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Scorpion envenoming is a relevant and neglected public health problem in
some countries. The use of antivenom is widespread in many regions,
targeting specific species of scorpions. However, the uncontrolled
proliferation and adaptation of these animals to urban environments,
combined with limited access to treatments in remote areas and delays in
antivenom administration contribute to a significant number of fatalities from
scorpion-related incidents. In recent decades, new research has revealed that
the immune system plays an important role in triggering immunopathological
reactions during scorpion envenoming, which places it as a therapeutic target;
however, few clinical studies have been conducted. This work provides a
review of the main immunopathological aspects of scorpion envenoming, as
well as the clinical trials conducted to date on the use of corticosteroids for
the treatment of scorpionism. We highlight emerging treatment perspectives
as well as the need for further clinical trials. The use of corticosteroids in
scorpionism, when appropriate, could significantly enhance access to
treatment and help reduce fatalities associated with scorpion stings.
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1 Introduction

Scorpionism is still a major public health problem in countries where species of medical
importance are endemic (Chippaux and Goyffon, 2008). Scorpion stings are responsible for
severe clinical symptoms, and venoms have a wide range of effects on various biological
systems (Isbister and Saluba Bawaskar, 2014). Scorpion venoms contain many bioactive
compounds, including hyaluronidases (which act as a venom spreading factor),
metalloproteinases, serine proteases, and ion channel modulating toxins, which are
responsible for the neurotoxic manifestations of scorpionism and activation of the
immune system during envenoming (Pucca et al., 2015).

Although several classifications of severity have been postulated over the years, the most
accepted one classifies clinical outcomes into three distinct groups: local, moderate and
severe manifestations (Isbister and Saluba Bawaskar, 2014). Local manifestations generally
include intense pain (often requiring anesthetic block), hyperemia, paresthesia and loss of
function of the affected limb (Reis et al., 2019). It is important to emphasize that most
scorpion stings cause only local symptoms (Cupo, 2015). Moderate manifestations include
mild clinical repercussions such as vomiting, sweating, priapism, gastrointestinal disorders,
miosis, bradycardia, hypotension (parasympathetic manifestations), as well as tachycardia,
mydriasis, hypertension, convulsions, hyperglycemia (sympathetic manifestations). Severe
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manifestations include two major events responsible for death:
pulmonary edema and cardiogenic shock (Isbister and Saluba
Bawaskar, 2014).

The venom of several scorpion species can induce a robust
activation of the immune response, and these processes have
important clinical and immunopathological repercussions in
scorpion envenoming (Reis et al, 2019). Classically, toxins are
recognized by pattern recognition receptors (PRRs) of innate
immunity such as Toll-like receptor 2, 4 and CDI4, which
initiate an intracellular signaling cascade culminating in the
activation of the pro-inflammatory transcription factor NF-kB,
inducing the production of pro-inflammatory mediators (Zoccal
et al,, 2014).

After venom inoculation, systemic immunological repercussions
are observed in both murine models and human (Reis et al., 2019).
There is a robust increase in the number of leukocytes, which
recognize venoms through venom-associated molecular patterns
(VAMPs) 2014),
hyperactivation of an immune response, a sepsis-like event,

(Zoccal et al, leading to a systemic
which has a direct role in the dysfunctions observed in cases of
severe envenoming. In addition, pulmonary inflammation induced
by scorpion toxins is pivotal for mortality induced in envenoming
cases, as well as cardiac, renal, hepatic, pancreatic dysfunctions,
among others (Wiezel et al., 2024).

Over the years, the production and technology of heterologous
antivenoms has been improved. However, as an immunobiological,
it has limitations regarding distribution in all locations, being
generally centralized in large urban centers (Ozkan et al., 2005).
The low availability of antivenom in remote regions is a factor
responsible for most cases of death, mainly in children and the
elderly (Martins et al., 2024). Another important facet of antivenom
is that the time to its administration is a concern, as explored by
researchers who showed that delayed administration of antivenom
allowed immune response activation induced by venom and
contributed directly with cardiac manifestations and mortality
during envenoming in a canine model (Tarasiuk et al, 1998).
Importantly, the role of the immune system has been shown to
be an important pathophysiological mechanism of scorpionism,
sometimes overriding the neurotoxic mechanisms of venoms
(Reis et al., 2019).

