridges between cysteine residues were seen
between B0 and B1, al and B5, B3 and the loop region of 5, and
between the two loop regions of the heterodimers (Figure 4A).
The asymmetric crystallographic unit was made up of a tetramer
of ap heterodimers (Figure 4B).

Taken together, the sequence and structure of ZK002 were
strongly consistent with that of the snaclecs class of proteins.

3.2 ZKO02 exhibited anti-angiogenic activity
in the HUVEC tube formation assay

The anti-angiogenic activity of ZK002 was first assessed using
the HUVEC tube formation assay. Anti-angiogenic activity was
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FIGURE 2
SDS PAGE of the purified protein, ZK002, was conducted under
reducing (lane 1) and non-reducing (lane 2) conditions.
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quantified based on HUVEC tube length, branching points, tube
covered area, and total loops. Figure 5A shows the results of the tube
formation assay for two batches of ZK002, of which there was no
significant batch-to-batch variation. Both batches of ZK002 displayed
comparable anti-angiogenic activity, reducing tube length by an average
of 36.2%, branching points by an average of 54.2%, tube coverage by an
average of 28.7%, and total loops by an average of 59.3% (Figure 5B).

3.3 ZKOO02 inhibited cell migration and
invasion of HUVECs

Based on the above results, we further investigated the in vitro
anti-angiogenic effects of ZK002. In the wound healing assay, after
treatment with ZK002 (5 or 10 uM) for 3 or 6 h, HUVEC migration
was analyzed. Results showed that ZK002 could significantly and
dose-dependently inhibit the cell migration of HUVECs, up to a
26.4% reduction at 6 h under the 10 uM dose (Figures 6A, B).

We then looked to confirm the anti-cell migratory effect and
investigate the anti-invasive effect of ZK002 in VEGF-induced
HUVECs via the transwell migration and transwell invasion assays.
As shown in Figure 7A, the results confirmed the inhibitory effect of
ZK002 on cell migration, completely inhibiting VEGF-induced
migration at doses of 1 and 5uM. Cell invasion was also
significantly and dose dependently inhibited by ZK002; there was a
20.5% and 45.6% decrease in invasion of VEGF-induced cells when
treated with 1 and 5 uM ZK002 respectively (Figure 7B).

ks 5 ZKeo2-B
2
2500 . % sp|QeIIvs.
2000 ° H
3 | ZKoo2-B
e sp|Q8JIVS.
3 1500
s
>
£ s ZKee2-pB
£ sp|Q8JIIVs.
500
A \,w Biityspistition..” S D
0 ZK0eo2-a
1 15 2 25 3 35 4 sp|Q71RQL.
m/z(x10%) sp|D2YW39.
ZKeo2-a ZKee2-a
MADCPPGWSSYDLYCYQGFNGPQTWDDAERFCTEQAKGGHLVSIS sp|Q71RQ1.
DSGEADFVGQLITQNISRPEYYVWTGLRDRRSEQQCNPEWNDGSS sp|D2YW39.
IIYTNWDSGESEMCQAFSRWTNFREWMNTNCQQKNPFVCKFPPA
2K002-B 7K002-a
DCPSGWSSYDGHCYQVF SDLKNWDDAESF CSGQHEGSRLASTHSR sp|Q71RQ1.
EEEAFVGKMASRTLKYTSMWLGLNNPWKECKWEWSDDTRLDYKVIW sp|D2YW39.

TRRPYCTVMVVKTDRIFWFNRGCEKSVSFVCKFKA

FIGURE 3

DCPSGWSSYDGHCYQVFSDLKNWDDAESFCSGQHEGSRLASIHSREEEAFVGKMASRTLK

1|SL_DEIAC DCPSGWSSYDGHCYQVFSDLKNWDDAESFCSGQHEGSRLASTHSREEEAFVGKMASRTLK
*
YTSMWLGLNNPWKECKWEWSDDTRLDYKVWTRRPYCTVMVVKTDRIFWFNRGCEKSVSFV
1|SL_DEIAC YTSMWLGLNNPWKECKWEWSDDTRLDYKVWTRRPYCTVMVVKTDRIFWFNRGCEKSVSFV
CKFKA
1|SL_DEIAC CKFKA
*okkok ok
MADCPPGWSSYDLYCYQGFNGPQTWDDAERFCTEQAKGGHLVSISDSGEADFVGQLITQN
1|SLAA_TRIST DFDCPSGWSAYDWYCYKPFNEPQTWDDAERFCTEQAKGGHLVSIESSGEADFVGQLVSEN

2| SLEC_CALRH

1|SLAA_TRIST
2| SLEC_CALRH

1|SLAA_TRIST
2| SLEC_CALRH

DFNCLPGWSAYDQHCYQAFNEPKTWDEAERFCTEQAKRGHLVSIGSDGEADFVAQLVTNN

sk Rk ok ok s Kok ok kR *okokk Rk ek

ISRPEYYVWTGLRDRRSEQQCNPEWNDGSSIIYTNWDSGESEMCQAFSRWTNFREWMNTN
IQRPEIYVWIGLRDRRKEQQCSSEWSDGTSITYVNWNKGESQMCQGLSKWTNFLKWDNTD
IKRPELYVWIGLRDRRKEQQCSSEWSMSASIIYVNWNTGESQMCQGLARWTGFRKWDYS

® Rk Rk oRRokoRok Rokokok | ko kokokk ok s Rk pdkokok s s kK K ok 4y
CQQKNPFVCKFPPA
CQAKNPFVCKFPPQ

CQAKNPFVCKFPSE
ok skokok ok skokkok ok

Sequence analysis of ZK002. (A) MALDI-TOF mass spectrometry results showing the respective masses of the a and p subunits, and the

ZK002 heterodimer. (B) Sequence of the identified a and p chains of ZKO02. NCBI Conserved Domain Search analysis indicated that both ZK0O02 a and p
possessed C-type lectin-like domains characteristic of snaclecs (matching domain sequences highlighted in red). (C) The sequence of ZK002 B shared
100% identity with an existing snaclec (Snaclec clone 2100755, Uniprot Q8JIV8.1). (D) The sequence of ZK0O02 a was aligned with the a chain of

stejaggregin-A, and the y chain of rhodocetin.
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FIGURE 4

The structure of ZK0O02 was determined by X-ray crystallography. (A) Structure of the ap chain heterodimer of ZK002. The a chain is displayed in light
blue, while the p chain is displayed in pink. Disulphide-bonds formed between cysteine residues are indicated in yellow. (B) The crystallographic

asymmetric unit of ZKO02 containing four af heterodimers.

3.4 ZK002 exhibited anti-angiogenic effects
in the chicken embryo chorioallantoic
membrane assay

After demonstrating the in vitro anti-angiogenic efficacy of
ZK002, we next examined its in vivo anti-angiogenic effects. In
the chicken embryo CAM assay, ZK002 dose-dependently
suppressed VEGF-induced angiogenesis. At the dose of 16.4 uM,
vessel area was decreased by 32.6%, vessel length by 23.3%, and
branch points by 52.2% when compared to control (Figures 8A, B).
Notably, the ZK002 + ZK002 mAb group showed a similar extent of
angiogenesis as the untreated control, confirming that the observed
anti-angiogenic effects were due to ZK002 treatment.

3.5 In vivo anti-angiogeneic effects of
ZK002 in the matrigel plug assay and
directed in vivo angiogenesis assay models

We further investigated the anti-angiogenic effects of ZK002 by

performing an in vivo matrigel plug assay in mice. 3 uM of
7ZK002 was mixed with matrigel and endothelial growth

Frontiers in Pharmacology

supplements (bFGF/heparin) and injected into the abdomens of
mice. As shown in Figure 9A, neovascularization was seen in the
matrigel plug upon induction with bFGF/heparin. In the presence of
ZK002, the matrigel plugs were a light red or light yellow color
compared with induction control, and neovascularization was
almost completely attenuated. This observation was validated by
measuring the hemoglobin content in each matrigel plug. As shown
in Figure 9B, treatment with ZK002 dramatically reduced the
hemoglobin content by 96.2%.

The above results were confirmed in the DIVAA assay, where in the
presence of ZK002, again there was almost complete attenuation of
neovascularization. Quantification of hemoglobin content showed an
88.6% reduction in ZK002 treated mice (Figure 10). The above results
provide further support for the in vivo anti-angiogenic effects of ZK002.

3.6 ZKOO2 inhibited activation of VEGF and
VEGF-induced signaling in HUVECs

After demonstrating the in vitro and in vivo anti-angiogenic activity
of ZK002, we investigated the underlying molecular mechanisms
involved. As VEGF signaling is the central modulatory pathway in
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Analysis of anti-angiogenic activity of ZKO02 by HUVEC tube formation assay. (A) HUVECs (2 x 10%) were seeded in 96-well plates containing

matrigel, and incubated with 1) Vehicle, 2) 2% FBS, 3) 2% FBS with batch 1 of ZK002 (5 pM), and 4) 2% FBS with batch 2 of ZK002 (5 pyM). Capillary tube
structures were photographed with a digital camera attached to a microscope (x40 magnification) and analyzed using WimTube software. Scale bar,
200 pm. (B) Quantification of the tube formation assays of the four experimental groups. Four aspects of tube formation: i) total tube length, ii) total

branching points, iii) total tube covered area, and iv) total loops, were analyzed and scored. *p < 0.05, **p < 0.005, ***p < 0.001 vs. induction control.
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Inhibitory effect of ZKO02 on HUVEC cell migration in the in vitro wound healing assay. (A) Representative photographs of cell migration 0, 3, and 6 h
after treatment with ZK002 at 5 or 10 pM. Latrunculin was included as a positive control. (B) Cell migration quantification by TScratch software, expressed
as cell migration index. *p < 0.05, **p < 0.005, ***p < 0.001 vs. vehicle control.

angiogenesis, we examined signaling molecules related to the VEGF
signaling cascade and VEGF-induced cell proliferation and migration to
see if treatment with ZK002 could affect their regulation.

Serum starved HUVECs were pre-treated with vehicle (negative
control) or 5 uM ZKO002 for 3 h, after which they were induced with
VEGF (100 ng/mL) for 0, 2.5, 5, and 10 min. Western blot analysis
was carried out to detect the phosphorylation status of select key
proteins. Results showed that addition of VEGF indeed induced
the phosphorylation of VEGF receptor 2 (VEGFR2), and pre-
treatment with ZK002 (5 uM) significantly reduced the VEGE-
induced phosphorylation of its receptor (Figures 11A, B). Next,
several downstream mediators of VEGF-induced cell migration
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were examined, including eNOS, p38, LIMK, and HSP27. Pre-
treatment with ZK002 could partially reduce the VEGF-induced
phosphorylation of the aforementioned molecules. ZK002 also
rescued the VEGF-induced decrease in phosphorylation of cofilin, a
protein with actin depolymerization activity that is inhibited by LIMK-
mediated phosphorylation. We also found that ZK002 treatment could
inhibit VEGF-induced phosphorylation of the pro-cell proliferation
mediator ERK1/2, suggesting its cell proliferation-inhibitory potential
(Figures 11A, B).

Altogether, the above results clearly indicated that ZK002 could
block VEGF-related signaling cascades, potentially leading to decreased
cell migration and proliferation, and its anti-angiogenic effects.
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monoclonal antibody was included as a control. (A) Representative photos show blood vessel growth at the experimental endpoint. (B) The effect of
ZK002 on angiogenesis parameters were assessed using IKOSA CAM Assay software

3.7 ZKOO2 upregulated metalloproteinase
inhibitor gene expression and
downregulated gene expression of
components of VEGF-induced signaling in
HUVECs

We further investigated the effect of ZK002 on the expression of
angiogenesis-related genes, whether pro-angiogenic (MMP2/9/14,
ANGPTL4, PECAMI, SERPINEI) or anti-angiogenic (TIMP1-3).
24 h of ZK002 treatment in HUVECs significantly and dose-
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dependently increased expression of the metalloproteinase inhibitor
gene TIMP3 when compared to vehicle treated cells (5 uM,
1.34 fold; 10 uM, 1.76 fold; Figure 12A), suggesting that
ZK002-mediated inhibition of angiogenesis potentially involved
upregulation of metalloproteinase inhibitors. We then continued
our analysis, investigating the inhibitory effects of ZK002 on a
panel of VEGF-induced signaling cascade genes. We saw that
ZK002 treatment could significantly and dose-dependently
downregulate the expression of the VEGF-related genes PPP3R2
and SH2D2A (Figure 12B).
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FIGURE 9

Inhibition of bFGF/heparin-induced in vivo angiogenesis by ZK0O02 in the matrigel plug assay. (A) Representative images showing gross morphology
of gel plugs in uninduced (matrigel alone), induced (bFGF/heparin), and ZK002 (3 uM) treatment groups. (B) Extent of angiogenesis was quantified via
measurement of hemoglobin content in matrigel plugs. ***p < 0.001 vs. induced group.

3.8 ZKO02 reduced the gene expression of
pro-inflammatory cytokines in LPS-induced
macrophages

As angiogenesis and inflammation are co-occurrent in many
diseases, to investigate whether the scope of the activity of
ZK002 could be expanded, we also assessed its potential anti-
inflammatory ~ activity. The activity  of
ZK002 was first evaluated by assessment of pro-inflammatory
cytokines in LPS-induced RAW?264.7 macrophages. Results
showed that treatment with ZK002 could significantly decrease
gene expression of IL-6, IL-1B, and TNF-a. Notably, 1uM
ZK002 significantly reduced the gene expression levels of LPS-

anti-inflammatory

induced IL-6 by 53.8% when compared to vehicle treatment.
Additionally, ZK002 significantly reduced the gene expression of
IL-1f and TNF-a by 27.5% and 31.8% respectively (Figure 13).
These results indicated the in vitro anti-inflammatory potential of
ZKO002.
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3.9 In vivo anti-inflammatory effects of
ZKO0O02 in the acute carrageenan-induced
inflammation rat model

Upon observing the in vitro anti-inflammatory effects of ZK002,
we next assessed its in vivo anti-inflammatory potential in the acute
carrageenan-induced inflammation rat model. Rats were pre-treated
with the test compounds for 1h before induction of edema by
injection of hind paws with carrageenan. Paw volume was then
measured every 2 h for 6 h in total. At 6 h, we found that 2.5 mg/kg
ZK002 could attenuate paw swelling by 46% when compared to
vehicle control. This reduction by ZK002 was similar in scale to the
positive control, indomethacin, which reduced swelling by 56% but
at a comparatively larger dose of 10 mg/kg, indicating the potent
anti-inflammatory ability of ZK002 (Figure 14).

Based on these results we identified ZK002 as a dual function
protein, exhibiting anti-angiogenic and anti-inflammatory activity,
in vitro and in vivo.
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Inhibition of VEGF/bFGF/heparin-induced in vivo angiogenesis by ZK002 in the DIVAA assay. (A) Representative photographs showing the gross
morphology of angioreactors of uninduced (basement membrane extract alone), induced (VEGF/bFGF/heparin), and ZK0O02 (3 pM) treatment groups. (B)
Extent of angiogenesis was quantified by measurement of hemoglobin content in angioreactors. ***p < 0.001 vs. induced group.

4 Discussion

As pathogenic angiogenesis plays a key role in a multitude of
diseases, development of novel agents with anti-angiogenic activity
are much warranted. In this study, we demonstrated the isolation,
purification, and characterization of a novel snake venom protein
with anti-angiogenic and anti-inflammatory activity, ZK002.

Snake venoms are a rich natural source for the discovery of novel
molecules with biological functions. The most well-studied anti-
angiogenic snake venom compounds belong to the disintegrin
family of proteins. First isolated from the Viperidae family of
venomous snakes, disintegrins were initially identified as
inhibitors of platelet aggregation, and several anti-thrombotic
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drugs have been developed using snake venom disintegrins as
lead compounds (e.g., Eptifibatide from the snake venom protein
Barbourin, and Tirofiban from the snake venom protein Echistatin).
In addition to their anti-thrombotic function, further research has
also demonstrated the strong anti-angiogenic activity of disintegrins
(Calvete et al., 2005; Swenson et al., 2010; Lazarovici et al., 2019).
Another group of proteins found in snake venom are snake venom
C-type lectin-like proteins, also known as snaclecs (snake C-type
lectins). Snaclecs are approximately 30kDa in mass with
heterodimeric structures comprised of homologous a and f
subunits linked by a disulfide bond. Various studies have
demonstrated the purification and characterization of snaclecs
from the venom of D. acutus, with a wide range of biological
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Attenuation of VEGF-induced phosphorylation in HUVECs by ZK002. Serum starved HUVECs were pre-treated with vehicle (water) or 5 uM
ZK002 for 3 h, after which they were induced for 0, 2.5, 5, and 10 min with VEGF (100 ng/mL). (A) Western blotting results of the phosphorylated forms of
select VEGF-related mediators. (B) Quantification of band density at the 5 min timepoint was conducted using QuantityOne software analysis from

replicate results

activities including platelet aggregation, inhibition of platelet
aggregation, anti-coagulant activity, erythrocyte-targeting, endothelial
adhesion, and angiogenesis (Liu et al., 2002; Xu et al., 2004; Li et al,
2005; Wang, 2008; Zhang et al., 2012). In other studies, snaclecs have
been demonstrated to exert anti-angiogenic effects through their
modulation of platelet agglutination and coagulation activities (Yeh
et al., 2000; Morita, 2005).

In the first part of this paper, we described the isolation and
purification of ZK002 and its identification as a 30 kDa heterodimer
of aand P peptide chains of the snaclec class of proteins. In contrast
to the classical C-type lectins, to which they share sequence
homology, snaclecs lack carbohydrate and Ca’" binding abilities
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and lectin activity. Snaclecs have been shown to act on membrane
receptors, coagulation factors, and proteins essential to hemostasis
to carry out anticoagulant and antithrombotic activities (Arlinghaus
and Eble, 2012). Previous studies have demonstrated that snaclecs,
including EMS16 from Echis multisquamatus, and Vixapatin from
Vipera xantina  palestinae, exhibit anti-angiogenic effects
(Marcinkiewicz et al., 2000; Momic et al, 2012; Chung et al,
2017), indicating the potential for this class of protein as anti-
angiogenic drugs.

Our results showed that ZK002 exhibited potent anti-
angiogenic activity, with inhibition of tube formation, cell migration,
and cell invasion in VEGF-induced HUVECs, and significant
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FIGURE 12

Modulation of metalloproteinase inhibitor and VEGF-induced signaling cascade genes in HUVECs by ZK002. HUVECs were treated for 24 h with 5 or

10 uM ZK0O02 before collection for gPCR analysis of (A) metalloproteinase inhibitor and (B) VEGF signaling-related genes. **p < 0.005, ***p < 0.001 vs
untreated control.
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ZK002 inhibited pro-inflammatory cytokine gene expression in LPS-induced RAW264.7 cells. RAW264.7 macrophages (1 x 10°) were seeded in each
well of a 12 well plate for 24 h. Cells were pre-treated with or without 1 uM ZKOO2 for 24 h, then stimulated with 0.1 ug/mL LPS for another 6 h. The
mMRNA levels of IL-1, IL-6, and TNF-a in cell lysates were measured by gPCR. *p < 0.05, **p < 0.005 vs. vehicle-treated control.
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ZK002 inhibited rat paw inflammation in the carrageenan-

induced rat model. SD rats were divided into 4 groups: uninduced,
vehicle, 10 mg/kg indomethacin, and 2.5 mg/kg ZK002. Drugs were
given by intraperitoneal injection (ZK002) or oral administration
(indomethacin) 1 h before induction. Edema was induced in hind paws
of by subcutaneous injection of carrageenan. Paw volume of each
animal was measured with a plethysmometer every 2 h. **p < 0.01,
***p < 0.001 vs. vehicle-treated control.

anti-angiogenic activity in multiple in vivo models. The VEGF
proteins are key mediators of angiogenesis, with VEGF-A the
prototype member of a family that also includes VEGEF-B,
VEGEF-C, VEGF-D, VEGF-E, and PIGF. VEGF-A binds to two
tyrosine kinase receptors, VEGFR-1 and VEGFR-2, VEGFR-2
being the major receptor involved in angiogenic signaling.
During angiogenesis, activation of VEGFR-2 promotes cell
proliferation, migration, and vascular permeabilization (Apte
et al,, 2019). In our study, we found that ZK002 treatment
inhibited activation of VEGFR2,
proximal point of VEGF-mediated signaling (Abhinand et al,
2016; Abhinand et al., 2023).

As various studies have shown that VEGF-mediated signaling
can trigger activation of MAPK, PI3K/AKT, and eNOS/NO
pathways (Koch and Claesson-Welsh, 2012; Yang and Li, 2018),
we examined the effects of ZK002 on key molecules of these
pathways. Our results showed that ZK002 inhibited the activation
of eNOS, p38, HSP27, and LIMK/cofilin activity, all of which have
been shown to promote cell migration (Lamalice et al., 2007). We
also found that ZK002 inhibited ERK1/2, which mediates cell
proliferation during angiogenesis (Srinivasan et al, 2009). This
in VEGF-induced cell
migration and proliferation by ZK002 may further contribute to

an event located at the

inhibition of pathways implicated
its anti-angiogenic activity.

To further investigate the molecular mechanisms of ZK002,
we examined its effect on angiogenesis-related genes, finding
upregulated expression of TIMP3 after ZK002 treatment.
Members of the matrix metalloproteinase (MMP) family of
proteins are key players in the extracellular matrix (ECM)
remodeling activity associated with angiogenesis (Rundhaug,
2005; Ma et al, 2020), and tissue inhibitor of metalloproteinases
(TIMPs) are natural inhibitors of the MMP protein family.
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There exist 4 members of the TIMP family, TIMP 1 to 4, each
possessing different specificities and efficacies of MMP inhibition
and also exhibiting different activities outside of MMP
inhibition. TIMP3 is the only TIMP family member with a
high affinity for ECM proteoglycans, and it possesses the
broadest range of substrates, including not only all MMPs, but
also other ECM-remodeling enzymes from the ADAM (a
disintegrin and metalloproteinases) and ADAMTS (ADAM
with thrombospondin motifs) families (Brew and Nagase,
2010; Fan and Kassiri, 2020). The TIMP3 gene encodes
metalloproteinase inhibitor 3, a potent inhibitor of angiogenesis,
whose mechanism of action involves direct binding to VEGFR2,
thereby blocking the activity of VEGF (Qi et al., 2003). Previous
studies have shown that treatment of VEGF-induced HUVECs
with TIMP3 could inhibit their proliferation, migration, and
invasion, and also tube formation. Additional studies in the
chicken CAM assay demonstrated that angiogenesis was also
inhibited by TIMP3 treatment (Lafleur et al., 2003). In other
work, silencing of TIMP3 increased expression of MMP2 and
MMP9 and capillary network formation (Hu et al, 2016).
Altogether, these findings highlight the anti-angiogenic activity
of TIMP3, which we found was upregulated by ZK002.

We also found that ZK002 inhibited gene expression of
components of the VEGF-induced signaling cascade, PPP3R2
and SH2D2A. PPP3R2 encodes calcineurin subunit B type 2, the
calcium-binding regulatory subunit of calcineurin, a calcium-
dependent serine/threonine phosphatase that plays a major role
in coupling calcium signals to cellular responses (Li et al., 2011).
Increased VEGF signaling leads to increased cytoplasmic calcium,
activating calcineurin to dephosphorylate the nuclear factor of
activated T cells (NFAT) family of transcription factors, which
have been shown to be critical in VEGF-induced angiogenesis.
Calcineurin-activated NFAT can then translocate to the nucleus
to initiate expression of pro-angiogenic target genes (Okamura
et al., 2000; Zaichuk et al., 2004; Minami et al., 2013). Previous
studies have shown that treatment with various calcineurin
inhibitors, including Down syndrome critical region-1 (DSCRI),
plasma membrane calcium ATPase (PMCA4), and cyclosporin
A could inhibit VEGF-induced in vitro and in vivo angiogenesis,
indicating the relevance of calcineurin inhibition in anti-
angiogenesis (Rafiee et al., 2004; Baek et al.,, 2009; Baggott
et al., 2014).

