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Abstract: Clinical symptoms of monocled cobra (Naja kaouthia) envenoming include the
paralysis of extraocular muscles, local tissue necrosis and death through respiratory fail-
ure. These neurotoxic outcomes are mainly due to the inhibitory action of postsynaptic
neurotoxins to nicotinic acetylcholine receptors. However, injuries involving respiratory
muscles have rarely been investigated. In this study, we determined the effect of N. kaouthia
envenoming on morphological changes in the rat diaphragm. The efficacy of cobra mono-
valent antivenom in neutralising the histopathological effects of N. kaouthia venom was also
evaluated. The intramuscular (i.m.) administration of N. kaouthia venom (2 mg/kg) caused
skeletal muscle fibre atrophy and ruptures of myofibrils shown via a light microscope study.
Transmission electron microscopy (TEM) revealed the zig-zagging of the Z-band, mito-
chondrial damages and degeneration of the synaptic fold of the neuromuscular junction
following experimental cobra envenoming for 4 h. Intravenous administration of cobra
antivenom at manufacturer-recommended doses diminished histopathological changes
in the diaphragm following the administration of cobra venom. The expression of NF-kB
and MuRF1 in the experimentally N. kaouthia-envenomed diaphragm indicated inflamma-
tion and tissue atrophy in the immunofluorescence analysis, respectively. In this study,
we found that there were respiratory muscle injuries following N. kaouthia envenoming.
The early administration of monovalent N. kaouthia antivenom is capable of neutralising
neurotoxic outcomes following cobra envenoming.
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1. Introduction

Cobras (Naja sp.) are medically important snakes in Africa and Asia. Four species
of the genus Naja are found in Thailand: Naja siamensis (the Indochinese spitting cobra),
Naja kaouthia (the monocled cobra), Naja sumatrana (the Equatorial splitting cobra) [1,2] and
the newly identified species Naja fuxi [3]. In 2010, the World Health Organization classified
N. siamensis and N. kaouthia as category 1 medically important venomous species that cause
high-level disability and mortality in the Thai population [4].

In Thailand, monocled cobras are commonly found in the central and southeastern
regions and are also seen in the north and northeast [2]. Neurotoxicity, including ptosis,
ophthalmoplegia and progressive neuromuscular paralysis leading to respiratory failure, is
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the most significant outcome following N. kaouthia envenoming [5-7]. Moreover, local tissue
necrosis, swelling and cardiovascular disturbances (i.e., hypertension and tachycardia)
are also observed [6]. Mostly, tissue necrosis is seen between 80 and 120 min following
cobra envenoming. Surgical wound care and antibiotics are required to prevent and control
severe infection [6-8].

Early antivenom administration and respiratory support (i.e., endotracheal intubation
with ventilator support) are essential for the management of systemic cobra envenoming.
The Queen Saovabha Memorial Institute (Thai Red Cross Society, Bangkok, Thailand) is
the only manufacturer of N. kaouthia antivenom (NKAV) in Thailand. It also produces the
Neuro Polyvalent Snake Antivenom for Southeast Asian elapid envenoming, which covers
the venoms of Ophiophagus hannah, N. kaouthia, Bungarus fasciatus and Bungarus candidus [9].

Neurotoxicity observed following envenoming by cobras is attributed to the presence
of pre- and postsynaptic neurotoxins [10]. Presynaptic neurotoxins interrupt the cholinergic
transmitter (i.e., acetylcholine [ACh]) release, synthesis, storage or turnover in the synaptic
nerve terminal [11], while postsynaptic neurotoxins inhibit the interaction of ACh with the
skeletal muscle subtype of the nicotinic ACh receptor [12]. A proteome analysis showed
that phospholipase Ay [PLA] and three-finger toxins (3FTxs) were the most abundant
protein families detected in N. kaouthia venom [13,14]. Other minor protein families (i.e., L-
amino acid oxidase and kunitz-type serine inhibitors), including some unique proteins such
as waprin, vespyrn, nerve growth factor and metalloproteinase, were also detected [13].

Although neuromuscular disturbance involving respiratory failure appears to be the
most significant life-threatening phenomenon observed in cobra-envenomed patients, the
pathological involvement of respiratory muscles behind this outcome has not been fully
investigated. Further understanding and investigation of the pathology of the associated
respiratory muscle could have significant benefits in improving the management of severe
cobra envenoming in these regions. This study aimed to determine the histopathological
changes of the diaphragm and neuromuscular junction following the administration of
N. kaouthia venom in an anaesthetised rat model. The efficacy of NKAV to minimise the ev-
idence of morphological changes in experimentally cobra-envenomed rat diaphragms was
also investigated. Moreover, immunohistochemical analyses were performed to determine
the expression of inflammatory proteins in skeletal muscle.

2. Materials and Methods
2.1. Animal Ethics and Care

All methods were performed in accordance with the relevant guidelines and regula-
tions (https:/ /arriveguidelines.org, accessed on 7 January 2024). In brief, male Sprague—
Dawley rats were purchased from Nomura-Siam International Co. Ltd., Bangkok, Thailand.
All animals were maintained on a regular diurnal lighting cycle (12:12 light-dark). Two or
four rats were housed together in individual stainless-steel cages with ad libitum access
to food and drinking water. Chopped corn cobs were used as bedding. Approval for all
experimental procedures was obtained from the Subcommittee for Multidisciplinary Labo-
ratory and Animal Usage of Phramongkutklao College of Medicine and the Institutional
Review Board, Royal Thai Army Department, Bangkok, Thailand (documentary proof of
ethical clearance number: IRBRTA S5029b/67_Xmp on 9 April 2024) in accordance with the
1986 U.K. Animal (Scientific Procedure) Act and the National Institutes of Health’s Guide
for the Care and Use of Laboratory Animals (NIH Publications 8th edition, 2011).

2.2. Snake Venoms

Pooled monocled cobra venom (N. kaouthia) was a gift from Professor Nison Sattayasai
(Department of Biochemistry, Faculty of Science, Khon Kaen University, Thailand). The
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venom sample was obtained by milking from several specimens held captive in a snake
farm at the Queen Saovabha Memorial Institute (QSMI) of the Thai Red Cross Society
in Bangkok, Thailand. Freeze-dried venom samples were stored at 4 °C prior to use.
When required, the venom was weighed and reconstituted in phosphate-buffered saline
(PBS), and the protein concentration was measured using a BCA protein assay (Pierce
Biotechnology, Rockford, IL, USA).

2.3. Antivenoms

The monocled cobra (N. kaouthia) monovalent antivenom (Lot no. NK00321; expiry
date: 20 August 2026) was purchased from QSMI. The freeze-dried antivenoms were
dissolved with pharmaceutical-grade water supplied by the manufacturer. The dissolved
antivenoms were then stored at 4 °C prior to use.

