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Abstract

In this study, we investigated the action of varespladib (VPL) alone or in combination
with a coral snake antivenom (CAV) on the local and systemic effects induced by
Micrurus corallinus venom in rats. Adult male Wistar rats were exposed to venom (1.5
mg/kg — 1.m.) and immediately treated with CAV (antivenom:venom ratio 1:1.5 ‘v/w’ —
1.p.), VPL (0.5 mg/kg — 1.p.), or both of these treatments. The animals were monitored
for 120 min and then anesthetized to collect blood samples used for haematological and
serum biochemical analysis; after euthanasia, skeletal muscle, renal and hepatic tissue
samples were collected for histopathological analysis. M. corallinus venom caused local
oedema without subcutaneous haemorrhage or apparent necrosis formation, although
there was accentuated muscle morphological damage; none of the treatments prevented
oedema formation but the combination of CAV and VPL reduced venom-induced
myonecrosis. Venom caused neuromuscular paralysis and respiratory impairment in
approximately 60 min following envenomation; CAV alone did not prevent the
neurotoxic action, whereas VPL alone prevented neurotoxic symptoms developing as
did the combination of CAV and VPL. Venom induced significant increase of serum
CK and AST release, mostly due to local and systemic myotoxicity, which was partially
prevented by the combination of CAV and VPL. The release of hepatotoxic serum
biomarkers (LDH and ALP) induced by M. corallinus venom was not prevented by
CAYV and VPL when individually administered; their combination effectively prevented
ALP release. The venom-induced nephrotoxicity (increase in serum creatinine
concentration) was prevented by all the treatments. VPL alone or in combination with
CAV significantly prevented the venom-induced lymphocytosis. In conclusion, VPL

shows to be effective at preventing the neurotoxic, nephrotoxic, and inflammatory



52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

In vivo treatment with varespladib, a phospholipase A2 inhibitor, prevents the peripheral neurotoxicity and
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activities of M. corallinus venom. In addition, VPL acts synergistically with antivenom
to prevent a number of systemic effects caused by M. corallinus venom.
Keywords: Elapidae snake; M. corallinus venom; neurotoxicity; local and systemic

toxicity; varespladib; antivenom; neutralization.

1. Introduction

Coral snakes (Micrurus spp.) are exclusive species from the family Elapidae
found in Americas (Costa and Bérnils, 2018; Nogueira et al., 2019; Silva Jr. et al.,
2021a). Envenomations by these snakes are potentially severe due to the neurotoxic
action of their venoms, with the most important clinical aspects of the envenomation
encompassing neuromuscular blockade, respiratory failure and death (Parrish and Khan,
1967, Kitchens and Van Mierop, 1987; Silva Jr. and Bucaretchi, 2003; Warrell, 2004;
Bucaretchi et al., 2006; Bucaretchi et al., 2021; Floriano et al., 2021).

In the last two decades, the composition of coral snake venoms has been
systematically investigated through transcriptomic (Ledo et al., 2009; Correa-Netto et
al., 2011; Margres et al., 2013), proteomic (Olamendi-Portugal et al., 2008; Ciscotto et
al., 2011; Correa-Netto et al., 2011; Fernandez et al., 2011; Rey-Sudrez et al., 2011;
Bénard-Valle et al., 2014; Vergara et al., 2014; reviewed by Lomonte et al., 2016) and
biochemical (Mebs, 1970; Aird and Silva Jr., 1991; Tan and Ponnudurai, 1992; Silva Jr.
and Aird, 2001; Tanaka et al., 2010) approaches, revealing two main groups of toxins:
1) classic a-neurotoxins that block primarily postsynaptic nicotinic (cholinergic)
receptors (nAChR) and are part of the three-finger (3FTx) family of toxins, and 2)
phospholipase A> (PLA>) B-neurotoxins that cause neuromuscular blockade by acting

primarily on presynaptic sites to inhibit the release of acetylcholine (ACh) from nerve
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terminals (Aird et al., 2017; Aird and Silva Jr., 2021; Floriano et al., 2021; Gutiérrez et
al. 2021; Prasarnpun et al., 2005; Ranawaka et al., 2013).

Micrurus corallinus, a monadal tricolored coral snake, occurs mainly in the south
and southeast regions of Brazil, being also found along the east coast (Silva Jr. et al.,
2021b) (Figure 1), and is identified as the most likely species to inflict a medically
important bite in this country (Bucaretchi et al., 2021). Transcriptomic (Ledo et al.,
2009), proteomic (Correa-Neto et al., 2011), and biochemical (Aird and Silva Jr., 1991;
Silva Jr. et al., 1991; Tan and Ponnudurai, 1992; Silva Jr. and Aird, 2001; Tanaka et al.,
2010) analyses have demonstrated that M. corallinus venom contains the main classes
of toxins commonly found in Micrurus venoms, being characterized by approximately
82% of 3FTx and 12% of PLA» (Correa-Neto et al., 2011; Ledo et al., 2009). In line
with the presence of PLA detected through transcriptomic and proteomic analysis, this
venom exhibits PLA; activity which has been associated with pain, oedema,
myonecrosis and neuromuscular blocking activities (Aird and Silva Jr., 1991; Tan and
Ponnudurai, 1992; Tanaka et al., 2010; Vital-Brazil and Fontana, 1983/84; Zambelli et
al., 2017). The neurotoxicity of M. corallinus venom is characterized by neuromuscular
blockade mediated by pre- and post-synaptic mechanisms of action, with predominance
of the former (Vital-Brazil and Fontana, 1983/84; Vital Brazil, 1987).

The heterologous coral snake antivenom used to treat envenomations by Micrurus
species throughout the Brazilian territory consists in immunoglobulins raised in
hyperimmunized horses using a pool of Micrurus frontalis and Micrurus corallinus
venoms, being supplied by Instituto Butantan (IB, Sao Paulo, SP), Fundagao Ezequiel
Dias (FUNED, Belo Horizonte, MQG) and Instituto Vital Brazil (IVB, Niteroi, RJ). In
order to search for useful therapeutic alternatives to complement antivenom therapy, or

even its replacement in extreme situations, recent studies have demonstrated the
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efficacy of varespladib, a synthetic molecule clinically tested to inhibit the
inflammatory cascades of several diseases associated with high levels of secreted PLA>
(Varespladib, 2011), to suppress the systemic effects caused by several venoms and
toxins from Elapidae and Viperidae snakes (Lewin et al., 2016; Bittenbinder et al.,
2018; Lewin et al., 2018; Wang et al., 2018; Bryan-Quiro6s et al., 2019; Salvador et al.,
2019; Gutiérrez et al., 2020; Oliveira et al., 2020; Zinenko et al., 2020; Youngman et
al., 2020; Dashevsky et al., 2021; Liu et al., 2021).

In this study, we have investigated the potential use of varespladib (LY-315920)
alone and in combination with a bivalent coral snake antivenom (anti-M.
corallinus/anti-M. frontalis — FUNED) on the acute systemic effects induced by M.
corallinus venom in rats using clinical, hematological, biochemical, and

histopathological approaches.

2. Materials and methods

2.1. Reagents and venom

Varespladib (LY-315920) was obtained from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA) and coral snake antivenom was from Fundacao Ezequiel Dias
(FUNED, Belo Horizonte, MG, Brazil); varespladib was dissolved in DMSO prior to
use. Micrurus corallinus venom was provided by Center for Biological Studies and
Research of the Pontifical Catholic University of Goias (Goidnia, GO, Brazil) through
Dr Nelson J. Silva Jr.; a lyophilized pool of venom obtained from one female adult

snake was stored at =20 °C and dissolved in ultrapure water prior to use.

2.2. Animals
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Wistar rats (300-350 g; 2—3 months old) obtained from Central Bioterium of the
University of Western Sao Paulo (UNOESTE, Presidente Prudente, SP, Brazil) were
housed in plastic cages (3 animals/cage) with a wood-shaving substrate, at 23 = 1 °C on
a 12-h light/dark cycle with lights on at 6 a.m. The animals had free access to food and
water. The experimental procedures were approved by an institutional Committee for
Ethics in Animal Use (CEUA/UNOESTE, Protocol No. 6082/2020) and were done
according to the general ethical guidelines for animal use established by the Brazilian
Society of Laboratory Animal Science (SBCAL) and Brazilian Federal Law No. 11.794
of October 8, 2008, in conjunction with the guidelines for animal experiments

established by the Brazilian National Council for Animal Experimentation (CONCEA).

