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Abstract

Scorpions belonging to the species Leiurus macroctenus are
known to be very dangerous, but the effect of their venom on
cytokine and stress biomarker levels in the heart is still poorly
understood. The aim of this study was to analyse the pro-inflamma-
tory, anti-inflammatory and stress biomarkers content in rat heart
after L. macroctenus envenomation. A significant increase in the
content of both pro-inflammatory cytokines: tumour necrosis fac-
tor-a. (TNF-a), interleukins-1f, -8, -6 (IL-1p, IL-8, IL-6), and anti-
inflammatory cytokines: interferon-y (IFN-y), interleukins-4, -10
(IL-4, IL-10), as well as an increase in transcription factor Nuclear
Factor-kappa B (NF-«xB), Hypoxia-Inducible Factor-1 alpha (HIF-
la), and the heat shock proteins (HSP60 and HSP70) content were
found in heart tissue. All this may indicate that L. macroctenus
envenomation may cause significant destruction of the cellular
microenvironment in the heart with certain changes in the innate
immune response, leading to systemic poisoning. Moreover, a
decrease in the level of all analysed indicators was detected 72
hours after the introduction of the venom, which may be a sign of
the beginning of reparative processes in the organ.

Introduction

Scorpions belonging to the genus Leiurus (also known as
“deathstalker”) are well known for their dangerous venom.! Leiurus
macroctenus is a recently identified species that differs from other
Leiurus species in morphological and morphometric parameters.?

The number of scorpion poisoning cases is increasing year by
year. Every year, about 1 million cases of scorpion envenomation
and almost 3,250 deaths from scorpion sting are recorded.’ The
toxic components of scorpion venom cause, in addition to local
symptoms, the development of severe neurological disorders, dam-
age to the cardiovascular system, etc. Under these conditions, the
main causes of death are heart failure and pulmonary edema.*>

It is known that the venoms of even closely related scorpion
species can differ significantly in both their quantitative and some-
times qualitative composition.® Scorpion venoms are mostly com-
posed of inorganic salts, amino acids, nucleotides, lipids, biogenic
amines, serotonin, histamine enzymes, and peptides.®” The
enzymes present in the venom enhance the poisoning process and
venom distribution by disrupting the extracellular matrix.”8 At the
same time, metallo- and serine proteases activate latent forms of
toxins and endogenous signalling molecules, and also modulate the
production of cytokines.” Enhanced enzymatic activity during
envenomation leads to increased tissue permeability and provides a
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systemic inflammatory response, as venom toxins can easily spread
throughout all organs and tissues.’

In addition, neurotoxins from scorpion venom can affect the
secretion of neurotransmitters, hormones, and cytokines, water-salt
balance, and blood pressure, leading to cardiovascular, pulmonary,
and gastrointestinal complications.!%!! At the same time, nondisul-
fide-bridged peptides from venom are small amphipathic peptides
that interact nonspecifically with membranes, exhibiting antibacter-
ial, antiviral and antifungal activity. Some of them exhibit
immunomodulatory and bradykinin-potentiating activities. This sug-
gests that certain components of scorpion venom have biomedical
properties, and this is also attracting the attention of scientists.512-14

To date, little is known about the role of inflammation in the
pathogenesis of L. macroctenus envenomation. There are also insuf-
ficient data on the levels of pro-inflammatory, such as (tumour
necrosis factor-a (TNF-a), interleukins-1p, -8, -6 (IL-1p, IL-8, IL-6)
and anti-inflammatory cytokines, such as (interferon-y (IFN-y),
interleukins-4, -10 (IL-4, IL-10) and their regulators — transcription
factors and growth factors, such as (transcription factor Nuclear
Factor-kappa B (NF-kB), Hypoxia-Inducible Factor-1 alpha (HIF-
la), and the heat shock proteins (HSP60 and HSP70) in damaged
organs in this condition. Thus, the aim of this study was to analyse
the pro-inflammatory, anti-inflammatory and stress biomarkers con-
tent in heart after L. macroctenus envenomation.