2.4. Anaesthetised Rat Preparation

To monitor blood pressure and heart rate during the entire experiment, male Sprague—
Dawley rats weighing 280-350 g (n = 3-5 per group) were anaesthetised using separate
injections of Zoletil (20 mg/kg, i.p., Virbac, TX, USA) and Xylazine (5 mg/kg, i.p., Kepro,
Woerden, The Netherlands). Additional anaesthetic was administered throughout the
experiment as required. A midline incision was made in the cervical region, and cannulae
were inserted into the trachea, jugular vein and carotid artery for artificial respiration
(if required), the administration of antivenom and the measurement of blood pressure,
respectively. Arterial blood pressure was recorded using a Gould Statham P23 pressure
transducer filled with heparinised saline (25 U/mL). Systemic blood pressure was mon-
itored using a MacLab system (ADInstruments, Bella Vista, Australia). Pulse pressure
was defined as the difference between systolic and diastolic blood pressure. Mean arterial
pressure was defined as diastolic blood pressure plus one-third of pulse pressure. The
rats were kept under a heat lamp for the entire experiment to maintain body temper-
ature. The i.m. administration of N. kaouthia venom was conducted through the right
gastrocnemius muscle.

2.4.1. Preliminary Experiment to Determine Venom Dose

Preliminary experiments examined the effects of N. kaouthia venom, administered to
three rats, at doses of 0.5, 1.0 and 2.0 mg/kg. Venom doses of 0.5 and 1.0 mg/kg (i.m.) did
not cause morphological changes of diaphragms. Subsequently, a dose of 2 mg/kg (i.m.)
was chosen for further experiments.

2.4.2. Determination of N. kaouthia Monovalent Antivenom Effectiveness

Where indicated, monovalent N. kaouthia antivenom (NKAV, Lot no. NK00321; expiry
date: 20 August 2026) at one time (i.e., 1.0 mL for 300 g rat) the venom/antivenom ratio of
the recommended therapeutic dose (i.e., 1 mL antivenom per 0.6 mg N. kaouthia venom)
was manually administered via the jugular vein at an infusion rate of 0.25 mL/min over
3-4 min. Antivenom was administered 30, 60 and 90 min after venom administration.

2.5. Histological Preparation

A histopathological examination of the diaphragm of envenomed rats was carried out
following previously described methods [15].

2.5.1. Haematoxylin and Eosin (H&E) Staining

At the conclusion of the in vivo tests (i.e., 4 h), the surviving rats were euthanised,
and their diaphragms were removed, washed with PBS and preserved in 10% formalin
for light microscope and transmission electron microscopy (TEM) studies. All tissues
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were dehydrated in a graded series of ethanol at 70%, 80%, 90%, 95% and 100%, with
two changes for 1 h each. Three washings of xylene for 30 min each were then performed
before embedding the tissues in paraffin. The embedded samples were cut into cross-
sections and stained with H&E. The tissues were examined and photographed using an
Olympus light microscope (BX-50, Olympus, Tokyo, Japan).

2.5.2. Transmission Electron Microscopy (TEM)

Pieces of diaphragm tissues (~1 mm?) were immediately fixed in 2.5% buffered glu-
taraldehyde. The specimens were post-fixed in 1% osmium tetroxide, dehydrated, infil-
trated with propylene oxide and embedded in resin. Semi-thin sections of approximately
0.5 um or 1.0 pm were stained with Toluidine blue, used as a guideline to the area of interest
and further trimmed. Ultrathin sections of about 60 nm were cut on an ultramicrotome
and then stained with uranyl acetate and lead citrate. The ultrathin sections were spread
mostly on 200 or 300 mesh copper grids and stained with uranyl acetate and lead citrate
solutions. The sections were then examined and photographed using a transmission elec-
tron microscope (TEM-JEM2010, JEOL, Ltd., Tokyo, Japan). The criteria used to score the
morphological changes of the rat diaphragms are described in Table 1.

Table 1. Pathological characteristic and evaluation criteria of TEM analysis for degree of morphologi-
cal changes in diaphragms.

Numerical Score Description
0 No lesions
1 Mild multifocal necrosis

Intramyocellular lipid droplets and moderate multifocal
2 necrosis such as mitochondria swelling, hypercontraction
of muscle fibre

Several intramyocellular lipid droplets, severe myofiber
3 necrosis with mitochondria swelling and degeneration and
the presence of zig-zagging Z-band.

2.5.3. Immunofluorescence Analysis

The diaphragm tissue was separated and fixed in 10% formalin for 1 week. On the
first day, the diaphragm tissue was washed in xylene twice for 10 min and hydrated in a
graded series of ethanol at 100%, 90%, 70% and 50% for 20 min and blocking serum for 1 h
in 2% Horse serum—0.3% Triton x-100-0.1 M PBS. The tissue samples were then incubated
overnight at +4 °C with either NF-kB antibody (AB16502, Abcam, Cambridge, UK; dilution:
1:200) or MuRF1 (AB201941, Abcam, Cambridge, UK; dilution: 1:200). On the second
day, secondary antibodies were applied for 2 h at room temperature after the diaphragm
samples were washed three times in 0.1 M PBS. VectaFluor was used as the secondary
antibody. The diaphragm samples were mounted with Vectasheild after final washing.

Images were examined and photographed under a fluorescence microscope (Olympus
D73 with CellSens software (version 1.16). The NF-kB/MuRF1 percentage of cell expression
was determined using Image]J software (version 1.54g) to measure the fluorescence intensity.
Diaphragm muscles were randomly selected from each specimen. The OD was normalised
to measure the level of immunostaining in the muscle fibre area. The OD was determined
as OD =ID — (M x MGV), where ID is the integrated density of the selected muscle fibre,
M is the area of the selected muscle fibre region and MGV is the mean grey value of the
background readings.
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2.6. Data Analysis and Statistics

For the anaesthetised rat experiments, the sample size was based on the number of
animals required to provide >85% power to detect an effect size of 35% with a confidence
level () of 5% for the in vivo endpoint measure of blood pressure (standard deviation
[SD] < 15%). This ensured that the experimental design was sufficiently powered. The
statistical analysis was performed using Prism 9.4.0 software (GraphPad Software, San
Diego, CA, USA). Multiple comparisons were made using ANOVA, followed by Tukey’s
multiple comparison test. Values of p < 0.05 were accepted as significant. Data were
expressed as the mean + SD.

3. Results
3.1. Effect of Intramuscular (i.m.) Administration of N. kaouthia Venom on Anaesthetised Rats

The i.m. administration of N. kaouthia venom at doses of 2 mg/kg (4xLDsy: n = 3)
caused cardiovascular collapse and the absence of heart rate within 4 h.