SH2D2A encodes T cell specific adapter protein (TSAd) (Dai
et al., 2000), which has been shown to be critical for VEGF-A/
VEGFR2 mediated angiogenesis in tumors (Matsumoto et al.,
2005). TSAd binds to phosphorylated Y951 on VEGFR2 via its
SH2 domain and to the SH3 domain of c-Src via its proline-rich
domain to regulate actin reorganization and endothelial cell
migration. This VEGFR2-TSAd-c-Src pathway was found to
be required for regulation of vascular permeability and
angiogenic sprouting, indicating its potential for targeting in
pathogenic angiogenesis (Matsumoto et al., 2005; Sun et al., 2012;
Gordon et al., 2016). Thus, the inhibition of the two pro-
angiogenic genes PPP3R2 and SH2D2A by ZK002 provides
further insight into the potential mechanism of its anti-
angiogenic activity.

Through the above results we demonstrated that ZK002 could
inhibit VEGF -induced, and -downstream signaling. On the other
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hand, findings from our matrigel plug assay showed that
ZK002 could also inhibit FGF-induced angiogenesis, indicating
that ZK002 may potentially also act via VEGF-independent
mechanisms. The specific molecular target of the anti-angiogenic
activity of ZK002 remains to be identified; to further our
understanding of the molecular mechanism of ZK002, its direct
binding partner is an important item that demands additional
investigation.

We also investigated the potential anti-inflammatory effects
of ZK002. Our in vitro assessments showed that ZK002 could
inhibit the major proinflammatory cytokines IL-1pB, IL-6, and
TNF-a, while in vivo investigation demonstrated its potent anti-
inflammatory activity in the carrageenin-induced inflammation
rat model. Whether this anti-inflammatory activity of ZK002 is
linked to, or independent, of its anti-angiogenic effect is of
interest for exploration in further studies.

In this study, we demonstrated that the snake venom protein
ZK002 exhibited dual anti-angiogenic and anti-inflammatory
functions. Angiogenesis and inflammation play a key role in
the pathogenesis of many diseases such as cancer, diabetic
retinopathy, arthritis, atherosclerosis, obesity, etc. (Carmeliet,
2003; Ribatti, 2017). Based on its dual activity identified in this
study, ZK002 would be able to target two pathological aspects at
once-a strategic advantage for the treatment of these diseases,
highlighting its promise for further development. On the other
hand, previous studies have shown that snake venom proteins
may also exhibit potential unwanted side effects (Yeh et al., 2000;
Li et al,, 2005). For future development of ZK002 as a dual
functional anti-angiogenic and anti-inflammatory therapeutic
protein, further research in the areas of its safety and toxicity
are required.

5 Conclusion

In this study we isolated and purified a novel protein, ZK002,
from venom of the snake D. acutus. We then demonstrated that
this protein possesses anti-angiogenic and anti-inflammatory
effects. In cell line studies, we showed that ZK002 could
inhibit the migration and invasion of HUVECs. In in vivo
models, we demonstrated and confirmed the anti-angiogenic
activity of ZK002. Studies into the molecular mechanisms of
ZKO002 identified inhibition of VEGF-induced signaling components
related to cell migration and proliferation, including eNOS, p38,
HSP27, LIMK/cofilin, and ERK1/2. Gene expression analysis
identified upregulation of the anti-angiogenic metalloproteinase
gene TIMP3, and downregulation of the pro-angiogenic genes
PPP3R2 and SH2D2A. Further, we also showed that ZK002
could decrease expression of the pro-inflammatory cytokines
IL-6, IL-1B, and TNF-a, and inhibit inflammation in an animal
model.

Altogether, the results of this study highlight the rich
potential for further development of ZK002 as a novel anti-
angiogenic and anti-inflammatory protein drug for the treatment
of diseases with involvement of pathogenic angiogenesis and
inflammation.
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The structure-function and optimization studies of Nay-inhibiting spider toxins
have focused on developing selective inhibitors for peripheral pain-sensing
Nayl.7. With several Nay subtypes emerging as potential therapeutic targets,
structure-function analysis of Nay-inhibiting spider toxins at such subtypes is
warranted. Using the recently discovered spider toxin Sspla, this study extends the
structure-function relationships of Nay-inhibiting spider toxins beyond Nayl1.7 to
include the epilepsy target Nayl.2 and the pain target Nay1.3. Based on these
results and docking studies, we designed analogues for improved potency and/or
subtype-selectivity, with S7R-E18K-rSspla and N14D-P27R-rSspla identified as
promising leads. S7R-E18K-rSspla increased the rSspla potency at these three
Nay subtypes, especially at Nay1.3 (~10-fold), while N14D-P27R-rSspla enhanced
Nayl1.2/1.7 selectivity over Nayl.3. This study highlights the challenge of
developing subtype-selective spider toxin inhibitors across multiple Nay
subtypes that might offer a more effective therapeutic approach. The findings
of this study provide a basis for further rational design of Sspla and related
NaSpTx1 homologs targeting Nayl.2, Nayl.3 and/or Nayl.7 as research tools
and therapeutic leads.
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1 Introduction

Voltage-gated sodium (Nay) channels underpin electrical signaling by allowing
passive and rapid influx of Na* ions necessary to control initiation and propagation of
action potentials in electrically excitable cells, including neurons and muscles (Ahern et al.,
2016). Accordingly, Nay channel dysfunction is associated with various neuronal and
neuromuscular disorders, including pain, epilepsy, arrythmia and myopathy (de Lera Ruiz
and Kraus, 2015; Cardoso and Lewis, 2018; Dib-Hajj and Waxman, 2019; Cardoso, 2020;
Menezes et al, 2020; Goodwin and McMahon, 2021). These channels can be
pharmacologically modulated by neurotoxins that bind to different sites on the Nay
channel to alter the voltage-dependence of activation, inactivation, and conductance
(Stevens et al,, 2011; de Lera Ruiz and Kraus, 2015). Peptidic gating modifier toxins,
including spider toxins, preferentially target the extracellular binding sites located in the
domain IT (DII) and domain IV (DIV) of the Nay channels to modulate the channel gating.

117 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2023.1277143/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1277143/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1277143/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1277143/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2023.1277143&domain=pdf&date_stamp=2023-11-13
mailto:r.lewis@uq.edu.au
mailto:r.lewis@uq.edu.au
https://doi.org/10.3389/fphar.2023.1277143
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2023.1277143

Dongol et al.

10.3389/fphar.2023.1277143

A N-terminal Loop 1 Loop 2 Loop 3

Loop 4 C-terminal

Native: DCLGWFSGCDPNNNKCCEGYVCH

Recombinant: GI?ClLGWFSGﬂ%PNNNKCClEGZYOV(i'.H
|

WKYPWCRYDL-NH,
WKYPWCRYDL-OH

B
10-fold -
[
Q
2
=
-
£ Tfold 5-10 fold
e > 10 fold ‘
8, 3-fold - GpTx-1
©
g
¢ 10-fold
g
[
£
= 30-fold 4 K18
= =~
£©100-fold -
>
2
2 fol & )
2 ;5 f:k;j 26
— hNa,1.7 rSsp1a analogues HWTX-IV m3-HWTx-1IV
Loop 1 and 3 residues Loop 4 and C-terminal residues
| | ' |
] 1
1.0- | | r T 1 | T I 1
0.5+
= 004 AN TRyt
o
=
3 -0.51
- -rSspla
-1.04 — W5A
— F6A
-1.5 — Y20A
GDCLGWFSGCDPNNNKCCEGYVCHWKYPWCRYDL =~ GDCLGWFSGCDPNNNKCCEGYVCHWKYPWCR /DL
0 5 10 15 20 25 30 0 S 10 15 20 25 30
Residue Residue
FIGURE 1

Structure-function of Sspla. (A) Primary structure of native Sspla and recombinant Sspla (rSspla) showing the disulfide bond connectivity. (B) Fold
potency difference of rSspla alanine mutants vs. wild type (WT) rSspla at hNay1.2, hNay1.3 and hNay1.7. Data were presented as means + SEM, with n =

3-12. The W5A, F6A, W24A, K25A, Y26A, W28A, R30A did not complete the

dose-response curve at hNayl1.2, hNay1.3, and hNay1.7 at the maximum

concentration tested. Similarly, Y20A, P27A, Y31A and L33A at hNayl1.3 also demonstrated incomplete dose-response. The ICsq values from the
incomplete dose-response for these mutants were used to plot the panel for better comparison of rSspla residues key to hNay1.2, hNay1.3, and
hNay1.7 activity. The readers are requested to follow Supplementary Table S1 for relative ICsq values and Supplementary Figures S1 for dose-response
curves. (C) Active residues in the surface of rSspla (PDB: 7SKC) Dongol et al., 2021), GpTx-1 (modeled on engineered GPTX-1, PDB: 6MK5) (Murray et al.,
2015), HwTx-1V (PDB: 2M4X) Revell et al., 2013) and m3-HwTx-I1V (PDB: 5T3M) (Wisedchaisri et al.,, 2021) were compared to identify which alanine

mutation reduced the toxin potency at hNay1.7 as indicated by the respective

color code (red or pink). All four toxins were aligned at NaSpTx1 signature

motif WCK/R (W and K/R bolded). (D) Secondary Ha chemical shift of rSspla and the alanine mutants. The secondary shifts were derived by subtracting the
random coil Ha shift from the experimental Ha shifts for the eight alanine substitutions distributed across loop 1, loop 3, loop 4 and the C-terminal. The Ha

for rSspla shifted in W5A, F6A and Y20A mutations.

The Nay channel is structurally composed of four non-
homologous domains (DI-DIV), which collectively forms the
functional, pore-forming a-subunit (Shen et al., 2017; Dongol
et al., 2019). There are nine known human Nay isoforms
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(hNay1.1-1.9), each with distinct tissue localization, channel
kinetics and physiological functions (de Lera Ruiz and Kraus,
2015). Modulating a specific isoform is key to avoiding side
effects associated with the use of Nay-inhibitor drugs; however,
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the high structural homology between Nay subtypes (Vetter et al.,
2017)
inhibitors, which could be addressed by optimizing ligands,

remains a challenge in obtaining subtype-selective
including venom peptides. Venoms evolved for prey capture
and/or defense are rich in peptide Nay-modulators (Kalia et al.,
2015). Research in the 1980s first identified the Nay-modulating
effects of spider venom toxins (Fontana and Vital-Brazil, 1985;
Adams et al., 1989), many of which are now used as research tools
to help define the structure, function and pharmacology of Nay
channels (Escoubas et al., 2000; Stevens et al., 2011; Kalia et al,,
2015; Wu et al., 2018) and their role in disease (Osteen et al., 2016).
More recently, these complex venom peptide libraries have been
exploited for potential drug leads (Saez et al., 2010; Pineda et al,,
2014; Cardoso and Lewis, 2019; Saez and Herzig, 2019; Cardoso
etal,, 2022), including CcoTx-1 (Shcherbatko et al., 2016), GpTx-1
(Murray et al., 2015; Murray et al., 2016), ProTx-II (Flinspach
et al,, 2017) and Tapla (Hu et al.,, 2021).

Sspla, a 33-residue inhibitor cystine knot (ICK) peptide
(Figure 1A) belonging to the voltage-gated sodium channel
modulator spider toxin family 1 (NaSpTxl), is a potent inhibitor
of neuronal hNay, subtypes 1.7, 1.6, 1.3, 1.2 and 1.1 (Dongol et al.,
2021). The closest homologs with comprehensive structure-function
data available are the distantly related GpTx-1 (44% identity) and
HwTx-IV (40% identity), with HWTx-IV and recombinant Sspla
(rSspla) showing similar pharmacology at hNay1.7 (Xiao et al,
2008; Dongol et al,, 2021). While the NaSpTx1 toxin studies have
focused on the development of hNayl.7-selective inhibitors
(Minassian et al., 2013; Revell et al., 2013; Klint et al., 2015;
Murray et al., 2015; Murray et al., 2016; Shcherbatko et al., 2016;
Rahnama et al,, 2017; Zhang et al., 2018; Neff et al., 2020), the
determinants of NaSpTx1 pharmacology at the potential pain target
hNay1.3 (Black et al., 1999; Kim et al., 2001; Hains et al., 2004; Hong
et al., 2004; Garry et al., 2005; Lindia et al., 2005; Black et al., 2008;
Chen etal,, 2014; Tan et al., 2015; Xu et al., 2016) and epilepsy target
hNay 1.2 (Menezes et al., 2020) have been largely ignored. Therefore,
the characterization of Sspla in this study could provide common
structure-function information for several closer uncharacterized
homologs and at targets hNay1.2 and hNay1.3, in addition to
hNay1.7.

In this study, 15 alanine mutants of rSspla in the Nay
pharmacophore region of NaSpTxl inhibitors (Li et al, 2004;
Klint et al., 2012; Minassian et al, 2013; Revell et al., 2013;
Murray et al., 2015; Murray et al., 2016; Shcherbatko et al., 2016)
identified the Sspla-specific pharmacophore. Using these restraints,
docking studies identified specific molecular interactions between
rSspla and hNayl1.2, hNay1.3 and hNay1.7. Through structure-
function studies of rSspla activity at hNayl.2, hNayl.3 and
hNay1.7 and previous optimization studies of NaSpTx1 peptides
(Minassian et al., 2013; Revell et al., 2013; Murray et al., 2015; Zhang
etal,, 2015; Murray et al., 2016; Shcherbatko et al., 2016; Zhang et al.,
2018; Neff et al, 2020), we designed rSspla analogues with
significantly improved potency and subtype-selectivity for
hNay1.3 and hNay1.2/hNay1.7, respectively. The findings of this
study provide insight into rational design of rSspla and
NaSpTxl hNay1.2, hNayl.3, and
hNay1.7 subtypes, with single or multiple subtype-selectivity,

homologs targeting the

with the aim of developing lead molecules that have high value
as research tools and/or therapeutic agents.

Frontiers in Pharmacology

10.3389/fphar.2023.1277143

2 Materials and methods

2.1 Cell culture

Human embryonic kidney 293 (HEK293) cells stably expressing
recombinant hNay1.2, hNay1.3 and hNay1.7 and the p1 auxiliary
subunit (Scottish Biomedical Drug Discovery, Glasgow, UK) were
cultured in Minimal Essential medium (MEM) (Sigma-Aldrich,
MO, United States) supplemented with 10% v/v FBS-New
Zealand origin (Assay Matrix), 2 mM L-glutamine and selection
antibiotics as per manufacturer’s recommendation. The
HEK293 cells heterologously expressing mNay1.7 and F813G-
mNayl1.7 were generously provided by Prof Irina Vetter and
were cultured in Minimal Essential medium (MEM) (Sigma-
Aldrich, MO, United States) supplemented with 10% v/v FBS-
New Zealand origin (Assay Matrix), 2 mM L-glutamine and
hygromycin 100 pg/mL.

2.2 Automated whole-cell patch-clamp
electrophysiology

Nay channel currents from HEK293 cells stably expressing Nay,
subtypes and the Pl auxiliary subunit were recorded using an
automated whole-cell patch clamp system QPatch 16X (Sophion
Bioscience A/S, Ballerup, Denmark). As per the manufacturer’s
guidelines, the cells were cultured for 48h to achieve ~80%
detached Detachin  (Genlantis) and
resuspended to 5 x 10° cells/mL in serum free media [CHO-cell
SEM (Life Technologies), 25 mM HEPES and 100 U/mL penicillin/
streptomycin]. The extracellular solution comprised (in mM)
1 CaCl,, 1 MgCl,, 5 HEPES, 3 KCI, 140 NaCl and 20 TEA-C,
with the pH adjusted to 7.3 with NaOH. The intracellular solution
comprised (in mM) 140 CsF, 1 EGTA, 5 CsOH, 10 HEPES and
10 NaCl, with the pH adjusted to 7.3 with CsOH. The osmolarity of
both solutions were adjusted to 320 mOsm with sucrose.

confluency, using

Compounds were prepared in extracellular solution containing
0.1% bovine serum albumin (Sigma-Aldrich). To obtain the dose-
holding
potential —-80 mV and Na* currents were elicited by 20 m voltage

response curves, cells were maintained at a
steps to 0 mV from a —120 mV conditioning pulse applied for
200 m. Increasing concentrations of the peptide were incubated
with the cells at the holding potential for 2 min before the voltage

protocol was applied.

2.3 Nuclear magnetic resonance (NMR)
structure determination of rSspla alanine
mutants

Lyophilized peptide (500-1,000 pg) was resuspended in 90%
H,0:10%D,0. Two-dimensional 'H-'H TOCSY and '"H-'"H NOESY
spectra were acquired at 290 K using a 600 MHz AVANCE III NMR
spectrometer (Bruker, Karlsruhe, Germany) equipped with a
cryogenically cooled probe. All spectra were recorded with an
interscan delay of 1s. NOESY spectra were acquired with mixing
times of 200-250 ms and TOCSY spectra were acquired with
isotropic mixing periods of 80 ms. Two-dimensional spectra were
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collected over 4,096 data points in the f2 dimension and
512 increments in the fl dimension over a spectral width of
12 ppm. Standard Bruker pulse sequences were used with an
excitation sculpting scheme for solvent suppression. NMR
assignments were made using established protocols (Wiithrich,
1983), and the secondary shifts derived by subtracting the
random coil aH shift from the experimental aH shifts (Wishart
et al., 1995). Spectra were recorded referenced to external 4,4-
dimethyl-4-silapentane-1-sulfonic acid (DSS).

2.4 Alanine scanning and rational design of
rSspla

Based on homology and earlier structure-function studies of
NaSpTxI toxins, 16 residues were selected for alanine substitution.
The rSspla structure-function data across hNay1.2, hNay1.3, and
hNay1.7 were then used along with the homology and structure-
function information of other NaSpTxl1 toxins to guide rational
design of rSspla. Unfortunately, the docking model of rSspla at
hNay subtypes were not used for rSspla rational design as the
resting structure of hNay 1.7 DII was published (Wisedchaisri et al.,
2021) after the mutants were made. In total, sixteen positions in
rSspla were mutated to recombinantly produce 38 rSspla-
analogues, including 30 single mutants, five double mutants, one
mutant with an N-terminal extension and two mutants with a
C-terminal extension. A N-terminal extended version (GP-Sspla)
was designed to mimic GP-HwTx-IV (Neff et al., 2020) and GP-
ProTx-II (Flinspach et al., 2017), whereas a C-terminal extension
(rSspla-GK) was designed to mimic the C-terminal amide version of
HwTx-1IV (Minassian et al., 2013; Neff et al., 2020). Double mutants
were designed based on the activity of each single mutation at the
three hNay subtypes.

The rSspla mutant plasmids were produced using a
QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent
Technologies) and Sspla-pLicC plasmid construct (GeneArt
Gene Synthesis, Life Technologies) comprising MalE signal
sequence for periplasmic export, Hiss affinity tag, maltose
(MBP) tag, (TEV)
recognition and cleavage sequence. Briefly, primers were designed

binding protein a tobacco etch virus
using SnapGene software and purchased from Sigma-Aldrich, and
the mutant strand was synthesized using polymerase chain reaction
(PCR). The amplified PCR product was digested with Dpn I
restriction enzyme to eliminate the parental rSspla construct and
was transformed into Competent E. coli TOP10 cells. The
transformed TOP10 cells were plated on Luria-Bertani (LB) agar
plates containing 100 ug/mL ampicillin (Amp) and incubated
overnight at 37°C. The isolated colonies were sub-cultured
overnight at 37°C at 120rpm, and the plasmid DNA was
extracted using a QIAprep Spin Miniprep kit (QIAGEN)
following manufacturer’s protocol. The desired mutation in the
extracted DNA was confirmed by Sanger sequencing at the
Australian Genome Research Facility, Brisbane using Big Dye
Terminator (BDT) chemistry version 3.1 (Applied Biosystem).
Double mutant plasmids were made using rSspla single mutant
plasmids as a base construct and a set of primers for the second
mutation, and following site-directed mutagenesis, miniprep and
Sanger sequencing as described above.
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2.5 Recombinant production of rSspla
analogues

rSspla analogues were recombinantly expressed in E. coli as a
Hiss tagged-MBP fused peptide, harvested, and purified as described
previously (Dongol et al., 2021). Briefly, the mutant plasmids were
transformed into BL21 (ADE3) competent E. coli cells and cultured
in LB-Amp medium at 37°C, 120 rpm until the optical density at
600 nm (OD600) reached 0.8-1.0. Peptide expression was induced
with 500 uM isopropyl B-D-1-thiogalactopyranoside (IPTG) at 16°C
and 120 rpm overnight and pelleted at 6,000 rpm for 10 min at 4°C.
The pellet was resuspended in TN buffer (Tris 25 mM, NaCl
150 mM, pH 8.0) and lysed in a constant pressure cell disruptor
at 25 kPa at 4°C-8°C. The fusion protein contained in the cell lysate
was captured by passing the lysate supernatant through Ni-NTA
resin (Hispur NiNTA, Thermo Scientific) and then eluted with TN
buffer containing 500 mM imidazole. After desalting, the fusion
protein was cleaved with TEV protease in the reducing environment
provided by glutathione redox pair. The post-cleavage sample was
filtered through a centrifuge filter to isolate the cleaved peptide from
tag proteins and loaded onto a reversed-phase C;g column (304,
5um, 4.6 x 250mm, Vydac 218TP, Grace) on an Agilent 1100 series
HPLC for purification. The peptide was eluted using the following
gradient of solvent B (90% ACN, 0.05% TFA in MilliQ water) in
solvent A (0.05% TFA in MilliQ water): 5% solvent B over 0-5 min,
5%-10% solvent B over 5-10 min, 10%-50% solvent B over
10-40 min, 50%-80% solvent B over 40-45 min, wash at 80%
solvent B over 45-50 min, 80%-5% solvent B over 50-55 min
and a final wash with 5% solvent B over 55-65 min at a flow rate
of 1 mL/min. Peak fractions at 214 nm were collected, checked the
purity, analysed for the mass using MALDI-TOF/TOF (SCIEX
5800), lyophilized, quantitated using nanodrop, and stored
at —20°C until use.

2.6 Molecular docking

The recently solved structure of NayAb/Nay1.7 VS2A chimera
(PDB: 7K48) (Wisedchaisri et al., 2021) provided the resting state
structure of the Nay1.7 DII, which was used as a template to build a
homology model for hNayl.2 DII (UniProt: Q99250) and
hNay1.3 DII (UniProt: QINY46) in the resting state using SWISS-
MODEL (Waterhouse et al., 2018). HADDOCK2.2 webserver was
used to perform data-driven docking studies under the Easy interface
mode, which only requires the starting structures and the restraint
definitions in the form of active and passive residues to drive the
docking (de Vries et al,, 2010; Van Zundert et al., 2016). Our NMR
structure of rSspla, cryo-EM structure of the NayAb/Nay1.7 VS2A
chimera, and homology models of DII of hNay1.2 and hNay1.3 were
uploaded with the structure and restraint definitions to generate
putative ligand receptor complex. The rSspla active residues were
defined based on our activity data of rSspla alanine mutants at
hNay1.2, hNay1.3, and hNay1.7, whereas the active residues on
DII of hNay subtypes were defined based on the previously
published channel mutation data (Xiao et al, 2010; Xiao et al,
2011; Cai et al, 2015; Zeng et al, 2018; Xu et al, 2019). The
docking program was allowed to define the passive residues
automatically around the active residues.
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For the rSspla-hNay1.2 docking, the rSspla active residues
defined were W5, F6, W24, K25, Y26, W28, and R30. Similarly, the
active residues in hNay1.2 DII S1-S2 loop were E779, Y781, T784,
E785, F787, S788 whereas the active residues in the DII S3-S4 loop
were E837, E844, and S847. Likewise, the rSspla-hNay1.3 docking
was driven by defining the rSspla active residues W5, F6, Y20, W24,
K25, Y26, P27, W28, R30 and L33, and hNay 1.3 active residues in
the DII S1-S2 loop (E780, Y782, T785, E786, F788, and S789) and
DII S3-S4 loop (E838, S842, E845, and S848). Finally, to dock rSspla
at hNay 1.7, the active residues defined in rSspla were W5, F6, W24,
K25, Y26, W28 and R30, while the active residues defined in the
hNay1.7 DII S1-S2 loop were E753, E759, E760, F761 and K762, and
active residues defined in the DII S3-S4 loop were E811, F813,
D816 and E818. The docking results were displayed as a cluster of
water-refined models, which were then downloaded and visualized
using Pymol 2.4.1 (Schrodinger, 2018). Generally, the top 10 clusters
were listed in the order of their HADDOCK score—the top position
in the list occupied by the cluster with the lowest HADDOCK score.
Further, each cluster contains the top four best scoring structures. A
z-score was also determined for each cluster, indicating the number
of standard deviations by which the HADDOCK score of a
particular cluster differed from the mean score of all clusters.
The top clusters in each list providing the lower z-score values
are considered more reliable (de Vries et al., 2010; Van Zundert et al.,
2016). Additionally, each of the top 10 generated models were
evaluated to identify the docking pose that best supported the
pharmacology for interactions. The 3D structure of rSspla
analogues used for docking studies were obtained by introducing
the mutation in the rSspla structure using Pymol. The docking of
rSspla analogues were driven by defining the active residues at
rSspla analogues and hNay subtypes as described above for rSspla
docking at each hNay subtypes. The presence of key molecular
interactions was determined by the distance separating the two
specified interacting atoms participating in interactions between the
toxin and the channel. Electrostatic interactions were categorized as
hydrogen bonds (H-bonds) when an electronegative O-atom
engaged with a H-atom covalently bonded either to an
electronegative  O- or N-atom within 2A. Conversely,
electrostatic interactions were designated as salt bridges between
positively charged N-atom (amino group) and the negatively
charged O-atom (carboxyl group) within 3.3 A. Similarly,
hydrophobic interactions were defined interactions between
hydrophobic residues of the toxin and channel (<5 A), with the
van der Waals radii represented as dots in the structural images.
Dots representations were generated using the default parameters of
the Pymol program for atom van der Waals radii, dot radius, width,
and density. Additionally, aromatic amino acids from the toxin and
the channel, located within a 5 A distance, were considered to form
T-T interactions.