Materials and Methods
Ethics

The case-control study with animals followed the international
recommendations of the European Convention for the Protection
of Vertebrate Animals used for Experimental and other Scientific
Purposes (Strasbourg, 1986) and was confirmed by the Bioethical
Commission of the University of Kyiv (protocol Ne 2 approved
19.08.2021).

Scorpion collection and maintenance

Scorpions were maintained separately in transparent plastic
boxes (10 x 5 x 5 cm) layered with sand («Desert Sand», Exo Terra,
HAGEN Deutschland GmbH & Co, Hagen, Germany) by 1 cm.
Water bowls with drinking water, which were refilled every week,
were placed in the centre of each box. All animal containers were
kept in constant conditions (25-35°C, 50-60% humidity, natural
lighting conditions). Proper aeration was reached by numerous holes
in the container. Specimens were fed upon one Shelfordella lateralis
cockroach once per week, in case of refusal of food, cockroach was
taken away in 2 days after feeding. Once per month, containers were
cleaned of cockroach remnants.

Venom milking

The procedure of venom collection was performed according to
Ozkan and Filazi’s method.!’ The method for determination of acute
lethal dose-50 (LD50) levels of venom in rats, was reported for
Androctonus crassicauda species, and modified by Yaqoob.!6
Scorpion fixation was followed by electrode pointing to cephalo-
torax and telson. Electric current with intensity of 24 V was applied
for 5 s to the base of telson, while opposite edge of telson was point-
ed to the sterile phial. Depending on the amount of collected venom,
the number of electrode-scorpion contacts varied, up to 10. The
interval between milking acts was ranged at 2 weeks. The collected
venom samples were stored at -20°C.
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Study design

Albino male rats (n=70 total; age 2 months; weight 180 g+3
g) participated in the study. Performing the experiment, rats were
randomly divided into 2 groups: a group of 60 albino male rats
was injected intramuscularly with 0.5 mL venom solution, dis-
solved in saline solution (0.9%). Despite the LD50 value, only 20
out of 60 animals died, so the total number of rats included in the
study was 40: exactly 10 animals were taken for each time point
(1 h, 3 h, 24 h and 72 h). Control group (10 rats) was injected
with 0.5 mL saline solution (0.9%) alone. To estimate dynamic
changes of analysed parameters, rats were sacrificed by cervical
dislocation after 1 h, 3 h, 24 h, and 72 h following the venom
injection. The hearts were immediately collected.

Preparation of homogenates of hearts

Rats hearts were isolated and homogenized at 4°C.
Homogenization was conducted using 50 mM Trishydroxymethyl
aminomethan-HCI (Tris-HCI) (pH 7.4) buffer solution with 140 mM
NaCl and 1 mM ethylenediaminetetraacetic acid (EDTA) addition.
The volume of used buffer was five times higher (in grams) than iso-
lated organs’ mass. Crude homogenate was centrifuged at 600 g for
15 min with further supernatant collection and centrifugation at
15,000 g for 15 min. Obtained homogenate aliquots were frozen in
liquid nitrogen.

Protein content quantification

Protein concentrations were measured by the Bradford assay.!”