The present review aims to promote a more critical look at the
importance of clinical studies that include the treatment of
scorpionism with corticosteroids, thus covering all areas of
that
morbidity and mortality of this neglected event.

immunopathological ~mechanisms contribute to the

2 Considerations on the epidemiology
of scorpionism

Scorpion stings have always been considered a public health
problem in several countries around the world. Some specific
regions, such as South Africa (Marks et al, 2019), Mexico
(Hernandez-Munoz et al., 2024), the Middle East (Amr et al,
2021) and South America (especially Brazil) (Guerra-Duarte
et al, 2023), are places with high incidence and prevalence of
these accidents. Scorpion stings are well managed due to access
to tertiary health centers and the availability of antivenom for the
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species that causes the accidents. However, the number of deaths
from scorpion stings remains high, despite the seemingly well-
established clinical protocols and the development of highly
effective heterologous antivenoms (Guerra-Duarte et al,, 2023;
Martins et al., 2021).

The last relevant study on the global epidemiology of
scorpionism was published in 2008 (Chippaux and Goyffon,
2008). Despite the scarcity of updated epidemiological data and
the underreporting of scorpion accidents in several countries, even
the underestimated numbers are cause for concern. In 2022, Brazil
recorded an incredible number of 183,738 cases of accidents, with
92 deaths recorded. This number makes the scorpionism scenario
alarming, since Brazil is one of the world’s main producers of
heterologous antivenom (Guerra-Duarte et al., 2023).

3 Immune-target therapies in
murine models

Studies conducted in mouse models are one of the main
methods applied to investigate the pathophysiology of scorpion
envenoming. Although clinical studies in humans have described
some of the main pathophysiological mechanisms (Cupo, 2015),
access to murine models has allowed advances in the understanding
of the changes that occur during envenoming, specifically the role of
immune system during moderate and severe cases (Reis et al., 2019).

In 1963, Greenberg and Ingalls first reported the impact of
(Aah)
envenoming, in which 15 compounds were tested to evaluate the

hydrocortisone during Androctonus —autralis  hector
reduction in mortality in mice, among them, hydrocortisone at a
dose of 25 mg/kg, with no impact on mortality compared to the
control (sterile saline solution) (Greenberg and Ingalls, 1963). For
the same species, tacrolimus (a macrolide from Streptomyces
tsukubaensis with immunosuppressive properties) were inoculated
every 12 h for 21 days (1 mg/kg) before envenoming with sublethal
dose of Aah venom (10 pg/20 g of mice), decreasing several
parameters analyzed such as hyperglycemia and pulmonary
edema. When mice were exposed to the same protocol with
tacrolimus and challenged with lethal dose of Aah venom
(72.41 ug/20 g of mice), animals had increased survival time
(Kabrine and Laraba-Djebari, 2014).

Regarding other species, Leiurus quinquestriatus has only one
study in the literature relating the use of anti-inflammatory drugs
and clinical outcome. In this study, the administration of
montelukast (a leukotriene receptor antagonist — 10 or 20 mg/kg,
orally), hydrocortisone (corticosteroid - 5 or 10 mg/kg,
intravenously) and indomethacin (cyclooxygenase inhibitor — 10 or
20 mg/kg, intravenously) were administered beforehand, and then the
mice were challenged with doses of 0.25 or 0.30 mg/kg of venom. All
three drugs analyzed were able to increase the survival of the animals
in a 24-h observation period, with montelukast being more effective
(Abdoon et al., 2005).

Most of the research in the scientific literature on the impact of
anti-inflammatory and immunosuppressive therapies in the
treatment of scorpionism are focused on the venom of the
Brazilian scorpion Tityus serrulatus (yellow scorpion) (Reis et al.,
2019). A research conducted by Zoccal and collaborators
demonstrated that the treatment of mice envenomated with the
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TABLE 1 Target immune system therapies in murine models.

10.3389/ftox.2024.1503055

Species Drug Dose Mechanism of action Outcome Reference
Androctonus australis | Hydrocortisone 25 mg/kg Immunosuppressant No difference in survival time Greenberg and Ingalls
hector (1963)