2.7 Data analysis

The experimental data were analysed using QPatch Assay
software v5.6.4 and GraphPad Prism 7.0 using a four-parameter
Hill equation [Y = Bottom + (Top—Bottom)/(1 + 10{Log ICs5,—X)*
Hillslope)] to fit concentration response curves by non-linear
regression analysis and Student’s t-test. Data are presented as
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means * standard error of mean (SEM) with number of
independent experiments stated and p < 0.05 is considered
statistically significant. Statistically insignificant shift in the
activity is denoted by “little” while small but statistically
significant shift in the activity is denoted by “slight” throughout
the manuscript.

3 Results
3.1 Determining the active surface of rSspla

Fifteen
recombinant expression as previously described (Dongol et al.,
2021), and their activity tested on hNayl.2, hNayl.3 and
hNayl.7 as a function of varying concentration (Figure 1B;

rSspla  alanine-analogues were produced via

Supplementary Figure S1; Supplementary Table S1). The alanine
mutations causing >10-fold loss in potency at all three hNay
subtypes included W5A, F6A, W24A, K25A, Y26A, W28A and
R30A. Y20A was inactive at hNay1.3 but reduced hNay1.2 and
hNay1.7 activity by nearly 10-fold. The P27A, Y31A and L33A
mutations also preferentially impacted hNay1.3. Surprisingly, the
conserved P11 played little role in rSspla activity, and little to slight
effects were observed for the N14A mutant. Two mutants, L3A and
D32A, slightly improved the rSspla potency at hNay1.2, but only
D32A slightly enhanced rSspla potency at hNay1.3.

We compared the active surface of rSspla with GpTx-1, HwTx-
IV, and the m3-HwTx-IV optimized variant, which revealed that the
hydrophobic and basic residues that comprise the active surface in
these toxins are distributed around a central WCK/R motif, with key
residues aligned at corresponding positions in the 3D structure
(Figure 1C). All active residues were solvent exposed and on the
same face of these toxins, except Y20 in rSspla which was buried and
K18 in HWTx-IV which was located on the opposite face. The loop 1,
loop 4 and C-terminal region act in concert to form the active
surface of these NaSpTx1 toxins as previously described for the
spider peptide Tapla (Hu et al., 2021).

Next, we determined whether alanine substitutions reducing
rSspla activity were structural by assessing influences on the Ha
secondary chemical shifts of rSspla alanine mutants with significant
activity loss (Figure 1D). Mutant W5A produced a significant
change in Ha chemical shift at Y20 and Y31, while F6A only
affected the neighboring W5. The loop 3 mutant Y20A affected
both W5 and F6 Ha chemical shifts likely due to their spatial
proximity to the buried Y20, suggesting loop 3 residues play a
structural role in these ICK peptides. The loop 4 mutations W24A,
K25A and Y26A and C-terminal mutations R30A and Y31A had
only minor local effects on the Ha chemical shifts, indicating that the
activity losses attributed to these mutations are functional rather
than structural. Unfortunately, W28A-rSspla analogue was
obtained in insufficient yield for NMR analysis.

3.2 Molecular interaction of rSspla at
hNay1.2, hNay1.3 and hNay1.7

Our previous work indicated that rSspla traps DII of hNay1.7 in
the resting conformation (Dongol et al., 2021). The resting state
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Docking pose of m3-HwTx-IV and rSspla. (A) Docking orientation of m3-HwTx-1V at NayAb/Nay1.7 VS2A captured in cryo-EM and (B—D) docking
orientation of rSspla at hNay1.2, hNay1.3, and hNay1.7 obtained using HADDOCK are shown with side and top views. The red surface indicates the activity
surface of the corresponding toxin, with dark red indicating the Trp residue from the WCK/R motif. The cyan colour indicates non-identical residues
among hNay1.2, hNay1.3, and hNay1.7. The recently published Na,Ab/Nay1.7 VS2A structure (Wisedchaisri et al., 2021) provided the resting structure

of DIl that served as the hNay1.7 DIl used to model the hNay1.2 and hNay1.3 DIl resting state.

structure of Nay1.7-DII trapped by m3-HwTx-IV was recently
solved (Wisedchaisri et al., 2021), allowing predictive docking of
rSspla using HADDOCK (Van Zundert et al., 2016). We validated
the HADDOCK docking results by comparing the docking
orientation and molecular interaction of m3-HwTx-IV at NayAb/
Nay1.7 VS2A between the HADDOCK-generated in silico structure
and the cryo-EM structure captured by Wisedchaisri et al.
(Wisedchaisri et al., 2021) (Supplementary Figure S2).

The docking results of rSspla to hNayl.2-, hNay1.3- and
hNay1.7-DII illustrated that rSspla bound in the aqueous cleft
formed between the S1-S2 and S3-S4 loops of each channel
subtype, primarily targeting the S3-S4 loop as observed for m3-
HwTx-IV (Figures 2A-D). rSspla docked at hNay 1.7 similar to m3-
HwTx-IV, with the key residue W28 (W30 in m3-HwTx-IV,
Supplementary Figures S3A) positioned towards the S3-S4 loop
in the aqueous cleft (Figures 2A, B) and interacting with
hydrophobic residues in the S3-S4 loop to trap the S4 segment,
as shown for m3-HwTx-IV in Supplementary Figures S3B. When
compared to hNayl.7, the docking orientation of rSspla at
hNay1.2 and hNay1.3 twisted, which allowed rSspla to occupy
more space in the DII aqueous cleft with W28 occupying the center
of the cleft (Figures 2C, D).

Frontiers in Pharmacology

The docking orientation of rSspla at hNay 1.2 revealed molecular
interactions, including salt bridges, H-bonds and a series of
hydrophobic interactions within the aqueous cleft (Figure 3A).
Specifically, K25-E844 (2.8 A, -NH;'eeee-00C-) and R30-E837
(2.6 A, =NH,"ee0e-0O0C-) salt bridges, and a H-bond between
Y26 and E844 (18A, -OHeeee OOC-) were observed.
Additionally, W5 projects into the hydrophobic pocket formed by
the LGLA residues in the DII S3-S4 loop and Y31 interacted with
W5-LGLA complex, while F6 and W28 occupied the aqueous cleft
and interacted with the neighboring hydrophobic residues in the DII
S2 and S3-S4 loop. Further, an interaction was observed between
W24, located on the edge of the hydrophobic patch in the rSspla, and
Y781 from the DII S1-S2 loop.

Similar to the rSspla-hNay1.2 results, the rSspla—hNay1.3 docking
orientation also showed K25 and R30 forming a salt bridge with E845
(3.0A, -NH;'eeee-OOC-) and E838 (2.6A, =NH,"eeee-OOC-),
respectively, and Y26 forming a H-bond with $848 (1.7 A,
-OeeeeHO-) (Figure 3B). The bulky hydrophobic residue
W5 fit within the hydrophobic pocket formed by LGL in the
DII S3-S4 loop, with Y3land L33 positioned above the
W5-LGL complex to hinder the upward transition of the S4,
while F6 and V794 from S2 segment formed a hydrophobic
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Molecular docking of rSspla. Molecular docking of rSspla at (A) hNay1.2 DIl (B) hNay1.3 DIl and (C) hNay1.3 DIl illustrating electrostatic and
hydrophobic interactions. The resting conformation of hNay1.2 and hNay1.3 DIl was modelled on the resting state structure of NayAb/Nay1.7-VS2A
chimera (PDB: 7K48) (Wisedchaisri et al., 2021). HADDOCK2.2 Easy interface (Van Zundert et al,, 2016) was used for docking and the results were
visualized using Pymol 2.4.1 (Schrodinger, 2018). The green and orange dots around the residues corresponds to the van der Waals radii. (D) Dose-
response of rSspla at wild type (WT) and F823G-mNay1.7. Data presented as means + SEM, with number of experiments (n) indicated in the legend.

interaction. The toxin penetrated deep into the channel where the
bulky hydrophobic W28 occupied the aqueous cleft and interacted
with the neighboring hydrophobic residues from DII S1 and
S2 segments. Consistent with the hNayl.2 docking, the
uniquely positioned W24 showed a hydrophobic interaction

Frontiers in Pharmacology

with Y782 in the DII S1-S2 loop to further stabilize rSspla
interactions at the S3-S4 loop.

rSspla docked to hNayl.7 DII in a slightly altered orientation
compared to hNay1.2 and hNay1.3. Salt bridges between K25-E753
(2.7 A, -NH;"eeee-O0C-), R30-E818 (2.6 A, =NH,"eeee-OOC-) and
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Dose-response of rSspla mutations. (A—C) Dose-response curve of selected rSspla analogues compared with rSspla at hNay1.2, hNay1.3, and
hNay1.7 obtained using the whole-cell automated patch clamp electrophysiology (QPatch 16X) platform. Data presented as means + SEM, with number

of experiments (n) indicated in the legend.

R30-D816 (2.7 A, =NH, eeee-O0OC-) were observed, with additional
electrostatic interactions between W24-E759 (1.8 A, >NHeeee OOC-
), W28-D816 (1.8A, >NHeeee OOC-) and Y26-E810 (1.84,
-OHeeee OOC-) (Figure 3C). The hydrophobic residues LFLA in
the S3-S4 loop project into the hydrophobic groove in rSspla
formed by W5, F6, Y20, Y31, and W28. This binding mode shifted
W28 away from the aqueous cleft center towards the S3-S4 loop, with
K25 expected to play a key role in restricting the upward movement of
S4 upon depolarization to trap DII in the resting state. We also assessed
the role of the non-conserved residue F813 from hNay 1.7 DII $3-S4 in
rSspla binding by using a F823G-mNayl.7 variant. The F823 in
mNayl.7 DII corresponds to the F813 in the hNayl.7 DI The
F823G mutation slightly decreased the mNay 1.7 sensitivity to rSspla
(~2.5-fold) but was not critical for rSspla interaction (Figure 3D).
Channel residues predicted by docking studies to interact with rSspla
were highlighted in Supplementary Figure S4.

3.3 Optimizing rSspla

3.3.1 rSspla optimization through single residue
substitution

Based on the active surface defined for rSspla through the alanine
substitutions and evidence from earlier optimization studies of closely
related homologs, we designed and tested several single residue
S5A-E;
Supplementary Figures S6A-F). A charge-reversing substitution of
DIK, away from the predicted interaction face
(Supplementary  Figures  S6A), improved rSspla-activity —at
hNay1.2 and hNay1.3, but not at hNay1.7 (Figure 4; Supplementary
Table S2). This suggests that the increased affinity of D1K-rSspla may
be associated with lipid bilayer interactions that could facilitate
interaction with hNay1.2 and hNay1.3. Substitution of the loop
1 hydrophobic residue W5 with a less bulky Phe was tolerated at
hNay1.2 but not at hNay1.7 and hNay1.3 (Figure 4; Supplementary
Table S2). Other substitutions at loop 1 had smaller effects on rSspla
activity (Supplementary Table S2; Supplementary Figures S5A) and

substitutions  for  rSspla  (Supplementary  Figures

located

they surround the rSsp1la interaction face (Supplementary Figures S6B).

The surface exposed loop 2 variant N13G-rSspla (Supplementary
S6C) only slightly weakened activity at hNayl.7
(Supplementary Table S2; Supplementary Figures S5B). In contrast,

Figures
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introduction of an acidic residue Asp at the adjacent residue
N14 slightly improved rSspla potency at hNayl.2, with little
reduction of potency at hNayl.3 and >20-fold reduction of
potency at hNay1.7. This provided N14D-rSspla variant hNay1.2-
selectivity by >24-fold against hNay 1.7 and by 7-fold against hNay1.3
Reflecting the slight
improvement observed at hNayl.2, the docking orientation of
N14D-rSspla at hNay1.2 (Figure 5A) showed a small shift, which
removed the Y26-E844 H-bond but favored a comparatively stronger
ni-stacking between W24 and Y781. However, in the docking
orientation of N14D-rSspla at hNayl.7 (Supplementary Figures
S7A), the major interaction D816-R30-E818 necessary to trap the
DII $4 segment in its resting state was lost, contributing to the weaker

(Figure 4; Supplementary Table S2).

toxin-channel interaction observed.

Of the five substitutions made in loop 3 (E18G, E18K, E18F,
E18Y and Y20L), only the E18K substitution provided little or slight
improvement in rSspla potency at all three hNay subtypes (Figure 4;
Supplementary Figures S5B; Supplementary Table S2), with the
largest effect observed at hNayl.2 (>3-fold). E18 is spatially
distant from the rSspla interaction face (Supplementary Figures
S6D), suggesting that E18K-rSspla might allow longer-range dipole
interactions with the lipid bilayer that enhance potency. Y20 is
buried within the rSspla hydrophobic patch and contributes to
rSspla activity (Figures 1B, D).

Loop 4 residues (residues 23-28) comprise the active surface of
rSspla (Supplementary Figures S6E). To examine the role of loop 4,
nine analogues mutating five residues from the loop 4 of rSspla were
generated. Mutations of H23 caused a little increase in rSspla activity
only for H23S at hNayl2 (Supplementary Figures S5C;
Supplementary Table S2). The W24R mutation partially inhibited
hNay1.2 (~65%), and incompletely inhibited hNay1.7 (~50%) and
hNay1.3 (~75%) at 3 uM (Supplementary Figures S8). In contrast, the
Y26H mutation did not improve rSspla activity, while mutations
reinstating conserved basic residues at position 27 (P27R and P27K)
had opposing affinity at hNay1.3 and hNay1.2, providing >10-fold
hNay1.2 selectivity (Figures 4A-C; Supplementary Figures S5C;
Supplementary Table S2). However, the P27R and P27K analogues
retained rSspla activity at hNay 1.7 and the fold-potency differences of
these two analogues between hNay1.2 and hNay1.7 is <2-fold. We
then investigated the molecular basis for the improved selectivity of
P27R-rSspla between hNayl.2 (Figure 5B) and hNayl.3
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Molecular docking of rSspla single mutants. Visualization of molecular interactions of (A) N14D-rSspla, (B) P27R-rSspla and (C) D32Y-rSspla
compared to rSspla at hNayl1.2. Consistent with the activity data, rSspla and N14D-rSspla docked similarly at hNay1.2 while P27R-rSspla formed
additional ionic interactions through the substituted R27 and E785 and Y781 (main chain). In addition, Y26—-E779 engaged the S1-S2 loop to further
strengthen the toxin—channel complex. Compared to rSspla, D32Y-rSspla formed a stronger interaction with hNay1.2, engaging both the

S1-S2 and S3-S4 loops with ionic interactions, and consistent with the activity data.

(Supplementary Figures S7B). P27R-rSspla docked at hNay1.2 in a
similar way to rSspla but included additional interactions with the
S1-S2 loop. Specifically, in addition to the R30-E837 and
K25-E844 ionic interactions in the S3-S4 loop, the substituted
R27 formed a salt bridge with E785 and a H-bond with Y781 in
the main chain, while Y26 interacted with E779 in the
S1-S2 loop. These additional interactions at the S1-S2 loop
stabilized the toxin-channel complex and improved the potency at
hNayl.2. For the P27R-rSspla-hNayl.3 complex, the docking
orientation most similar to the rSspla docking orientation was
selected (Supplementary Figures S7B). These results revealed a
spatial shift in the P27R-rSspla functional residues K25, Y26 and
R30 that removed interactions between the active residues K25 and
Y26 in rSspla and E838 and S848 in hNay1.3. These results are
consistent with the reduced activity observed for P27R-rSspla at
hNay1.3. The W28 residue of the WCK/R motif mutated to generate
‘W28F and W28K analogues had a deleterious effect on hNay activity;
however, the decrease in activity by W28F at hNay1.7 was only ~5-
fold (Supplementary Figures S5C; Supplementary Table S2).
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At the C-terminal, we mutated Y31 and D32 to generate six
analogues. These two residues are close to the functional residues on
the surface of rSspla, with Y31 forming the hydrophobic patch
(Supplementary Figures S6F). Substitution of Y31 with bulky Trp
significantly improved rSspla potency, while the Y31T mutation
removed the activity (Supplementary Figures S5D; Supplementary
Table S2). Substitutions made at D32, preferentially improved rSspla
potency at hNay1.2 (up to 3-fold) and hNay1.3 (up to 6-fold). The
D32F mutant significantly improved rSspla potency at hNay 1.3 but not
selectivity, while the D32Ymutant significantly improved rSspla
potency (3-fold) and selectivity (~6-fold) for hNayl.2 against
hNayl.3. The docking orientation of D32Y-rSspla at hNayl.2
(Figure 5C) differed compared to rSspla, allowing engagement of
the S1-S2 loop with the ionic bond K25-E779. The DII S3-S4 loop
key interactions, including R30-E837 and Y26-E837, were maintained
while a new interaction (W24-E785) was formed. In addition, Y32 and
Y781 showed the potential to engage through a n—m interaction based
on their side chain flexibility; however, the orientation to support a m—7t
interaction was not evident in the molecular docking studies.
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FIGURE 6

Potency and selectivity optimization of rSspla. (A) Potency fold-difference of selected rSspla analogues presented against the potency of wild type
rSsplaat hNayl1.2, hNay1.3, and hNayl.7. Data were presented as means + SEM (n = 3-12, except at hNay1.2 for E18F n = 2). (B—D) Dose-response curve of
rSspla double mutants compared with rSspla at hNay1.2, hNay1.3 and hNay1.7, obtained using the whole-cell automated patch clamp electrophysiology
(QPatch 16X) platform. Data presented as means + SEM, with number of experiments (n) indicated in the legend.

TABLE 1 Double mutant designs for improved subtype-selectivity.

Mutant

Intended subtype-selectivity

Outcome

D1G-D32Y hNay1.2 Enhanced affinity at hNay1.3 and hNay1.7, generating a non-selective inhibitor with
nanomolar potency at the three hNay subtypes tested

W5F-N14D hNay1.2 Predicted cumulative effects of single mutants that enhanced hNay 1.2 selectivity were
not realised

S7R-E18K hNay1.2 and/or hNay1.3 Enhanced affinity at hNay1.2, hNay1.3 and hNay1.7, generating a non-selective
inhibitor with nanomolar potency at the three hNay subtypes

S7K-W28F hNay1.7 Reduced potency at hNay1.7

N14D-P27R hNay1.2 Reverted the potency loss by N14D at hNay1.7 and provided hNay1.2/

hNay1.7 selectivity against hNay1.3

3.3.2 rSspla optimization through combinatorial
mutation

Guided by the potency and subtype-selectivity results of the
single mutants, the double mutants D1G-D32Y, S7R-E18K, N14D-
P27R, W5F-N14D and S7K-W28F were synthesised and tested
(Figures 6A-Dj; Table 1). In contrast to the selectivity observed

Frontiers in Pharmacology

against hNay1.3 for the D32Y mutation, the D1G-D32Y mutation
had significantly improved potency at hNayl.3 and hNayl.7
(Figure 6A). The S7R-E18K-rSspla analogue showed the greatest
improvement in potency of the rSspla analogues tested, with
hNay1.2 potency enhanced 6-fold, hNay1.3 enhanced ~10-fold,
and hNayl.7 enhanced >3-fold. The NI14D-P27R analogue
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Molecular docking of rSspla double mutants. (A) D1G-D32Y-rSspla docked differently at hNay1.2 compared to rSspla (Supplementary Figures S9A)

to form stronger ionic bonds, engaging both the S1-S2 and S3-5S4 loops, as well as a possible n—m interaction between Y32-Y781, which was consistent

with the activity data. (B) D1G-D32Y-rSspla docked at hNayl1.3 similar to docking to hNayl.2, but in a different orientation compared to rSspla

(Supplementary Figures S9B), which enabled stronger interactions that engaged both the S1-S2 and S3-5S4 loops and a possible Y32-Y782 n—n

interaction. (C) At hNayl.7, both rSspla (Supplementary Figures S9C) and D1G-D32Y-rSspla docked with a similar orientation, forming new interactions

including W5-D816 and Y32—-H755. (D) At hNay1.2, S7R-E18K-rSspla docked similar to rSspla (Supplementary Figures S9D) with R7 in S7R-E18K-rSspla
(Continued)
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forming an ionic bond with E785 from the S1-S2 loop. In addition, a n—m interaction between W24-Y781in a parallel displaced geometry was noted.
These extra interactions engaging the S1-S2 loop are predicted to form a tighter toxin—channel complex, thus improving the toxin potency. (E) S7R-
E18K-rSspla docked at hNayl1.3 similar to docking to hNayl1.2 and in an orientation similar to rSspla (Supplementary Figures S9E). An additional
R7-E786 salt bridge engaging the S1-S2 loop is predicted to form a tighter toxin—channel complex. (F) At hNay1.7, S7R-E18K-rSspla docked
differently to rSspla (Supplementary Figures S9F), but contained salt bridges K25-E818, R30-E811 and R7-E759 that tightly engaged the S1-S2 and
S3-S4 loop. In addition to the extra R7—E759 salt bridge, a possible W24-H755 n—m interaction was observed. (G) At hNay1.2, N14D-P27R-rSspla docked
similar to rSspla (Supplementary Figures S9G) with the R27 in N14D-P27R-rSspla forming an ionic bond with E785 from the S1-S2 loop. (H) The docking
orientation for N14D-P27R-rSspla at hNay1.3 was chosen to resemble rSspla docking. The lack of activity of N14D-P27R-rSspla at hNay1.3 was
consistent with the absence of major interactions. (I) At hNay1.7, N14D-P27R-rSspla docked similar to rSspla (Supplementary Figures S9I) with

R27 interacting with the L812 carbonyl group. The substituted residues are highlighted in red.

decreased the rSspla potency at hNay1.3 (~40% block at 3uM) and
reversed the potency reduction at hNayl.7 caused by the N14D
mutation. The results reveal that the potency and subtype-selectivity
at hNay1.2 conferred by the N14D and P27R mutations was not
additive in the double mutant. The W5F-N14D and S7K-W28F
mutants designed for hNayl.2- and hNayl.7-selectivity were
unsuccessful.