Enzyme-linked immunosorbent assay

The determination of the content of parameters in tissue
homogenates was carried out using the method of immune-enzy-
matic analysis in 96-well microplates with sorption capacity
according to the standard method for soluble proteins.'® The anti-
gen was diluted with 0.05 M Tris-HCI buffer (pH 7.4) to a con-
centration of one pg/mL and incubated in the wells of the plates
at 4°C overnight. After incubation, to remove unbound antigen,
the wells were washed with immobilization buffer. Blocking of
nonspecific binding sites was carried out by incubation with 5%
skim milk solution for 1 hour at 37°C. After incubation, the wells
were washed with working buffer containing 0.1% Tween-20 and
incubated with a solution of corresponding primary antibodies
(mouse monoclonal) against NF-xB, HIF-1a, HSP60, HSP70,
IFN-y, TNF-a, and IL-1B, -4, -6, -8, -10 (Santa Cruz
Biotechnology, Inc., Dallas, Texas, USA), the dilution of which
was 1:3000 for one hour at 37°C. Further washing was performed
with working buffer containing 0.1% Tween-20 and incubated
with secondary antibodies (anti-mouse) conjugated to horserad-
ish peroxidase (Sigma-Aldrich, St. Louis, MO, USA) (dilution
1:3000) for one hour at 37°C. After the incubation, the wells were
washed again with buffer containing 0.1% Tween-20 and incu-
bated with the substrate o-phenylenediamine (OPD), at a concen-
tration of 0.4 mg/mL diluted in 0.05 M phosphate-citrate buffer
with the addition of 30% H,O, to visualize the binding of second-
ary antibodies. The peroxidase reaction was stopped by adding
100 puL of 1 M H,SOy after 10 min. The optical absorbance was
measured at a wavelength of 492 nm on a microplate spectropho-
tometer (LQuantTM, BioTek Instruments, Inc, USA).
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Statistics

The results were tested for normal distribution using the
Shapiro-Wilk test. Homogeneity of variance was assessed using
Bartlett’s test for equality of variances. Thereafter, the significance
of differences between the means of experimental groups was deter-
mined by one-way analysis of variances (ANOVA) with Turkey’s
multiple comparisons test,!” performed in GraphPad Prism 9
(GraphPad Software Inc., Boston, USA). Values, present in tables
and figures are expressed as meantStandard Error of Mean (SEM).
When p<0.05, the differences between groups were considered sta-
tistically significant.

Results

At the first stage of our molecular-biological research, the results
showed a significant elevation in pro-inflammatory cytokines con-
tent in the hearts of rats after L. macroctenus envenomation com-
pared to the control group: TNF-a (1.1-, 1.2-, 1.3- and 1.1-fold incre-
ment (p<0.001) in 1-72 h of envenomation, respectively), IL-1p
(1.2-, 1.4-, 1.6- and 1.3-fold increase (p<0.001) in 1-72 h after injec-
tion, respectively), IL-8 (1.1-, 1.1-, 1.2- and 1.1-fold increment,
(p<0.001), in 1-72 h of envenomation, respectively) and IL-6 (1.1-,
1.3-, 1.4- and 1.1-fold increase, (p<0.001), in 1-72 h after injection,
respectively) (Figure 1). Moreover, peak levels were observed in the
24 hours after venom injection, with further decrement of TNF-a,
IL-1B, IL-8 and IL-6 content (Figure 1).

The results of the further experimental studies have shown that
envenomation had impact on anti-inflammatory cytokines content in
the hearts of rats compared to the control group: IFN-y content was
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higher by 1.1, 1.3, 1.5 and 1.1 times (p<0.001) in 1-72 h after injec-
tion, respectively; IL-4 content increased by 1.1, 1.2, 1.2 and 1.1
times (p<0.001) in 1-72 h of envenomation, respectively; and at the
same time, IL-10 content was higher by 1.1, 1.1, 1.2 and 1.1 times
(p<0.001) in 1-72 h of after venom injection, respectively (Figure 2).
Also, we demonstrated that generally, peak levels were observed in
the 24 hours after venom injection, with further decrease of IFN-y,
IL-4 and IL-10 content (Figure 2).

We also found elevated content of transcription factor NF-xB
(1.1-, 1.2-, 1.3- and 1.1-fold increment, (p<0.001), in 1-72 h of
envenomation, respectively), hypoxic factor HIF-1a (1.1-, 1.1-, 1.2-
and 1.1-fold increase, (p<0.001), in 1-72 h after injection, respec-
tively) and the heat shock proteins HSP60 and HSP70 (1.1-, 1.2,
1.1- and 1.1-fold increment, (p<0.001, p<0.01), and 1.1-, 1.1-, 1.2-
and 1.1-fold increase, (p<0.001), in 1-72 h after injection, respec-
tively) (Table 1). For these indicators, the highest levels were
observed three hours (for HSP60) and 24 hours (for NF-kB, HIF-1a
and HSP70) after venom injection, with a subsequent decrease in the
content of NF-kB, HIF-1a, HSP60 and HSP70 (Table 1).