Tacrolimus 1 mg/kg Immunosuppressive effect by Decreased pulmonary edema, exudation, Kabrine and
inhibiting calcineurin hyperglycemia, protection against mortality laraba-Djebari (2014)
Leiurus Montelukast 10-20 mg/kg LTB4 receptor antagonist Prolonged survival time, with better results for Abdoon et al. (2005)
quinquestriatus Hydrocortisone = 5-10 mg/kg Immunosuppressant Nonselective montelukast
Indomethacin 10-20 mg/kg COX inhibitor
Tityus serrulatus MK-886 5 mg/kg 5-lipoxygenase inhibitor Deceased leukocyte influx to the site of Zoccal et al. (2013)
Celecoxib 5 mg/kg COX-2 inhibitor inoculation
Indomethacin 2 mg/kg Nonselective COX inhibitor Prolonged survival time and decreased lung Zoccal et al. (2016)
inflammation
U75302 50 ng LTB4 receptor antagonist Decreased survival time and increased lung Zoccal et al. (2018)
inflammation
EP80317 0.289 pmol/kg CD36 selective ligand Prolonged survival time and decreased lung Zoccal et al. (2019)
inflammation
L-NAME 100 mg/kg Nitric oxide synthase inhibitor Decreased pancreas inflammation and Reis et al. (2020a)
reduced hyperglycemia
Dexamethasone 5 mg/kg Immunosuppressant Prolonged survival and improved cardiac Reis et al. (2020b)
function
Dexamethasone 2 mg/kg Immunosuppressant Reduced inflammation and edema in the lungs | Yamashita et al. (2020)
Dexamethasone 5 mg/kg Immunosuppressant Preserved cardiac mitochondrial function Reis et al. (2023)

toxins Ts2 and Ts6 and treated with MK-886 (a 5-lipoxygenase
inhibitor - 5 mg/kg, orally) and celecoxib (a selective COX-2
inhibitor - 5 mg/kg, orally) resulted in a decrease in the
inflammatory infiltrate in the peritoneal cavity (the site of
inoculation of the toxins) (Zoccal et al, 2013). In another large
study by the same group, the challenge of animals with a lethal
dose of Tityus serrulatus venom (TsV) and treatment with
indomethacin (2 mg/kg, intraperitoneally) was able to reduce
the mortality of the challenged mice. This study demonstrated
that the balance of prostaglandins and leukotrienes is a pivotal
mechanism that control interleukin-1p (IL-1B) production, a
main mediator involved in the pathophysiology of pulmonary
edema (a manifestation of severe envenoming cases) (Zoccal
et al., 2016).

IL-1P has been demonstrated in several studies with TsV as a key
inflammatory mediator in the pathophysiology process in severe
cases during envenoming. In another study by Zoccal et al., the
production of IL-1f was investigated focusing on the innate immune
receptor cluster of differentiation 14 (CD14) and the scavenger
receptor CD36. While CD14
prostaglandin E, (PGE,), with consequent increase of IL-1f,
CD36 induces the production of leukotriene B4 (LTB,) and
decrease in IL-1B production. This mechanism was corroborated

induces the production of

using U-75302 (LTB, receptor antagonist - 50 ng/mouse,
intranasally) to treat animals inoculated with the lethal dose of
TsV (180 pg/kg), which had increased mortality, as well as worse
pulmonary edema outcomes (Zoccal et al., 2018). To corroborate the
hypothesis of CD36 in promoting a reduction in fatal outcomes in
TsV envenoming, the authors demonstrated in another study that
the use of EP80137 (an agonist of the scavenger receptor
CD36-0.289 pmol/kg, intraperitoneally) promoted an increase in
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the production of LTB,, a decrease in IL-1f, and a reduction in
mortality and pulmonary edema in a murine envenoming model
challenged with a lethal dose of TsV (Zoccal et al., 2019).

The to be
pathophysiology of other clinical manifestations during scorpion

immune system appears involved in the
envenoming, such as hyperglycemia (which is a predictor of clinical
severity in humans) and cardiac alterations that lead to cardiogenic
shock (Cupo, 2015; Miranda et al., 2015). Reis et al. demonstrated
that transient hyperglycemia in cases of TsV envenoming is due to
an increase in IL-1P production in the pancreas, which via the ILIR
receptor induces an increase in nitric oxide (NO), causing
disturbance in insulin release, leading to hyperglycemia. Mice
treated with the nitric oxide synthase inhibitor N(G)-Nitro-L-
arginine methyl ester (L-NAME - 100 mg/kg, intraperitoneally)
did not present hyperglycemia (Reis et al., 2020a). A large study by
the same group demonstrated that cardiac alterations observed in
severe TsV envenoming are caused by excessive release of IL-1p and
PGE,, which synergically with neurotoxins increase the release of
acetylcholine (ACh) leading to cardiogenic shock. In this study,
animals treated with dexamethasone at an immunosuppressive
single dose (5 mg/kg, intraperitoneally) were able to prevent
cardiac alterations and mortality. The use of dexamethasone was
shown to be effective in a time-dependent manner, indicating the
use of this corticosteroid to prevent mortality from scorpion
envenoming until patients have access to antivenom (Reis et al.,
2020b). The use of dexamethasone (5 mg/kg, intraperitoneally) was
also able to prevent mitochondrial alterations in cardiomyocytes
(Reis et al., 2023) and pulmonary edema (Yamashita et al., 2020) in
other studies. The mains outcomes of immune-target drugs in
murine models during scorpion envenoming are highlighted
in Table 1.
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TABLE 2 Corticoid therapy for scorpion envenoming conducted in humans.