Further, docking studies were performed to visualize the
molecular basis of potency and subtype-selectivity on the D1G-
D32Y-rSspla, S7R-E18K-rSspla and N14D-P27R-rSspla double
mutants at the three hNay subtypes (Figures 7A-I; Supplementary
Figures S9A-T). At hNay1.2, D1G-D32Y-rSspla docked differently to
rSspla to form stronger ionic bonds that engaged both the S1-S2 and
S3-S4 loops (Figure 7A; Supplementary Figures S9A). The
R30-E837 and Y26-E837 interactions engaged the hNay1.2 DII
S3-S4 loop, while the K25-E779 and W24-E785 interactions
engaged with the SI1-S2 loop. The proximity of Y32 to
Y781 suggested m-m probable.
interactions were also observed for D1G-D32Y-rSspla docking
with hNayl.3 (Figure 7B; Supplementary Figures S9B). When
docked at hNay 1.7, such -7 interaction with Y32 was not formed
with the equivalent H755 in the hNay1.7 DII S1-S2 loop. However,
interactions between Y32-H755 and W5-D816, in addition to
R30-E818, Y26-E811, K25-E753 and W24-E759, predicted
enhanced D1G-D32Y-rSspla potency compared to rSspla at

interactions were Similar

hNay1.7 (Figure 7C; Supplementary Figures S9C).

S7R-E18K-rSspla  docked at hNayl.2  (Figure 7D;
Supplementary  Figures S9D) and hNayl.3 (Figure 7E;
Supplementary Figures S9E) in a similar way to rSspla,
maintaining the major S3-S4 loop interactions. However, a new
salt bridge was predicted to be formed between the substituted
R7 and Glu from the S1-S2 loop in both hNay subtypes. In addition,
the -7 interaction between W24 and Y781 (in hNay1.2) or Y782
(in hNay1.3) potentially stabilized the toxin-channel complex. At
hNayl.7, the S7R-E18K-rSspla mutant docked in a different
orientation to rSspla but retained the major R30-E811 and
K25-E818 salt bridges, in addition to an extra R7-E759 salt
bridge (Figure 7F; Supplementary Figures S9F). The closely
oriented W24 and H755 were predicted to form a m-7
interaction instead of the W24-E759 electrostatic interaction
observed for rSspla.

The docking orientation of N14D-P27R-rSspla at hNay1.2 and
hNay1.7 (Figures 7G, I; Supplementary Figures S9G, I) showed all
major salt bridges were retained and the substituted R27 interacted
with E785 from the S1-S2 loop in hNay1.2 and the L812 main chain
carbonyl oxygen from the $3-S4 loop in hNay1.7. The docking of
N14D-P27R-rSspla at hNayl1.3 closely overlapped the rSspla
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docking orientation, with the loss of a major salt bridge formed
by K25 and the substituted R27 did not engage with hNay1.3 DII
residues (Figure 7H; Supplementary Figures S9H), contributing to
its observed weaker binding at hNay1.3 (Figure 6).

3.3.3 rSspla optimization through N-terminal and
C-terminal extension

Finally, we extended the rSspla N-terminal with GP- to mimic
GP-HwTx-IV (Neff et al., 2020) and GP-ProTx-II (Flinspach et al.,
2017), while the C-terminal was extended with -GK to mimic the
C-terminal amides as previously designed for HwTx-IV (Minassian
et al, 2013; Neff et al., 2020). Both GP-rSspla and rSspla-GK
(Supplementary Table S3) did not improve rSspla activity or
selectivity (Supplementary Figures S5E). Further, the Y26H-
rSspla mutant with an extra two Leu at the C-terminal (Y26H-
rSspla-LL) was made to assess the effect of the C-terminal extension
with small, linear hydrophobic residues, however, the analogue did
not improve the activity or selectivity.

4 Discussion

In recent decades, Nay-modulating spider ICK toxins have
generated significant interest in drug discovery (Dongol et al,
2019), with potential to target Nay subtypes of therapeutic interest
(Xie et al., 2015; Su et al., 2017; Salvatierra et al., 2018; Cardoso, 2020;
Menezes et al., 2020). Despite the need to discover and develop
subtype-selective Nay-modulators, few comprehensive structure-
function studies of NaSpTxs have been reported, with most
focusing on hNayl.7 (Minassian et al, 2013; Revell et al, 2013;
Murray et al,, 2015; Hu et al,, 2021). These findings have helped
guide analogue development of NaSpTxs aimed at improving potency
and subtype-selectivity for hNay1.7 (Revell et al,, 2013; Klint et al.,
2015; Murray et al., 2015; Murray et al., 2016; Shcherbatko et al., 2016;
Agwa et al,, 2017; Flinspach et al., 2017; Rahnama et al., 2017; Zhang
et al,, 2018; Mueller et al., 2020; Neff et al., 2020; Rupasinghe et al.,
2020; Hu et al., 2021), while NaSpTx optimization at other subtypes
have been overlooked. This study addresses the gap by investigating
the structure-function relationships and optimization of Sspla at
hNay1.2, hNay1.3 and hNay1.7.

4.1 Structure-function of rSspla at hNay1.2,
hNayl1.3 and hNayl1.7

The active surface defined for rSspla and close homologs GpTx-
1 (Murray et al,, 2015), HwTx-IV (Revell et al., 2013), and m3-
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HwTx-IV (Wisedchaisri et al., 2021) are similar, consistent with the
concept of conservation in the interaction face of the peptides
adopting the same fold with >30% sequence identity (Russell
et al,, 2004; Tuncbag et al., 2011). These comparisons reveal that
the hydrophobic patch of rSspla forms the major binding face, with
basic residues K25 (loop 4) and R30 (C-terminal) and the
hydrophobic Y26 (loop 4) also expected to contribute to binding
(Figure 1B; Figures 3A-C). Specifically, the hydrophobic residues
W5, F6, W24 and W28 were predicted to be key to the rSspla
activity. This is consistent with the conservation of Trp, Arg and Tyr
in the binding site of peptides/proteins (Moreira et al, 2007),
including the NaSpTx1 toxins (Klint et al., 2012; Minassian et al.,
2013; Revell et al.,, 2013; Murray et al., 2015; Wisedchaisri et al.,
2021). Although the structure-function of close homologs can be
predicted, variations in the selectivity of analogs across Nay subtypes
provides an opportunity to optimize peptides to improve potency
and selectivity towards a specific target. For example, P27A-rSspla
only lost activity at hNay1.3, suggesting that the non-conserved Pro
at this position likely played less of a structural role in rSspla and
could be exploited to make designs non-selective to hNay1.3. This is
supported by P27R mutation, which significantly improved rSspla
activity at hNay1.2 while losing activity at hNay1.3 (Figure 4;
Supplementary Table S2).

Based on the biophysical studies of rSspla (Dongol et al., 2021),
we predicted that rSspla interacted with hNay subtypes similarly to
HwTx-IV (Xiao et al.,, 2008) to trap the hNay1.7 DII in the resting
state conformation. The available 3D structure of rSspla, activity data
of rSspla alanine mutants, recently published cryo-EM structure of
the resting state hNay 1.7 DII (Wisedchaisri et al., 2021), previously
published channel mutation data (Xiao et al., 2010; Xiao et al., 2011;
Cai et al, 2015; Zeng et al, 2018; Xu et al, 2019), and the high
sequence homology at the predicted interacting face encouraged data-
driven docking of rSspla at hNay1.2, hNay1.3 and hNayl.7. Data-
driven docking can often accurately predict the molecular interaction
at the binding interface in the absence of high-resolution atomic
structures to illustrate the molecular interactions (Rodrigues and
Bonvin, 2014). The rSspla docking across hNay subtypes revealed
the molecular mechanism of interaction is comparable to m3-HwTx-
IV-Nay1.7 (Wisedchaisri et al., 2021), while highlighting the subtle
differences in rSspla binding mode across hNay subtypes (Figures 2,
3), as illustrated by the twisted docking orientation of rSspla at
hNay1.7 compared to hNay1.2 and hNay1.3. The more hydrophobic
LFLA stretch in hNay 1.7 DII S3-S4, as compared to LGLA (hNay1.2)
and LGLS (hNay1.3), potentially contributed to an observed twist and
a shift in the docking of rSspla towards the S3-S4 loop in hNay1.7,
and to a lesser extent in hNay 1.2 and hNay1.3. This shift and twist
likely facilitated stronger subtype-specific hydrophobic interactions in
hNay1.7, with rSspla’s hydrophobic pocket locking the channel’s
LFLA stretch, as opposed to hNayl.2 and hNayl.3, where the
channel’s hydrophobic patch accommodated the hydrophobic
residues of rSspla (Figures 3A-C). Additionally, the distinct
binding pose of rSspla at hNayl.7 also enabled electrostatic
interactions with DIT S1-S2 loop, which are not observed in
hNay1.2 and hNayl.3. Such differences in binding mode across
hNay subtypes provide novel opportunities to optimize toxin-
channel interactions across the hNay subtypes.

The key molecular interactions revealed by the docking studies
involve strong salt bridges (<3 A) formed between rSspla basic
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residues and the channel subtype’s acidic residues in DII $3-S4 loop
(Figures 3A-C), including E753 in the DII S1-S2 loop in
hNay1.7 that might allow the rational design of subtype-selective
inhibitors. At hNayl.7, additional interactions between indole
nitrogen (W24 and W28) and carboxylate (E759 and D816) were
observed, possibly strengthening the rSspla binding. In contrast,
hydrophobic interactions between rSspla residue W24 and a Tyr
residue in DII S1-S2 loop of hNay 1.2 and hNay1.3 were observed.
These hydrophobic interactions represent another key molecular
mechanism involved in trapping DII in the resting state. For
example, prior research (Wisedchaisri et al., 2021) predicted that
the hydrophobic interaction between the m3-HwTx-IV
hydrophobic patch (I5, F6, W30, and W33) and the LFLA stretch
in DII S3-84 loop (Supplementary Figures S3B) hinders the upward
movement of the S4 segment, effectively trapping DII in the resting
state. A similar mechanism was observed in the docking of rSspla
with hNayl1.7, although distinct hydrophobic interactions were
observed in the case of hNay1.2 and hNay1.3 (Figures 3A-C).

Despite the high sequence homology across Nay subtypes, there
is an important variation in the DII $3-S4 hydrophobic stretch in
Nay1.7 where a bulky hydrophobic Phe replaces the small, non-
polar Gly prevalent across other Nay subtypes except Nay1.6 and
Nay1.9. Using the F823G-mNay 1.7 variant (equivalent to F813 in
hNay1.7) revealed that the Phe unique to hNay1.7 was not critical
for rSspla interaction (Figure 3D), similarly to HwTx-IV (Xiao et al.,
2010). In contrast, this mutation desensitized mNay1.7 binding to
Pn3a from NaSpTx2 family by 28-fold (Mueller et al., 2020) and the
binding to ProTx-II from NaSpTx3 family by 9-100 fold
(Schmalhofer et al., 2008; Xiao et al.,, 2010). This pharmacology
was verified by the structure of ProTx-II-DII-NayAb complex,
where two hydrophobic residues W5 and M6 from ProTx-II
flanked F813 to stabilize the DII S3-S4 helix (Xu et al., 2019).
However, the docking orientation of rSspla (Figure 3C) and m3-
HwTx-IV (Supplementary Figures S3B) (Wisedchaisri et al., 2021)
at hNay1.7 DII revealed that these two toxins positioned themselves
on top of the LFLA motif rather than surrounding F813, agreeing to
small reduction of F813G-hNay1.7 or F823G-mNay1.7 affinity to
HwTx-IV (Xiao et al., 2010) or rSspla, respectively.

4.2 Optimization of rSspla at hNay1.2,
hNay1.3 and hNay1.7

Several optimization studies on NaSpTx toxins have indicated
that removing the negative charge at the N-terminal by introducing
pyroglutamate, 1-Nal (1-naphthylalanine), Gly, or GP- or simply
substituting the acidic residue with Ala or Gly might contribute to
toxin binding, potency, and/or selectivity (Minassian et al., 2013;
Revell et al., 2013; Rong et al., 2013; Shcherbatko et al., 2016). Extra
N-terminal Gly and GP- residues are remnants of TEV and HRV3C
digestion of recombinantly expressed fusion proteins, respectively
(Klint et al., 2013; Minassian et al., 2013; Flinspach et al., 2017).
These non-native residues at the N-terminal are an advantage of the
recombinant expression system, as replacing N-terminal acidic
residue with Gly in HwTx-IV and HnTx-I has improved the
toxin potency (Revell et al, 2013; Rahnama et al, 2017; Zhang
et al,, 2018). rSspla inclusion of a non-native Gly (GO) resulting
from TEV digestion and the D1G mutation removed the N-terminal
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negative charge. In contrast to HWTx-IV (Revell et al., 2013), the
D1G-rSspla mutant reduced activity at hNayl.7, while no
significant changes were observed at hNayl.2 and hNayl.3
(Supplementary Table S2). Instead, a charge reversal mutation
(D1K) slightly improved hNay1.2 and hNay1.3 activity with little
reduction in hNayl.7 activity, suggesting it could be used when
combining mutations to achieve hNayl.2- and/or hNayl.3-
selectivity. The DIK mutation is located outside the predicted
interacting face of rSspla, suggesting this position plays an
indirect role in binding, likely through longer-range charge
effects. identified that the
cationicity, as well as the presence of both native and substituted

Previous studies have increased
cationic residues (primarily Lys) contributes to the enhanced
electrostatic interaction with anionic moieties within the lipid
bilayer, including anionic lipid head groups, that can facilitate
initial toxin-ion channel interactions (Henriques et al, 2016;
Agwa et al, 2017; Agwa et al, 2018; Lawrence et al, 2019).
Again, such toxin-membrane lipid binding can be subtype-
specific, with DIK-rSspla showing
hNay 1.7 but not at hNay1.2 and hNay1.3.
In rSspla loop 1, reinstating cationic residue at position 7 had

reduced potency at

little effect on rSspla potency (Supplementary Figures S5A;
Supplementary Table S2) contrasting to the key role played by
R7 in GpTx-I activity (Murray et al., 2015; Murray et al., 2016) and
K7 in HwTx-IV activity (Minassian et al, 2013) on hNayl1.7.
Interestingly, reinstating the predominant Lys did not improve
rSspla potency while restoring the less predominant Arg showed
little improvement in the rSspla potency, making it a prospective
single mutation to combine with other mutations. Further,
substituting key residue W5 with less hydrophobic Phe provided
rSspla hNay1.2-selectivity with <3-fold reduction in potency.

Two mutations in loop 2, N13G and N14D, were anticipated to
provide subtype-selectivity and improved potency at hNayl.7,
respectively (Minassian et al., 2013; Neff et al., 2020). In contrast
to N13G-HwTx-IV (Neff et al., 2020), N13G-rSspla lost the activity
at hNay1.7. But surprisingly, N14D-rSspla significantly lost the
hNay1.7 activity with slight improvement in hNay1.2 activity and
little reduction in hNayl.3 activity, providing N14D-rSspla
hNay1.2-selectivity (Figure 6A) and could be considered for
combination with other mutations to achieve hNay1.2-selectivity.

Acidic residues in loop 3 are less frequent in NaSpTx1 family
toxins (Klint et al., 2012). Therefore, E18 in rSspla was substituted
to remove the negative charge, reverse the charge, or to introduce
hydrophobicity. The charge reversal mutation EI18K improved
potency at all three hNay subtypes and its location away from
the rSspla interaction face, like D1K mutation, suggested its indirect
role in potency improvement, as discussed above.

Loop 4 in rSspla constitutes active residues, including P27 that
was critical only for hNay1.3 activity (Figure 1B). Substituting the
rare W24 with more conserved Arg or Ser did not improve rSspla
activity at hNay subtypes. W24 was important for rSspla activity,
contrasting with the equivalent Arg in HwTx-IV and GpTx-1, which
was important for HwTx-IV activity at hNay1.2 (Minassian et al.,
2013), and GpTx-1 (Murray et al., 2015) and HwTx-IV (Minassian
et al, 2013) activity at hNay1.7. Y26H was designed to reinstate
more common His, as the equivalent H27A-GpTx-1 decreased in
potency at hNay1.7 by >10-fold (Murray et al., 2015; Murray et al.,
2016), while D26H-HnTx-I improved hNay1.7 activity by >7-fold
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(Zhang et al., 2018). However, the design neither improved potency
S5C;
Supplementary Table S2), confirming the significance of Y26 as

nor selectivity of rSspla (Supplementary Figures
an active residue. The P27R that reinstated the more frequent basic
residue in the position improved rSspla potency specifically at
hNay1.2, suggesting incorporating it in a combined mutation to
generate hNay1.2-selective analogues.

The comprehensive substitution of HWTx-IV residues suggested
acidic residues at the C-terminal are not preferred to improve activity
at hNay 1.2 and hNay 1.7 (Neff et al., 2020). Thus, D32, which also
neighbors the rSspla interaction face, was substituted with several
functionalities, including polar uncharged, basic, and hydrophobic
entities, to evaluate their role in rSspla potency and selectivity
(Figure 6A; Supplementary Table S2). D32S improved the rSspla
potency at hNay1.2 (2.5-fold) and hNay1.3 (4-fold) compared to
hNay1.7 (1.3-fold) but did not provide subtype-selectivity. In contrast,
D32F improved rSspla potency only at hNay1.3 (~3.5-fold) but did
not provide hNay1.3-selectivity, given the lower potency of rSspla at
hNay1.3 compared to remaining two hNay subtypes. Similarly, the
lack of hNay1.3-selectivity was also observed for D32K mutation
despite improved hNay1.3 inhibition by 6-fold. Interestingly, D32Y
provided hNay1.2-selectivity (5.5-fold) against hNay1.3 with
improved potency (3-fold). This contrasts with hNay1.3-active
CcoTx-2 which is a natural variant of hNay1.3-inactive CcoTx-1
with D32Y mutation (Bosmans et al., 2006). Thus, D32Y could be
combined to generate hNayl.2-selective analogues. Optimization
studies of CcoTx-1 (Shcherbatko et al, 2016), GpTx-1 (Murray
et al,, 2016) and HwWTx-IV (Revell et al., 2013; Neff et al., 2020)
suggested mutating Y31 in rSspla could improve potency and
selectivity. Surprisingly, Y31T-rSspla did not contribute to
hNay1.7-selectivity (Figure 6A), in contrast to the 10-fold
hNay1.7-selectivity gained against hNayl2 by equivalent Y33T-
HwTx-IV (Neff et al, 2020). Instead, Y31W-rSspla improved the
hNay activity between 1.5 and 3.5-fold, suggesting a preference of
bulky hydrophobic in this position.

The potency and selectivity data from single-point mutations
guided us to design five double mutants, from which only three
designs improved rSspla activity (Figures 6A-D). The D1G-D32Y-
rSspla designed for hNay1.2-selectivity instead improved potency at
all three subtypes, showing that the effects of combining single
mutations can be unpredictable. Of the 38 optimized rSspla
analogues, the S7R-E18K-rSspla showed the most enhanced
potency (up to 10-fold), with the effect of each single mutation
being additive when combined and improved potency at all three
hNay subtypes, thus minimising subtype-selectivity (Figure 6A). In
contrast to the double mutant S7R-E18K-rSspla, the N14D-P27R-
rSspla double mutant showed additive effects at hNay 1.3 but not at
hNay 1.7, while the neutral effect at hNay1.2 helped it to achieve dual
selectivity for hNay1.2 and hNavl.7. While the use of hNay1.2/
hNavl.7-selective drugs is typically limited due to potential side
effects (Eaton et al,, 2021; Zhang et al.,, 2021; Echevarria-Cooper
et al,, 2022), this double mutant provides a new starting point for the
design of hNay1.2-selective and hNavl.7-selective leads. Overall,
rSspla optimization by combining two single-point mutations
provided two major designs, S7R-E18K with improved potency
and N14D-P27R with improved selectivity. Both S7R-E18K and
N14D-P27R mutants represent promising starting points for
further analogue studies to improve potency and/or subtype-
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selectivity across hNay1.2, 1.3 and 1.7. Supporting these experimental
findings, in silico docking studies of optimized rSspla analogues
revealed key molecular interactions underpinning the improved
potency and selectivity observed, including new or altered
electrostatic, hydrophobic, m-m interactions, and interactions with
the S1-S2 loop of hNay channels.

In conclusion, we examined the pharmacology of 54 rSspla
analogues to understand how this NaSpTxI toxin can be modified
to differentially alter interactions at hNay1.2, hNay1.3 and hNay1.7.
The inclusion of hNay1.3 interactions provides the first view of
NaSpTx1 pharmacology at this subtype. Given Sspla is distantly
related to HwTx-IV (40% identity), which has comprehensive
structure-function and optimization data and shares related
pharmacology, the structure-function and optimization data of
rSspla can be used to enrich the rational design of NaSpTx1 family
toxins more broadly. Finally, this study reveals the complexities of
moving from single to dual and triple mutations to develop improved
research tools and/or potential therapeutic leads.
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Snakebite envenoming results in ~100,000 deaths per year, with close to four
times as many victims left with life-long sequelae. Current antivenom therapies
have several limitations including high cost, variable cross-snake species efficacy
and a requirement for intravenous administration in a clinical setting. Next-
generation snakebite therapies are being widely investigated with the aim to
improve cost, efficacy, and safety. In recent years several small molecule drugs
have shown considerable promise for snakebite indication, with oral
bioavailability particularly promising for community delivery rapidly after a
snakebite. However, only two such drugs have entered clinical development
for snakebite. To offset the risk of attrition during clinical trials and to better
explore the chemical space for small molecule venom toxin inhibitors, here we
describe the first high throughput drug screen against snake venom
metalloproteinases (SVMPs)—a pathogenic toxin family responsible for causing
haemorrhage and coagulopathy. Following validation of a 384-well fluorescent
enzymatic assay, we screened a repurposed drug library of 3,547 compounds
against five geographically distinct and toxin variable snake venoms. Our drug
screen resulted in the identification of 14 compounds with pan-species inhibitory
activity. Following secondary potency testing, four SVMP inhibitors were
identified with nanomolar ECsgs comparable to the previously identified
matrix metalloproteinase inhibitor marimastat and superior to the metal
chelator dimercaprol, doubling the current global portfolio of SVMP inhibitors.
Following analysis of their chemical structure and ADME properties, two hit-to-
lead compounds were identified. These clear starting points for the initiation of
medicinal chemistry campaigns provide the basis for the first ever designer
snakebite specific small molecules.
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1 Introduction

Snakebite envenoming is responsible for perhaps as many as
138,000 deaths annually, while the extensive morbidity burden of
sequalae is estimated to represent around 6 million disability
adjusted life years (DALYs) (Gutiérrez et al, 2017). Snakebite
predominately affects rural populations of the tropics, and
consequently the World Health Organization (WHO) recently
classified snakebite envenoming as a priority neglected tropical
disease (NTD) (Chippaux, 2017).
catastrophic healthcare expenditure, as well as subsequent loss of

Snakebite can result in

livelihood, due to the loss or incapacitation of the primary earner in
a household (Herzel et al., 2018; Harrison et al., 2019). In addition,
the psychological impact of surviving a snakebite and related socio-
economic implications (e.g., social stigma, ostracization and loss of
time in education) can cause substantial long-term impacts on
individuals and their families (Williams et al., 2011a; Harrison
et al., 2019; Kasturiratne et al., 2021; Oliveira et al., 2022).

One of the major challenges that snakebite victims face is
restricted access to effective treatment, since current antivenom
therapies are often unavailable in the remote rural and indigenous
communities that are most vulnerable to snakebite (Gutiérrez et al.,
2017; Longbottom et al., 2018; Harrison et al., 2019; Beck et al,,
2022). This challenge with antivenom availability is largely
attributed to the need for cold chain storage and high costs
associated with provision (Williams et al., 2011b). However,
despite antivenom currently being the only approved therapeutic
for the treatment of snakebite, these animal-derived polyclonal
antibody-based therapies have several other limitations associated
with them. Antivenom can only be given in a healthcare setting due
to the high risk of adverse reactions and the need for intravenous
administration (Williams et al., 2011a; de Silva et al., 2016) and their
mode of production, ie., raising animal polyclonal antibodies
against a specific venom or venoms, results in products that are
restricted in terms of the snake species they are effective against
(Harrison et al., 2017; Laxme et al., 2019; Ainsworth et al., 2020).