2.3. Experimental design

The animals were transferred to the Experimental Bioterium of the University of
Western Sao Paulo (UNOESTE, Presidente Prudente, SP, Brazil) and allowed to adapt
for two weeks, under the same conditions as described above, before initiating the
experimental procedures. The animals were then randomly distributed in six
experimental groups (7 = 6 per group) identified as: group G1 (control) — intramuscular
‘t.m.” (gastrocnemius muscle) injection of 0.9% saline; group G2 (M. corallinus venom)
— 1.m. injection of venom at a dose of 1.5 mg/kg; group G3 (M. corallinus venom +
coral snake antivenom ‘CAV’) — i.m. injection of venom (1.5 mg/kg) immediately
followed by intraperitoneal ‘i.p.” injection of CAV at an antivenom:venom ratio of 1:1.5
(v/iw); group G4 (M. corallinus venom + varespladib ‘VPL’) — i.m. injection of venom
(1.5 mg/kg) immediately followed by i.p. injection of VPL at a dose of 0.5 mg/kg;
group Gs (M. corallinus venom + VPL + CAV) — i.m. injection of venom (1.5 mg/kg)

immediately followed by i.p. injections of VPL (0.5 mg/kg) and CAV [1:1.5 (v/w)]. The
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animals were monitored before (To) and at various intervals (T30, Teo, Too and T120 min)
as described below (section 2.4.) and finally euthanized by an overdose of thiopental
(Cristalia®, Sdo Paulo, SP, Brazil) to collect blood samples for hematological and
biochemical analysis, as well as samples of gastrocnemius muscle (right ‘location of
venom-injection’ and left hind limbs), kidney, and liver for histopathological analysis.
To induce acute toxicity in rats, the dose of 1.5 mg of venom/kg (i.m.) was chosen
based on pilot experiments in order to produce paralysis and respiratory impairment
within at least 120 min post envenomation. The ability of the bivalent coral snake
antivenom produced by Fundagdo Ezequiel Dias (FUNED, Belo Horizonte, MG, Brazil)
to neutralize the M. corallinus venom-induced local and systemic effects in rats was
assessed by administering antivenom via i.p. at an antivenom:venom ratio of 1:1.5 (v/w)
immediately after injecting the animals by via i.m. with venom (1.5 mg/kg); this
antivenom:venom ratio was based on the manufacturer’s stated neutralizing capacity for
the antivenom (1 ml of antivenom neutralizes 1.5 mg of M. frontalis venom). The
minimum effective dose of varespladib (0.5 mg/kg) and its lack of toxicity was
confirmed in pilot experiments. Fig. 2 summarizes the experimental design described in

this section.

2.4. Clinical monitoring

The clinical monitoring (To ‘basal’, T30, Teo, Too and T120 min ‘post exposure to
venom’) consisted in measuring: (a) the auricular temperature using a digital
thermometer; (b) locomotor activity using a semi-quantitative toxicity scale; (c) local
oedema formation using Image J software (National Institute of Health, Bethesda,
Maryland, USA), as essentially described elsewhere (Ledao-Torres et al., 2021); and (d)

macroscopic monitoring for necrosis formation and occurrence of local or widespread
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bleeding. At Ti20, animals were subsequently anesthetized by a non-lethal dose of
thiopental (1.8 mg/kg, i.p.) and subjected to intracardiac puncture in order to obtain
blood samples. Blood samples were collected in EDTA coated tubes for hematological
analysis or with sodium citrate coated for hemostatic analysis (BD Vacutainer® tubes);
blood samples, without anticoagulant, were also collected for biochemical serum
analysis. Finally, animals were euthanized by an overdose of thiopental in order to
obtain muscle (gastrocnemius), renal, and hepatic tissue samples for histopathological
analysis. The action of VPL alone or in combination with CAV to prevent the venom-
induced lack of locomotor activity was determined based on a semi-quantitative toxicity
scale (severity score) using the open field test. A cage with walls to prevent escape was
divided by grid lines into nine squares (155 cm? each), with (0) indicating a complete
absence of paralysis (more than 15 times crossing the grid lines), (1) indicating a slight
lack of locomotor activity (between 10 and 15 times crossing the grid lines), (2)
indicating a moderate lack of locomotor activity (between 5 and 10 times crossing the
grid lines) accompanied by respiratory impairment, and (3) indicating a severe lack of
locomotor activity (less than 5 times crossing the grid lines or no locomotor activity)
accompanied by intense respiratory impairment, as essentially described elsewhere

(Ledo-Torres et al., 2021).

2.5. Haematological analysis

Erythrocytes, haemoglobin, haematocrit, mean corpuscular volume (MCV), mean
corpuscular haemoglobin (MCH), mean corpuscular haemoglobin concentration
(MCHC), red blood cell distribution width (RDW-SD), and total leukocyte count were
determined using the POCH-100 1V DIFF haematology analyser (Sysmex do Brasil

Industria e Comércio Ltda., Sdo José dos Pinhais, PR, Brazil). For differential counting
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of leukocytes, blood smears were stained with Diff-Quick (Panotico® — Laborclin
Produtos para Laboratorios Ltda., Pinhais, PR, Brazil) and then analysed under an E-
200 Nikon light microscope (Nikon Inc., Tokyo, Japan) at 100x magnification. The
concentration of fibrinogen was determined by calorimetric technique using a
refractometer ATC-ITREF-200 (Instrutemp Instrumentos de Medi¢ao Ltda., Sdo Paulo,
SP, Brazil) and the results were expressed as mg/dL. The total plasma protein (TPP)
concentration was quantified by the ATC-ITREF-200 refractometer (Instrutemp
Instrumentos de Medi¢ao Ltda., Sdo Paulo, SP, Brazil) and the results were expressed as
g/dL. Clotting tests for activated partial thromboplastin ‘APTT’ (code 731080-C) and
prothrombin ‘PT’ (code 730100-1-C) were performed using Wama Diagndstica®
commercial kits for a quick timer Coagmaster 4.0 (Wama Diagnostica Produtos para

Laboratorios, Sao Carlos, SP, Brazil).

2.6. Serum biochemical analysis

Serum biomarkers for systemic myotoxic, nephrotoxic, and hepatotoxic activities
were determined using Cobas C111 commercial kits (Roche Holding AG, Basel,
Switzerland) for creatine kinase ‘CK’ (code 07442017-190), aspartate aminotransferase
‘AST’ (code 04657543-190), creatinine ‘Cr’ (code 05401755-190), alkaline
phosphatase ‘ALP’ (code 04657373-190), alanine aminotransferase ‘ALT’ (code
04718569-190), and lactate dehydrogenase ‘LDH’ (code 05401674-190). The assays

were performed using a Cobas C111 analyser (Roche Holding AG, Basel, Switzerland).

2.7. Histopathological analysis
After collecting the blood samples, the animals were subsequently euthanized by

an overdose of thiopental and subjected to dissection in order to collect skeletal muscle
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(gastrocnemius muscle — right ‘location of venom-injection’ and left hind limbs), renal,
and hepatic tissue samples. The samples were immediately fixed in 10% formaldehyde
overnight and then washed for 30 min in 0.1 M phosphate-buffered saline and 30 min in
distilled water prior to storage in 70% ethanol overnight. The samples were dehydrated
in graded ethanol (80%, 95% and 100%), cleared in xylene (1:1 ethanol:xylene, 1:1
xylene:paraftin) and finally embedded in paraplast. Serial sections of 3—5 sections per
sample (5 um thick), separated from each other by 25 um, were cut and mounted on
plain glass slides for hematoxylin—eosin (HE) staining. Blind slide reading was carried
out through a Leica ICC50HD camera coupled to a Leica DM750 light microscope
(Leica Microsystems, Wetzlar, Germany) and the images were then captured and
analyzed qualitatively using a LAS 4.2 software (Leica Microsystems, Wetzlar,
Germany). The morphological changes and frequency of lesions were compared among
the treatments based on a lesional score, as essentially described elsewhere (Gerez et al.,

2015; Grenier et al., 2011).