Species

10.3389/ftox.2024.1503055

Number of Reference

patients

Hydrocortisone (50 mg/kg, 6/
6h - max. 3 g)

Hydrocortisone (Case-control
study)

Scorpion accidents from Tunisia
(species not informed)

Hydrocortisone (Case-control
study)

4 Use of corticosteroids in human-
conducted studies

Studies using corticosteroids to treat scorpion stings in humans
are scarce in the literature and present problems regarding the dose
and potency of the drugs chosen. In the literature, only three studies
with scorpions from Tunisia (without specifying the species that
caused the accidents) using hydrocortisone as a therapeutic
approach for analyzing clinical outcomes and mortality are
described. In a study conducted by Abroug et al., 600 patients
over 10 years old victims of scorpion stings were randomly assigned
to receive hydrocortisone hemisuccinate at a dose of 50 mg/kg or
placebo. No significant differences were found in the length of
hospital stay and mortality during the 4-h clinical evaluation
period (Abroug et al,, 1997). In another study by Bahloul et al., a
case-control study was conducted with 184 children admitted due to
scorpion envenoming between 1990 and 2002, demonstrating that
there was no difference in mortality or length of stay in the intensive
care unit (ICU) in the groups with hydrocortisone and steroid-free
patients (Bahloul et al., 2013). Another case-control study, also by
the same group, analyzed 48 patients over 16 years old showed no
statistical difference in the use of mechanical ventilation, ICU stay
length and ICU mortality in groups that received or not
hydrocortisone (Bahloul et al., 2014). In all studies, the rationale
for the use of hydrocortisone was that this drug was part of the
protocol for all scorpion-envenomed patients at some hospitals in
Tunisia, with no details on studies that indicated this protocol. The
main outcomes on human-conducted studies are highlighted
in Table 2.

5 Discussion

The pathophysiology of scorpion envenoming has, over the last
few years, pointed to a robust role of the immune system in severe
manifestations of scorpionism (Reis et al., 2019). In a 1998 study by
Tarasiuk et al., in which the authors used a model of envenoming by
L. quinquestriatus in dogs, it was observed that while renal clearance
of the venom occurs rapidly, the symptoms of acute pulmonary
edema and cardiogenic shock persist for a longer period of time, due
to factors activated by the venom and not by the action of the venom
itself, rendering antivenom ineffective in cases where delayed
administration occur (Tarasiuk et al., 1998). Of importance, there
are studies in literature that point to an increase in circulatory
cytokines in victims of scorpionism, such as IL-1f, IL-6, IL-8, IL-10
and TNF-a (Fukuhara et al., 2003).
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No difference in mortality or hospital stay

No difference for use of medical ventilation,
mortality or Intensive Care Unit stay

600 patients over Abroug et al.

10 years old (1997)
No difference in mortality or Intensive Care Unit | 184 children under 16 Bahloul et al.
stay years old (2013)

Bahloul et al.
(2014)

48 patients over 16
years old

With increasing evidence of immunological involvement in
scorpionism, the use of therapies targeting the immune system,
especially corticosteroids, has shown robust results in murine
models (Reis et al, 2020b). Studies with the venom of the
scorpions T. serrulatus and L. quinquestriatus have shown a
reduction in mortality, especially by attenuating the two most
relevant manifestations of scorpion envenoming: pulmonary
edema and cardiogenic shock (Abdoon et al, 2005; Reis et al,
2020b; Zoccal et al., 2016). Although low doses of corticosteroids are
used in the treatment of L. quinquestriatus, mortality in mice inoculated
with TsV requires high doses of corticosteroids in a single application
after envenoming (Reis et al., 2020b). Research with humans that aimed
to evaluate the role of corticosteroid use in clinical outcomes have
mostly used low doses of low-potency corticosteroids (Abroug et al,
1997; Bahloul et al., 2014; Bahloul et al.,, 2013).