Snake venoms are a complex mix of several protein families,
peptides, and small molecules, which have evolved over millions of
years to facilitate prey capture (Tasoulis and Isbister, 2017; Tasoulis
et al,, 2021). Snake venoms often display compositional variation,
and while this is most commonly observed between snake species,
there are also several examples of extensive intraspecific and
ontogenetic venom variation reported in the literature (Chippaux
et al, 1991; Currier et al, 2010; Casewell et al., 2020; 2014;
Amazonas et al.,, 2018; Laxme et al., 2019; Oliveira et al., 2019).
Venom variation results in variation in toxin functionality, with
associated human snakebite pathologies being equally diverse; the
most prominent being neurotoxicity (neuromuscular paralysis),
cytotoxicity (local swelling, blistering and tissue necrosis) and
haemotoxicity (haemorrhage and coagulopathy) (Warrell, 2010;
Gutiérrez et al.,, 2017; Slagboom et al., 2017; Longbottom et al.,
2018). Of the many venom components found across medically
important venomous snakes (i.e., families Viperidae and Elapidae),
four toxin families are considered amongst the most important
therapeutic targets due to their role contributing to these
pathologies: three finger toxins (3FTx), snake venom serine
proteases (SVSP), phospholipases A, (PLA,) and snake venom
metalloproteinases (SVMP) (Ferraz et al., 2019).
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Snake venom metalloproteinases (SVMPs) are zinc-dependent
endoproteolytic toxins that evolved from ADAM genes (Moura-da-
Silva et al., 1996; Casewell et al., 2012). These toxins are found in the
venoms of almost all medically important snakes, though they are
most abundant in viperids, where they can account for up to 74% of
total venom composition (average, 36%) (Tasoulis and Isbister,
2017; Dawson et al., 2021). SVMPs can be broadly divided into
three classes based on their tertiary structure (P-I, P-II, and P-III),
with each being progressively larger and more structurally complex
due to the presence of additional domains (Fox and Serrano, 2008;
2005). Haemorrhage is the most pathologically serious complication
resulting from SVMP activity and can occur both systemically and
locally. The degradation of collagen and other key extracellular
matrix proteins by SVMPs weakens the vascular endothelium, with
the impact of haemodynamic forces on this weakened endothelium
then enabling blood to escape from the vessels (Gutiérrez et al., 2016;
Asega et al.,, 2020). In addition, several SVMPs also target different
points in the coagulation cascade, particularly the common pathway
components, fibrinogen, prothrombin and factor X (Kini and Koh,
2016; Asega et al, 2020). These key clotting factors are then
consumed, either by their activation or degradation, ultimately
leading to the depletion of fibrinogen and, in severe cases, venom
induced consumption coagulopathy (Maduwage and Isbister, 2014;
Kini and Koh, 2016).

Recent innovations in snakebite therapeutics have centred
around the use of monoclonal antibodies or small molecule toxin
inhibitors (i.e., drugs), with the latter focusing on their potential
application against PLA, and SVMP rich venoms (Lewin et al., 2016;
Knudsen and Laustsen, 2018; Albulescu et al., 2020b; Clare et al.,
2021; Hall et al., 2022; Menzies et al., 2022). So far, two groups of
molecules with differing modes of action have been found to inhibit
SVMP activity. The first are metal chelators that bind Zn**; the
leading candidate from this class is 2, 3-Dimercapto-1-
propanesulfonic acid (DMPS: Unithiol), a drug licensed for the
treatment of heavy metal poisoning, marketed under the name
Dimaval®, and available in both oral and parenteral forms
(Drisko, 2018). DMPS exhibits efficacy in in vivo models of
snakebite envenoming against venoms rich in SVMP toxins
(Albulescu et al., 2020a; Menzies et al, 2022), and recently
completed Phase I dose optimisation studies for snakebite
indication (Abouyannis et al., 2022). The second drug group are
the matrix metalloproteinase inhibitors (MMP1); these compounds
include a zinc-binding motif and directly interact with the active site
of these enzymes (Gutiérrez et al., 2021). Marimastat has emerged as
an exciting early candidate from this group; initially developed as an
anti-cancer drug, marimastat passed into Phase III clinical trials,
where ultimately development was halted due to lack of efficacy
(Winer et al., 2018). Marimastat exhibits broad and potent
inhibition of SVMP toxins in vitro (Xie et al., 2020; Menzies
et al, 2022) and exerts promising preclinical efficacy against the
local and systemic haemotoxic effects of several snake venoms in
small animal models (Albulescu et al., 2020b; Hall et al., 2022;
Menzies et al., 2022). Like DMPS, marimastat exhibits desirable oral
bioavailability (Millar et al., 1998), which is an exciting characteristic
for future snakebite therapeutics, as drugs could potentially be
rapidly administered in rural communities soon after a bite.
Reducing current delays to snakebite treatment is likely to
substantially improve patient outcomes (Gutiérrez et al, 2017).
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One of the other major potential benefits of drugs like DMPS and
marimastat is the opportunity to prioritise those with existing
clinical data or regulatory approvals, which could result in major
reductions in the time and costs associated with translating drugs to
market (Ashburn and Thor, 2004).

Although both DMPS and the PLA, inhibiting drug varespladib
have moved into clinical development for snakebite indication
(Abouyannis et al., 2022; Carter et al.,, 2022), the snakebite drug
portfolio remains extremely limited, with attrition a major risk.
There is a strong need to develop a broad portfolio of potential
snakebite drugs in the early hit discovery stage to allow the selection
of candidates with the highest chance of success, and to provide
multiple back-up compounds should a primary hit series fail during
hit-to-lead optimisation.

Consequently, in this study we performed a repurposed drug
screen to identify novel SVMP toxin-inhibiting drugs. We first
report on the validation of a high-throughput primary screen
assessing SVMP
~3,500 compounds per day. Next, we performed a drug discovery

capable of inhibition and processing
campaign by screening a commercial human pharmacopoeia library
consisting of 3,547 post-Phase I drugs, with the aim of identifying
hits for direct repurposing or as starting points for future medicinal
chemistry campaigns. The results of our screening campaign, the
first of its kind applied in the context of snakebite, yielded four novel

compounds with promise for downstream development.

2 Materials and methods
2.1 Venoms

Venoms were extracted from specimens of Echis ocellatus (likely
Echis romani following recent taxonomic reclassification (Trape,
2018), and awaiting molecular confirmation) (Nigeria), Crotalus
atrox (United States), and Bitis arietans (Nigeria) maintained within
the herpetarium at the Centre for Snakebite Research and
(CSRI) at the Liverpool School of Tropical
Medicine (LSTM). Crude venoms were pooled by species and

Interventions

lyophilised for long term storage at 2°C-8°C. Venoms from
Calloselasma  rhodostoma (Thailand) and Bothrops jararaca
(Brazil) were sourced from the historical collection of lyophilised
venoms at LSTM. Venoms were reconstituted to 10 mg/mL in sterile
Phosphate Buffered Saline (PBS) (Cat no: 20012027, ThermoFisher)

prior to use.

2.2 Drug stocks

Several matrix metalloproteinase inhibitors were commercially
((25,3R)-N4-[(1S)-2,2-Dimethyl-1-
[(methylamino)carbonyl]propyl]-N1,2-dihydroxy-3-(2-methylpropyl)

sourced, namely, marimastat
butanediamide, >99%, Cat no: 2631, Tocris Bioscience), prinomastat
hydrochloride (AG3340 hydrochloride, >98%, Cat no: HY-12170A,
MedChemExpress), tanomastat (4'-chloro-y-oxo-aS-[(henylthiol)
methyl]—[1,1’—biphenyl]—4-butanoic acid, >98%, Cat no: 19258,
Cayman chemicals), batimastat ((2R,3S)-N4-Hydroxy-N1-[(1S)-2-
(methylamino)-2-oxo-1-(phenylmethyl)ethyl]-2-(2-methylpropyl)-
3-[(2-thienylthio)methyl]butanediamide, >98%, Cat no: SML0041,
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Sigma) and  doxycycline  (6-Desoxy-5-hydroxytetracycline
>93.5%,
D9891, Sigma). The metal chelators dimercaprol (2,3-dimercapto-
1-propanol, >98% iodometric, Cat no: 64046, Sigma) and DMPS (2,3-

dimercapto-1-propane-sulfonic acid sodium salt monohydrate, 95%,

hydrochloride hemihydrate hemiethanolate, Cat no:

Cat no: H56578, Alfa Aesar) were also commercially sourced. Small
molecules with alternative toxin targets were tested as negative
drug controls; varespladib (2-[[3-(2-Amino-2-oxoacetyl)-2-ethyl-1-
(phenylmethyl)-1H-indol-4-ylJoxy]-acetic acid, >98%,
SML1100,  Sigma) and mesylate  ((6-
Carbamimidoylnaphthalen-2-yl)4-(diaminomethylideneamino)
benzoate methanesulfonic acid, > 97%, Cat no: ab141432, Abcam).
For the primary high-throughput screen (HTS) a bespoke
repurposed drug library (a combination of the HY-L035 and HY-

Cat no:
nafamostat

L026 libraries with overlaps removed) was purchased from
MedChemExpress. The library was curated by MedChemExpress
to contain a diverse chemical panel of 3,547 post-Phase I and
approved drugs that have completed preclinical and clinical
studies for a wide range of diseases, as well as having well-
characterised bioactivity, safety, and bioavailability properties,
them suitable for drug

making repurposing

(Supplementary Datasheet).

2.3 Drug preparations

Drugs were either supplied at 10 mM or reconstituted in
dimethyl sulfoxide (DMSO) (=299.7%, Cat no: D2650, Sigma) to
the same concentration and stored at —20°C. Daughter plates were
created with 40 pL per well of 1 mM stocks on V-bottomed 384-well
plates (Cat no: 781280, Greiner) to allow the creation of assay-ready
plates using a VIAFLO 384 electronic pipette (Integra), excluding
columns 1 and 24. Daughter plates and assay-ready plates were
stored at —20°C, with the latter used within a month of creation. For
SVMP assay-ready plates, 0.91 pL of each drug from the respective
daughter plate was plated, such that in the final assay volume of
91 pL, a final concentration of 10 uM was reached. Controls were
processed in a similar manner into columns 1 and 24 of each plate;
DMSO, PBS, 10 uM marimastat, and 50 nM marimastat, with each
condition repeated 4 times within each control column. In
secondary screening, dose response curves were created, with a
top final assay concentration of 10 pM and reaching sub-nanomolar
concentrations (concentration range was dependent on specific plate
layout), with each concentration tested in duplicate. For DMPS and
dimercaprol, dose response curves started at a concentration of
160 uM to account for reduced inhibitory potency compared to
other compounds, with each concentration tested in duplicate.

2.4 In vitro drug screening—neutralisation of
venom SVMP activity

The SVMP activity of crude venom in the presence of inhibitors
or vehicle control (DMSO) was measured using a quenched
fluorogenic substrate (substrate for MMPs, ADAMs and
Cathepsins, Cat no: ES010, Bio-Techne). The substrate was
diluted in reaction buffer (150 mM NaCl, 50 mM Tris-HCI
pH 7.5) and used at a final assay concentration of 7.5uM
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(supplied as a 6.2 mM stock). Reactions consisted of 1 pg of venom
in 15uL PBS co-incubated with 0.91 uL of inhibitor at a
concentration of 1 mM. The 384-well plate (Cat no: 781101,
Greiner) was briefly centrifuged in a Platefuge (Benchmark
37°C for 25min.
incubation, the plate was acclimatised to room temperature for

Scientific) and incubated at Following
5 min, before the addition of freshly prepared fluorogenic substrate
(75 pL 0f 9.2 uM). The plates were read on a CLARIOstar microplate
reader (BMG Labtech), at an excitation wavelength of 320-10 nm
and emission wavelength of 420-10 nm with 10 flashes per well at
25°C, at a pre-defined end read time. The end-read times were
selected independently for each venom, as the plateau point for the
venom + vehicle control (maximum fluorescence) identified in an
initial 1-h kinetic read.

The SVMP activity for the end-read data was calculated for each
test condition as a percentage of the mean of the venom + vehicle
wells (100% activity), with a baseline of the marimastat 10 uM
controls representing 0% activity (Supplementary Equation SI).
For the dose response screens, absolute half maximal effective
concentration (ECs,) values were calculated from the percentage
inhibition values by fitting a nonlinear regression curve for the
normalised response (variable slope) for each compound using
GraphPad Prism 9.0 (GraphPad Software, San Diego, United States).

In addition, these controls were used to calculate the Z prime
(Z') as a quality control measure for each screening plate
(Supplementary Equation S2).

2.5 Chemistry prioritisation

The repurposed HTS library was screened for common Pan-
Assay Interference compoundS (PAINS) substructures (Baell and
Holloway, 2010) using the in-built PAINS filter in the RDKIT
cheminformatics package version 2022.03.5 as implemented in
Python 2006).
Projection (TMAP) visualisation was performed using the TMAP
python module version 1.0.6. (Probst and Reymond, 2020). ADME
properties of hit molecules and radar plots were obtained using the

(Landrum, Tree Manifold Approximation

SwissADME web server (Daina et al, 2017). Compounds were
hand-picked based on their predicted ADME properties and
potential further optimisation.

3 Results

3.1 Optimisation for high-throughput
capability

The SVMP assay implemented here has previously been used for
quantifying venom activity and toxin inhibition and is based on the
adapted use of a commercial assay designed for human MMPs
(Albulescu et al., 2020b; Hou et al., 2021; Menzies et al., 2022;
Nguyen et al., 2022). The fluorescence-quenched peptide substrate
measures the activity of peptidases such as SVMPs which cleave the
amide bond between the fluorescent group and the quencher group,
resulting in an increase in fluorescence. When metalloproteinase
activity is inhibited, the quencher is undisturbed, resulting in only
background fluorescence. To increase the throughput of this assay,
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we implemented the use of robotics and associated adaptation of the
method described by Albulescu et al., 2020b, including reducing the
substrate concentration from 10 uM to 7.5 pM to minimise the cost
of completing a high-throughput screen. The 384-well assay was
semi-automated by utilising a VIAFLO 384-channel pipette which
allowed single-step addition of both the venom and substrate to the
assay-ready drug plates. This two-step protocol, in conjunction with
assay ready drug plates, could be utilised to test a panel of venoms in
a single batch run. The capacity to create assay-ready plates was
provided by the VIAFLO 384-channel pipette’s ability to stamp out
multiple plates from manually created master drug plates, enabling
creation of either single-dose primary screening or downstream
dose-response plates. The finalised high-throughput-compatible
method is demonstrated in Figure 1.

Through the adaptation to using end-point measurements
rather than the original 1-h kinetic measurement, the time
required to read a single plate was reduced to less than 100 s.
The endpoint was selected as the plateau point of substrate
cleavage, measured in triplicate. This endpoint was dependent on
the SVMP activity profile of the individual venoms selected; for
example, the endpoint for E. ocellatus venom was selected as 20 min
post substrate addition (drug vehicle control, DMSO in Figure 2A).
This provided the capacity to stagger multiple plate batches when
working with large drug libraries, thus increasing the throughput
capacity of the assay from a maximum of seven plates/day for a
kinetic read to a maximum of 21 plates/day with this endpoint read,
whilst maintaining a strong assay window.

The aim of this screening campaign was to identify novel
molecules with activity at <10 pM in the primary screen and,
ideally, exhibiting low nanomolar activity ECs, in secondary
screening comparable to marimastat’s ECs, demonstrated in
Figure 2B (Clare et al, 2019). Based on this, positive (10 uM
marimastat) and negative (vehicle) controls were included on all
screening plates as a quality control assessment. For E. ocellatus
there was a 16-fold assay window between the fluorescence of the
controls at the selected 20-min endpoint (351,812 and 21,354 for
2A).
Furthermore, to align with industry practice for drug discovery

vehicle control and marimastat, respectively) (Figure

campaigns, the controls were used to calculate Z' for each plate to
monitor the assay window and variation in the data as an additional
quality control step (Zhang et al., 1999). The Z' is indicative of how
discrete each control is; the closer the Z' value is to 1, the less likely
there is to be overlap between the positive and negative control
values. Therefore, the Z' of 0.93 emphasises the robust nature of this
readout due to a combination of large assay window and minor
variation in the data from 96 samples per control (Figure 2A).

3.2 Validation of the high throughput screen

To ensure that the optimised methodology was robust for HTS, we
assessed intra- and inter-plate signal uniformity across triplicate 384-
well plates containing either the negative control (vehicle control; plates
1-3) or the positive control (10 uM marimastat; plates 4-6). As seen in
Supplementary Figure S1A, there was signal uniformity both
horizontally and vertically across each plate (coefficient of variation
[CV%] between 2.42 and 3.93), though there was a degree of inter-plate
variance in raw signal values between repeated experiments, as best
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High-throughput SVMP screening workflow. This three-step screen is completed within 2 hours. Master drug plates are created with selected drugs

of interest and control samples including negative vehicle controls (DMSO) and positive controls (the SVMP inhibiting MMPi marimastat). Using the
VIAFLO 384 handheld electronic pipette (Integra), assay-ready drug plates are created by adding 0.91 pL of compound from a master plate. To initiate the
assay, 1 ug of venom is added and the plate is incubated for 25 min at 37°C, followed by a 5 min acclimatisation to room temperature (RT). The
fluorescence-quenched peptide substrate is added to all wells at a final concentration of 7.5 uM with a final assay volume of 91 uL including 10 pM of
drug. Following an incubation time selected based on the plateau point previously determined by a kinetic read (e.g., 20 min for Echis ocellatus in this
figure) the plate is read with triplicate endreads. Active drugs inhibit the ability of the venom to cleave the quencher off the fluorescent substrate, resulting
in a low fluorescent read out, whereas inactive drugs will give a high fluorescence read due to uninhibited venom activity.

evidenced by reduced signal in plate 1 compared to plates 2 and 3 (mean
270,148 vs. 360,521 and 391,484 fluorescence AU, respectively).
However, the assay window was still greater than 11-fold between
the lowest vehicle control signal (plate 1) and the highest marimastat
signal (plate 5). Normalising the data to percentage of inhibition based
on the positive and negative controls, with 10 UM marimastat
representing 100% inhibition, corrected this variance (Supplementary
Figure SI1B) and allowed for inter-plate consistency across a HTS for
identifying drug hits.

Following validation of positive and negative controls, we then
determined whether there was any inter-well interference when control
wells were interleaved; as this is a fluorescence-based assay, there is
potential for a high-signal well to bleed over into low-signal wells and be
erroneously detected. Consequently, full rows of wells in duplicate
(i.e, rows A + B, C + D, etc.) were plated containing PBS, DMSO, or
marimastat at either 10 uM or a suboptimal 50 nM concentration
(Supplementary Figure S2). Minimal variance was observed between
the positive (raw signal range from 275,763-409,939 across all plates)
and negative (raw signal range from 18,037-27,605 across all plates)
controls, confirmed by a CV% from the raw data of 3.24% or lower
across all conditions from all plates, and resulting in Z' of 0.89-0.94.
Although there is variation in the 50 nM control (percentage inhibition
ranges from 21.7% to 78.7%), the condition is clearly discrete from the
positive and negative readings. In addition, no spill-over into the
previously defined strong hit classification was detected (>80%
inhibition) (Supplementary Figure S2).

As avalidation screen, we tested a panel of drugs known to inhibit
the activity of snake venom toxins. These included metal chelators
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(DMPS and dimercaprol) and a broad range of MMPis (marimastat,
prinomastat, batimastat, tanomastat and doxycycline). In addition, we
included the drugs varespladib and nafamostat which are known to
target other snake venom toxins (PLA, and SVSP, respectively), but
not SVMPs, as negative controls. The observed ECsgs were as expected
based on prior experience, with marimastat, prinomastat and
batimastat all having strong SVMP inhibitory activity into the low
nanomolar range while the metal chelators, which are known to have
lower potency in this assay, displayed ECsps in the low micromolar
range (Figure 3). As expected, the negative control drugs exhibited no
activity at the top 10 uM dose tested, and therefore ECs, curves were
not created (Figure 3).

The strong, consistent Z' results and clear signal windows from
these validation experiments provided confidence to expand this
approach to four other medically important viper venoms. These
came from four distinct viper genera (family Viperidae) found on
four different continents, and were selected to account for well-known
variations in venom composition among snakes (Tasoulis and Isbister,
2017; Casewell et al., 2020), including variable SVMP content (Table 1).
All venoms were initially measured using the original kinetic read
method of the assay, and their fluorescence profile examined to
determine the plateau point of their respective fluorescence signals
(Figure 4A). Upon interrogation of these profiles, the following time
points were selected for endpoint read data collection: Echis ocellatus
and Calloselasma rhodostoma, 20 min; Crotalus atrox and Bothrops
jararaca, 30 min; Bitis arietans, 40 min.

The same inhibitors that were used to validate the initial
experiments with E. ocellatus venom were then applied to these
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FIGURE 2

Comparison of kinetic Area Under Curve (AUC) measurement and endpoint measurement. (A) Kinetic curve measurement of positive (10 uM
marimastat + venom) and negative (DMSO vehicle + venom) controls. Following the protocol outlined in Figure 1, kinetic measurement was taken for
60 min, and the AUC measurement calculated (n = 96). Dotted line indicates timepoint at which comparative endpoint reads were taken (20 min). (B)
ECso curve generated from positive and negative controls ran as a dose response plate created, starting at 10 yM and diluting 1:5 down to 128 pM.

Raw data from the 20-min timepoint was normalised to a percentage inhibition based on the positive (100%) and negative (0%) controls and plotted in a
dose-dependent manner (n = 2). The table demonstrates the raw values and Z' values for both methods of response calculation. Z' values were calculated
by comparison of positive and negative raw values across the respective test plates. Z' values range from 0 to 1, with values closer to 1 indicating clearly
defined positive and negative controls, with little to no overlap in values between controls. The ECsq of marimastat was calculated through nonlinear
trendline fit ([inhibitor] vs. normalized response—Variable slope) using Graphpad Prism version 9.
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FIGURE 3

The inhibitory potency of various drugs against the SVMP activity of E. ocellatus venom using the validated HTS assay. (A) Bar graph demonstrating

the percentage inhibition (when normalised to positive and negative controls) of compounds tested through the screening method. These include
chemical groups broadly known to inhibit SVMPs, namely, matrix metalloproteinase inhibitors (MMPi) and metal chelators. * indicates known inhibitors of
other snake venom toxin families (PLA, and serine proteases) used as negative controls. Dotted lines are present at the cutoff values for mediocre
(50% inhibition) and strong (80% inhibition) hit identification. (B) ECso data calculated for each compound from the 20-min endpoint read data.
Compounds with an ECsq displaying N/A did not cross the 50% inhibition threshold at any dose and therefore ECsgs could not be calculated.

additional venoms (Figure 4B). The same potency differences
between the metal chelators and the MMPis were observed with
the four new venoms with ECss of >500 nM maintained for the
metal chelators compared to <50 nM for the MMPis. This potency
difference between the two drug classes is likely due to their distinct
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mechanism of action (Albulescu et al., 2020b; Xie et al., 2020). There
were also differences between drugs of the same class; across all
venoms, DMPS produced lower ECs values relative to dimercaprol
(DMPS = 527-5,284 nM range across all venoms, average 2,248 nM;
dimercaprol = 558-6,860 nM, average 3,144 nM). Between the
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TABLE 1 Details of the venoms tested in the HTS and statistics on the resulting primary screen.