2.8. Statistical analysis

Results were expressed as the mean + SEM and statistical comparisons were
performed with Student’s #-test or one-way ANOVA followed by the Tukey test, with
p < 0.05 indicating significance. In histopathological analysis, Dunn’s test was applied
to evaluate the lesional score. All data were analyzed using Microcal Origin 8 SR4 v.
8.0951 (Microcal Software Inc., Northampton, MA, USA) and GraphPad Prism 4 v.

4.03 (GraphPad Software Inc., La Jolla, CA, USA) software.

3. Results

10
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3.1. Clinical aspects of the experimental envenomation by Micrurus corallinus in
rats and treatment with coral snake antivenom (CAV) and varespladib (VPL)

M. corallinus venom (G2) administered into gastrocnemius muscle elicited intense
local oedema after 120 min of envenomation, with no macroscopic evidence of necrosis
or subcutaneous haemorrhage; the immediate i.p. administration of CAV (Gs), VPL
(Ga) or both these agents (Gs), did not reduce the venom-induced oedema. None of the
animals showed evidence for oedema, necrosis formation or haemorrhage in the
contralateral gastrocnemius muscle after 120 min of envenomation. There was no
apparent systemic haemorrhage in those animals exposed to venom alone (Gz) or treated
with CAV and/or VPL (G3, G4 and Gs) during the 120 min of observation period
(Supplementary material, Table S1).

All animals exposed to M. corallinus venom alone (G2) evolved to moderate
peripheral neurotoxicity within 30 min of envenomation (severity score: 2) and then to a
more pronounced condition after 60 min of envenomation (severity score: 3); two
animals died before the end of the 120 min of monitoring period, whereas the other four
progressed to hypothermia and severe respiratory impairment. In group Gs, the CAV
did not prevent the neurotoxic action of M. corallinus venom, with all the animals
evolving gradually to a severe peripheral neurotoxicity (severity score: 3) from 90 min
of envenomation; one animal died before completing the 120 min of monitoring,
whereas the other five progressed to hypothermia and severe respiratory impairment.
However, in animals within group G4, VPL alone reduced the severe neurotoxicity
observed in groups Gz and G3 to a moderate effect from 90 min of envenomation
(severity score: 2); there were no deaths in this group. Finally, the combined treatment
with both agents (Gs) resulted in the best rescue of the venom-induced peripheral

neurotoxicity, with only one animal evolving to severe clinical condition (severity

11
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score: 3), while the other five presented only a slight reduction of locomotor activity
(severity score: 1); there were no deaths in this group (Figure 3; Supplementary

material, Table S1).

3.2. Serum biochemical changes produced by M. corallinus venom in rats and
treatment with coral snake antivenom (CAV) and varespladib (VPL)

In animals exposed to M. corallinus venom alone (G2), there was a significant
increase of serum CK after 120 min of envenomation (p < 0.05 compared to G
‘control’, n = 6) accompanied by increase of muscle fraction-derived AST (p < 0.05
compared to G; ‘control’, n = 6). Venom-induced serum CK and AST release were
partially reduced by CAV or VPL when administered individually (Gz and Ga,
respectively), whereas the combination of both agents (Gs) prevented the increase of
these biomarkers by approximately 41% and 29%, respectively (p < 0.05 compared to
G: ‘venom’ for both CK and AST, n = 6) (Figure 4A and 4B). Venom (G) significantly
increased the levels of serum creatinine concentration after 120 min of envenomation
(» <0.05 compared to G ‘control’, n = 6), with CAV and VPL preventing in
approximately 24% (p < 0.05 compared to G2 ‘venom’, n = 6) and 20%, respectively,
this alteration when administered individually; the combination of these agents
prevented in approximately 30% (p < 0.05 compared to G2 ‘venom’, n = 6) the venom-
induced renal disfunction (Figure 4C).

M. corallinus venom (G2) induced significant increase in serum LDH (p < 0.05
compared to Gi ‘control’, n = 6) after 120 min of envenomation, including minor
changes in ALT and ALP levels; the venom-induced alterations in LDH level was not

prevented by CAV or VPL when administered individually (Gs and Gy, respectively),

12
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but combining these agents (Gs) significantly prevented the increase in serum LDH by

approximately 42% (p < 0.05 compared to G; ‘venom’, n = 6) (Figure 5).

3.3. Haematological changes produced by M. corallinus venom in rats and
treatment with coral snake antivenom (CAV) and varespladib (VPL)

In animals exposed to M. corallinus venom alone (G2), as well as in the groups
treated with CAV (Gs), VPL (Ga) or both agents in combination (Gs), there were no
relevant alterations in total erythrocytes count, haemoglobin, haematocrit, mean
corpuscular volume (MCV), mean corpuscular haemoglobin (MCH), mean corpuscular
haemoglobin concentration (MCHC), red cell distribution width (RDW), and total
plasma protein (TPP) after 120 min of envenomation (Supplementary material, Table
S2a). In addition, there was also no relevant alteration in platelets count whereas venom
alone (Gy) increased the level of fibrinogen (p < 0.05 compared to G ‘control’, n = 6)
after 120 min of envenomation; treatment with CAV (G3) prevented by approximately
35% the increase of fibrinogen (p < 0.05 compared to G2 ‘venom’, n = 6), whereas VPL
(Gg4) produced only approximately 18% of reduction of this venom effect; combined
treatment (Gs) was more effective in reducing the increase of fibrinogen by
approximately 44% (p < 0.05 compared to G2 ‘venom’, n = 6) (Supplementary material,
Table S2b)

M. corallinus venom significantly delayed the clotting time for activated partial
thromboplastin (APTT) (p < 0.05 compared to G; ‘control’, n = 6), whereas only a mild
delay was observed for prothrombin (PT); CAV (G3) or VPL (Ga) slightly prevented
these alterations when administered individually, while their combination (Gs)
maintained the clotting time unchanged after 120 min of envenomation (p < 0.05

compared to Gz ‘venom’, n = 6) (Figure 6).
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323

324 3.4. Leukocyte changes produced by M. corallinus venom in rats and treatment
325  with coral snake antivenom (CAV) and varespladib (VPL)

326 In animals exposed to M. corallinus venom alone (G2) and also in groups treated
327  with CAV (Gs), VPL (Gs) or both these agents (Gs), there was no alteration in

328  eosinophils count whereas neutrophil precursor cells (myelocytes and metamyelocytes)
329  and basophils were not detected after 120 min of envenomation in any group. Venom
330 alone (G2) produced an increase in total leukocytes count after 120 min of

331  envenomation (p < 0.05 compared to Gi ‘control’, n = 6), an effect which was

332  effectively prevented by treatment with CAV alone (G3) or with CAV combined with
333  VPL (Gs); VPL alone (Gs) did not prevent the increase in total leukocytes count. The
334  increase in total leukocytes induced by M. corallinus venom (G2) was mirrored by a
335 significant increase of neutrophils (p < 0.05 compared to G; ‘control’, n = 6),

336  lymphocytes (p < 0.05 compared to G; ‘control’, n = 6), and monocytes (p < 0.05

337  compared to Gi ‘control’, n = 6); CAV (G3) or VPL (G4) were effective at preventing
338 the increase of neutrophils and lymphocytes when administered individually (p < 0.05
339  compared to Gz ‘venom’, n = 6), and their combination (Gs) promoted greater rescue
340 against the increase in lymphocytes (p < 0.05 compared to G2 ‘venom’, n = 6); all of
341  these treatments prevented the increase of monocytes induced by venom (Figure 7).
342

343 3.5. Histopathological alterations induced by M. corallinus venom in rats and
344  treatment with coral snake antivenom (CAV) and varespladib (VPL)

345 Rats exposed to M. corallinus venom (Gz) had morphological changes in the
346  locally injected gastrocnemius muscle characterized by discrete haemorrhage, diffuse