Due to the small number of clinical trials, the conduction of studies
about the use of corticosteroids for scorpion envenoming deserves
special attention and new reformulations. First, the use of high-potency
corticosteroids in high doses may be a crucial factor for the correct
assessment of clinical improvement. Human studies use hydrocortisone
in clinical trials, and this corticosteroid is also routinely used in some
services prior to the administration of heterologous antivenom (Abroug
et al,, 1997; Bahloul et al., 2014; Bahloul et al., 2013). Hydrocortisone is
pharmacologically a low-potency corticosteroid, corresponding to
endogenous cortisol, with an average duration of clinical effects
ranging from 8 to 12 h (William, 2018). On the other hand, the
study with a murine model that showed the effectiveness of
corticosteroids in the treatment of scorpionism used dexamethasone
(5 mg/kg, single dose), a drug 20 times more potent than
hydrocortisone, and biological action of 36 h (3 times longer) (Reis
et al,, 2020b). The immunosuppressive dose demonstrated by Reis et al.
may be the answer for new clinical studies that use potent
corticosteroids in high doses (Reis et al, 2020b). Importantly,
Patrdo-Neto and collaborators demonstrated that the use of
dexamethasone also has an impact on the clinical course of Bothrops
accidents at a dose of 1 mg/kg, reducing myotoxicity and activation of
immune cells after envenoming (Patrao-Neto et al,, 2013).

Also, the administration time needs to be assessed in protocols
in which injured patients have rapid access to corticosteroid until
they can get access to the antivenom. It is extremely important to
emphasize that the use of corticosteroids is not intended to replace
antivenom therapy, but rather to complement it, since studies show
that the earlier the immune response is inhibited, the better the
clinical outcome in a murine model. Another important factor is
that neurotoxins need to be neutralized quickly, making the use of
corticosteroids prior to antivenom a treatment proposal that covers
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both pathological arms of this condition: immune response and ion
channel-modulating toxins (Reis et al., 2020b).

There are several clinical protocols for the wuse of
immunosuppressants for numerous diseases, with their respective
doses (Timmermans et al., 2019). A look at these protocols can help
in the design of clinical studies that aim to evaluate the role of
immunosuppression in the context of scorpion envenoming. For
example, the use of dexamethasone in pediatrics has a well-
established maximum safe dose in the literature of 0.6 mg/kg in
cases of viral croup (Cruz et a., 1995). The use of tacrolimus in
autoimmune conditions is also classically safe at a dose of
1.5 mg/kg in chronic use for more than 24 weeks (Yoo et al,
2021). Other human pathologies that use immunosuppressive
drugs are excellent guides for choosing the dose in clinical trials
for this type of investigation.

Mortality from scorpion envenoming is still a relevant and
neglected public health event. Since the emergence of antivenom,
it has been assumed that neutralizing the venom is the only relevant
factor for clinical treatment, a hypothesis that is not corroborated by
the various fatal outcomes that occur even after administration of
the antivenom. The translation of the hypotheses obtained in mice
can be of great value so that deaths due to scorpionism (mainly in
children) become a purely theoretical framework.

Author contributions

MR: Conceptualization, Writing-original draft, Writing-review

and editing. EA: Conceptualization, Funding acquisition,

Supervision, Writing-original draft, Writing-review and editing.

References

Abdoon, N. A,, Ali, A. A, Almena, A. A., Hag-Ali, M., and Fatani, A. J. (2005).
Effect of selected anti-inflammatory drugs on the lethal actions of Leiurus
quinquestriatus venom. J. Venom. Anim. Toxins 12, 374-389. doi:10.1590/
$1678-91992006000300003

Abroug, F., Nouira, S., Haguiga, H., Elatrous, S., Belghith, M., Boujdaria, R., et al.
(1997). High-dose hydrocortisone hemisuccinate in scorpion envenomation. Ann.
Emerg. Med. 30, 23-27. doi:10.1016/S0196-0644(97)70105-7

Amr, Z. S., Abu Baker, M. A, Al-Saraireh, M., and Warrell, D. A. (2021). Scorpions
and scorpion sting envenoming (scorpionism) in the Arab Countries of the Middle East.
Toxicon 191, 83-103. doi:1041016/j.t0xicon.2020.12.017

Bahloul, M., Chaari, A., Ammar, R., Allala, R, Dammak, H., Turki, O., et al. (2013).
Severe scorpion envenomation among children: does hydrocortisone improve outcome? A
case-control study. Trans. R. Soc. Trop. Med. Hyg. 107, 349-355. doi:10.1093/trstmh/trt028

Bahloul, M., Chaari, A., Dammak, H., Algia, N. B, Medhioub, F.,, Hamida, C. B,, et al.