Snake species Geographical range SVMP % content Z prime range Hit rate (%)

Strong hits Mediocre hits

Echis ocellatus* West Africa 37.5% (Nigeria) 0.74-0.94 23 (0.6) 4(0.1)
Crotalus atrox South United States and Mexico 49.7% (United States) 0.76-0.94 19 (0.5) 5(0.1)
Calloselasma rhodostoma South-east Asia 41.2% (Indonesia, Malaysia) 0.78-0.96 17 (0.5) 5(0.1)
Bothrops jararaca Central South America 10.3-35.6 (Brazil) 0.71-0.88 35 (1.0) 37 (1.0)
Bitis arietans Throughout sub-Saharan Africa 21.1% (Nigeria) 0.74-0.91 21 (0.6) 22 (0.6)

Geographical range is taken from the TUCN, redlist. SVMP content sourced from Casewell et al., 2014 (E. ocellatus), Calvete et al.,, 2009 (C. atrox), Tang et al., 2016 (C. rhodostoma),
Gongalves-Machado et al., 2016 (B. jararaca), and Dingwoke et al., 2021 (B. arietans). *species likely to be E. romani following recent taxonomic reclassification (Trape, 2018).
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FIGURE 4

Identification of endpoint read times for each venom in the panel, and example ECsgs for each venom from the panel of known inhibitors. (A) Kinetic

read of venom-only activity in the SVMP assay to identify endpoint read times. Timepoint selection was based on the time at which quencher cleaving had
predominantly ceased, as indicated by a plateau in fluorescence values. Venoms with greater SYMP activity generally demonstrated earlier plateau (E.
ocellatus, C. rhodostoma) when compared to other venoms. Dotted lines and boxes indicate selected timepoint for the respective venoms. (B) Table
showing ECsq values of SVMP inhibitors from the known inhibitors when screened against the panel of five viper venoms as a dilution series.

MMPis, minimal difference was observed between the drugs foreach ~ compounds. Screening of the 11-plate library at 10 M against a

of the venoms tested, with all ECs, values lower than 50 nM against  single venom was possible in approximately 2 hours, depending on

all venoms. However, for all drug classes, the ECsos were higher  the venom being used for screening (20-min plateau time required

(~2-20 fold) against C. rhodostoma and C. atrox venoms compared 2 hours, 40-min plateau time required 2 hours and 20 min). This

to those obtained for B. arietans, B. jararaca and E. ocellatus venom.  throughput meant that the full screen of the library against all five

venoms was completed within 5 days. Consistent Z' of between

0.71-0.96 across all 11 screening plates for each venom (total of 55 x

3.3 Larger-scale screening of a repurposed 384 well plates) indicated that the robustness of the assay was
drug libra ry retained during the screening campaign (Table 1).

Normalised screening results were characterised into three

Following the full validation of the assay, we next embarkedona  discrete groups; non-hits (<50% inhibition compared to control),

HTS of a repurposed drug library consisting of 3,547 post-Phase I = mediocre hits (50%-80% inhibition), and strong hits (>80%
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FIGURE 5

Heatmap of the hits from the primary and secondary ECsq screen of the repurposed compound library. Left panels present the primary screen at
10 pM and right panels present the secondary dose response screen. (A) Percentage inhibition of 14 compounds identified as strong hits in three or more
venoms during the primary screening of the repurposed library (left) and ECsq data of 11 compounds progressed into the secondary screen (right). (B)
Percentage inhibition for six strong hits in the primary screen against at least two venoms (left) and ECsg (right). Wells demonstrating * indicate an

ECs0 was not calculated due to low activity at the highest doses.

inhibition). The hit rate for strong hits (>80% inhibition) ranged
from 0.5% to 1.0% depending on the venom screened, with the
highest rate of strong hits observed against B. jararaca venom
(35 hits, 1.0%) (Table 1). The lowest hit rates were observed
against C. rhodostoma and C. atrox venoms (17 and 19 hits
respectively; both ~0.5%). A greater disparity was observed in the
number of mediocre hits recovered (>50% < 80% inhibition), with
the highest number of hits observed against B. jararaca venom
(37 hits, 1.0%), followed by B. arietans (22 hits, 0.6%). Far fewer
mediocre hits were observed against the remaining venoms (E.
ocellatus, 4; C. atrox, 5; C. rhodostoma, 5), each representing only

Frontiers in Pharmacology

141

0.1% of the library. It is worth noting that this order of hit rate
correlates with the rank ordering of ECs, potencies described earlier
for known SVMP inhibitors, with C. rhodostoma and C. atrox
venom seemingly being more challenging to inhibit.

To prioritise hits for progression into secondary ECs, screening,
recovered hits were assessed for their consistent activity across all
five venoms (Figure 5). In total, we had 109 compounds that were
either a mediocre or strong hit in at least one venom, but of these,
only 10 were strong hits in all five venoms. A further four were
strong hits in at least three venoms and mediocre in the additional
two venoms. These 14 lead hits are presented in Figure 5A. There
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were a further six compounds with strong activity in two or three
venoms, but lacking activity (<50% inhibition) in the additional
venoms (apart from ethylenediamine tetracetic acid (EDTA), which
displayed strong activity in two venoms and mediocre in a third)
(Figure 5B). Of the remaining 89 compounds, inhibitory activity
varied between venoms, with 32 compounds (36%) identified as
strong hits against one venom (mainly B. jararaca) but lacking
activity in the remaining four venoms. This emphasises the value in
testing several venoms to maximise the chance of identifying pan-
species inhibitory activities.

Of the 14 hits with pan-species activity (Figure 5A), all except
three were progressed into secondary ECs testing. Evans Blue and
tannic acid were not considered further due to their high molecular
weights  coupled with known polypharmacology, while
broxyquinoline was considered an intractable starting point due
to previously reported toxic side effects (Strandvik and Zetterstrom,
1968; Baumgartner et al., 1979). The remaining 11 pan-species hits
included the known and previously described SVMP inhibitors
dimercaprol, marimastat and prinomastat (Rucavado et al., 2000;
Ainsworth et al.,, 2018; Albulescu et al., 2020b; Chowdhury et al.,
2021). These were progressed as additional controls in the ECs,
screen and exhibited inhibitory potencies
(i.e., Figure 5A in comparison with Figure 4B).

as anticipated

The remaining eight novel hits fell into three broad inhibitory
categories when tested against the five venoms in this secondary
screen (Figure 5A). Three drugs (XL-784, CTS-1027 and tosedostat)
had comparable ECs, activity (5-184nM) to marimastat and
prinomastat across all venoms. COTI-2 was slightly less active,
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carbamaiepine
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prinomastat
CTS-1027 f’
XL-784

FIGURE 6

cefotaxime

10.3389/fphar.2023.1328950

producing ECsps that were approximately 10-fold lower, though
these were still superior (>2 fold) to dimercaprol across all venoms
(ECs0s, 185-640 nM). The four remaining drugs (belinostat,
chlorothiazide, miglitol and trelagliptin) were less active than
dimercaprol, with ECsos greater than 1uM against each of
the venoms.

Although discovery of drug compounds with pan-species activity
was the overarching goal of this project, hits with strong activity against
two or more venoms were also progressed to ECs testing (Figure 5B) to
ensure valuable hits had not been excluded (e.g., false negatives against
certain venoms). We still excluded EDTA since it has been investigated
previously as a potential snakebite therapy and was found to be inferior
to other metal chelators (DMPS and dimercaprol), whilst having poor
therapeutic characteristics; high affinity for calcium, poor safety profile,
and requirement for slow intravenous administration (Flora and
Pachauri, 2010; Ainsworth et al., 2018; Albulescu et al., 2020a). Of
the remaining six hits in this category (Figure 5B), when tested in the
ECs screen, all displayed poor activity against all venoms (ECsgs >
1 uM), thus further validating the focus on hits with pan-species activity
in the primary screen.

3.4 Chemical space visualisation of the
hit compounds

To scrutinise this repurposed library from a structural activity
(SAR) Manifold
Approximation Projection (TMAP) to visualise the HTS chemical

relationship perspective, we used Tree

" betamethasone

miglitol

trelaglliptin

K d Evans Blue
broxyquinolone

\ fluvastatin

¥ tannic acid belinostat

Non Hit
Mediocre Hit
Strong Hit
Unfavourable

pafuramidine

Tree Manifold Approximation Projection (TMAP) representation of the chemical space covered by the HTS library. Non-hits are shown as pink
crosses, mediocre hits are shown as green squares, and strong hits are shown as blue triangles. Unfavourable hits are shown as yellow circles.
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space explored and to identify trends among closely related scaffolds
(Probst and Reymond, 2020). Briefly, TMAP displays chemical
space as a tree manifold displaying similar groups of compounds
as branches while the distance between each compound represents
similarity-we would therefore expect similar compounds to exist
within the same sub-branches. TMAP representation of our dataset
showed that the majority of the mediocre hits detected were
structurally distinct from other hits (Figure 6). However, for the
lead compounds, which included the four novel hits with nanomolar
ECsps (XL-784, CTS-1027, COTI-2 and tosedostat) and the known
SVMP inhibitors (marimastat, prinomastat and dimercaprol), this
approach allowed identification of two distinct groups: i) CTS-1027,
XL-784 and prinomastat—all lipophilic non-peptidomimetic
hydroxamate MMPis (Johnson et al, 2006; Kahraman et al,
2009) and
peptidomimetic SVMP inhibitor and a structurally similar

ii) marimastat and tosedostat—an established
compound, respectively. Dimercaprol and COTI-2 are visibly
isolated from the other hits in separate branches and exist as
singletons. This reduces confidence in the latter compounds as
starting points for optimisation due to lack of evidence of an
SVMP-inhibitory scaffold, with their closest neighbours in the
HTS showing no SVMP-inhibitory activity. This hypothesis is
further supported by the poorer performance of COTI-2 and
dimercaprol in secondary ECs, screens compared to other hits.
The structures of the lead compounds are presented in Figure 7.
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FIGURE 7

Structures of the seven lead SVMP compounds including three
known inhibitors (italics) and four novel hits with nanomolar ECsos
grouped by structural similarity determined by TMAP. Structures are
drawn by ChemDraw based on SMILES provided by the source of

the drug screening library.
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3.5 Assessment of absorption, distribution,
metabolism and elimination (ADME)
properties of the hit compounds

We used SwissADME to evaluate the predicted physicochemical
properties and drug-likeness of the seven lead compounds (Figure 7)
using their validated machine-learning models (Daina et al., 2017).
Predicted values indicating lipophilicity (XLOGP3), molecular
weight (MW), polarity (topological polar surface area, TPSA),
non-planarity (fraction of carbons in the sp3 hybridisation state,
Fsp3), molecular flexibility (number of rotatable bonds, RotB) and
solubility are provided in Table 2, alongside radar plots for
visualisation in Figure 8.

SwissADME assesses drug-likeness through design rules as
determined by Lipinski, Ghose, Veber, and Egan (Ghose et al,
1999; Egan et al., 2000; Lipinski et al., 2001; Veber et al., 2002). These
rules use the predicted ADME properties and defined thresholds to
determine whether a compound violates a rule. The number of
violations of these rules is summarised in Table 2. All compounds
possess no greater than 2 violations to any rule with the exception of
dimercaprol which possesses three Ghose violations due to
molecular weight < 160 Da, molar refractivity < 40 and total
number of atoms < 20 (Ghose et al, 1999). CTS-1027 and
COTI-2 have no violations across all 4 rules, whilst marimastat
and tosedostat have a single violation in Veber’s rule due to having
the number of rotatable bonds as > 9 (molecular flexibility).
Prinomastat has one violation in both Veber and Ghose design
rules due to its polarity (TPSA = 142.5 A%), though considering the
thresholds of these rules (TPSA > 140 A% and 131.6 A2, respectively)
these violations are minor. XL-784 is the only compound to have
violations across all four rules. This is due to its high molecular
weight and number of hydrogen bond donors (Lipinski and Ghose),
as well as its polarity and flexibility (Veber and Egan).

Outside the parameters used to determine rule violations,
SwissADME also profiles solubility by three methods; an
implementation of the ESOL method (Delaney, 2004), a model
adapted from (Ali et al, 2012), and a method developed by
SILICOS-IT (Daina et al., 2017). Low solubility of molecules may
cause issues with absorption. No hit compounds were found to be
poorly soluble (Table 2) supporting the insight from design rules
that the majority of hits are unlikely to experience issues with
absorption. Overall, assessment of predicted ADME properties
suggests that the novel hits CTS-1027, COTI-2 and tosedostat are
the most promising hits for optimisation, while XL-784 would
require more extensive optimisation of its ADME properties.

4 Discussion

SVMPs are a major snake venom toxin family responsible for

causing substantial pathology in snakebite patients, while
conventional antivenom therapies are often associated with a high
incidence of adverse effects, as well as financial and logistical
constraints. Consequently, efforts are being made to find
alternative therapies that could overcome these existing barriers for
victims of snakebite. Through validated miniaturisation of an existing
fluorometric assay and the application of liquid handling instruments,

we have developed a high-throughput screening platform with the
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TABLE 2 Selected SwissADME predicted properties of the seven lead SVMP compounds including three known inhibitors (italics) and four novel inhibitors.
Properties of concern based on violations of drug-likeness rules are indicated in bold.

Drug Lipophilicity MW Polarity Non- Molecular Drug likeness rule violations Solubility
planarity flexibility
Lipinski Ghose Veber Egan
Prinomastat 2.26 460.0 142.5 0.33 6 0 0 1 1 Moderate
CTS-1027 2.27 4259 110.3 0.32 7 0 0 0 0 Soluble
XL-784 1.85 548.9 145.9 0.33 11 2 1 2 1 Soluble
Marimastat 0.51 3314 127.8 0.80 11 0 0 1 0 Very soluble
Tosedostat 2.29 406.5 125.0 0.57 12 0 0 1 0 Soluble
Dimercaprol 0.19 124.2 97.8 1.00 2 0 3 0 0 Very soluble
COTI-2 2.54 366.5 88.7 0.37 4 0 0 0 0 Soluble

Lipophilicity: XLOGP3 is a method of LogP calculation based on the number of heteroatoms and number of carbon atoms. MW: molecular weight. Polarity: measured as the topological polar
surface area (TPSA). Non-planarity: the fraction of carbons with sp3 hybridisation. Molecular flexibility: the number of rotatable bonds. Drug-likeness rule violations: the values represent the
number of rule violations. Lipinski’s rule: MW < 500 g/mol, LogP < 4.15, hydrogen bond acceptors < 10 and hydrogen bond donors < 5. Ghose filter: 160 < MW < 480, LogP < 5.6, and 40 <
molar refractivity < 130 and 20 < number of atoms < 70. Veber’s rule: RotB < 10 and TPSA < 140. Egan’s filter LogP< 5.88 and TPSA < 131.6. Solubility: calculated using the widely used ESOL,
dataset and model. log S scale: insoluble (<-10), poorly soluble (~10 to —6), moderately soluble (-6 to —4), soluble (-4 to —2), very soluble -(-2 to 0) and highly soluble (>0).

capacity to screen ~7,000 individual compounds against a venom of
interest in a single day. Utilising this HTS platform, we screened
3,547 post-Phase I compounds in singleton at 10 uM against five
medically important viper venoms of diverse taxonomy, geographic
location and SVMP content. The robust nature of this HTS is
quantified by consistently high Z' across assay plates (0.71-0.96),
providing confidence in the results obtained. Out of the 0.4% hit rate
from the primary screen (14 strong pan-species inhibitors), after
secondary testing and assessment of physiochemical properties, four
discrete clusters of structurally similar strong (nM ECses) hit

compounds were identified (Figures 6, 7). Three hit compounds
(XL-784, CTS-1027 and tosedostat) shared structural similarities
with MMP inhibitors previously shown to also inhibit SVMPs
(marimastat and prinomastat (Howes et al, 2007; Arias et al,
2017; Albulescu et al.,, 2020b; Menzies et al., 2022)). XL-784, first
prepared by Exelixis, and CTS-1027 (also known as RS-130830),
originally prepared by Roche Bio-Science, are both known MMP
inhibitors, while both tosedostat and COTI-2 have unknown MMP
inhibitory activity. Due to the less favourable ECs, performance in the
secondary screen, COTI-2 was deprioritised as a backup compound.

prinomastat CTS-1027 XL-784
Lipophilicity Lipophilicity Lipophilicity
Mol. MW Mol. MW Mol. MW
Flex. Flex. Flex.
Non- Polarity ~ Non- Polarity ~ Non- Polarity
planarity planarity planarity
Insolubility Insolubility Insolubility
marimastat tosedostat COTI-2
Lipophilicity Lipophilicity Lipophilicity
Mol. MW Mol. Mw Mol. MW
Flex. Flex. Flex.
Non-A Polarity  Non- Polarity ~ Non- Polarity
planarity planarity planarity
Insolubility Insolubility Insolubility

FIGURE 8

Radar plots generated by SwissADME for lead compounds of interest. The shaded area represents the ideal range for oral bioavailability. Thresholds:
Lipophilicity: XLOGP3 between —0.7 and 5.0, Molecular Weight (MW): 150 < MW < 500 g/mol; Polarity: 20 < TPSA 130 A2, Insolubility: —log S < 6, non-
planarity: fraction of carbons in the sp3 hybridization not less than 0.25, and Molecular Flexibility (Mol.Flex.): no more than 9 rotatable bonds.
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Despite promising inhibitory potencies and ADME properties,
tosedostat retains a major limitation as a future SVMP inhibiting
drug. Tosedostat is a pro-drug that is metabolised into its active
form, which is an aminopeptidase inhibitor investigated for cancer
indications. This transformation involves cleavage of a labile ester
linkage by serum esterases to reveal a carboxylic acid necessary for
its aminopeptidase inhibitory function (Krige et al., 2008). As our
HTS was not carried out under the appropriate metabolic conditions
to generate tosedostat’s active metabolite, it can be assumed that the
anti-SVMP activity of this drug is mediated by its ester form. For our
purposes, hydrolysis to the free acid would add unnecessary polar
functionality which may have negative implications on absorption,
metabolism, and overall exposure at the target SVMPs in vivo. For
these reasons, we have deprioritised tosedostat for onward
development.

The ADME properties described in Table 2 and Figures 7, 8
suggest that XL-784 is perhaps less attractive due to its high
molecular weight, polarity, molecular flexibility, and number of
hydrogen bond acceptors—all of which are associated with poor
bioavailability, and XL-784 also has a reported low aqueous
solubility of 20 pg/mL (Williams et al., 2011b). For these reasons,
analogues of XL-784 with improved pharmacokinetic properties are
being evaluated in our medicinal chemistry program. CTS-1027 and
prinomastat provide the best medicinal chemistry starting points for
SVMP discovery due to their
physicochemical and structural properties and minor violations

future inhibitor desirable
of drug-likeness rules. However, it should be noted that CTS-
1027 and prinomastat were flagged in SwissADME as having
(PK)

previously progressed into Phase III trials where musculoskeletal

toxicity and pharmacokinetic concerns. Prinomastat
toxicity was observed in a significant proportion of patients that
received a treatment course of 15mg bi-daily dosing for
3-36 months, as well as an increased risk of venous
thromboembolic disease in cancer patients receiving combination
chemotherapy (Bissett et al., 2005). It is anticipated that these side
effects were due to inhibition of MMP-1. Consequently, a more
selective MMP/SVMP inhibitor will be pursued in our drug
discovery campaign to avoid joint toxicities. CTS-1027 previously
entered Phase II clinical trials for the treatment of hepatitis C, and a
range of serious adverse events were associated with the
administration of 30 mg per day for up to 24 weeks (e.g., single
incidences of anaemia, hematemesis, upper GI haemorrhage, chest
pain, staphylococcal abscess, prostate cancer and chronic
obstructive pulmonary disease) (Conatus Pharmaceuticals Inc,
2012). It should be noted that these toxicity concerns were
associated with a long-term treatment course and high drug
dosage, whereas projected snakebite therapy would likely only
involve short course dosing for perhaps up to 72 h. Additionally,
these side effects are reversible following treatment termination,
thereby avoiding permanent pathologies (Scatena, 2000).

The HTS assay described here identifies compounds that directly
inhibit the enzymatic activity of SVMP toxins (Neumann et al., 2004;
Gutiérrez et al, 2021). One limitation of this assay is that
compounds that inhibit SVMP activity through metal chelation
will not be observed as highly potent in our HTS and thus may not
be selected as hits for progression. This is important to note as the
metal chelator dimercaprol has been shown to successfully inhibit

SVMP activity in vivo, with the derivative DMPS currently being
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planned for progression into Phase II clinical trials for snakebite
(Abouyannis et al, 2022). Therefore, screening to identify
compounds with similar mode of action would require an
alternative screening model that better represents the phenotypic
nature of snakebite envenoming. Another caveat to consider is that
fluorescence-based drug screens are vulnerable to interference from
compounds that are either fluorescent quenchers (false positives) or
auto-fluorescent (false negatives) (Yang et al., 2020). Diversity based
screening libraries often contain compounds with several aromatic
rings in their structure which are inherently fluorescent in the lower-
blue range of the spectrum (excitation ~ 350 nm and emission of
450-495 nm) (Thorne et al., 2010). The emission wavelength of this
assay is 410-420 nm, therefore such false negatives are likely to be
minimal. Chemical scrutiny of hits prior to chemical selection can be
used to identify quenching moieties and deprioritised for onward
progression, while false negatives with auto-fluorescent characteristics
could be progressed into secondary assays if they possessed promising
structural similarities to known inhibitors or demonstrate inhibitory
activity in orthogonal, non-fluorescent assays.

Prior to the initiation of medicinal chemistry campaigns around
the two hit-to-lead compounds described here (CTS-1027 and
prinomastat), traction along a defined drug discovery pipeline
would be essential, inclusive of activity confirmation in additional
in vitro assays and critical evaluation PK/PD properties prior to
progression into in vivo testing. Although we do not anticipate
dropouts in in vivo experiments (MMPis such as marimastat and
metal chelators such as DMPS have previously displayed activity in
murine envenoming models (Albulescu et al., 2020a; 2020b; Menzies
et al., 2022)), discrepancies between in vitro enzymatic screening
and results from in vivo testing could occur due to the increased
degree of complexity of venom pathology in a biological system
rather than an enzymatic in vitro setting. For example, SVMPs
directly target the coagulation cascade through the activation of
factor X and/or prothrombin, which are effects that this current
enzymatic HTS platform cannot determine. Marimastat and
prinomastat are known to inhibit SVMP activation of the clotting
cascade, so a further set of experiments to confirm that hits identified
in this assay show similar inhibition of coagulopathy would be
beneficial as a tertiary screen (Mackessy and Stephen, 2009; Cabral-
Pacheco et al,, 2020). In addition to tertiary in vitro testing, the
pharmacokinetic and pharmacodynamic (PK/PD) properties of the
lead compounds need to be considered to allow for rational dose
design prior to progression into preclinical in vivo models. One
benefit of screening repurposed compound libraries, such as in this
HTS study, is that many of the compounds involved will have
already been subjected to human safety and efficacy testing, which
will provide data of value for considering human dose prediction.

As described above, we have identified two novel lead candidates
which are poised for progression along our drug discovery pipeline
(tertiary screening and PK/PD evaluation inclusive of informed dose
selection). Prinomastat and CTS-1027 are viable as parent
compounds for the establishment of medicinal chemistry
campaigns to develop the first designer toxin-specific small
molecule for the treatment of snakebite. To our knowledge, this
is the first time a validated, scalable HTS platform has been
demonstrated for the investigation of small molecule inhibitors
against medically relevant snake venom toxins. We hope that this
work will help to overcome barriers of throughput and accelerate the
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future identification of alternative snakebite therapeutics. In
addition to small molecules, this platform is amenable to use to
discover monoclonal antibody-based therapeutics (Knudsen and
Laustsen, 2018; Laustsen, 2018; Harrison and Gutiérrez, 2019;
Knudsen et al., 2019), as well as for high-throughput profiling of
SVMP activity from a diversity of venoms (e.g., macroevolutionary
or population-level analyses). The platform can also be utilised for
libraries of any size; smaller, rationally selected libraries can be
screened rapidly (e.g., analogues from a medicinal chemistry
campaign) and progressed directly to secondary ECs, screening,
whilst the scalability of this platform makes it equally applicable to
larger, more diverse libraries such as the ReFRAME collection
(12,000 small molecules which have reached clinical development
or undergone significant preclinical development (Janes et al,
2018)) and AstraZeneca’s open innovation programme
(AstraZeneca, 2022). Furthermore, it is feasible this HTS could
be scaled up further based on the precedence for ultra-HTS
discovery programmes which use the same fluorescent substrate
(Madoux et al., 2016; Hou et al., 2021).