347  congestion, severe neutrophilic inflammatory infiltrate, degeneration, and myonecrosis
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348  (p <0.05 compared to G ‘control’, n = 6); a single administration of CAV (G3) or VPL
349  (Gg) significantly reduced these vascular and inflammatory changes, whereas their

350 combination (Gs) additionally decreased the myonecrosis (p < 0.05 compared to G

351  ‘venom’, G3 ‘venom + CAV’ and G4 ‘venom + VPL’, n = 6) (Figure 8A1). Venom did
352  not induce morphological changes in the contralateral gastrocnemius muscle after 120
353  min of envenomation (Figure 8A>). In liver, venom (G2) altered significantly the

354  lesional score most likely due to the changes such as diffuse congestion, moderate

355  megalocytosis, mild cytoplasmic degeneration, and hepatocyte necrosis; CAV (Gs) or
356  VPL (Gy) individually administered did not rescue the venom-induced hepatotoxicity,
357  whereas the combination of both these agents (Gs) produced a significant reduction of
358 these morphological changes (p < 0.05 compared to G> ‘venom’ and G4 ‘venom +

359 VPL’, n=6) (Figure 8B). In kidneys, M. corallinus venom (Gz) induced moderate acute
360 tubular necrosis, cytoplasmic degeneration, and diffuse congestion; all the treatments
361  (Gs, Gsand Gs) successfully prevented these morphological changes (p < 0.05

362 compared to G; ‘venom’, n = 6) (Figure 8C). Fig. S1 (Supplementary material) shows
363 representative histological sections of gastrocnemius muscle (RHL), liver, and kidney

364  from groups Gi (control), G2 (venom), and Gs (venom + CAV + VPL).

365
366 4. Discussion
367 Envenomations by coral snakes are mostly characterized by potent neurotoxic

368 action due to failure of cholinergic transmission at skeletal neuromuscular junctions
369 mediated by a- and B-neurotoxins which are responsible in promoting generalized

370 muscle paralysis and respiratory failure, being the main cause of death in severe cases
371  (Bucaretchi et al., 2006, 2021; Silva Jr. and Bucaretchi, 2003; Kitchens and Van

372 Mierop, 1987; Parrish and Khan, 1967; Warrell, 2004; Floriano et al., 2021). In this
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373  context, M. corallinus has one of the most potent venoms among coral snakes (Higashi
374  etal., 1995; Siles-Villarroel et al., 1980/1981; Tanaka et al., 2010), with lethality
375  similar to two other Micrurus species frequently involved in human envenomation in
376  Brazil, i.e., M. spixii and M. altirostris (Higashi et al., 1995; Tanaka et al., 2010). In
377  addition, other systemic disorders have been reported for these venoms such as
378  haemorrhage (Silva Jr. and Aird, 2001; Remuzgo et al., 2002), nephrotoxicity (De
379 Roodt et al., 2014; Braga et al., 2020), and cardiovascular toxicity (Floriano et al., 2020,
380 Reisetal., 2021).
381 In this study, rats exposed to a single intramuscular injection of M. corallinus
382  venom developed: 1) pronounced local oedema and myonecrosis, without evidence of
383  subcutaneous haemorrhage or apparent necrosis formation; and 2) severe peripheral
384  neurotoxicity characterized by neuromuscular paralysis and respiratory failure within
385 120 min of envenomation. Haematological and biochemical analysis revealed that this
386 venom also caused: 3) significant elevations in CK and AST serum biomarkers due to
387 local and systemic myotoxicity, in serum creatinine concentration indicating
388 nephrotoxicity, including in LDH and ALP indicating hepatotoxicity; 4) alteration of
389 clotting time for activated partial thromboplastin (intrinsic pathway); and 5) marked
390 increase of inflammatory cells in peripheral blood (leukocytosis, neutrophilia and
391  lymphocytosis). In addition, venom induced: 6) severe local morphological changes in
392  gastrocnemius muscle, including moderate hepatic and renal morphological alterations,
393  in agreement with the observed increases in their corresponding serum biomarkers of
394  tissue damage.
395 In Brazil, the bivalent (anti-M. frontalis/M. corallinus) antivenom is the only
396 therapeutic approach used to treat the systemic envenomation by Micrurus and its

397 efficacy has been contested as it does not cover the wide diversity of coral snakes
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distributed across the country (Higashi et al., 1995; Silva Jr. et al., 1991; Abreu et al.,
2008; Tanaka et al., 2010; Vidal et al., 2015; Floriano et al., 2019). In this study, we
also observed the bivalent antivenom was not able to prevent the worst clinical
condition associated to the neurotoxic action of M. corallinus venom when administered
alone; envenomed animals treated with antivenom evolved to a severe neuromuscular
paralysis affecting their respiratory function, with one death occurring before
completing 120 min of clinical monitoring. In addition, the antivenom did not prevent
the systemic myotoxicity evidenced by increase of serum CK and ALP biomarkers and
the observation of local muscle fiber necrosis in gastrocnemius. Likewise, antivenom
did not counteract the increase of the hepatic injury marker enzyme LDH, the alteration
of activated partial thromboplastin clotting time, and the monocytosis induced by M.
corallinus venom in rats after 120 min of envenomation.

The PLA; inhibitor varespladib has shown to be a potential therapeutic candidate
to complement antivenom therapy due to its inhibitory action on venom toxic effects
that depend on such enzymes and their non-catalytic PLA»-like variants (Lewin et al.,
2016, 2018; Bittenbinder et al., 2018; Wang et al., 2018; Bryan-Quiro6s et al., 2019;
Salvador et al., 2019; Gutiérrez et al., 2020; Oliveira et al., 2020; Zinenko et al., 2020;
Dashevsky et al., 2021; Liu et al., 2021). Studies demonstrating the rescue action of
varespladib against several Elapidae and Viperidae venoms have not included
investigations on South-American coral snake venoms, with the exception of the study
of Dashevsky et al. (2021) who evaluated the action of varespladib on the in vitro
anticoagulant activity of M. altirostris, M. corallinus, M. ibiboboca, M. pyrrhocryptus,
M. obscurus and M. surinamensis venoms.

Here, varespladib alone showed to be more effective than antivenom to prevent

the progressive neuromuscular paralysis and respiratory failure caused by M. corallinus
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venom. The neurotoxic action of M. corallinus venom has been strongly associated with
the presence of B-neurotoxins in this venom, which inducing irreversible neuromuscular
blockade via a PLA>-dependent presynaptic mechanism of action (Vital-Brazil and
Fontana, 1983/84; Vital Brazil, 1987; Cruz-Hofling et al., 1983/1984). Accordingly, the
high efficacy of varespladib in decreasing the severity of neurotoxic manifestations in
rats exposed to M. corallinus venom also corroborates with a neurotoxic mechanism of
action mostly dependent on PLA; enzymes rather than other components of this venom
such as three-finger toxins (c-neurotoxins). Although Correa-Neto et al. (2011) and
Ledo et al. (2009) have determined the proteomic and transcriptomic profile of M.
corallinus venom, respectively, studies regarding the pharmacological characterization
of the B-neurotoxins from this venom have yet to be done. However, this study
demonstrates the importance of pharmacological data over proteomic and
transcriptomic data when assigning a likely mechanism of action of a venom.
Varespladib also contributed to prevent the M. corallinus venom-induced
lymphocytosis, increase in renal injury biomarker (creatinine) concentration, and renal
morphological alterations. In addition, our findings have indicated that varespladib
exerts a synergic mechanism when administered in combination with antivenom to
produce greater rescue than that seen with antivenom alone.

Considering the rescue action of varespladib on other coral snake venoms already
investigated, the drug showed to be potentially effective in decreasing the lethality of
the envenomation by North-American coral snake M. fulvius in rats (Lewin et al., 2016)
and in reducing significantly the hemolytic, coagulant, and myotoxic effects induced by
this venom in pigs (Lewin et al., 2018). More recently, Dashevsky et al. (2021) reported
that varespladib was highly effective at abolishing the anticoagulant activity, in vitro,

from a broad group of Micrurus venoms, including M. corallinus venom. To date, these
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reports are the only studies correlating the inhibitory action of varespladib on the effects
induced by venoms from coral snake species.