(2014). Impact of hydrocortisone hemisuccinate use on outcome of severe scorpion-
envenomed adult patients. Am. J. Ther. 21, e181-¢188. doi:10.1097/MJT.0b013e3182583bbc

Chippaux, J. P., and Goyffon, M. (2008). Epidemiology of scorpionism: a global
appraisal. Acta Trop. 107, 71-79. doi:10.1016/j.actatropica.2008.05.021

Cruz, M. N,, Stewart, G., and Rosenberg, N. (1995). Use of dexamethasone in the
outpatient management of acute laryngotracheitis. Pediatrics 96 (2-1), 220-223. PMID
7630673. doi:10.1542/peds.96.2.220

Cupo, P. (2015). Clinical update on scorpion envenoming. Rev. Soc. Bras. Med. Trop.
48, 642-649. doi:10.1590/0037-8682-0237-2015

Fukuhara, Y. D. M., Reis, M. L., Dellalibera-Joviliano, R., Cunha, F. Q. C., and Donadi,
E. A. (2003). Increased plasma levels of IL-1beta, IL-6, IL-8, IL-10 and TNF-alpha in
patients moderately or severely envenomed by Tityus serrulatus scorpion sting. Toxicon
41, 49-55. doi:10.1016/S0041-0101(02)00208-8

Greenberg, L., and Ingalls, ]. W. (1963). Effect of drugs on survival time from scorpion
envenomation. J. Pharm. Sci. 52, 159-161. doi:10.1002/jps.2600520212

Frontiers in Toxicology

10.3389/ftox.2024.1503055

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. The present work
was supported by CAPES-Finantial Code 001, Fundagao de Amparo a
Pesquisa do Estado de Sio Paulo (FAPESP) grants number #2023/
10400-8; #2023/01083-9; #2021/11936-3 and Conselho Nacional de
Desenvolvimento Cientifico e Tecnologico (CNPq) #151117/2023-3.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Guerra-Duarte, C., Saavedra-Langer, R., Matavel, A., Oliveira-Mendes, B. B. R.,
Chavez-Olortegui, C., and Bittencourt Paiva, A. L. (2023). Scorpion envenomation
in Brazil: current scenario and perspectives for containing an increasing health
problem. PLoS Negl. Trop. Dis. 17, 00110699-e11129. doi:10.1371/journal.pntd.
0011069

Hernandez-Mufioz, E. A., Zavala-Sanchez, E. V., Rubio-Atondo, A., Lépez-Chavez,
J. A, Arredondo-Rojas, V., and Reyes-Reyes, J. S. (2024). Scorpion sting envenomation
outbreak in Mexico. Strategies for prevention and control. Toxicon 237,
107549-107558. doi:10.1016/j.toxicon.2023.107549

Isbister, G. K., and Saluba Bawaskar, H. (2014). Scorpion envenomation. N. Engl.
J. Med. 371, 457-463. doi:10.1056/NEJMral401108

Kabrine, M., and Laraba-Djebari, F. (2014). Inmunomodulatory and protective
properties of tacrolimus in experimental scorpion envenomation. Int.
J. Immunopathol. Pharmacol. 27, 69-78. d0i:10.1177/039463201402700109

Marks, C. J., Muller, G. J., Sachno, D., Reuter, H., Wium, C. A., Du Plessis, C. E., et al.
(2019). The epidemiology and severity of scorpion envenoming in South Africa as
managed by the Tygerberg Poisons Information Centre over a 10 year period. Afr.
J. Emerg. Med. 9, 21-24. doi:10.1016/j.afjem.2018.12.003

Martins, J. G., Reis, M. B., Zuanazzi, B. A., Bordon, K. de C. F., Zoccal, K. F., de Lima
Procopio, R. E,, et al. (2024). Clinical outcomes in a murine model after envenoming by
the Amazonian scorpions Tityus strandi and Tityus dinizi. Toxicon 246, 107797. doi:10.
1016/j.toxicon.2024.107797

Martins, J. G., Santos, G. C., Proc6pio, R.E. de L., Arantes, E. C., and Bordon, K. de C.
F. (2021). Scorpion species of medical importance in the Brazilian Amazon: a review to
identify knowledge gaps. J. Venom. Anim. Toxins Incl. Trop. Dis. 27, €20210012. doi:10.
1590/1678-9199-jvatitd-2021-0012