Our ongoing work aims to develop and validate a drug discovery
pipeline from primary in vitro HTS through to preclinical testing,
paving the way for the discovery and development of novel snakebite
therapeutics against pathogenically important snake venom toxins.
The automated set up of this HTS platform has also been applied in
parallel to other toxin families, such as the PLA,s (Albulescu et al.,
2020b). Collectively, these studies have the potential to vastly
broaden the portfolio of preclinical stage small molecules for
snakebite with options for novel drug combinations directed at
distinct snake venom components. Following the long-term goal of
progression  through targeted
development regulatory approved oral drugs that can be rapidly
delivered in the community soon after a bite to alleviate the severe,

successful snakebite clinical

often life-threatening effects would provide a paradigm shift in
snakebite envenoming therapeutics (Clare et al., 2021; Gutiérrez
et al., 2021; Abouyannis et al., 2022; Carter et al., 2022).
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SUPPLEMENTARY FIGURE S1

Full-plate control data separated by column and row to demonstrate inter-
and intra-plate consistency. (A) Graphs demonstrating the raw data from
three independently-ran control plates, containing either full maximum
signal (vehicle: DMSO) or full baseline signal (10 yM marimastat), with values
split by row (left) or column (right). Consistently high vehicle values and
consistently baseline marimastat values can be seen irrespective of where
on the plate they are located. (B) Normalised data from the same experiments
as shown in (A). Normalisation of this data reduces inter-plate variation, as
can be seen with plate 1 compared to plates 2 and 3 in (A), without affecting
the separation of the positive and negative control signal windows.
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SUPPLEMENTARY FIGURE S2

Interleaved control data separated by column and row to demonstrate inter-
and intra-plate consistency. Graphs demonstrating the normalised results
from three independently-ran control plates, containing alternating rows
of maximum signal (vehicle: DMSO), baseline signal (10 uM marimastat),
venom vehicle (PBS) or a suboptimal dose of marimastat (50 nM). Values
ordered by row (top) or column (bottom). As with Supplementary Figure S1,
consistency can be seen in matched conditions regardless of the location of
the well on the plate, as well as between independently repeated plates. The
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Snakebite envenoming is a neglected tropical disease that causes as many as
1.8 million envenomings and 140,000 deaths annually. To address treatment
limitations that exist with current antivenoms, the search for small molecule
drug-based inhibitors that can be administered as early interventions has
recently gained traction. Snake venoms are complex mixtures of proteins,
peptides and small molecules and their composition varies substantially
between and within snake species. The phospholipases A2 (PLA;) are one of
the main pathogenic toxin classes found in medically important viper and elapid
snake venoms, yet varespladib, a drug originally developed for the treatment of
acute coronary syndrome, remains the only PLA; inhibitor shown to effectively
neutralise venom toxicity in vitro and in vivo, resulting in an extremely limited drug
portfolio. Here, we describe a high-throughput drug screen to identify novel PLA,
inhibitors for repurposing as snakebite treatments. We present method
optimisation of a 384-well plate, colorimetric, high-throughput screening assay
that allowed for a throughput of ~2,800 drugs per day, and report on the screening
of a ~3,500 post-phase | repurposed drug library against the venom of the
Russell's viper, Daboia russelii. We further explore the broad-spectrum
inhibitory potential and efficacy of the resulting top hits against a range of
medically important snake venoms and demonstrate the utility of our method
in determining drug ECsgs. Collectively, our findings support the future application
of this method to fully explore the chemical space to discover novel PLA,-
inhibiting drugs of value for preventing severe pathology caused by snakebite
envenoming.

KEYWORDS

high-throughput screening, drug discovery, toxin inhibitors, snake venom, snakebite
envenoming, neglected tropical disease
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Albulescu et al.

Introduction

Snakebite envenoming is a neglected tropical disease (NTD) that
results in ~140,000 deaths and 400,000 disabilities globally each year
(Gutiérrez et al., 2017). It disproportionately affects the low and
middle income countries (LMIC) of Asia, Africa, the Americas and
Oceania, and predominantly impacts isolated rural communities
(Harrison et al., 2009) for whom transportation to a clinic to receive
treatment can take >6 h (Sharma et al., 2004; Ogunfowokan, 2012;
Longbottom et al., 2018; Mise et al., 2018). The only approved
treatment for snakebite is antivenom - animal derived, polyclonal
antibody-based products generated via immunisation of equines or
ovines. Despite saving thousands of lives annually, antivenom comes
with several limitations, including risk of severe adverse reactions
such as anaphylaxis (de Silva et al, 2016), high cost, lack of
availability in many remote areas, and reliance on the cold chain
(Williams et al., 2011). Because of its requirement for intravenous
delivery, coupled with the need to manage potentially life-
reactions, antivenom can
medical

threatening  adverse

administered

only be
under supervision in a clinical
environment, which causes treatment delays and poor patient
outcomes. Finally, antivenom is highly species-specific due to
snake venom variation, meaning that an antivenom will
typically only be efficacious against those venoms included in
the immunising mixture (Chippaux et al, 1991; Gutiérrez
et al., 2017).

The diversity of snake venoms, each of which can consist of a
variable mixture of over >200 peptide and/or protein components
(Casewell et al., 2013), also complicates the clinical picture of
envenoming. Medically important venomous snakes fall into two
main families: Viperidae (vipers) whose bites are typically
characterised by causing haemotoxic and/or tissue destructive
effects, and Elapidae (elapids) whose venoms are typically
neurotoxic (Gutiérrez et al., 2017). This divergence in pathology
is driven by differences in the main toxin classes present, with viper
venoms often dominated by enzymatic toxins such as snake venom
metalloproteinases (SVMPs), group II phospholipase A, (PLA,),
and snake venom serine proteases (SVSPs), whereas non-enzymatic
three-finger toxins (3FTxs) and group I PLA,s are often the most
abundant in elapid venoms (Tasoulis and Isbister, 2017).

Since PLA,s are major contributors to the snakebite pathology
caused by most venomous snakes, understanding their mechanisms
of action can help us devise new treatments to mitigate their
pathological effects. Enzymatic PLA,s hydrolyse the sn-2 ester
bonds of cell membrane phospholipids, contain a catalytic
Asp49 residue and utilise Ca®>* as a cofactor. In contrast, non-
enzymatic PLA,s are Ca-independent and lack a negative charge
at position 49, with aspartic acid replaced by either a positive
(typically lysine) or non-charged amino acid (Kini, 2003;
Gutiérrez and Lomonte, 2013). Anticoagulant enzymatic PLA,s
are monomeric and have been described in both viper {RVV-
PFIlc from Daboia russelii (Chakraborty et al., 2002) and elapid
[e.g., Naja nigricollis (Kerns et al., 1999; Kini, 2005)]} venoms. On
the other hand, multimeric (including homo- or hetero-dimeric)
PLA,s are present in various venoms and can include both
enzymatic and non-enzymatic PLA, subunits, or can be formed
of complexes with other toxins which facilitate targeting of the
PLA,s to their site of action. For example, Oxyuranus scutellatus
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venom contains the trimeric catalytically active (Asp49) PLA,
taipoxin (Fohlman et al, 1976; Cendron et al., 2012), while
members of the pitviper genus Crotalus have heterodimeric
PLA,s which either have [e.g., crotoxin (Sampaio et al., 2010)] or
lack (e.g., CoaTX-II (Almeida et al, 2016)) enzymatic activity.
Additionally,
multicinctus consists of an enzymatic PLA, and a Kunitz-type

B-bungarotoxin from the elapid Bungarus
peptide heterodimer and exerts presynaptic neurotoxicity (Kwong
et al,, 1995). Intriguingly, enzymatic and non-enzymatic PLA,s can
also coexist in the same venom. One such example is the venom of
the pitviper Bothrops asper (terciopelo) which contains two types of
monomeric myotoxins: the enzymatic myotoxin-I and the non-
enzymatic myotoxin II, both of which destabilise the sarcolemma
before being internalised in the cell nucleus (Vargas-Valerio et al.,
2021). Given this diverse range of pathological effects, and the near
ubiquity of PLA, toxins across the variable venoms of medically
important snakes (Tasoulis and Isbister, 2017), broad-spectrum
neutralisation of the toxic effects of PLA,s would represent a
major step in the treatment of snakebite envenoming.

The concept of broadly targeting and neutralising a whole
venom toxin class, rather than focusing on species-specific
treatments, has recently gained traction in the snakebite
community (Bulfone et al, 2018; Clare et al., 2021; Gutiérrez
et al, 2021). Small molecule toxin inhibitors capable of
neutralising SVMP or PLA, toxins (Rucavado et al., 2004; Lewin
et al., 2016; Arias et al., 2017; Lewin et al., 2018a; Lewin et al., 2018b;
Bryan-Quirds et al., 2019; Albulescu et al., 2020a; Albulescu et al.,
2020b; Menzies et al., 2022), and which can be formulated as oral
drugs, have been proposed as rapid interventions to be given to
snakebite patients in the field soon after a snakebite. Such treatments
could possess several advantages over conventional antivenoms,
such as their potential for cross-species neutralisation through
generic inhibition of the active site of a class of toxins, improved
safety profiles, reduced cost over antibodies, and potential ease of
administration (Clare et al., 2021). The efficacy of such drugs has
been investigated in the context of both systemic (Rucavado et al.,
2004; Arias et al.,, 2017; Lewin et al., 2018a; Lewin et al., 2018b;
Albulescu et al., 2020a; Albulescu et al., 2020b) and local (Bryan-
Quirds et al, 2019; Albulescu et al, 2020a; Hall et al., 2023)
envenoming in in vivo preclinical models, and in the context of
both single drug treatments and combinations of inhibitors targeting
different toxin families. Among these, varespladib and its orally
bioavailable analogue methyl varespladib have been shown to be
highly effective in neutralizing the toxicity of both several viper and
elapid venoms in vitro and in vivo (Lewin et al., 2016; Lewin et al.,
2018a; Lewin et al., 2018b). Importantly, varespladib appears to
target both enzymatic and non-enzymatic PLA,s and leads to a
conformational change upon binding which renders the toxin
unable to access and act upon its substrate (Salvador et al,
2019). Although varespladib was originally developed for the
treatment of acute coronary syndrome (Chiara Ricci, 2015), it
has recently progressed into human clinical trials (phase II) in
India and United States for snakebite indication, in a drug
repurposing approach (Lewin et al., 2022). While this is a highly
promising development, the snakebite drug portfolio remains
limited, with no robust backup PLA,-inhibiting molecules in
place to offset the risk of attrition or failure during clinical
development. This is predominately because no concerted drug
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discovery screening efforts to identify novel PLA, inhibiting
compounds have been described to date.

Here, we present the first high-throughput screen (HTS) for
novel inhibitors capable of neutralising the PLA,-activity of snake
venoms. We describe the methodology and optimisation steps
leading to the validation of a 384-well plate colorimetric assay
capable of screening ~2,800 drugs/day, and report our findings
from the primary screening of a model ~3,500 compound, post-
phase I, commercial drug library. To account for the potential
influence of venom variation and varying inhibitory drug
potencies against distinct PLA, isoforms, we further explored our
hits for their broad-spectrum efficacy against a panel of diverse
snake venoms. We hope that the described methodology will prove
valuable to the snakebite community in its search for novel broad-
spectrum small molecule inhibitors directed against venom
PLA, toxins.

Methods
Venoms

Venoms were sourced from either wild-caught specimens
maintained in, or donated historical venom samples stored in,
the herpetarium of the Liverpool School of Tropical Medicine.
The venom pools selected encompassed vipers and elapids from
diverse geographical localities and were from: D. russelii (Sri Lanka),
(Nigeria), N.
(United States), N. naja (captive bred) and C. durissus terrificus

B. arietans nigricollis (Tanzania), C. atrox
(Brazil). Crude venoms were lyophilized and stored at 4 °C to ensure
long term stability. Prior to use, venoms were resuspended to 10 mg/
mL in PBS (pH 7.4, Cat no: 10010023, Gibco) and then further
diluted to 1mg/mL stock solutions in PBS for the described

experiments.

PLA, assay optimisation

The Abcam sPLA, assay (Cat No: ab 133089, Abcam) functions by
measuring the rate of hydrolysis of the sn-2 bond of a
phosphatidylcholine analogue, diheptanoyl-thio-phosphatidylcholine,
by secretory PLA,s (sPLA,s). Once hydrolysed, this substrate yields
a free thiol group that interacts with 5,5 -dithio-bis-(2-nitrobenzoic
acid) (DTNB), which is then converted into 2-nitro-5-thiobenzoic acid,
causing a change in colour which is measurable at 405 nm. This
conversion is measured kinetically and occurs at a linear rate until
the substrate is exhausted, at which point the absorbance plateaus.
Appropriate PLA, concentrations are determined to fit within the linear
range of the assay and a bee venom positive control is included with the
kit. The assay is designed for 96-well plates and is quite costly at
GBP£440/96 tests at the time of writing. We wanted to adapt and
miniaturise this methodology for high-throughput screening of PLA,
activity and inhibition in 384-well plates to decrease cost and increase
output, without compromising assay robustness.

To this end we miniaturised the assay 5-fold to a working
volume of 45puL, decreased the stock concentration of the
substrate from 1.66 to 1.33mM, and modified the reaction

volumes to enable the use of robotics. The final reaction
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consisted of 10 uL of snake venom diluted in assay buffer
(25 mM Tris-HCl, pH 7.5, 10 mM CaCl,, 100 mM KCl, 0.3 mM
Triton X-100), 5 uL of 4 mM DTNB in 0.4 M Tris-HCI, pH 8.0 and
30 uL of 1.33mM substrate stock in assay buffer. The final
concentrations of DTNB and that of the substrate in the assay
were 0.44 and 0.88 mM, respectively.

To determine PLA, inhibition, 0.5 uL of 1 mM drugs in DMSO
(=99.7%, Cat No: D2650, Sigma) were printed onto 384-well plates
using a VIAFLO384 384-channel electronic pipette (Integra). Then,
10 pL of snake venom at a concentration appropriate for the venom
being screened was added to the plates using the VIAFLO384 and
the plates were sealed with adhesive plate seals (Greiner BioOne),
spun down and incubated for 25 min at 37°C. To prevent the
degradation of any potential photolabile compounds, the plates
were wrapped in aluminium foil prior to the incubation
step. The plates were then taken out of the incubator and left to
acclimatise at room temperature for 5 min. Five microliters of 4 mM
DTNB and 30 pL of 1.33 mM substrate were then added sequentially
to the plates using the VIAFLO384, after which the plates were
immediately read kinetically on a CLARIOstar plate reader (BMG
Labtech) at 405 nm for 15 min (settings for a full 384-well plate were
11 flashes, 161 s cycle time).

Range finding for venoms

To determine working ranges for the various PLA,-rich venoms,
serial dilutions were performed for each venom. Initially, for venoms
such as D. russelii and N. nigricollis a large concentration interval
was tested ranging from 200pg to 2ug, but it was quickly
determined that the 1-100ng interval is usually sufficient to
identify an appropriate venom activity that falls within the linear
range of the assay. Therefore, for other venoms used for breadth of
inhibition tests a smaller concentration window was used.

Assay validation

Prior to conducting drug library screens, it was important to
assess whether any drift or edge effects occurred in our setup. To this
end, interleaved plates containing DMSO, assay buffer, 10 uM
varespladib (>98%, Cat no: SML1100, Sigma) and 10uM
(MMP)
previously used to inhibit snake venom metalloproteinase venom
toxins in vitro (Albulescu et al., 2020b); >99%, Cat No: M2699,
Sigma] were set up. These consisted of full rows of these compounds
in a repeating pattern (e.g., DMSO was in rows A, E, I, M, buffer was

marimastat [a matrix metalloproteinase inhibitor

in rows B, F, ], N, etc.) on a 384-well plate. The assay was conducted
as previously described using 20 ng/well of D. russelii venom across
the plate. This was repeated three times on different days. To
determine PLA, activity under each of these conditions, the slope
of each reaction was calculated by dividing the difference in
absorbance at 405 nm between the first two time points in the
linear range (t,~to) by time (in min) where t, was 2 min 41 s in this
case. These values were then inputted into the following equation:

A pmol __ slope x 0.045
min x mL/ (4.6 x 0.01)
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where A represents venom activity, 0.045 is a factor representing the
total volume of the assay (45 pL), 4.6 is the extinction coefficient of
DTNB in 384-well plates, and 0.01 represents the sample size of
10 pL. This activity is then converted into specific activity by
dividing the overall activity to the amount of venom in the
reaction in micrograms.

To assess the quality of the assay, we calculated Z prime values
across the plate by using the following formula:

L 30 (pos) - o (neg))
2 i (pos) — 1 (neg)

where o and p represent the standard deviations and means of the
positive (varespladib containing wells) and negative controls
(DMSO only containing wells), respectively. Acceptable assay Z's
are > 0.4, with increased values up to 1 representing highly robust
datasets. Plate means and coefficients of variation for the positive
and negative controls were also calculated.

Primary screening of the drug library

Following assay validation in 384-well format, a bespoke
repurposed drug library of 3,547 compounds was purchased from
MedChemExpress. This library (a combination of the HY-L035 and
HY-1026 libraries with overlaps removed) was curated by
MedChemExpress to contain a diverse chemical panel of post-
phase I and approved drugs that have completed preclinical and
clinical studies for a wide range of diseases. All drugs have well-
characterised bioactivity, safety, and bioavailability properties, making
them suitable for drug repurposing. Once in house this library was
formatted as 11 x 384-well stock plates containing drugs at a
concentration of 1 mM in DMSO. These were screened against
2ng/uL (20 ng/well) of D. russelii (Sri Lanka) snake venom, as
determined earlier. In addition to the blinded compounds on the
plates, control compounds were added to confirm that the assay had
performed appropriately. These controls included 10 uM varespladib
as a positive control (100% inhibition) and vehicle (DMSO) as a
negative control (0% inhibition). Assay-ready plates (ARPs) were
made by transferring 0.5 pL from each well of the stock plates onto
new 384-well plates, so that the layout of the ARP matched that of the
stock plate. Venom was added at 10 pL per well (20 ng venom/well)
across the plate, except for column 24 which received 10 uL of assay
buffer. These latter wells containing control drugs and assay buffer
served as the blank. The plates were incubated for 25 min at 37°C, then
left to reach room temperature for 5min. Next, 5uL of DTNB,
followed by 30 pL of substrate were added sequentially to the
wells, and the plate was immediately read kinetically on a
CLARIOstar multiwell plate reader at 405 nm (temperature set to
25°C, 15 min total read time, 161 s/read cycle). The data were analysed
as above by calculating the slopes of all reactions on the plate. The
average of the slopes of the blanks was then subtracted from each of
these values, and specific activity calculated as described and
expressed as umol/min/mL/ug of venom.

To determine percentage inhibition relative to the positive and
negative controls we applied the following formula:

% inhibition = < A_”—(pos)> % 100
i (neg) - u (pos)
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where A represents specific activity as determined for each sample,
and p (pos) and p (neg) represent the means of the specific activity in
the positive and negative controls, respectively.

Compounds that demonstrated inhibitory PLA, activity of at
least 60% compared to varespladib and venom alone were
progressed to allow retesting for confirmation of their activity.

Rescreening hits from the drug library

Thirty-six compounds from the MedChemExpress library were
identified as hits in the primary screen (9 strong at >80% and
27 mediocre between 60% and 80% inhibition of venom PLA,
activity). However, considering the primary screen was run in
singleton, we wanted to confirm whether 60% inhibition was an
appropriate threshold to allow us to identify true positives. These
compounds were thus selected and transferred onto one plate for
retesting together against D. russelii venom (20 ng/well). These
experiments were conducted and analysed as above, with n =
4 repeats per compound.

Retesting of top hits

To further confirm our top hits and assess breadth of inhibition
across venoms, the following compounds were ordered in from
commercial sources: (R)-(-)-Gossypol acetic acid (>98%, Cat No:
HY-15464A, MedChemExpress), DL-Borneol (Cat No: 23468,
Cayman Chemical), punicalagin (Cat No: 13069, Cayman
Chemical), quercetin dihydrate (>96%, Cat No: HY-NO0146,
MedChemExpress) and prasugrel hydrochloride (>98%, Cat No:
HY-15284A, MedChemExpress). Drugs were made into 1 mM
working stocks in DMSO, after which they were tested at a final
concentration of 10 uM against a variety of PLA,-rich venoms (D.
russelli, N. nigricollis, N. naja, B. arietans, C. atrox and C. durissus
terrificus. The amount of venom used in each case has been
described above in the “Range finding for venoms” section.

ECsp testing

To further explore the capabilities of the assay, ECs, curves were
generated for drug hits that displayed the best broad-spectrum
venom inhibition (gossypol, punicalagin and varespladib) against
three venoms: D. russelii, N. nigricollis and C. durissus terrificus.
Drugs were plated as before, starting at 10 uM followed by 2-fold
dilutions down to 5pM, with each dilution series plated in
quadruplicate. The data were analysed and expressed as described
above and the percentage PLA, inhibition values were used to
generate ECsps in Graphpad Prism 9 using a nonlinear regression
to fit the dose-response inhibition curve.

Computational chemistry

The HTS library was screened for common Pan-Assay
INterference compoundS (PAINS) substructures (Baell and
Holloway, 2010) using the in-built PAINS filter in the RDKIT
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Assay setup and miniaturisation. (A) Assay reaction principle. (B) Examples of venoms optimised for work under HTS conditions. Various venom
concentrations were explored to ensure they were within the linear range of the assay (20, 10 or 5 ng shown here), and then inhibition of PLA, activity by
10 uM varespladib (var) was tested. Data shown represents the reaction rate, with bars showing the mean of duplicate readings and error bars
representing standard error. Significance is displayed above the graphs with p-values p < 0.05 (**) and p < 0.5 (*) shown.

cheminformatics package version 2022.03.5 as implemented in
Python (Landrum et al, 2020). Tree Manifold Approximation
Projection (TMAP) visualisation was performed using the TMAP
python module version 1.0.6 (Probst and Reymond, 2020). The
DataWarrior open source program was used to calculate the Ligand
efficiency metrics (Sander et al., 2015). LogP and heavy atom counts
were calculated using StarDrop™ ADME QSAR module (Version
7.3, Optibrium, Ltd., Cambridge, United Kingdom).

Results

Optimising a commercial sPLA, assay for
HTS screening of drug libraries

To best utilise commercial drug libraries as a source for novel
PLA, inhibitors, we first needed to identify and optimise a screening
method that would allow us to fully explore the chemical space. To
this end, we took advantage of the commercially available Abcam
secretory PLA, kit (ab133089), which we miniaturised and adapted
for use in 384-well format using robotics (see Methods, Figure 1A).
This resulted in a 5-fold scale-down of the assay volume and
decreased substrate concentrations to allow increased sample
throughput while reducing the cost. Using the kit-supplied bee
control, we

venom as a positive

concentration ranges for a representative viper (D. russelii) and

determined  working

elapid (N. nigricollis) snake venom, with 10-fold dilutions ranging
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from 200 pg to 2 ug of venom tested. Our findings demonstrated
that 20 ng of D. russelli and 5ng of N. nigricollis venom were
sufficient to display at least equivalent activity to the positive bee
venom control, while still falling within the linear range of the assay
(Supplementary Figure S1). We next demonstrated that 10 uM of
the gold standard PLA, inhibitor, varespladib, inhibited venom
activity to baseline readings for both viper and elapid
venoms (Figure 1B).