Discussion

The toxic effect of L. macroctenus venom on the heart has been
demonstrated in previous study.’ It was found out a significant
increase in the width of cardiomyocytes and the area of haemorrhage
zones in the myocardium after venom injection.> Thus, cardiomy-
ocytes showed signs of pathological changes already in the first hour
after the venom exposure, while the width of cardiomyocytes was
already significantly greater by the third hour of envenomation.’

Our results showed a significant elevation in pro-inflammatory
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Figure 1. Pro-inflammatory cytokines tumour necrosis factor-o. (TNF-a)), and interleukins-1p, -8, -6 (IL-1p, IL-8, IL-6) content in the
hearts of rats after Leiurus macroctenus envenomation. Results are presented as mean+Standard Error of Mean (SEM) (n=10). ***p<0.001

vs. control.
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cytokines content in the hearts of rats after L. macroctenus enveno-
mation compared to the control group (Figure 1). Cytokines pro-
duced by immune cells regulate the immune response, causing tissue
damage, and mediating complications of the inflammatory
process.”!! Pro-inflammatory cytokines such as IL-1, IL-6, and
TNF-a are responsible for protection against exogenous pathogens,
but their harmful effects have been shown when overproduced.?’ A
number of researches have reported high levels of pro-inflammatory
cytokines (IL-1a, IL-1B, TNF-a) in the serum of both humans bitten
by scorpions and experimental animals envenomed by various
species of scorpions.!!20:21 In studies of the effects of venom on
skeletal muscle, it was shown that injury increased the expression
levels of TNF-o and IL-1p, which further activated the synthesis of
IL-6 and IL-8 by the vascular endothelium. These cytokines induced
the migration of neutrophils to the injury site during the first few
hours of the acute inflammatory response, with a peak between 4
and 6 hours. In turn, neutrophils provided the production of pro-
inflammatory cytokines, reactive oxygen species and proteinases,
thereby locally damaging the tissues after venom administration.??
In addition, neutrophils secrete chemoattractants that direct blood

monocytes to the site of inflammation, causing macrophage infiltra-
tion, which begins 24-48 hours after envenomation. Overexpression
of pro-inflammatory cytokines, including IFN-y, induces the synthe-
sis of pro-inflammatory M1 macrophages.?

Peak levels of M1 macrophage infiltration have been shown to
occur 1-3 days after injury. At the same time, macrophage-mediated
clearance of apoptotic neutrophils induces secretion of pleiotropic
cytokines and IL-10, leading to the formation of anti-inflammatory
M2 macrophages. So, after reaching the maximum concentration of
M1 macrophages, the pro-inflammatory microenvironment can
transform into an anti-inflammatory one, where there is a higher
concentration of M2 macrophages producing IL-4 and -10, and,
accordingly, a different expression pattern of these cytokines.23-24
Thus, the results of our further experimental studies showed that
envenomation led to an increase in anti-inflammatory cytokines con-
tent in the hearts of rats compared to the control group (Figure 2).

Studies analysing the effects of scorpion venom on myocardial
cells have identified three main factors of cardiac dysfunction:
adrenergic myocarditis, toxic myocarditis, and myocardial ischemia.
Such acute effects developed within the first hour after envenoma-

Table 1. Transcription factor Nuclear Factor-kappa B (NF-xB), Hypoxia-Inducible Factor-1 alpha (HIF-1a), and heat shock proteins
HSP60 and HSP70 content in the hearts of rats after Leiurus macroctenus envenomation.

Control One hour

Three hours 24 hours 72 hours

Relative units*(g of tissue)!