3.2. Histopathological Changes in Rat Diaphragm Following i.m. Administration of N. kaouthia Venom

The administration of saline (i.m.) did not affect the nucleus or mitochondria of the
rat diaphragms. No histopathological change was observed (Figures 1a, 2a and 3a,b). The
administration of N. kaouthia venom (2 mg/kg, i.m.) for 60 min caused a mild skeletal
muscle fibre atrophy and red blood cell aggregation (Figure 1b). Myofibril rupture, mito-
chondrial swelling and the presence of zig-zagging of the Z-band were observed following
venom administration for 90 min (Figures 1c and 2b,c). Following the i.m. administration
of N. kaouthia venom for 4 h, severe muscle fibre degeneration, red blood cell aggregation
and a high degree of mitochondrial swelling and rupture including intramyocellular lipid
droplets were detected (Figures 1d, 2d,e and 3c,d, Table 2).

Figure 1. (a) Morphological changes of rat diaphragm after i.m. administration of saline (200 pL)
showing the nucleus of the skeletal muscle cell (black arrows: H&E staining: scale bar = 50 um).
Morphological changes of rat diaphragm following administration of N. kaouthia venom (2 mg/kg)
for (b) 60 and (c) 90 min showing red blood cell aggregations (blue arrow: H&E staining; scale
bar = 50 um) and myofibril ruptures (black asterisk: H&E staining; scale bar = 50 um), respectively.
(d) Morphological changes of rat diaphragm following the administration of N. kaouthia venom
(2 mg/kg) for 4 h (H&E staining; scale bar = 50 um: black asterisks indicate myofibril ruptures, green
arrows indicate muscle hypertrophy).
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(b) (c)

(d) (e)

Figure 2. (a) Transmission electron microscopy (TEM) image of diaphragm following the adminis-

tration of saline shows the mitochondria (green arrowheads) and the red blood cells (white asterisk:
scale bar = 2 um). Morphological changes of rat diaphragm under TEM showing (b) mitochondrial
swelling (red arrows: scale bar = 2 um), intramyocellular lipid droplets (black arrowhead: scale
bar = 2 um) and (c) the zig-zagging of the Z-band (pink arrows: scale bar = 2 um) following the
administration of N. kaouthia venom (2 mg/kg, i.m.) for 90 min. (d) TEM image of rat diaphragm
following administration of N. kaouthia venom (2 mg/kg) for 4 h showing a high degree of muscle
fibre degeneration (red asterisks), mitochondrial swelling (red arrows), red blood cells (white asterisk)
and intramyocellular lipid droplets (black arrowheads: scale bar = 2 um). (e) TEM image of rat
diaphragm showing mitochondrial degeneration (yellow arrowheads: scale bar = 2 um) following the
administration of N. kaouthia venom (2 mg/kg, i.m.) for 4 h. ‘S” indicates the nucleus of satellite cells.

Table 2. Pathological score of the diaphragm following the administration of saline and N. kaouthia
venom (2 mg/kg; i.m.) for 90 min and 4 h under TEM analysis (1 = 3-5).

Diaphragm (Scores)
Skeletal Muscle Damage
Control (saline) 0
N. kaouthia venom (2 mg/kg; i.m.) 5
for 90 min
N. kaouthia venom (2 mg/kg; i.m.) 3

for4h
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Figure 3. Morphological changes of the rat diaphragm after the i.m. administration of (a) saline (200 pL)
showing the nucleus of the skeletal muscle cell (black arrows; H&E staining; scale bar = 50 um) and
(b) the mitochondria (green arrowheads; TEM image; scale bar = 2 um). (¢) Morphological changes of
rat diaphragm (H&E staining; scale bar = 50 um) following the administration of N. kaouthia venom
(2 mg/kg: i.m.) for 4 h showing myofibril ruptures (black asterisks), red blood cell aggregations
(blue arrow) and skeletal muscle hypertrophy (green arrows). (d) TEM image of rat diaphragm
(scale bar = 2 um) following the administration of N. kaouthia venom (2 mg/kg: i.m.) for 4 h shows
high degree of muscle fibre degeneration (red asterisks), endothelial cell swelling (En), the appear-
ances of red blood cells (white asterisk) and intramyocellular lipid droplets (black arrowheads).
(e) H&E staining image and (f) TEM analysis (scale bar = 2 pm) of the rat diaphragm after i.v.
administration of N. kaouthin monovalent antivenom (NKAV) for 30 min following experimental
N. kaouthia envenomation (2 mg/kg, i.m.) show satellite cells (yellow arrowheads) and mitochondria
(green arrowheads). (g) H&E staining image and (h) TEM analysis of the rat diaphragm after i.v.
administration of NKAV at 90 min following the administration of N. kaouthia (2 mg/kg, i.m.) show
the satellite cells (yellow arrowheads), red blood cell aggregations (blue arrow), intramyocellular
lipid droplets (black arrowheads) and the mitochondria (green arrowheads). ‘Lu’ indicates the lumen
of blood vessels. ‘En” indicates endothelial cell swelling. ‘Nu’ indicates the nucleus. ‘S” indicates the
nucleus of satellite cells.
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3.3. The Effectiveness of NKAV on Histopathological Changes Following N. kaouthia Envenoming

Venom-induced pathological changes in the rat diaphragm were minimised by the
intravenous administration of N. kaouthia antivenom (NKAV at the recommended thera-
peutic dose: 1 mL antivenom per 0.6 mg N. kaouthia venom) after the administration of
N. kaouthia venom (2 mg/kg, i.m.) for 30 (Figure 3e,f) and 90 min. The administration of
NKAYV at 90 min after N. kaouthia envenoming (2 mg/kg, i.m.) partially decreased mito-
chondrial swelling of the diaphragm (Figure 3g,h). However, red blood cell aggregation
and intramyocellular lipid droplets in the envenomed diaphragm were detected following
NKAYV administration (i.v.) at 90 min after envenoming (Figure 3g,h, Table 3).

Table 3. Pathological score of the diaphragm under TEM analysis following the administration of
saline, N. kaouthia venom (2 mg/kg; i.m.) for 4 h and N. kaouthia antivenom (NKAV) at 30 and 90 min
following N. kaouthia venom (n = 3-5).