Miranda, C. H., Braggion-Santos, M. F., Schmidt, A., Pazin-Filho, A., and Cupo, P.
(2015). The first description of cardiac magnetic resonance findings in a severe scorpion
envenomation: is it a stress-induced (Takotsubo) cardiomyopathy like? Am. J. Emerg.
Med. 33, 862.e5-¢7. doi:10.1016/j.ajem.2014.12.044

frontiersin.org


https://doi.org/10.1590/S1678-91992006000300003
https://doi.org/10.1590/S1678-91992006000300003
https://doi.org/10.1016/S0196-0644(97)70105-7
https://doi.org/10.1016/j.toxicon.2020.12.017
https://doi.org/10.1093/trstmh/trt028
https://doi.org/10.1097/MJT.0b013e3182583bbc
https://doi.org/10.1016/j.actatropica.2008.05.021
https://doi.org/10.1542/peds.96.2.220
https://doi.org/10.1590/0037-8682-0237-2015
https://doi.org/10.1016/S0041-0101(02)00208-8
https://doi.org/10.1002/jps.2600520212
https://doi.org/10.1371/journal.pntd.0011069
https://doi.org/10.1371/journal.pntd.0011069
https://doi.org/10.1016/j.toxicon.2023.107549
https://doi.org/10.1056/NEJMra1401108
https://doi.org/10.1177/039463201402700109
https://doi.org/10.1016/j.afjem.2018.12.003
https://doi.org/10.1016/j.toxicon.2024.107797
https://doi.org/10.1016/j.toxicon.2024.107797
https://doi.org/10.1590/1678-9199-jvatitd-2021-0012
https://doi.org/10.1590/1678-9199-jvatitd-2021-0012
https://doi.org/10.1016/j.ajem.2014.12.044
https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2024.1503055

Reis and Arantes

Ozkan, O., Adigiizel, S., Ates, C., Bozygit, I, and Filazi, A. (2005). Optimization of
antiscorpion venom production. J. Venom. Anim. Toxins 12, 390-399. doi:10.1590/
51678-91992006000300004

Patrio-Neto, F. G., Tomaz, M. A., Strauch, M. A., Monteiro-Machado, M., Rocha-
Junior, J. R. S., Borges, P. A, et al. (2013). Dexamethasone antagonzies the in vivo
myotoxicand inflammatory effects of Bothrops venoms. Toxicon 69, 55-64. doi:10.1016/
j.toxicon.2013.01.023

Pucca, M. B., Oliveira, G. H., Cremonez, C. M., Longhim, H. T., Cordeiro, F. A,
Arantes, E. C,, et al. (2015). Tityus serrulatus venom - a lethal cocktail. Toxicon 108,
272-284. doi:10.1016/j.toxicon.2015.10.015

Reis, M. B., Elias-Oliveira, J., Pastori, M. R,, Ramos, S. G., Gardinassi, L. G., and
Faccioli, L. H. (2020a). Interleukin-1 receptor-induced nitric oxide production in the
pancreas controls hyperglycemia caused by scorpion envenomation. Toxins (Basel). 12,
1-9. doi:10.3390/toxins12030163

Reis, M. B., Ramos, S. G., Rocha, L. B., and Faccioli, L. H. (2023). Mitochondrial
swelling in cardiomyocytes: insights from a murine model of Tityus serrulatus scorpion
envenomation. Toxicon 233, 107259-107264. doi:10.1016/j.toxicon.2023.107259

Reis, M. B., Rodrigues, F. L., Lautherbach, N., Kanashiro, A., Sorgi, C. A., Meirelles, A.
F. G, et al. (2020b). Interleukin-1 receptor-induced PGE2 production controls
acetylcholine-mediated cardiac  dysfunction and mortality during scorpion
envenomation. Nat. Commun. 11, 5433. doi:10.1038/s41467-020-19232-8

Reis, M. B, Zoccal, K. F., Gardinassi, L. G., and Faccioli, L. H. (2019). Scorpion
envenomation and inflammation: beyond neurotoxic effects. Toxicon 167, 174-179.
doi:10.1016/j.toxicon.2019.06.219

Tarasiuk, A., Khvatskin, S., and Sofer, S. (1998). Effects of antivenom serotherapy on
hemodynamic pathophysiology in dogs injected with L. quinquestriatus scorpion
venom. Toxicon 36, 963-971. doi:10.1016/S0041-0101(98)00011-7

Timmermans, S., Souffriau, J., and Libert, C. (2019). A general introduction to
glucocorticoid biology. Front. Immunol. 10, 1545. doi:10.3389/fimmu.2019.01545

Wiezel, G. A., Oliveira, . S., Reis, M. B., Ferreira, I. G., Cordeiro, K. R., Bordon, K. C.
F., et al. (2024). The complex repertoire of Tityus spp. venoms: advances on their