NF-kB 153.29+1.64 167.3344.85%** 184.06+3.86%** 198.74+2 85%** 173.64+4.63%**
HIF-1a 287.6442.32 301.56+2.86%** 317.38+£2.96%** 331.05+3.83%** 302.53+4.95%**
HSP60 176.39+3.29 189.42+1.37%** 201.5241.28%** 192.64+4.97%** 181.95+1.28**
HSP70 231.624+4.27 245.08+2.74%** 258.08+3.04*** 286.39£1.99*** 253.65+0.96%**

Results are presented as mean+Standard Error of Mean (SEM) (n=10). **p<0.01,***p<0.001 vs. control.

**** kk*k
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Figure 2. Anti-inflammatory cytokines interferon-y (IFN-y), and interleukins-4, -10 (IL-4, IL-10) content in the hearts of rats after Leiurus
macroctenus envenomation. Results are presented as mean+ Standard Error of Mean (SEM) (n=10). *p<0.05, ***p<0.001 vs. control.
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tion.> After this, during cardiomyocytes regeneration, activation,
proliferation and fusion of myogenic satellite cells occur with the
formation of myotubes. On day 7, most of the damaged muscles are
replaced by small regenerating fibers which acquire their normal
diameter in a month. Cytokines, chemokines, and growth factors
synthesized under inflammatory conditions are involved in the reg-
ulation of these processes.?? In our work, an increase in the content
of anti-inflammatory cytokines was found (with peak levels were
observed in the 24 hours after venom injection) (Figure 2), which
may indicate a change in the phenotype of the predominant
macrophage population in cardiomyocytes, since changes in the
cytokine expression pattern are an important indicator of this
process.2>26 We additionally analyzed the levels of transcription fac-
tors NF-«xB and HIF-1a, as these proteins are important regulators of
cytokine biosynthesis and may be useful for understanding the
mechanisms of the changes we detected. We found a significant
increase in their content after venom exposure (Table 1), the peak of
which coincided in time with the maximum changes detected in
cytokine levels (24 h).

NF-«B is one of the main transcription factors that is able to
coordinate innate and adaptive immunity, the development of
inflammatory reactions, as well as other processes, such as cell pro-
liferation and differentiation, etc.2’ TNF-a, in addition to modulating
the above mentioned molecular pathways, can, in turn, regulate the
expression of NF-kB.2027 1t is known that NF-kB also affects the
classical signalling pathways of pro-inflammatory cytokines
involved in the pathogenesis of the tissue response to L. macroctenus
envenomation.?’

Our observed increase in TNF-a and NF-«B levels in rat hearts
after venom injection suggests a potential link between persistent
inflammatory activity and immune response. It was also found that
changes in NF-kB activity were directly associated with increased
expression of pro-inflammatory cytokines such as IL-1, IL-6, and
TNF-0.29-28 In addition, certain cytokines, including TNF-0, can
bind to the extracellular matrix, prolonging their biological activity
in tissues and thereby inducing transcriptional changes involving the
NF-«B signalling pathway.2®

HIF-10 modulates the cellular response to hypoxia and may play
a crucial role in the activation of immune cells during inflammation.
It is involved in regulating the expression levels of many genes
involved in extracellular matrix remodelling, vasodilation, and
angiogenic pathways by modulating the transcription of a number of
growth factors.3® It is known that respiratory and cardiovascular
complications after scorpion envenomation cause acute hypoxia and
rapidly worsen respiratory status, which can lead to HIF-1 activa-
tion.%30 In addition, HIF-1 is able to regulate the immune response.
Thus, under conditions of hypoxia and with the participation of HIF-
1, the gene expression pattern of macrophages in hypoxic areas rap-
idly changes, activating the synthesis of numerous pro-inflammatory
cytokines and chemokines.? So, the increased content of HIF-1a in
rat heart homogenates may indicate that the immune system tried to
adapt to envenomation by activating angiogenesis and correspon-
ding tissue repair mechanisms. At the same time, a drop in the level
of all studied indicators 72 h after injection may indicate the begin-
ning of reparative processes in the organ.