Diaphragm (Scores)

Group Skeletal Muscle
Damage
Control (saline) 0
N. kaouthia envenoming (2 mg/kg; i.m.) 3
for4h
Administration of NKAV at 30 min 1
following N. kaouthia envenoming
Administration NKAV at 90 min 5

following N. kaouthia envenoming

3.4. Histopathological Examination of Neuromuscular Junction in Rat Diaphragm Following i.m.
Administration of N. kaouthia Venom

The histopathological study of the rat diaphragm using H&E staining exhibited the
phrenic nerve terminal attaching with the rat diaphragm muscle (Figure 4a,b). The admin-
istration of saline did not cause a marked histopathological change of the neuromuscular
junction in the diaphragm (Figure 4a,c). The administration of N. kaouthia venom (2 mg/kg:
im.) for 90 min (Figure 4d) caused the degeneration of synaptic folds. The loss of the
synaptic fold was detected following the intramuscular administration of N. kaouthia venom
for 4 h (Figure 4e). The administration of NKAV at 30 min prevented the degeneration
of the synaptic fold following the administration of N. kaouthia venom (2 mg/kg, im.;
Figure 4f).

3.5. Efficacy of Cobra Monovalent Antivenom in N. kaouthia Venom in Proinflammatory Cytokines
in Diaphragm Tissues

The administration of saline did not cause visible nuclear factor-kappa B (INF-«B)
or muscle-specific RING finger protein-1 (MuRF1) expression in the rat diaphragm
(Figures 5a and 6a).

The administration of N. kaouthia venom (2 mg/kg, i.m.) for 4 h significantly increased
the optical density (OD) of NF-«B expression (n = 3-5; * p-value < 0.0001; Figure 5b,f). The
administration of N. kaouthia monovalent antivenom (NKAV) at 30 (Figure 4c), 60 (Figure 5d)
and 90 min (Figure 5e) following experimental N. kaouthia envenoming caused a significant
decrease in NF-kB expression. There were significant decreases in NF-«B expression
between the time differences in the antivenom administration (n = 3-5; # p-value < 0.0001;
Figure 5f).
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Figure 4. Morphological changes of the rat diaphragm (H&E staining; scale bar = 50 um) after the i.m.
administration of (a) saline (200 puL) and (b) N. kaouthia venom (2 mg/kg) showing the nerve terminal
of nerve fibres (blue arrows). (c) Transmission electron microscopy image (TEM: scale bar = 2 um)
of the rat diaphragm following the administration of saline showing the synaptic folds of the neu-
romuscular junction (yellow arrows). (d) The administration of N. kaouthia venom (2 mg/kg: i.m.)
for 90 min caused partial degeneration of the synaptic fold under TEM analysis (red arrows: scale
bar = 2 um). (e) TEM image of rat diaphragm shows severe degeneration and loss of the synaptic fold
(red arrows) following i.m. administration of N. kaouthia venom (2 mg/kg) for 4 h. (f) The appearance
of the synaptic fold (black arrows) in the rat diaphragm (TEM analysis: scale bar = 2 pm) after i.v.
administration of NKAV at 30 min following the administration of N. kaouthia (2 mg/kg, i.m.). ‘NT”
indicates nerve terminal. ‘MF’ indicates muscle fibre.

Figure 5. Cont.



Curr. Issues Mol. Biol. 2025, 47, 86

10 of 15

#

g 40 # I I - Control (saline)

o=

@

§ ] — I NK venom 2 mgkg; i.m.

& [ Administration NKAV at 30 min following NK venom
o 304

n * - Administration NKAV at 60 min following NK venom
%] )

= Administration NKAV at 90 min following NK venom
g =

o~ -

s 2 *

>

= E

=

@

g

< 10 *

—

<

9 E

p=}

o

e} 0-

Figure 5. Inmunofluorescence analysis (scale bar = 50 um) of the stimulation of NF-kB in the rat
diaphragm tissues following the administration of (a) saline, (b) N. kaouthia venom (NK venom
2 mg/kg, im.), (c) N. kaouthia antivenom (NKAV, i.v.) following N. kaouthia venom (2 mg/kg, i.m.)
at 30 min, (d) N. kaouthia antivenom (NKAV, i.v.) following N. kaouthia venom (2 mg/kg, im.) at
60 min and (e) N. kaouthia antivenom (NKAYV, i.v.) following N. kaouthia venom (2 mg/kg, i.m.) at
90 min. (f) A comparison of optical density of NF-kB expression. Data represent the mean + SEM
(* p <0.0001 compared with the group of NK venom (2 mg/kg, i.m.): # p < 0.0001, there was a
significant difference when comparing between the groups, one-way analysis of variance (ANOVA);
n = 3-5). Yellow arrows indicate the increase in NF-kB expression.

Hl Control (saline)

I NK venom 2 mg/kg; i.m.

[ Administration NKAV at 30 min following NK venom
Il Administration NKAV at 60 min following NK venom

[ Administration NKAV at 90 min following NK venom

Optical density of MuRF1 expression
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Figure 6. Inmunofluorescence analysis (scale bar = 50 um) of the stimulation of MuRF1 in the rat

diaphragm tissues following the administration of (a) saline, (b) N. kaouthia venom (NK venom
2 mg/kg, im.), (c) NKAV (i.v.) following N. kaouthia venom (2 mg/kg, i.m.) at 30 min, (d) NKAV
(i.v.) following N. kaouthia venom (2 mg/kg, i.m.) at 60 min and (e) NKAV (i.v.) following N. kaouthia
venom (2 mg/kg, i.m.) at 90 min. (f) The comparison of optical density of MuRF1 expression. Data
represent the mean 3= SEM (* p < 0.0001 compared with NK venom (2 mg/kg, i.m.), # p < 0.0001, there
was a significant difference when comparing between the groups, one-way ANOVA; 1 = 3-5). White
arrows indicate the increase in MuRF1 expression.
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Administration of N. kaouthia venom (2 mg/kg, im.) also induced the higher ex-
pression of MuRF1 (n = 3-5; * p-value < 0.0001; Figure 6b, one-way analysis of variance
[ANOVAY]) than that of saline and rats treated with N. kaouthia monovalent antivenom at
30 (Figure 6¢), 60 (Figure 6d) and 90 min (Figure 6e) following the experimental N. kaouthia
envenoming (n = 3-5; # p-value < 0.0001; Figure 6f).