In addition, varespladib appears to affect distinct activities mediated by PLA»
among the different genus of snakes already investigated, e.g., myotoxic and
anticoagulant activities induced by Micrurus fulvius venom (Lewin et al., 2018),
anticoagulant activity by Naja spp., Bitis spp., Echis spp. and Pseudechis spp. venoms
(Bittenbinder et al., 2018; Youngman et al., 2020; Xie et al., 2020a, 2020b; Zdenek et
al., 2020), myotoxicity and cytotoxicity by Pseudechis colletti, Bothrops asper and
Crotalus vegrandis venoms, including their major myotoxic PLA> (Bryan-Quiros et al.,
2019), haemorrhagic activity by Agkistrodon halys and Deinagkistrodon acutus venoms
(Wang et al., 2018), and neuromuscular blockade by Oxyuranus scutellatus venom
(Oliveira et al., 2020). For M. corallinus, neuromuscular blockade seems to be the most
lethal mechanism for this venom compared to other toxic activities exhibit by Elapidae
and Viperidae venoms, being mostly PLA> dependent and successfully prevented by
varespladib. Taken together, our findings represent the fullest investigation related to
the action of varespladib on the systemic aspects of the envenomation by Elapidae and
Viperidae snakes.

In conclusion, varespladib shows to be a highly efficient therapeutic tool to
prevent neuromuscular paralysis and respiratory failure caused by M. corallinus venom.
Apart from other minor actions produced by itself, e.g., suppression of inflammatory
responses and renal damage, we have demonstrated that varespladib exhibits an
effective synergic mechanism on the systemic effects induced by M. corallinus venom

when combined with a specific coral snake antivenom.

Funding

19



473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

T etomis diserdes ndeod by Micrarus coralinus (corl snake) venom mrats -
This work was funded by institutional resources from University of Western Sao Paulo
(UNOESTE, Presidente Prudente, SP, Brazil) and Fundacao de Amparo a Pesquisa do
Estado de Sao Paulo (FAPESP, Sao Paulo, SP, Brazil, Grant No. 2020/04287-6).
M.Z.G. was also supported by a studentship from FAPESP (Grant No. 2020/14191-6).
N.J.S. is supported by a research fellowship from Conselho Nacional de
Desenvolvimento Cientifico e Tecnologico (CNPq, Brasilia, DF, Brazil, Grant No.

309320/2016-0).

Declaration of Competing Interest

The authors declare that there are no conflicts of interest.

Acknowledgments

The authors thank Ana Maria S. S. Wehbe (Clinical Pathology Laboratory, Veterinary
Hospital, University of Western Sao Paulo, Presidente Prudente, SP, Brazil), Cleonice
Trevisan (Pathological Anatomy Laboratory, Veterinary Hospital, University of
Western Sao Paulo, Presidente Prudente, SP, Brazil), and Gracielle V. Gongalves
(Bioterium of Experimentation, University of Western Sao Paulo, Presidente Prudente,

SP, Brazil) for technical assistance.

CRediT author statement

Rosimeire Silva-Carvalho: Conceptualization, Methodology, Investigation, Writing -
Original Draft; Matheus Z. Gaspar: Conceptualization, Methodology, Investigation,
Writing - Original Draft; Luiz H.B. Quadros: Investigation; Luis G.G. Lobo:
Investigation; Leticia M. Rogério: Investigation; Najla T.S. Santos: Investigation;

Maria C. Zerbinatti: Investigation, Formal analysis; Cecilia L. Santarém: Resources,

20



498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

In vivo treatment with varespladib, a phospholipase A2 inhibitor, prevents the peripheral neurotoxicity and
systemic disorders induced by Micrurus corallinus (coral snake) venom in rats

Investigation, Writing - Original Draft; Elisangela O. Silva: Investigation, Writing -

Original Draft; Juliana R. Gerez: Formal analysis. Nelson J. Silva Jr.:

Conceptualization, Methodology, Writing - Review & Editing; Bruno Lomonte:

Conceptualization, Methodology, Writing - Review & Editing; Edward G. Rowan:

Conceptualization, Methodology, Writing - Review & Editing, Supervision, Project

administration; Rafael S. Floriano: Conceptualization, Methodology, Writing - Review

& Editing, Funding acquisition, Resources, Supervision, Project administration.

References

1.

Abreu, V.A.; Leite, G.B.; Borja-Oliveira, C.; Hyslop, S.; Furtado, M.F.D.;
Rodrigues-Simioni, L. Neurotoxicity of Micrurus altirostris (Uruguayan coral
snake) venom and its neutralization by commercial coral snake antivenom and
specific antiserum raised in rabbits. Clin. Toxicol. 2008, 46, 519-527.

Aird, S.D.; Silva Jr., N. Comparative enzymatic composition of Brazilian coral
snake (Micrurus) venoms. Comp. Biochem. Physiol. 1991, 99B, 287-294.

Aird, S.D.; Silva Jr., N.J.; Qiu, L.; Villar-Briones, A.; Saddi, V.A.; Pires de
Campos Telles, M.; Grau, M.L.; Mikheyev, A.S. Coralsnake venomics: analyses of
venom gland transcriptomes and proteomes of six Brazilian taxa. Toxins 2017,
9(6), E187.

Aird, S.D.; Silva Jr., N.J. Chemistry of coralsnake venoms. In Advances in
coralsnake biology: with as emphasis on South America; Silva Jr., N.J., Porras,
L.W., Aird, S.D., Prudente, A.L.C., Eds.; Eagle Mountain Publishing LC: Eagle
Mountain, UT, USA, 2021; pp. 399-484.

Bénard-Valle, M.; Carbajal-Saucedo, A.; de Roodt, A.; Lopez-Vera, E.; Alagon, A.

Biochemical characterization of the venom of the coral snake Micrurus tener and

21



523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

10.

11.

T etomis diserdes ndeod by Micrarus coralinus (corl snake) venom mrats -
comparative biological activities in the mouse and a reptile model. Toxicon 2014,
77, 6-15.

Bittenbinder, M.A.; Zdenek, C.N.; Brouw, B.; Youngman, N.J.; Dobson, J.S.;
Naude, A.; Vonk, F.J.; Fry, B.G. Coagulotoxic cobras: clinical implications of
strong anticoagulant actions of african spitting Naja venoms that are not neutralised
by antivenom but are by LY315920 (Varespladib). Toxins 2018, 10(12), 516.
Braga, J.R.M.; Jorge, A.R.C.; Marinho, A.D.; Silveira, J.A.M.; Nogueira-Junior,
F.A.; Valle, M.B.; Alagén, A.; Menezes, R.R.P.P.B.; Martins, A.M.C.; Feijao,
L.X.; Monteiro, H.S.A.; Jorge, R.J.B. Renal effects of venoms of Mexican coral
snakes Micrurus browni and Micrurus laticollaris. Toxicon 2020, 181, 45-52.
Bryan-Quirds, W.; Fernandez, J.; Gutiérrez, J.M.; Lewin, M.R.; Lomonte, B.
Neutralizing properties of LY315920 toward snake venom group I and II myotoxic
phospholipases A». Toxicon 2019, 157, 1-7.

Bucaretchi, F.; Hyslop, S.; Vieira, R.J.; Toledo, A.S.; Madureira, P.R.; De Capitani,
E.M. Bites by coral snakes (Micrurus spp.) in Campinas, state of Sao Paulo,
southeastern Brazil. Rev. Inst. Med. Trop. S. Paulo 2006, 48, 141-145.

Bucaretchi, F.; De Capitani, E.M.; Hyslop, S. Coralsnake envenomation in Brazil.
In Advances in coralsnake biology: with as emphasis on South America; Silva Jr.,
N.J., Porras, L.W., Aird, S.D., Prudente, A.L.C., Eds.; Eagle Mountain Publishing
LC: Eagle Mountain, UT, USA, 2021; pp. 703-744.

Ciscotto, P.H.C.; Rates, B.; Silva, D.A.F.; Richardson, M.; Silva, L.P.; Andrade,
H.; Donato, M.F.; Cotta, G.A.; Maria, W.S.; Rodrigues, R.J.; Sanchez, E.; de Lima,
M.E.; Pimenta, A.M.C. Venomic analysis and evaluation of antivenom cross-
reactivity of South American Micrurus species. J. Proteomics 2011, 74, 1810—

1825.