In our work, the immune and cellular response to venom
induced also the activation of HSPs: HSP60 and HSP70 (with the
highest levels in 3 hours for HSP60, and 24 hours for HSP70 after
venom injection) (Table 1). The main functions of HSP60 and
HSP70 are chaperoning misfolded or unfolded polypeptides, pro-
tecting cells from the toxic effects of intracellular or extracellular
stressors, and regulating immune and inflammatory responses
through interaction with cytokines.?! So, the observed increase in

[Journal of Biological Research 2025; 98:14144]
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HSP60 and HSP70 content in the hearts of rats after L. macroctenus
envenomation may indicate upregulation of the immune system in
this pathological conditions. Thus, the increase in HSP60 and
HSP70 in cardiac tissue after scorpion venom administration may
indicate the activation of a cellular stress response. HSP60 and
HSP70 function as «molecular chaperones,» protecting cells from
the accumulation of denatured or misfolded proteins. Their expres-
sion increases significantly in response to hypoxia, toxic injury,
cytokine stress, and calcium homeostasis disorders, factors that may
be a direct consequence of the action of L. macroctenus venom com-
ponents, which, in turn, may affect the ability to regulate cellular
homeostasis properly.

Overall, our observed changes in the analysed parameters sug-
gest that the immune state after venom administration is character-
ized by complex interactions in acute stress response pathways,
where modulation of HSP levels reflects a shift from acute cellular
stress to likely long-term immune adaptation with some reparative
processes in the organ, 8:11,31-33

In general, based on our studies, it can be concluded that the
venom of L. macroctenus may potentially contain components with
pro- and anti-inflammatory properties, and these components, in
turn, are capable of causing a complex effect on cardiomy-
ocytes.>$33 QOur results indicate the effect of venom on both the
cytokine profile (pro-inflammatory cytokines: TNF-a, IL-1, IL-8,
IL-6, and anti-inflammatory cytokines IFN-y, IL-4, IL-10) and the
content of their regulators (transcription factor NF-kB, hypoxic fac-
tor HIF-1a, and the heat shock proteins HSP60 and HSP70) in rat
heart homogenates, which confirms the appearance of correspon-
ding changes in the innate immune response. Our findings may be
useful for developing differentiated and more effective treatment
strategies for the effects of these scorpion stings.®!2-14.33

Despite this, our data require additional studies due to following
limitations of the study. Thus, assessment of serum cytokine levels
at different time points after venom injection may help to identify the
involvement of pro- and anti-inflammatory signalling pathways, as
well as possible allergic reactions in the mechanisms of poisoning.
Investigation of the effects of crude venom and its toxins on isolated
immune cells may be useful to establish their potential influence on
cytokine release by immune cells. Histological studies of heart tissue
in 24 and 72 hours after the venom exposure may also complement
the obtained molecular-biological data.

Conclusions

In this study the pro-inflammatory, anti-inflammatory and
stress biomarkers content in heart after L. macroctenus envenoma-
tion were analysed. The following changes were found in the heart
tissue: a significant increase in the content of both pro-inflamma-
tory cytokines: TNF-a, IL-1pB, IL-8, IL-6, and anti-inflammatory
cytokines IFN-y, IL-4, IL-10, as well as an increase in transcription
factor NF-«xB, hypoxic factor HIF-1a, and the heat shock proteins
HSP60 and HSP70 content. All this may indicate that L.
macroctenus envenomation cause significant destruction of the
cellular microenvironment in the heart with certain changes in the
innate immune response, leading to systemic poisoning. Whereas
a tendency towards all indicators values decline was observed in
72 h after venom injection, which might indicate the beginning of
regeneration of damaged heart tissue. However, further studies are
needed to elucidate the precise mechanisms underlying the
changes we found. Our findings may be useful for developing dif-
ferentiated and more effective treatment strategies for the effects of

these scorpion stings.
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