4. Discussion

N. kaouthia (monocled cobra) is an endemic cobra species in Southeast Asia. Severe
neurotoxicity and death due to infection of the bite wound and respiratory failure have
been reported following envenoming by N. kaouthia in Thailand [6]. Neurotoxic symptoms,
such as bilateral ptosis, persistently dilated pupils, limb weakness, breathlessness, dyspho-
nia and dysphagia, are clinically important in the diagnosis and treatment of N. kaouthia
envenoming. These envenomed outcomes are due to the effect of pre- and postsynaptic
neurotoxins causing a transmission blockade in nerve-muscle connectivity. Many previous
studies have focused on the inhibitory effects of snake neurotoxins on neuromuscular
transmission either on the effect on the presynaptic nerve terminal or that on the postsy-
naptic nicotinic acetylcholine receptors. Studies on the pathological changes involving the
respiratory muscles following snakebite envenoming are limited. Here, we used an in vivo
rat model to investigate pathological changes in the diaphragm following experimental
N. kaouthia envenoming. In the current study, N. kaouthia venom doses of 0.5 and 1.0 mg/kg
did not significantly cause marked pathological effects on the diaphragm following i.m.
administration. Subsequently, a dose of 2 mg/kg was chosen. In addition, a previous
study showed that the average N. kaouthia venom yield is between 0.17 and 1.90 g [16].
Therefore, the cobra venom dose of 2 mg/kg used in the current study is correlated to the
real-world scenario.

Studies on N. kaouthia venom LDs (the dose required to kill half the members of tested
animals in a specific duration) have reported different ranges of LD5y between 0.148 and
0.614 mg/kg [17,18]. Indeed, the difference in the LD5( of snake venom has been found to
be associated with the route of administration, including proteomic variations that make
venoms neutralised at different efficacies by antivenoms [14]. In the current study, a venom
dose of 2 mg/kg was selected to induce the acute toxicity of respiratory muscles, which is
equivalent to 4xLDsy.

Examining snake venom neurotoxicity and the neutralising effect of snake antivenom
has mostly been performed in in vitro studies using isolated skeletal muscles—either the
chick biventer cervicis nerve-muscle preparation [19] or the isolated rodent diaphragm [20].
Species differences in the interaction between snake toxins and the ACh receptor binding
site have been reported [21,22]. Moreover, the chick biventer cervicis nerve-muscle prepa-
ration is simpler and more robust in experiments than the rodent muscle preparation. It can
be used to distinguish between the actions of neuromuscular blocking agents that cause
depolarisation (i.e., succinylcholine or carbachol) and those that do not [23]. It has been
reported that N. kaouthia venom at high concentrations caused a direct effect on skeletal
muscle, resulting in contractures, loss of tension following direct stimulation and loss of
sensitivity to elevated potassium [20]. In addition, a comparative study between N. kaouthia
and N. sumatrana venoms showed a decrease in the contractile response of chick muscles to
potassium following cobra venom incubation, thus suggesting the presence of a myotoxic
effect of both venoms [24]. Using an in vivo model to determine the pathological effect
of snake venom on skeletal muscle has rarely been performed. Myotoxicity following
N. kaouthia envenoming is rarely observed in clinical settings. A retrospective cohort study
of cobra envenoming in Thailand reported that 21.4% of the cobra envenoming population
had rhabdomyolysis [6].
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To the best of our knowledge, this work is the first in vivo study to determine patho-
logical changes in the diaphragm following experimental N. kaouthia envenoming. We
found that the pathological changes in the rat diaphragm following i.m. administration
of N. kaouthia venom were time-dependent. In addition, we recently reported the tissue
damages following snakebite envenoming for 3 h, which also involved snake venom phar-
macokinetics [25]. The characteristic of skeletal muscle cells following snake venom/toxin
incubation is myonecrosis, which includes vacuolation, oedematous fibre, haemorrhage
and myofilament hypercontraction [26]. In this study, administration of N. kaouthia venom
for 4 h affected mitochondrial structure, i.e., swollen and degeneration of mitochondria.
Moreover, the presence of zig-zagging of the Z-band of muscle fibre following N. kaouthia
venom administration indicates the contraction of muscle fibre [27]. Venom toxins with
tissue-damaging capabilities can be classified into two categories based on their effects on
cells. The first category is cytotoxins, defined as toxins that are ‘truly’ cytotoxic by directly
affecting the viability of cells [28], such as 3FTxs, PLAy and p-defensin-like toxins [29].
These cytotoxins cause local and systemic myonecrosis [30] and skeletal muscle contracture.
The second category is extracellular matrix-degrading enzymes, such as snake venom
metalloproteinases (SVMPs) and hyaluronidases, which damage cells through indirect
mechanisms. A recent study reported the proteomic profile of N. kaouthia venom to com-
prise enzymatic proteins (i.e., PLAyg, SVMPs, LAAO, phosphodiesterase and nucleotidase)
and non-enzymatic compounds (i.e., 3FTx, cysteine-rich secretory proteins, cobra venom
factor, nerve growth factor and Ohanin-like proteins), which induce skeletal muscle damage
through direct and indirect mechanisms, respectively [31]. Moreover, degeneration of the
synaptic fold following i.m. administration of N. kaouthia venom was also detected. This
finding suggests that the mechanism behind cobra-envenoming-induced neurotoxicity
also involves morphological changes of the neuromuscular junction either presynaptic or
postsynaptic membrane.

The administration of monospecific antivenom remains an effective treatment for cobra
envenoming. The indication for antivenom administration includes any clinical signs and
symptoms of skeletal muscle paralysis or weakness. In this study, the i.m. administration of
a 2 mg/kg dose of N. kaouthia venom for 60 min induced the aggregation of red blood cells,
while ruptured myofibril and severe muscle hypertrophy gradually developed at 90 min.
The pathological changes in the rat diaphragm following monocled cobra envenoming were
abolished by the intravenous administration of NKAV at the recommended therapeutic
dose (i.e., 1 mL antivenom per 0.6 mg of N. kaouthia venom). However, the effectiveness of
snake antivenom depends on the time of administration following snakebite envenoming.
Delayed antivenom administration at 90 min did not prevent red blood cell aggregation or
some lesions in the cobra-envenomed tissues. A previous study on an anaesthetised rat
showed that prior administration of a high-dose antivenom had a protective effect on the
pathological changes in the renal tissue and myotoxicity following Russell’s viper enven-
oming. Therefore, the early administration of antivenom following snakebite envenoming
is recommended for maximum benefit to neutralise snake venom toxicities [32].