22



548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

12.

13.

14.

15.

16.

17.

18.

19.

In vivo treatment with varespladib, a phospholipase A2 inhibitor, prevents the peripheral neurotoxicity and
systemic disorders induced by Micrurus corallinus (coral snake) venom in rats

Correa-Netto, C.; Junqueira-de-Azevedo, I.L.M.; Silva, D.A.; Ho, P.L.; Leitdo-de-
Araujo, M.; Alves, M.L.M.; Sanz, L.; Foguel, D.; Zingali, R.B.; Calvete, J.J. Snake
venomics and venom gland transcriptomic analysis of Brazilian coral snakes,
Micrurus altirostris and Micrurus corallinus. J. Proteomics 2011, 74, 1795-1809.
Costa, H.C.; Bérnils, R.S. Répteis do Brasil e suas Unidades Federativas: lista de
espécies. Herpetologia Brasileira 2018, 8, 11-57.

Cruz-Hofling, M.A.; Rodrigues-Simioni, L.; Vital Brazil, O. Ultrastructural
changes in neuromuscular junctions of mouse diaphragm caused by the venom of
the coral snake Micrurus corallinus. Mem. Inst. Butantan 1983/84, 47/48, 95-105.
Dashevsky, D.; Bénard-Valle, M.; Neri-Castro, E.; Youngman, N.J.; Zdenek, C.N.;
Alagon, A.; Portes-Junior, J.A.; Frank, N.; Fry, B.G. Anticoagulant Micrurus
venoms: Targets and neutralization. Toxicol. Lett. 2021, 337, 91-97.

De Roodt, A.R.; Lago, N.R.; Stock, R.P. Myotoxicity and nephrotoxicity by
Micrurus venoms in experimental envenomation. Toxicon 2014, 59, 356-364.
Fernandez, J.; Alape-Giron, A.; Angulo, Y.; Sanz, L.; Gutiérrez, J.M.; Calvete, J.J.;
Lomonte, B. Venomic and antivenomic analyses of the Central American coral
snake, Micrurus nigrocinctus (Elapidae). J. Proteome Res. 2011, 10, 1816—-1827.
Floriano, R.S.; Schezaro-Ramos, R.; Silva Jr, N.J.; Bucaretchi, F.; Rowan, E.G.;
Hyslop, S. Neurotoxicity of Micrurus lemniscatus lemniscatus (South American
coralsnake) venom in vertebrate neuromuscular preparations in vitro and
neutralization by antivenom. Arch. Toxicol. 2019, 93(7), 2065-2086.

Floriano, R.S.; Torres-Bonilla, K.A.; Rojas-Moscoso, J.A.; Dias, L.; Rocha, T.;
Silva Jr., N.J.; Hyslop, S.; Rowan, E.G. Cardiovascular activity of Micrurus
lemniscatus lemniscatus (South American coralsnake) venom. Toxicon 2020, 186,

58-66.

23



573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

20.

21.

22.

23.

24.

25.

T etomis diserdes ndeod by Micrarus coralinus (corl snake) venom mrats -
Floriano, R.S.; Schezaro-Ramos, R.; Hyslop, S. Neuropharmacology of coralsnake
(Micrurus) venoms. In Advances in coralsnake biology: with as emphasis on South
America; Silva Jr., N.J., Porras, L.W., Aird, S.D., Prudente, A.L.C., Eds.; Eagle
Mountain Publishing LC: Eagle Mountain, UT, USA, 2021; pp. 535-636.
Gerez, J.R.; Pinton, P.; Callu, P.; Grosjean, F.; Oswald, I.; Bracarense, A.P.L.
Deoxynivalenol alone or in combination with nivalenol and zearalenone induce
systemic histological changes in pigs. Exp. Toxicol. Pathol. 2015, 67, 89-98.
Grenier, B.; Bracarense, A.P.L.; Lucioli, J.; Pacheco, G.D.; Cossalter, A.M.; Moll,
W.D.; Schatzmayr, G.; Oswald, I.P. Individual and combined effects of subclinical
doses of deoxynivalenol and fumonisins in piglets. Mol. Nutr. Food Res. 2011, 55,
761-771.
Gutiérrez, J.M.; Lewin, M.R.; Williams, D.J.; Lomonte, B. Varespladib
(LY315920) and methyl varespladib (LY333013) abrogate or delay lethality
induced by presynaptically acting neurotoxic snake venoms. Toxins 2020, 12(2),
131.
Gutiérrez, J.M.; Lomonte, B.; Aird, S.D.; Silva Jr., N.J. Biological activities and
action mechanisms of coralsnake venoms. In Advances in coralsnake biology: with
as emphasis on South America; Silva Jr., N.J., Porras, L.W., Aird, S.D., Prudente,
A.L.C., Eds.; Eagle Mountain Publishing LC: Eagle Mountain, UT, USA, 2021; pp.
519-534.
Higashi, H.G.; Guidolin, R.; Caricati, C.P.; Fernandes, 1.; Marcelino, J.R.; Morais,
J.F.; Yamagushi, [.K.; Stephano, M.A.; Dias-da-Silva, W.; Takehara, H.A.
Antigenic cross-reactivity among components of Brazilian Elapidae snake venoms.

Braz. J. Med. Biol. Res. 1995, 28, 767-771.

24



597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

26.

27.

28.

29.

30.

31.

32.

T etomis diserdes ndeod by Micrarus coralinus (corl snake) venom mrats -
Kitchens, C.; Van Mierop, L.H.S. Envenomation by the eastern coral snake
(Micrurus fulvius fulvius). A study of 39 victims. J. Am. Med. Assoc. 1987, 258,
1615-1618.

Ledo-Torres, A.G.; Pires, C.V.; Ribelato, A.C.; Zerbinattia, M.C.; Santarém, C.L.;
Nogueira, R.M.B.; Giometti, I.C.; Giuffrida, R.; Silva, E.O., Gerez, J.R.; Silva Jr.,
N.J.; Rowan, E.G., Floriano, R.S. Protective action of N-acetyl-L-cysteine
associated with a polyvalent antivenom on the envenomation induced by Lachesis
muta muta (South American bushmaster) in rats. Toxicon 2021, 198, 36-47.

Ledo, L.I.; Ho, P.L.; Junqueira-de-Azevedo, I.L.M. Transcriptomic basis for an
antiserum against Micrurus corallinus (coral snake) venom. BMC Genomics 2009,
10, 112.

Lewin, M.R.; Samuel, S.; Merkel, J.; Bickler, P. Varespladib (LY315920) appears
to be a potent, broad-spectrum, inhibitor of snake venom phospholipase Az and a
possible pre-referral treatment for envenomation. Toxins 2016, 8(9), 248.

Lewin, M.R.; Gilliam, L.L.; Gilliam, J.; Samuel, S.P.; Bulfone, T.C.; Bickler, P.E.;
Gutiérrez, J.M. Delayed LY333013 (oral) and LY315920 (intravenous) reverse
severe neurotoxicity and rescue juvenile pigs from lethal doses of Micrurus fulvius
(eastern coral snake) venom. Toxins 2018 10(11), 479.

Liu, C.C.; Wu, C.J.; Hsiao, Y.C.; Yang, Y.H.; Liu, K.L.; Huang, G.J.; Hsieh, C.H.;
Chen, C.K.; Liaw, G.W. Snake venom proteome of Protobothrops
mucrosquamatus in Taiwan: Delaying venom-induced lethality in a rodent model
by inhibition of phospholipase A» activity with varespladib. J. Proteomics. 2021,
234, 104084.

Lomonte, B.; Rey-Sudrez, P.; Fernandez, J.; Sasa, M.; Pla, D.; Vargas, N.; Bénard-

Valle, M.; Sanz, L.; Corréa-Netto, C.; Nuiiez, V.; Alape-Girdn, A.; Alagon, A.;

25



622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

33.

34.

35.

36.