To further test the applicability of our adapted assay for large
scale screening we next investigated assay reproducibility across the
384-well plate and replicability between different batches of 384-well
plates. To determine intra-plate and inter-plate variability, we ran
three identical interleaved plates containing D. russelii venom on
different days. The plate setup (Figure 2A) accounted for all drugs
being dissolved in DMSO; as such the DMSO-only control is a proxy
for venom alone (negative control), whereas the varespladib control
represents a positive control (100% inhibition). Marimastat, a
peptidomimetic inhibitor of a different class of venom toxins (the
snake venom metalloproteinases), and assay buffer, both of which
are not expected to neutralise PLA, activity, were also included in
the panel as additional controls (marimastat at a concentration of
10 uM). The signals across the plate after blank subtraction were
expressed as activity (umol/min/mL/ug venom) and are displayed in
Figures 2B-D. The venom only controls (labelled “DMSO”) and the
two controls, which do not inhibit PLA, activity, displayed values of
6-8 pmol/min/mL/pg venom, which are venom-dependent. When
PLA, activity was inhibited with varespladib this dropped sharply,
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Assay optimisation for high throughput screening. (A) Plate map showing interleaved controls across the 384-well plate. D - DMSO (dark blue), B -

buffer (red), V - varespladib (light blue), M - marimastat (magenta). (B) Signal variability across runs (n = 3) expressed as the average activity across each
384-well plate with standard deviation (SD) represented by error bars. (C) Signal consistency (n = 3) expressed as the average activity for each column
across all 384-well plates with corresponding SD shown by error bars. No drift is observed from column 1 to 24. (D) The signal variability for each row

containing the same control (DMSO, buffer, 10 uM varespladib or 10 uM marimastat). The average of all 24-data points/row across 3 plates is displayed for
each condition—e.g., for DMSO/venom only, rows 1-4 indicate rows A, E, | and M. A minimal decrease in activity is noted from A to M, but this still allows
for a significant window of detection between the positive and negative controls. (E) Quality control statistics for each interleaved plate tested including

mean values, coefficients of variation (CVs) of controls and Z’ values.

allowing us to establish a baseline (100% inhibition). No differences
were noted between the average signal values on each of the three
plates, suggesting good reproducibility of the method (Figure 2B).
Similarly, when variability was assessed on a column or row basis, we
noted no drift across columns (1-24) and only a minimal change in
activity from the top to bottom rows — a reflection of the time it takes
the instrument to read the plate in real time (Figures 2C, D). Our
data suggest that under these conditions we can obtain a reliable
assay window between our positive and negative controls in which to
measure PLA, inhibition by various drugs. The full plate by plate
data is provided in Supplementary Figure S2. We calculated
resulting Z-primes, which represents a measure of assay quality
(Zhang et al., 1999), where the threshold routinely set for such assays
is indicated by a Z' > 0.5. Values from each of our three runs
were >0.6, thereby confirming the
method (Figure 2E).

robustness of our

Screening a commercial drug library for
novel PLA, inhibitors

Following method validation, we next wanted to test the ability
of our assay to identify novel PLA, inhibitors by screening a
commercial drug library. To this end, we purchased a bespoke
library sourced from MedChemExpress, which we screened
against the medically important and PLA,-rich venom of D.
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russelii (Faisal et al., 2021; Laxme et al., 2021). The library was
curated to contain diverse chemistry of 3,547 approved or post-
phase I clinically trialled drugs (i.e., diversity of those that have
previously completed preclinical and clinical studies for a wide range
of diseases), as well as having well-characterised bioactivity, safety
and bioavailability properties, making them amenable for drug
repurposing. The drugs were plated at a final assay concentration
of 10 uM in 384-well format with controls on either side of the plate.
As our assay setup allows for a throughput of ~2,800 drugs/day/
venom, we were able to complete the screen for this library in under
2 days using single point measurements. The percentage inhibition
of PLA, activity was calculated relative to the positive (varespladib,
set at 100%) and negative (DMSO, venom-only, 0%) controls and
resulted in nine strong hits (percentage inhibition >80%, 0.25% hit
rate) and 27 mediocre hits (percentage inhibition 60% < x < 80%,
0.76% hit rate). The majority of drugs are not significant inhibitors
of PLA, activity and fall within the —10% to 30% inhibition interval,
with the data following a gaussian distribution as confirmed by the
Shapiro-Wilks test for normally distributed data (W = 0.97,
p-value = 2.13e-26) (Figure 3A).

We next selected all hits displaying >60% inhibition and
independently rescreened them in the assay (Figures 3B, C). With
one exception (salvianolic acid A), strong hits were consistently
confirmed as PLA, inhibitors in the subsequent independent runs
(Figure 3B), with average inhibition values of at least 60% in eight of the
nine hits, and at least 80% in five of the nine hits. Varespladib, which is
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FIGURE 3

Screening of a commercial library and assessing hit reproducibility for strong and mediocre hits. (A) Visualisation of the distribution of hits, with
strong hits highlighted in red (>80%) and mediocre hits in light blue (60% < x < 80%). (B) Percentage PLA; inhibition for strong hits. The original data from
the screen and rescreens are presented, and the median value (3 < n < 5) across all datasets is displayed with SDs. Below, a heat map displaying the values

identified in the original screen versus the average values in the rescreen (2

<n<4)ispresented. (C) Percentage PLA, inhibition for mediocre hits with

SDs, with heat map below showing the original screen value versus the average value in the rescreen (bottom). Drug names are presented underneath

each heat map.

also part of the MedChemExpress commercial drug library, was also
detected as a hit with >99% inhibition of PLA, activity. Conversely,
mediocre hits were much more variable and, when retesting, the
majority were revealed as false positives; only three of the
27 originally detected mediocre hits displayed average inhibition
values of >40% upon rescreen (between 43% and 53% inhibition,
Figure 3C). This suggests the need to implement a stringent cut-
off—in this case the application of the “strong hit” threshold of 80%
inhibition appears appropriate—and reconfirm hits before progressing
any drugs into downstream analyses.
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Of the strong hits recovered, gossypol, a phenolic compound
derived from the cotton plant, appeared three times as an
independent hit (mean inhibition between screen and rescreen of
89.2%, 89.2% and 76.6% for R-(-)-gossypol acetic acid, gossypol
acetic acid and gossypol, respectively). Other plant compounds we
recovered were punicalagin (mean inhibition of 71.7%), a
compound found in pomegranates, tannic acid (92.1%), a
polyphenol found in various woody plant species, and DL-
borneol (95.1%), a terpene derivative from the teak family.

Additionally, prasugrel hydrochloride, a platelet aggregation
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inhibitor, was also among our top hits (mean inhibition of 83.9%).
We decided to pursue all strong hits with average inhibition values
of >70%, including R-(-)-gossypol acetic acid, DL-Borneol,
punicalagin, and prasugrel hydrochloride. Tannic acid was
excluded from this selection as it is a likely false positive since it
is known to react with the exposed -SH group present in the
substrate and prevent the reaction between the latter and DTNB
(Chen et al., 2022).

PAINS filtering of drug hits

All compounds were virtually screened for substructures common
to Pan-Assay INterference compoundS (PAINS) (Baell and Holloway,
2010). In our approach we screened the structures of all compounds for
known PAINS substructures and flagged compounds containing these
structures as being more likely to represent a false positive result. Out of
all the strong and mediocre hits identified in the primary HTS, we
identified 15 PAINS flagged structures (Supplementary Figure S3) of
which four were strong hits. Gossypol, punicalagin, tannic acid and
salvianolic acid were all flagged as PAINS positive due to containing
catechol moieties—a moiety known to be have promiscuous reactivity,
redox activity and to chelate metal jons (Matlock et al., 2018).

As previously mentioned, tannic acid was excluded due to
documented reactivity with free thiols (Chen et al, 2022). Gossypol
was also flagged due to containing the catechol moiety, but also for
containing reactive aldehyde groups which have been documented to
form Schiff bases with primary amines (Kovacic, 2023). This is supported
by the identification of gossypol as a promiscuous compound using data-
mining and deep-learning approaches (Yu et al, 1997; Bisson et al,
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2016). Despite this limitation, owing to its documented inactivation of
PLA, in prior biochemical assays, we carried gossypol forward for further
inhibitory profiling (B.-Z. Yu et al,, 1997).

While lacking any reports of promiscuous behaviour in HTS,
punicalagin, like tannic acid, is a naturally occurring tannin and
contains many catechol moieties which may lead to false positives in
our assay. This is supported by single-digit micromolar potency or
less in 17 separate reported bioassays on the Chembl database
(https://www.ebi.ac.uk/chembl/compound_report_card/
CHEMBL416615/, 2023).
punicalagin was further shown via rescreening to inhibit PLA,

accessed  September Nevertheless,

activity and was taken forward for further characterisation.

Visualisation of the HTS dataset

To visualise the HTS chemical space and to identify trends
among closely related scaffolds identified as PLA, inhibitory
molecules we employed Tree Manifold Approximation Projection
(TMAP) (Probst and Reymond, 2020). TMAP visually represents
chemical space as a tree-like manifold, grouping similar compounds
into branches based on their proximity, revealing meaningful
patterns and relationships within chemical space.

Visualisation of our dataset (Figure 4) shows that mediocre and
strong hits are well distributed across the manifold with most
mediocre hits isolated from other compounds. Most strong hits,
including those flagged for containing PAINS related substructures,
are similarly isolated on sub-branches, with the exception of
varespladib and prasugrel, which share their sub-branches with
mediocre hits fiboflapon and vicagrel, respectively. Fiboflapon is
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FIGURE 5

The PLA; inhibitory capability of selected strong hits against different snake venoms. (A) Geographical distribution of a selection of PLA,-rich venoms
spanning both viper and elapid snakes. Images either belong in the public domain or are displayed under a creative commons license; photographers
Gary Stolz (C. atrox), Leandro Avelar (C. durissus terrificus), Kelly Abram (B. arietans), Lucy Keith-Diagne (N. nigricollis), Dr. Raju Kasambe (N. naja) and
Tushar Mone (D. russelli). (B) Heat map displaying PLA; inhibition values (in percentages) of selected drugs against those six venoms. Drugs were
assayed at a top dose of 10 yM against an optimised venom amount which elicited a strong signalin the assay: D. russelii (30 ng), N. naja (40 ng), B arietans
(40 ng), C. atrox (30 nq), N. nigricollis (5 ng) and C. durissus terrificus (12.5 ng). Varespladib was used as the positive control and was normalised as 100%

inhibition.

a potent inhibitor of 5-lipoxygenase-activating protein which shares
a common N-aryl-2,3-disubstituted indole core with varespladib.
Similarly, vicagrel, a closely related analogue of prasugrel, is an
antiplatelet prodrug based on clopidogrel and which is converted
sequentially by esterases and cytochrome P450 enzymes into an
active metabolite common to both prasugrel and clopidogrel. The
close proximity of these two strong hits to closely related moderate
hits is suggestive of common inhibitory scaffolds.

Exploring the breadth of inhibition and
potency of selected strong hits

As our original screen only assessed PLA, inhibition for D.
russelii venom, we wanted to understand whether our remaining hits

Frontiers in Pharmacology

were able to inhibit the PLA, activity of a variety of PLA,-rich
venoms at a top dose of 10 uM. As such, we chose venoms spanning
a wide spectrum of geographical locations from Asia, Africa, South
and North America, including both vipers (Crotalus atrox and
Crotalus durissus terrificus from the Crotalinae subfamily and
Bitis arietans from Viperinae) and elapids (Naja naja and N.
nigricollis) (Figure 5A). This is important, because while both
vipers and elapids have PLA, toxins in their venoms, these
evolved independently via the duplication of different genes
encoding different PLA, subclasses (IIA and IB, respectively)
(Lynch, 2007; Fry et al, 2008). Following approved industry
practices, we commercially sourced re-synthesised versions of our
top hits to ensure their inhibitory activity was maintained
independent of the material present in the commercial drug
screening library. In addition to our selection of remaining
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Testing the PLA; inhibitory potency of the top three drug hits against diverse snake venoms. (A) ECso curves of venom PLA, inhibition for R-
(-)-gossypol acetic acid, punicalagin and varespladib against three snake venoms (D. russelii, C. durissus terrificus and N. nigricollis). Curves were
generated using 2-fold drug dilutions (n = 4), which spanned the 5 pM - 10 yM concentration range. (B). ECsq values for the drugs against the three
venoms. The crossed-out space denotes that the ECso was not reported as the top inhibitory dose (10 pM) did not yield >80% inhibition of

PLA, activity.

strong hits, we also chose to test quercetin dihydrate, a compound
which was previously shown to inhibit enzymatic PLA,s from C.
durissus terrificus venom (Cotrim et al., 2011), and was initially
recovered as a mediocre hit (inhibition value >70%) but failed to
inhibit D. russelii venom in the rescreen (Figure 3C).

Gossypol, punicalagin and prasugrel hydrochloride all displayed
PLA, inhibition values above 72% against the venom of D. russelii,
with gossypol and punicalagin exhibiting considerable breadth of
inhibition against a selection of viper and elapid venoms (>70%
inhibition against four venoms for gossypol and >80% inhibition
against three venoms for punicalagin, Figure 5B). Interestingly, the
new stock of quercetin dihydrate led to 42% inhibition of the PLA,
activity of D. russelii venom, and also partly inhibited the PLA,
activity of C. durissus terrificus venom (~65%), in line with previous
reports (Cotrim et al., 2011). However, the ineffectiveness of
quercetin at inhibiting the PLA, activities of the other four
venoms tested (all <15% inhibition), coupled with its known
promiscuity (Giannetti et al., 2008), likely limit its translational
potential. Despite being a strong hit in both the primary and
rescreen of the library, DL-borneol did not re-test as a hit against
any of our six venoms, perhaps indicating issues with compound
resynthesis. Contrastingly, the known PLA, inhibitor varespladib
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(also our positive control) displayed the best cross-species
effectiveness, with potent PLA, inhibitory activity observed
against all six diverse snake venoms, reducing readings to control
levels. These findings highlight that this previously described drug
remains the standout inhibitory molecule for inhibiting PLA,
venom toxins, despite the increased chemical space explored in
this commercial drug library screen.

To better explore the potency of our broad-spectrum hits, we
next decided to generate ECs, curves for our three top performing
drugs (varespladib, gossypol, and punicalagin) against three venoms.
We chose the venoms of D. russelii, C. durissus terrificus and N.
nigricollis because, with one exception (gossypol against N.
nigricollis venom), all venoms were effectively inhibited by all
three drugs at the top dose of 10 uM (Figure 5B, at least 71%
inhibition). Our range of drug serial dilutions covered a
concentration interval from 5pM to 10uM (Figure 6A).
Varespladib was consistently the most potent PLA, inhibitor
with ECsps ranging from 500 pM against D. russelii venom to
5.5nM against C. durissus terrificus. Gossypol was slightly more
effective than punicalagin for the two viper venoms tested
(Figure 6B) with ECsps in the low nanomolar range (94.1 and
69.1 nM for D. russelii and C. durissus terrificus respectively), but
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provided only partial inhibition for N. nigricollis venom at the top
dose tested (10 uM). Similarly, punicalagin was most effective
against the venom of C. durissus terrificus (ECsq of 166.9 nM),
but its potency decreased to intermediate levels for the other two
tested venoms (558.7 and 270.2 nM for D. russelii and N. nigricollis
venoms respectively). Overall, these data demonstrate that the
validated screening assay enables the identification of novel
inhibitors that display strong to moderate inhibition against
snake venom PLA,s and that our methodology is appropriate for
broad-spectrum efficacy and ECs, testing.

Discussion

Here we present the miniaturisation of a colorimetric assay
which allowed us to assess PLA, activity in snake venoms in a high
throughput manner. We show that this methodology allows for a
throughput of ~2,800 drugs/day/venom and is therefore suitable for
determining broad-spectrum inhibitory activities and potencies of
novel PLA, inhibitors of value for snakebite drug discovery. We have
optimised the assay to ensure reproducibility within and between
384-well plates, and which resulted in 7' values of >0.5. Using the
commercially sourced MedChemExpress repurposed drug library
we demonstrated the applicability of the assay for snakebite drug
screening, and identified novel compounds capable of neutralising
Our further
contextualised varespladib as a potent and broad inhibitor of

venom PLA, activities. screening  activities
snake venom phospholipase toxins.

One important consideration for identifying hits was the
stringency of our self-imposed cut-offs, with more stringent
cut-offs ultimately required to ensure reproducibility given the
relatively narrow assay window. As such, we defined strong hits
as those exhibiting >80% PLA, inhibition and these were
validated in follow-up experiments to possess a true positive
rate of 88.9% (8 out of 9). Contrastingly, false positives were
abundant in the inhibitory interval initially assigned as mediocre
hits (60% < x < 80%; 24 out of 27 initial mediocre hits; 88.9%
FPR), leading us to largely exclude these from follow-up studies.
One exception was quercetin, a compound retained because it
was previously shown to inhibit the enzymatic PLA, activity of C.
durissus terrificus venom (Cotrim et al,, 2011). Although we
confirmed this activity against this same venom in our assay
(Figure 5), this compound was not effective against other
venoms, and thus appears not be a potent broad spectrum
PLA, inhibitor.

Among the nine strong hits identified from the primary
screen, we noted an abundance of plant-derived compounds
such as gossypol (isolated from cottonseed), punicalagin (a
compound found in pomegranates), salvianolic acid A (from
Salvia miltiorrhiza which is used in traditional Chinese
medicine) and tannic acid (a polyphenol found in many plant
species). Tannic acid likely represents a false positive as it is
known to react with the exposed -SH group present in the assay
substrate, thereby preventing its reaction with DTNB (Chen
et al., 2022), and thus was excluded from follow up studies.
Further, while salvianolic acid A failed to reproducibly inhibit D.
russelii venom in the rescreen and was dropped from

downstream experiments, both gossypol and punicalagin
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consistently displayed inhibition of at least >59% of the PLA,
activity of this venom. Gossypol was a hit in our library in three
different instances (R-(-)-gossypol acetic acid, gossypol acetic
acid and gossypol) and displayed inhibitory values between 95%
and 100% against D. russelii venom (Figure 3B).

Gossypol is an orally active polyphenolic aldehyde which was
trialled as a male contraceptive in the 1970s in China and shown to
be efficacious and well tolerated at a dose of up to 20 mg/day (Liu
et al.,, 1987; Coutinho et al., 2000). It is non-teratogenic (Beaudoin,
1985) and was shown to induce G0/G1 cell cycle arrest, inhibit DNA
replication and lead to apoptosis (Zhang et al., 2003). In addition,
gossypol inhibited proliferation in non-small cell lung carcinoma
cells (Wang et al,, 2018). While gossypol is flagged for PAINS
associated substructures, and is documented as being a
promiscuously reactive compound (Bisson et al., 2016; Matlock
et al, 2018; Kovacic, 2023), we carried gossypol forward for
further characterisation owing to reported inhibition of secreted
PLA, activity (B. Z. Yu et al., 1997). In our assay, gossypol showed
broad-spectrum PLA, inhibition across various viper and elapid
venoms (Figure 5B), with at least 64% neutralisation of PLA, activity
across four other venoms when tested at 10 uM. However, gossypol
appears to more effectively inhibit viper venom PLA,s (type IIA),
with 71%-98% inhibition observed against the four viper species,
compared with only 30% and 64% inhibition against the two elapid
venoms (type IB PLA,) (Figure 5B). This was also the case based on
calculated ECsgs, which were in the nanomolar range for the two
viper venoms (C. durissus terrificus, 69.1 nM; D. russelii at 94.1 nM),
while an ECs, could not be precisely estimated for the elapid N.
nigricollis due to a lack of complete inhibition at the highest
dose tested.

One other plant-derived hit displaying >79% PLA, inhibition
across three snake venoms was punicalagin, one of the largest
phenolic compounds known to date. Punicalagin was shown to
possess antioxidant, anticancer and anti-inflammatory activity
(Seeram et al., 2005; Danesi and Ferguson, 2017; Berdowska
et al, 2021) while being non-toxic at high doses in rodents
(Cerda et al, 2003). Punicalagin was also flagged as containing
PAINS related substructures in our virtual screen, however
promiscuous biological activity has not been reported. While
showing a more reduced spectrum of inhibition against the
different snake venoms when compared to gossypol, punicalagin
did display higher nanomolar ECsys against both viper and elapid
venoms, with a value of 166.9 nM against C. durissus terrificus and
270.2 nM against N. nigricollis venom, though reduced potency was
observed against D. russelii venom (558.7 nM) (Figure 6). In
these plant-derived compounds, the platelet
aggregator inhibitor prasugrel failed to provide more than
mediocre inhibition against any of the other snake venoms tested

contrast to

(>50% inhibition observed for only two venoms). While prasugrel
was found to possess poor broad-spectrum activity, visualisation of
HTS chemical space brought the closely related platelet inhibitor
vicagrel as a mediocre hit—this suggests that their common scaffold
may have inherent, albeit weak, PLA, inhibitory activities.
Despite the application of the optimised PLA, inhibition assay
for the discovery of novel venom toxin inhibitors via a high
throughput screening approach, none of the hits identified
exhibited equivalent or superior PLA, inhibitory potencies to that
of varespladib (potent inhibition against the six diverse venoms at
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10 uM and ECss in the 0.5-5.5 nM range across all three venoms
tested) (Figures 5, 6), which represents the current “gold standard”
PLA, inhibitor in snake venom research (Lewin et al., 2016; 2022;
Clare et al, 2021). Moreover, in addition to the limitations
associated with reduced potency and inhibitory breadth, the
phenolic compounds identified in our screen are relatively large
molecules  possessing  several  structural  characteristics
(Supplementary Figure S3; Supplementary Table S1), which
render  them
development purposes.

To be considered for lead development, a compound

suboptimal ~ for  progression for  drug

requires suitable physicochemical properties in addition to
specific target affinity. Beyond the rule of five (Lipinski,
2000), ligand efficiency (LE) and ligand lipophilicity efficiency
(LLE) are two metrics in modern early drug discovery that
predict the affinity and quality of screened hits against a
target (Hevener et al., 2018). The LE metric calculates ligand
affinity using activity values (percentage inhibition values in this
case) and the number of heavy atoms (Hopkins et al., 2004) and
as such the values depend on their molecular weight. On the
other hand, LLE accounts for the lipophilic properties of the
molecules (LogP). Candidate drugs possessing higher LE and
LLE metrics should be preferred during target-based drug
discovery programs when compared to active ligands against
that target (Leeson and Springthorpe, 2007). In addition,
Gleeson (Gleeson, 2008), suggested that along with good
activity profiles, lower molecular weight and LogP values
must be emphasized in hit compounds for improved ADMET
properties. Amongst our hits, LE values decreased with an
increase in molecular weight/heavy atoms. When compared to
varespladib, gossypol and punicalagin both displayed decreased
LE metrics (Supplementary Table S1) due to their larger heavy
atom count. In addition, while salvianolic acid and punicalagin
presented similar LLE metrics to varespladib (accounted by their
lower logP approximations), they had some of the lowest LE
metrics among our strong hits. Together, these characteristics
make gossypol and punicalagin suboptimal molecules for further
progression.

Although varespladib retains exciting promise pending
forthcoming snakebite clinical trial outcomes (Lewin et al.,
2022), the high attrition rate of drug development provides a
strong rationale to continue the search for novel PLA,
inhibiting compounds. To that end, we are currently utilising
the methodology described herein to explore the wider chemical
space covered by several other drug libraries. We believe this
approach will be useful for identifying novel repurposed drugs
in the field of snakebite envenoming, as well as allowing for the
initiation of medicinal chemistry campaigns to rationally
optimise hits by improving DMPK characteristics amenable
to snakebite indication.

Despite our success in miniaturising this assay and markedly
reducing cost, we are aware that research kits for determining
PLA, activity remain scarce and expensive, especially for
researchers based in LMIC where snakebite is prevalent. This
could be addressed by companies either producing cost-effective
detection kits in line with demand as the use of these kits
expands, or by exploring the use of alternative, more
affordable, PLA, substrates, which could then be incorporated
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into newly validated laboratory methodologies alongside use of
appropriate home-made buffers.

In conclusion, we have successfully miniaturised a commercial
PLA, assay for high throughput screening and validated it for
snakebite drug discovery purposes using snake venom. We show
that the method is robust and applicable for screening of PLA,
inhibitors across various distinct snake venoms, but that it also has
the potential for wider applications, including exploring the
inhibitory potential of other therapeutic molecules for snakebite
(i.e., monoclonal antibodies) and those outside this specific field
(i.e., in the context of other venoms, and/or human or bacterial
phospholipases). In addition, the HTS approach and platform have
also been successfully used in our lab to screen for inhibitors of other
toxin families (SVMPs, Clare et al., 2024). Overall, we hope that this
will prove to be a valuable approach that will enable the development
of improved therapeutics for treating the world’s tropical
snakebite victims.
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