The immunofluorescence analysis showed that N. kaouthia venom envenoming caused
an increase in the inflammatory protein expression in the rat diaphragm. We investigated
the association between N. kaouthia-venom-induced tissue damage and the expression of
inflammatory and muscle remodelling proteins called NF-xB and MuRF1, respectively. NF-
kB is a transcription factor in B-cells that involves a number of signalling events [33]. NF-«B
plays an important role in regulating gene expression in immune response, oncogenesis,
proliferation, differentiation, apoptosis and angiogenesis [34]. In skeletal muscle, NF-
kB appears to be a crucial pathway associated with the loss of muscle mass in various
pathophysiological conditions. The activation of NF-«B in skeletal muscle cells causes the
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degradation of specific muscle proteins, induces inflammation and fibrosis and inhibits the
healing process of myofibres after injury and atrophy [35]. Conversely, MuRF1 is an E3
ubiquitin ligase selectively expressed in cardiac and skeletal muscle tissues. MuRF1 plays
an important role in the muscle remodelling circuit. The upregulation or expression of the
MuRF1 gene correlates with skeletal muscle atrophy [36]. In this study, we demonstrated
that the diaphragm from N. kaouthia-envenomed rats exhibited a significant increase in the
OD of NF-«B and MuRF1 expression, suggesting inflammatory and skeletal muscle atrophy
events, respectively. The administration of N. kaouthia monovalent antivenom significantly
inhibited both NF-«B and MuRF1 expressions in the cobra-envenomed diaphragm. The
early administration of antivenom at 30 min exhibited a higher inhibitory action on the
expression of NF-kB and MuRF1 compared with the administration of antivenom at 60 and
90 min.

This study has some limitations. As the anaesthetised rats were entirely used for the
determination of vital signs and other pathological effects following N. kaouthia envenom-
ing, the results may be different when conscious rats are used. Pathological studies on
the diaphragm following cobra venom administration at 30 min should be performed to
determine the early stage following snakebite envenoming in the respiratory muscle. In this
study, the i.m. administration of N. kaouthia at a 2 mg/kg dose caused undetectable blood
pressure and heart rate in rats within 4 h. Therefore, a termination time-point at 4 h follow-
ing venom administration was chosen for tissue collection in all tested animals, including
antivenom-treated rats. An extended termination time after antivenom administration can
provide more information on the effectiveness of antivenom.

5. Conclusions

The most significant effect of envenoming by cobras is neurotoxicity, causing pro-
gressive neuromuscular paralysis and leading to respiratory failure. In this study, we
demonstrated that N. kaouthia envenoming causes histopathological changes in the respira-
tory muscles, specifically the diaphragm muscle. The immunofluorescence (i.e., NF-kB and
MuRF1 expressions) confirmed the inflammation and injury of skeletal muscle, respectively.
Further pharmacological and physiological studies may enable a better understanding and
management of cobra envenoming. Early antivenom administration and respiratory support
(i.e., endotracheal intubation with ventilator support) are essential for the clinical manage-
ment of systemic N. kaouthia envenoming. Our data also indicate that the morphological
anomalies observed in envenomed tissues may contribute to myotoxicity and respiratory
failure in envenomed victims. Early monitoring of respiratory function and appropriate
snake antivenom administration are required to prevent life-threatening outcomes.

Author Contributions: Conceptualization, ].C. and W.K.; methodology, ].C., WK. and W.C.; software,
W.C,; validation, ].C., W.C. and W.K,; formal analysis, W.C., ].C. and W.K,; investigation, W.C., ].C.,
N.T., N.L. and W.K.; resources, W.C.; data curation, ]J.C., WK. and W.C.; writing—original draft
preparation, J.C. and W.C.; writing—review and editing, J.C.; visualization, W.C.; supervision, J.C.;
project administration, J.C.; funding acquisition, J.C. and W.K. All authors have read and agreed to
the published version of the manuscript.

Funding: Wanida Chuaikhongthong is supported by a Graduate Fellowship (Research Assistant),
Faculty of Science, Prince of Songkla University, Contract no. 1-2565-02-022. Janeyuth Chaisakul is
supported by The Ananda Mahidol Foundation Grant 2023-2026.

Institutional Review Board Statement: The animal study protocol was approved by the Subcommit-
tee for Multidisciplinary Laboratory and Animal Usage of the Phramongkutklao College of Medicine
and the Institutional Review Board, Royal Thai Army Department, Bangkok, Thailand (documentary
proof of ethical clearance number: IRBRTA S029b/67_Xmp on 9th April 2024), in accordance with



Curr. Issues Mol. Biol. 2025, 47, 86 14 of 15

the 1986 U.K. Animal (Scientific Procedure) Act and the National Institutes of Health’s Guide for the
Care and Use of Laboratory Animals (NIH Publications 8th edition, 2011).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analysed during the current study are
available from the corresponding author (J.C.) upon reasonable request.

Acknowledgments: The authors wish to acknowledge the Office of Research Development,
Phramongkutklao College of Medicine and Phramongkutklao Hospital (ORD, PCM and PMK,
Bangkok, Thailand).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. WHO. Guidelines for the Management of Snakebites, 2nd ed.; WHO: Geneva, Switzerland, 2016. Available online: https://www.who.
int/publications/i/item /9789290225300 (accessed on 10 September 2023).

2. Chanhome, L.; Cox, M.].; Wilde, H.; Jintakoon, P.; Chaiyabutr, N.; Sitprija, V. Venomous snakebite in Thailand I: Medically
important snakes. Mil. Med. 1998, 163, 310-317. [CrossRef] [PubMed]

3. Shi, S.C.; Vogel, G.; Ding, L.; Rao, D.Q.; Liu, S.; Zhang, L.; Wu, Z.-Y.; Chen, Z.N. Description of a New Cobra (Naja Laurenti, 1768;
Squamata, Elapidae) from China with Designation of a Neotype for Naja atra. Animals 2022, 12, 3481. [CrossRef]

4. WHO. Guidelines for the Management of Snake-Bites; WHO: Geneva, Switzerland, 2010. Available online: https://iris.who.int/
bitstream /handle/10665/204464 /B4508.pdf (accessed on 5 December 2022).

5. Giri, S,; Taye, S.J.; Shyam, R.; Saikia, B.; Jangid, R.; Yasmin, R.; Doley, R. Recurrent neurotoxity in Naja kaouthia envenomation:
A case report from Assam, India. Toxicon 2023, 222, 106990. [CrossRef]

6. Tansuwannarat, P; Tongpoo, A.; Phongsawad, S.; Sriapha, C.; Wananukul, W.; Trakulsrichai, S. A Retrospective Cohort Study of
Cobra Envenomation: Clinical Characteristics, Treatments, and Outcomes. Toxins 2023, 15, 468. [CrossRef] [PubMed]

7. Wongtongkam, N.; Wilde, H; Sitthi-Amorn, C.; Ratanabanangkoon, K. A Study of Thai Cobra (Naja kaouthia) Bites in Thailand.
Mil. Med. 2005, 170, 336-341. [CrossRef] [PubMed]

8. Brenes-Chacon, H.; Gutiérrez, ].M.; Avila-Aguero, M.L. Use of Antibiotics following Snakebite in the Era of Antimicrobial
Stewardship. Toxins 2024, 16, 37. [CrossRef]