Frontiers in Toxicology

06

10.3389/ftox.2024.1503055

composition and pharmacological potential of their toxins. Biochimie 220, 144-166.
doi:10.1016/j.biochi.2023.12.012

William, D. M. (2018). Clinical pharmacology of corticosteroids. Respir. Care 63 (6),
655-670. doi:10.4187/respcare.06314

Yamashita, F. de O., Torres-Régo, M., dos Santos Gomes, J. A., Félix-Silva, J., Ramos
Passos, J. G., de Santis Ferreira, L., et al. (2020). Mangaba (Hancornia speciosa Gomes)
fruit juice decreases acute pulmonary edema induced by Tityus serrulatus venom:
potential application for auxiliary treatment of scorpion stings. Toxicon 179, 42-52.
doi:10.1016/j.toxicon.2020.02.025

Yoo, W, Lee, S., Kim, T., Sung, J., Kim, S. M., Hua, F,, et al. (2021). Safety of
tacrolimus in autoimmune disease: results from post-marketing surveillance in South
Korea. J. Rheum. Dis. 28, 202-215. d0i:10.4078/jrd.2021.28.4.202

Zoccal, K. F., Bitencourt, C. da S., Sorgi, C. A., Bordon, K. de C. F., Sampaio, S. V.,
Arantes, E. C, et al. (2013). Ts6 and Ts2 from Tityus serrulatus venom induce
inflammation by mechanisms dependent on lipid mediators and cytokine
production. Toxicon 61, 1-10. doi:10.1016/j.toxicon.2012.10.002

Zoccal, K. F., Bitencourt, C. S., Paula-Silva, F. W. G., Sorgi, C. A., Bordon, K. C. F,,
Arantes, E. C,, et al. (2014). TLR2, TLR4 and CD14 recognize venom-associated
molecular patterns from Tityus serrulatus to induce macrophage-derived
inflammatory mediators. PLOS ONE 9 (2), e88174. doi:10.1371/journal.pone.0088174

Zoccal, K. F., Gardinassi, L. G., Bordon, K. C. F,, Arantes, E. C., Marleau, S., Ong, H.,
et al. (2019). EP80317 restrains inflammation and mortality caused by scorpion
envenomation in mice. Front. Pharmacol. 10, 171. doi:10.3389/fphar.2019.00171

Zoccal, K. F.,, Gardinassi, L. G., Sorgi, C. A., Meirelles, A. F. G., Bordon, K. C. F,,
Glezer, L, et al. (2018). CD36 shunts eicosanoid metabolism to repress CD14 licensed
interleukin-1p release and inflammation. Front. Immunol. 9, 890-916. doi:10.3389/
fimmu.2018.00890

Zoccal, K. F,, Sorgi, C. A., Hori, J. L, Paula-Silva, F. W. G., Arantes, E. C., Serezani, C.
H., et al. (2016). Opposing roles of LTB4 and PGE2 in regulating the inflammasome-
dependent scorpion venom-induced mortality. Nat. Commun. 7, 10760. doi:10.1038/
ncomms10760

frontiersin.org


https://doi.org/10.1590/s1678-91992006000300004
https://doi.org/10.1590/s1678-91992006000300004
https://doi.org/10.1016/j.toxicon.2013.01.023
https://doi.org/10.1016/j.toxicon.2013.01.023
https://doi.org/10.1016/j.toxicon.2015.10.015
https://doi.org/10.3390/toxins12030163
https://doi.org/10.1016/j.toxicon.2023.107259
https://doi.org/10.1038/s41467-020-19232-8
https://doi.org/10.1016/j.toxicon.2019.06.219
https://doi.org/10.1016/S0041-0101(98)00011-7
https://doi.org/10.3389/fimmu.2019.01545
https://doi.org/10.1016/j.biochi.2023.12.012
https://doi.org/10.4187/respcare.06314
https://doi.org/10.1016/j.toxicon.2020.02.025
https://doi.org/10.4078/jrd.2021.28.4.202
https://doi.org/10.1016/j.toxicon.2012.10.002
https://doi.org/10.1371/journal.pone.0088174
https://doi.org/10.3389/fphar.2019.00171
https://doi.org/10.3389/fimmu.2018.00890
https://doi.org/10.3389/fimmu.2018.00890
https://doi.org/10.1038/ncomms10760
https://doi.org/10.1038/ncomms10760
https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2024.1503055

	Immunosuppressive therapies in scorpion envenomation: new perspectives for treatment
	1 Introduction
	2 Considerations on the epidemiology of scorpionism
	3 Immune-target therapies in murine models
	4 Use of corticosteroids in human-conducted studies
	5 Discussion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