T etomis diserdes ndeod by Micrarus coralinus (corl snake) venom mrats -
Gutiérrez, J.M.; Calvete, J.J. Venoms of Micrurus coral snakes: evolutionary
trends in compositional patterns emerging from proteomic analyses. Toxicon 2016,
122, 7-25.

Margres, M.K.; Aronow, K.; Loyacano, J.; Rokyta, D.R. The venom-gland
transcriptome of the eastern coral snake (Micrurus fulvius) reveals high venom
complexity in the intragenomic evolution of venoms. BMC Genomics 2013, 14,
531.

Mebs, D. A comparative study of enzyme activities in snake venoms. Int. J.
Biochem. 1970, 1, 335-342.

Nogueira, C.C.; Argdlo, A.J.S.; Arzamendia, V.; Azevedo, J.A.; Barbo, F.E.;
Bérnils, R.S.; Bolochio, B.E.; Borges-Martins, M.; Brasil-Godinho, M.; Braz, H.;
Buononato, M. A.; Cisneros-Heredia, D.F.; Colli, G.R.; Costa, H.C.; Franco, F.L.;
Giraudo, A.; Gonzalez, R.C.; Guedes, T.; Hoogmoed, M.S.; Marques, O.A.V.;
Montingelli, G.G.; Passos, P.; Prudente, A.L.C.; Rivas, G.A.; Sanchez, P.M.;
Serrano, F.C.; Silva Jr, N.J.; Striissmann, C.; Vieira-Alencar, J.P.S.; Zaher, H.;
Sawaya, R.J.; Martins, M. Atlas of Brazilian snakes: verified point-locality maps to
mitigate the Wallacean shortfall in a megadiverse snake fauna. South American
Journal of Herpetology 2019, 14(1), 1-274.

Olamendi-Portugal, T.; Batista, C.V.F.; Restano-Cassulini, R.; Pando, V.; Villa-
Hernandez, O.; Zavaleta-Matinez-Vargas, A.; Salas-Arruz, M.C.; Rodriguez de la
Vega, R.C.; Becerril, B.; Possano, L.D. Proteomic analysis of the venom from the
fish eating coral snake Micrurus surinamensis: novel toxins, their function and

phylogeny. Proteomics 2008, 8, 1919-1932.

26



645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

37.

38.

39.

40.

41.

42.

43.

44.

In vivo treatment with varespladib, a phospholipase A2 inhibitor, prevents the peripheral neurotoxicity and
systemic disorders induced by Micrurus corallinus (coral snake) venom in rats

Oliveira, I.C.F.; Gutiérrez, J.M.; Lewin, M.R.; Oshima-Franco, Y. Varespladib
(LY315920) inhibits neuromuscular blockade induced by Oxyuranus scutellatus
venom in a nerve-muscle preparations. Toxicon 2020, 187, 101-104.

Parrish, H.M.; Khan, M.S. Bites by coral snakes: report of 11 representative cases.
Am. J. Med. Sci. 1967, 253, 561-568.

Prasarnpun, S.; Walsh, J.; Awad, S.S.; Harris, J.B. Envenoming bites by kraits: the
biological basis of treatment-resistant neuromuscular paralysis. Brain 2005, 128(Pt
12), 2987-2996.

Ranawaka, U.K.; Lalloo, D.G.; Janaka de Silva, H. Neurotoxicity in snakebite--the
limits of our knowledge. PLoS Negl. Trop. Dis. 2013, 7(10), €2302.

Reis, L.P.G., Botelho, A.F.M., Novais, C.R. et al. Cardiotoxic effects of Micrurus
surinamensis (Cuvier, 1817) snake venom. Cardiovasc. Toxicol 2021, 21(6), 462—
471.

Remuzgo, C.; Alvarez, M.P.; Rodrigues, E.; Lazo, F.; Yarleque, A. Micrurus spixii
(Peruvian coral snake) venom — preliminary biochemical and enzymatic
characterization. J. Venom. Anim. Toxins 2002, 8, 161-167.

Rey-Sudrez, P.; Nufiez, V.; Gutiérrez, J.M.; Lomonte, B. Proteomic and biological
characterization of the venom of the redtail coral snake, Micrurus mipartitus
(Elapidae), from Colombia and Costa Rica. J. Proteomics 2011, 75, 656-667.
Salvador, G.H.M.; Gomes, A.A.S.; Bryan-Quirés, W.; Fernandez, J.; Lewin, M.R.;
Gutiérrez, J.M.; Lomonte, B.; Fontes, M.R.M. Structural basis for phospholipase
As-like toxin inhibition by the synthetic compound Varespladib (LY315920).

Scientific Reports 2019, 9, 17203.

27



668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

45.

46.

47.

48.

49.

50.

51.

T etomis diserdes ndeod by Micrarus coralinus (corl snake) venom mrats -
Siles-Villarroel, M.; Rolim-Rosa, R.; Zelante, F.; Jardim Vieira, E.G. Perspectivas
de padronizagdo das titulacdes de venenos e antivenenos elapidicos, em
camundongos. Mem. Inst. Butantan 1980/1981, 44/45, 289-297.

Silva Jr., N.J.; Griffin, P.R.; Aird, S.D. Comparative chromatography of Brazilian
coral snake (Micrurus) venoms. Comp. Biochem. Physiol. 1991, 100B, 117-126.
Silva Jr., N.J.; Aird, S.D. Prey specificity, comparative lethality and compositional
differences in coral snake venoms. Comp. Biochem. Physiol. Part C 2001, 128,
425-456.

Silva Jr., N.; Bucaretchi, F. Mecanismo de agdao do veneno elapidico e aspectos
clinicos dos acidentes. In Animais Pegonhentos no Brasil. Biologia, Clinica e
Terapéutica dos Acidentes; Cardoso, J.L.C., Franga, F.O.S., Wen, F.H., Malaque,
C.M.S., Haddad Jr., V., Eds.; Sarvier & FAPESP: Sao Paulo, SP, Brazil, 2003; pp.
99-107.

Silva Jr., N.J.; Buononato, M.A.; Pires, M.G.; Feitosa, D.T. New World
coralsnakes: an overview. In Advances in coralsnake biology: with as emphasis on
South America; Silva Jr., N.J., Porras, L.W., Aird, S.D., Prudente, A.L.C., Eds.;
Eagle Mountain Publishing LC: Eagle Mountain, UT, USA, 2021a; pp. 115-141.
Silva Jr., N.J.; Feitosa, D.T., Pires, M.G.; Prudente, A.L.C. Coralsnake diversity in
Brazil. In Advances in coralsnake biology: with as emphasis on South America;
Silva Jr., N.J., Porras, L.W., Aird, S.D., Prudente, A.L.C., Eds.; Eagle Mountain
Publishing LC: Eagle Mountain, UT, USA, 2021b; pp. 142-252.

Tan, N.H.; Ponnudurai, G. The biological properties of venoms of some American

coral snakes (genus Micrurus). Comp. Biochem. Physiol. 1992, 100B, 471-474.

28



691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

52.

53.

54.

55.

56.

57.

38.

59.

In vivo treatment with varespladib, a phospholipase A2 inhibitor, prevents the peripheral neurotoxicity and
systemic disorders induced by Micrurus corallinus (coral snake) venom in rats

Tanaka, G.D.; Furtado, M.F.D.; Portaro, F.C.V.; Sant’Anna, O.A.; Tambourgi,
D.V. Diversity of Micrurus snake species related to their venom toxic effects and
the prospective of antivenom neutralization. PLOS Negl. Trop. Dis. 2010, 4, €622.
Varespladib. Am. J. Cardiovasc. Drugs 2011, 11, 137-143.

Vergara, 1.; Pedraza-Escalona, M.; Paniagua, D.; Restano-Cassulini, R.; Zamudio,
F.; Batista, C.V.F.; Possani, L.D.; Alagon, A. Eastern coral snake Micrurus fulvius
venom toxicity in mice is mainly determined by neurotoxic phospholipases Ax. J.
Proteomics 2014, 105, 295-306.

Vidal, B.P.C.; Nascimento, E.S.; Pessoa, A.M.; Silva Jr., N.J. Recognition of
venom fractions from Brazilian coral snakes by antielapidic serum. Sci Med. 2015,
25(3), ID20949.