9. Leong, PK.; Sim, S.M.; Fung, S.Y.; Sumana, K.; Sitprija, V.; Tan, N.H. Cross neutralization of Afro-Asian cobra and Asian krait
venoms by a Thai polyvalent snake antivenom (Neuro Polyvalent Snake Antivenom). PLoS Negl. Trop. Dis. 2012, 6, €1672.
[CrossRef]

10. Meng, Q.X.; Wang, W.Y.; Lu, Q.M.; Jin, Y,; Wei, ].F.; Zhu, S.W.; Xiong, Y.L. A novel short neurotoxin, cobrotoxin ¢, from monocellate
cobra (Naja kaouthia) venom: Isolation and purification, primary and secondary structure determination, and tertiary structure
modeling. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2002, 132, 113-121. [CrossRef] [PubMed]

11.  Rossetto, O.; Morbiato, L.; Caccin, P.; Rigoni, M.; Montecucco, C. Presynaptic enzymatic neurotoxins. J. Neurochem. 2006, 97,
1534-1545. [CrossRef] [PubMed]

12.  Barber, C.M,; Isbister, G.K.; Hodgson, W.C. Alpha neurotoxins. Toxicon 2013, 66, 47-58. [CrossRef]

13. Deka, A.; Gogoi, A.; Das, D.; Purkayastha, ].; Doley, R. Proteomics of Naja kaouthia venom from North East India and assessment
of Indian polyvalent antivenom by third generation antivenomics. J. Proteorn. 2019, 207, 103463. [CrossRef]

14. Tan, K.Y Tan, C.H,; Fung, S.Y.; Tan, N.H. Venomics, lethality and neutralization of Naja kaouthia (monocled cobra) venoms from
three different geographical regions of Southeast Asia. J. Proteom. 2015, 120, 105-125. [CrossRef]

15. Khimmaktong, W.; Nuanyaem, N.; Lorthong, N.; Hodgson, W.C.; Chaisakul, ]. Histopathological Changes in the Liver, Heart and
Kidneys Following Malayan Pit Viper (Calloselasma rhodostoma) Envenoming and the Neutralising Effects of Hemato Polyvalent
Snake Antivenom. Toxins 2022, 14, 601. [CrossRef] [PubMed]

16. Mirtschin, PJ.; Dunstan, N.; Hough, B.; Hamilton, E.; Klein, S.; Lucas, J.; Millar, D.; Madaras, F.; Nias, T. Venom yields from
Australian and some other species of snakes. Ecotoxicology 2006, 15, 531-538. [CrossRef] [PubMed]

17. Modahl, C.M.; Mukherjee, A.K.; Mackessy, S.P. An analysis of venom ontogeny and prey-specific toxicity in the Monocled Cobra
(Naja kaouthia). Toxicon 2016, 119, 8-20. [CrossRef] [PubMed]

18. Das, D.; Urs, N.; Hiremath, V.; Vishwanath, B.S.; Doley, R. Biochemical and biological characterization of Naja kaouthia venom
from North-East India and its neutralization by polyvalent antivenom. J. Venom. Res. 2013, 4, 31-38.

19. Tan, K.Y, Tan, C.H,; Sim, S.M,; Fung, S.Y.; Tan, N.H. Geographical venom variations of the Southeast Asian monocled cobra (Naja

kaouthia): Venom-induced neuromuscular depression and antivenom neutralization. Comp. Biochem. Physiol. C Toxicol. Pharmacol.
2016, 185, 77-86. [CrossRef] [PubMed]


https://www.who.int/publications/i/item/9789290225300
https://www.who.int/publications/i/item/9789290225300
https://doi.org/10.1093/milmed/163.5.310
https://www.ncbi.nlm.nih.gov/pubmed/9597848
https://doi.org/10.3390/ani12243481
https://iris.who.int/bitstream/handle/10665/204464/B4508.pdf
https://iris.who.int/bitstream/handle/10665/204464/B4508.pdf
https://doi.org/10.1016/j.toxicon.2022.106990
https://doi.org/10.3390/toxins15070468
https://www.ncbi.nlm.nih.gov/pubmed/37505737
https://doi.org/10.7205/MILMED.170.4.336
https://www.ncbi.nlm.nih.gov/pubmed/15916306
https://doi.org/10.3390/toxins16010037
https://doi.org/10.1371/journal.pntd.0001672
https://doi.org/10.1016/S1532-0456(02)00049-2
https://www.ncbi.nlm.nih.gov/pubmed/12039691
https://doi.org/10.1111/j.1471-4159.2006.03965.x
https://www.ncbi.nlm.nih.gov/pubmed/16805767
https://doi.org/10.1016/j.toxicon.2013.01.019
https://doi.org/10.1016/j.jprot.2019.103463
https://doi.org/10.1016/j.jprot.2015.02.012
https://doi.org/10.3390/toxins14090601
https://www.ncbi.nlm.nih.gov/pubmed/36136539
https://doi.org/10.1007/s10646-006-0089-x
https://www.ncbi.nlm.nih.gov/pubmed/16937075
https://doi.org/10.1016/j.toxicon.2016.04.049
https://www.ncbi.nlm.nih.gov/pubmed/27163885
https://doi.org/10.1016/j.cbpc.2016.03.005
https://www.ncbi.nlm.nih.gov/pubmed/26972756

Curr. Issues Mol. Biol. 2025, 47, 86 15 of 15

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Harvey, A.L.; Barfaraz, A.; Thomson, E.; Faiz, A.; Preston, S.; Harris, ].B. Screening of snake venoms for neurotoxic and myotoxic
effects using simple in vitro preparations from rodents and chicks. Toxicon 1994, 32, 257-265. [CrossRef] [PubMed]

Hart, A.J.; Isbister, G.K.; O’Donnell, P.; Williamson, N.A.; Hodgson, W.C. Species differences in the neuromuscular activity of
post-synaptic neurotoxins from two Australian black snakes (Pseudechis porphyriacus and Pseudechis colletti). Toxicol. Lett. 2013,
219, 262-268. [CrossRef]

Hart, A.J.; Isbister, G.K.; Hodgson, W.C. In vitro neurotoxic effects of Pseudechis spp. venoms: A comparison of avian and murine
skeletal muscle preparations. Toxicon 2013, 63, 112-115. [CrossRef] [PubMed]

Ginsborg, B.L.; Warriner, J. The isolated chick biventer cervicis nerve-muscle preparation. Br. ]. Pharmacol. Chemother. 1960, 15,
410-411. [CrossRef]

Zukifli, N.A.; Ibrahim, Z.; Othman, I.; Ismail, A.K.; Chaisakul, ].; Hodgson, W.C.; Ahmad Rusmili, M.R. In Vitro neurotoxicity
and myotoxicity of Malaysian Naja sumatrana and Naja kaouthia venoms: Neutralization by monovalent and Neuro Polyvalent
Antivenoms from Thailand. PLoS ONE 2022, 17, e0274488. [CrossRef] [PubMed]

Lertsakulbunlue, S.; Khimmaktong, W.; Khow, O.; Chantkran, W.; Noiphrom, J.; Promruangreang, K.; Chanhome, L.; Chaisakul, J.
Snake Venom Pharmacokinetics and Acute Toxic Outcomes Following Daboia siamensis Envenoming: Experimental and Clinical
Correlations. Toxins 2025, 17, 10. [CrossRef] [PubMed]

Schezaro-Ramos, R.; Collago, R.C.; Cogo, J.C.; Dal-Belo, C.A.; Rodrigues-Simioni, L.; Rocha, T.; Randazzo-Moura, P. Cordia
salicifolia and Lafoensia pacari plant extracts against the local effects of Bothrops jararacussu and Philodryas olfersii snake venoms.
J. Venom. Res. 2020, 10, 32-37.

Luther, PX.; Squire, ].M. Muscle Z-band ultrastructure: Titin Z-repeats and Z-band periodicities do not match. J. Mol. Biol. 2002,
319, 1157-1164. [CrossRef] [PubMed]

Bittenbinder, M.A.; van Thiel, ].; Cardoso, EC.; Casewell, N.R.; Gutiérrez, ].M.; Kool, J.; Vonk, EJ. Tissue damaging toxins in snake
venoms: Mechanisms of action, pathophysiology and treatment strategies. Commun. Biol. 2024, 7, 358. [CrossRef]

Mebs, D.; Ownby, C.L. Myotoxic components of snake venoms: Their biochemical and biological activities. Pharmacol. Ther. 1990,
48,223-236. [CrossRef]

Mamede, C.C.N.; de Sousa, B.B.; da Cunha Pereira, D.F.; Matias, M.S.; de Queiroz, M.R.; de Morais, N.C.G.; Pereira Batista Vieira,
S.A.; Stanziola, L.; de Oliveira, F. Comparative analysis of local effects caused by Bothrops alternatus and Bothrops moojeni snake
venoms: Enzymatic contributions and inflammatory modulations. Toxicon 2016, 117, 37-45. [CrossRef]

Erlista, G.P.; Ahmed, N.; Swasono, R.T.; Raharjo, S.; Raharjo, T.]. Proteome of monocled cobra (Naja kaouthia) venom and potent
anti breast cancer peptide from trypsin hydrolyzate of the venom protein. Saudi Pharm. J. 2023, 31, 1115-1124. [CrossRef]
Chaisakul, J.; Alsolaiss, J.; Charoenpitakchai, M.; Wiwatwarayos, K.; Sookprasert, N.; Harrison, R.A.; Chaiyabutr, N.; Chanhome,
L.; Hock Tan, C.; Casewell, N.R,; et al. Evaluation of the geographical utility of Eastern Russell’s viper (Daboia siamensis)
antivenom from Thailand and an assessment of its protective effects against venom-induced nephrotoxicity. PLoS Negl. Trop. Dis.
2019, 13, e0007338. [CrossRef]

Zhang, Q.; Lenardo, M.].; Baltimore, D. 30 Years of NF-«B: A Blossoming of Relevance to Human Pathobiology. Cell 2017, 168,
37-57. [CrossRef] [PubMed]

Taniguchi, K.; Karin, M. NF-kB, inflammation, immunity and cancer: Coming of age. Nat. Rev. Immunol. 2018, 18, 309-324.
[CrossRef]

Li, H.; Malhotra, S.; Kumar, A. Nuclear factor-kappa B signaling in skeletal muscle atrophy. J. Mol. Med. 2008, 86, 1113-1126.
[CrossRef]

Heras, G.; Namuduri, A.V,; Traini, L.; Shevchenko, G.; Falk, A.; Bergstrom Lind, S.; Jia, M.; Tian, G.; Gastaldello, S. Muscle
RING-finger protein-1 (MuRF1) functions and cellular localization are regulated by SUMOI1 post-translational modification.
J. Mol. Cell Biol. 2019, 11, 356-370. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/0041-0101(94)90078-7
https://www.ncbi.nlm.nih.gov/pubmed/8016848
https://doi.org/10.1016/j.toxlet.2013.03.026
https://doi.org/10.1016/j.toxicon.2012.12.002
https://www.ncbi.nlm.nih.gov/pubmed/23246581
https://doi.org/10.1111/j.1476-5381.1960.tb01264.x
https://doi.org/10.1371/journal.pone.0274488
https://www.ncbi.nlm.nih.gov/pubmed/36094937
https://doi.org/10.3390/toxins17010010
https://www.ncbi.nlm.nih.gov/pubmed/39852963
https://doi.org/10.1016/S0022-2836(02)00372-8
https://www.ncbi.nlm.nih.gov/pubmed/12079354
https://doi.org/10.1038/s42003-024-06019-6
https://doi.org/10.1016/0163-7258(90)90081-C
https://doi.org/10.1016/j.toxicon.2016.03.006
https://doi.org/10.1016/j.jsps.2023.04.001
https://doi.org/10.1371/journal.pntd.0007338
https://doi.org/10.1016/j.cell.2016.12.012
https://www.ncbi.nlm.nih.gov/pubmed/28086098
https://doi.org/10.1038/nri.2017.142
https://doi.org/10.1007/s00109-008-0373-8
https://doi.org/10.1093/jmcb/mjy036
https://www.ncbi.nlm.nih.gov/pubmed/29868881

	Introduction 
	Materials and Methods 
	Animal Ethics and Care 
	Snake Venoms 
	Antivenoms 
	Anaesthetised Rat Preparation 
	Preliminary Experiment to Determine Venom Dose 
	Determination of N. kaouthia Monovalent Antivenom Effectiveness 

	Histological Preparation 
	Haematoxylin and Eosin (H&E) Staining 
	Transmission Electron Microscopy (TEM) 
	Immunofluorescence Analysis 

	Data Analysis and Statistics 

	Results 
	Effect of Intramuscular (i.m.) Administration of N. kaouthia Venom on Anaesthetised Rats 
	Histopathological Changes in Rat Diaphragm Following i.m. Administration of N. kaouthia Venom 
	The Effectiveness of NKAV on Histopathological Changes Following N. kaouthia Envenoming 
	Histopathological Examination of Neuromuscular Junction in Rat Diaphragm Following i.m. Administration of N. kaouthia Venom 
	Efficacy of Cobra Monovalent Antivenom in N. kaouthia Venom in Proinflammatory Cytokines in Diaphragm Tissues 

	Discussion 
	Conclusions 
	References