Vital Brazil, O.; Fontana, M.D. A¢des pré-juncionais € pos-juncionais da peconha
da cobra coral Micrurus corallinus na jungao neuromuscular. Mem. Inst. Butantan
1983/1984, 47/48, 13-26.

Vital Brazil, O. Coral snake venoms: mode of action and pathophysiology of
experimental envenomation. Rev. Inst. Med. Trop. Sao Paulo 1987, 29, 119-126.
Wang, Y.; Zhang, J.; Zhang, D.; Xiao, H.; Xiong, S.; Huang, C. Exploration of the
inhibitory potential of varespladib for snakebite envenomation. Molecules 2018,
23(2), 391.

Warrell, D.A. Snakebites in Central and South America: epidemiology, clinical
features and clinical management. In Venomous Reptiles of the Western
Hemisphere; Campbell, J.A., Lamar, W.W., Eds.; Comstock Publishing
Associates/Cornell University Press: Ithaca, NY, USA, 2004; Volume 2, pp. 709—

761.

29



715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

60.

61.

62.

63.

64.

65.

In vivo treatment with varespladib, a phospholipase A2 inhibitor, prevents the peripheral neurotoxicity and
systemic disorders induced by Micrurus corallinus (coral snake) venom in rats

Xie, C.; Albulescu, L.O.; Still, K.B.M.; Slagboom, J.; Zhao, Y.; Jiang, Z.; Somsen,
G.W.; Vonk, F.J.; Casewell, N.R., Kool, J. Varespladib inhibits the phospholipase
Az and coagulopathic activities of venom components from hemotoxic snakes.
Biomedicines 2020a, 8(6), 165.

Xie, C.; Albulescu, L.O.; Bittenbinder, M.A.; Somsen, G.W., Vonk, F.J.; Casewell,
N.R.; Kool, J. Neutralizing effects of small molecule inhibitors and metal chelators
on coagulopathic Viperinae snake venom toxins. Biomedicines 2020b, 8(9), 297.
Youngman, N.J.; Walker, A.; Naude, A.; Coster, K.; Sundman, E.; Fry, B.G.
Varespladib (LY315920) neutralises phospholipase A, mediated prothrombinase-
inhibition induced by Bitis snake venoms. Comp. Biochem. Physiol. C Toxicol.
Pharmacol. 2020, 236, 108818.

Zambelli, V.O.; Picolo, G.; Fernandes, C.A.H.; Fontes, M.R.M.; Cury, Y. Secreted
phospholipases A> from animal venoms in pain and analgesia. Toxins 2017, 9(12),
406.

Zdenek, C.N.; Youngman, N.J.; Hay, C.; Dobson, J.; Dunstan, N.; Allen, L.;
Milanovic, L.; Fry, B.G. Anticoagulant activity of black snake (Elapidae:
Pseudechis) venoms: mechanisms, potency, and antivenom efficacy. Toxicology
Letters 2020, 330, 176-184.

Zinenko, O.; Tovstukha, I.; Korniyenko, Y. PLA> inhibitor varespladib as an
alternative to the antivenom treatment for bites from Nikolsky’s viper Vipera berus

nikolskii. Toxins 2020, 12(6), 356.

Legends

Figure 1. (A) Dorsal, ventral and lateral views of the Micrurus corallinus’ head. (B)

Photo of a specimen of M. corallinus. (C) Geographic distribution of M. corallinus in
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Brazil. Drawings: Marcus A. Buononato. Photo: Antonio Bordignon. Map: Leonardo N.

de Oliveira. Modified from Silva Jr. et al. (2021b).

Figure 2. Experimental design for this investigation. In groups G3, G4 and Gs, “+”
indicates the combined action of venom vs. CAV, venom vs. VPL or venom vs. CAV

and VPL, respectively. CAV: coral snake antivenom, VPL: varespladib.

Figure 3. Neurotoxicity induced by M. corallinus venom in rats followed by treatment
with coral snake antivenom (CAV), varespladib (VPL) or both (CAV + VPL).
Administration of VPL alone was more effective in preventing neuromuscular paralysis
than CAYV alone; combination of CAV and VPL resulted in the lowest scores of venom
induced-neurotoxicity. Each point indicates the severity score determined from six
animals/group. Note that, for groups G2 (venom) and G3 (venom + CAV) there were
deaths (two and one, respectively) before completing the 120 min of clinical monitoring

period.

Figure 4. Examination serum biomarkers for systemic myotoxicity (CK and AST) and
nephrotoxicity (creatinine) induced by M. corallinus venom in rats followed by
treatment with coral snake antivenom (CAV), varespladib (VPL) or both (CAV + VPL).
(A) Venom significantly increased serum CK (A), AST (B) and creatinine (C), which
were reduced by the combination of CAV + VPL. Nephrotoxicity was also reduced by
CAYV alone. Bars represent the mean £ SEM (n = 6). *p < 0.05 compared to control
‘saline’ group ‘G1’, "p < 0.05 compared to venom group ‘G2’, “p < 0.05 compared to

venom + CAV group ‘G3’ and *p < 0.05 compared to venom + VPL group ‘G4’.
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Figure 5. Examination of serum biomarkers for hepatotoxicity induced by M. corallinus
venom in rats followed by treatment with coral snake antivenom (CAV), varespladib
(VPL) or both (CAV + VPL). Venom significantly increased the level of liver enzymes
(A) lactate dehydrogenase ‘LDH’ and (B) alkaline phosphatase ‘ALP’, whereas (C)
alanine aminotransferase ‘ALT’ was not significantly increased. The combination of
CAV + VPL prevented the increase in LDH and ALP. Bars represent the mean + SEM
(n=6). *p < 0.05 compared to control ‘saline’ group ‘G:’, “p < 0.05 compared to

venom group ‘G2’ and °p < 0.05 compared to venom + CAV group ‘G3’.

Figure 6. M. corallinus venom injected in rats altered significantly the activated partial
thromboplastin clotting time after 120 min, and only the combined administration of
CAV + VPL effectively to prevented this alteration. Venom did not induce a significant
change in prothrombin clotting time after 120 min. Bars represent the mean + SEM (n =
6). *p < 0.05 compared to control ‘saline’ group ‘G;’ and *p < 0.05 compared to venom

group ‘G2’.

Figure 7. Peripheral blood leukocyte changes induced by M. corallinus venom in rats
followed by treatment with coral snake antivenom (CAV), varespladib (VPL) or both
(CAV + VPL). (A) Venom significantly increased total leukocyte counts, an effect
which was significantly prevented by CAV alone or combined with VPL. (B) Venom-
induced neutrophilia was significantly reduced by all treatments. (C) Venom induced a
significant increase in lymphocyte counts, which was effectively prevented by CAV or
VPL individually administered, with a greater rescue action seen with their
combination. (D) Venom induced an increase in monocytes which was unaffected by

any treatment. Bars represent the mean + SEM (n = 6). *p < 0.05 compared to control
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‘saline’ group ‘G1’, #p < 0.05 compared to venom group ‘G2’ and °p < 0.05 compared to

venom + CAV group ‘Gs’.

Figure 8. Morphological examination of tissues isolated from rats exposed to M.
corallinus venom followed by treatment with coral snake antivenom (CAV),
varespladib (VPL) or both (CAV + VPL). (A) Lesional scores at the local of venom
injection (A1) and contralateral (A») gastrocnemius muscles; venom caused pronounced
myotoxicity in (A1) which was slightly reduced by CAV or VPL individually
administered, with a greater rescue action provided by their combination. (B) Venom
caused moderate changes in lesional score of liver, being mostly prevented by the
combined action of CAV + VPL. (C) Venom caused moderate nephrotoxicity, with all
the treatments being significantly effective at preventing the renal changes induced by
venom. Bars represent the mean £ SEM (n = 6). *p < 0.05 compared to control ‘saline’
group ‘G1’, "p < 0.05 compared to venom ‘alone’ group ‘G>’, “p < 0.05 compared to

venom + CAV group ‘G3’ and *p < 0.05 compared to venom + VPL group ‘G4’.
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