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oisoning represents a growing global public

health concern, with rising incidence observed

across both high- and low-income countries. In
the United States, intoxications are the primary cause
of injury-related mortality, accounting for 102,001 fa-
talities in 2021 and exceeding motor vehicle collision
deaths yearly since 2013.! Activated charcoal (AC)
remains the most common form of gastrointestinal
(GI) decontamination. However, its use requires criti-
cal re-evaluation regarding current indications, opti-
mal timing of administration, and contraindications,
particularly as emerging evidence challenges the tradi-
tionally accepted 1-hour administration window and
as newer extended-release drug formulations continue
to alter absorption kinetics.

AC acts by adsorbing a wide range of toxic sub-
stances within the GI tract, thereby reducing their sys-
temic absorption and, consequently, the severity and
potential toxicity of poisoning. The landmark recom-
mendations on the use of single-dose AC were initially
published in 1997 as a Position Statement and subse-
quently updated in 2005 through a Position Paper.??
Since then, new evidence has emerged from clinical
studies, pharmacokinetic investigations, and observa-
tions of gastric emptying in overdose patients.

In an effort to update previous guidelines, the
Clinical Toxicology Recommendations Collaborative
‘Workgroup was established in 2017 as a joint initiative
of the American Academy of Clinical Toxicology
(AACT), the European Association of Poison Centres
and Clinical Toxicologists (EAPCCT), and the Asia
Pacific Association of Medical Toxicology (APAMT).

A dedicated Activated Charcoal in Clinical Toxicology
Workgroup was established within this endeavor,
bringing together multidisciplinary experts and col-
laborating with additional international scientific
societies to conduct a comprehensive review of the
published literature and develop updated recommen-
dations regarding the use of AC following oral over-
dose.*

One of the most important changes is the recon-
sideration of the traditional 1-hour time limit for AC
administration. This recommendation is supported by
studies conducted in both healthy volunteers and poi-
soned patients, which have demonstrated a significant
reduction in the absorption of certain toxic agents even
several hours after ingestion. Different studies have
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shown that gastric emptying may be substantially delayed in
overdose situations, particularly following exposure to drugs
such as tricyclic antidepressants, acetaminophen, opioid—
acetaminophen combinations, and carbamazepine.

Gastroparesis has also been reported following exposure
to antimuscarinic agents and opioids, resulting in a 2.2-3.3
times prolongation of gastric emptying time. Even in cases
involving drugs without direct effects on GI motility, inges-
tion of large tablet burdens may itself contribute to gastric
hypomotility and delayed emptying. Endoscopic evaluation
of patients following overdose with solid pharmaceutical
formulations revealed persistent gastric contents in a sub-
stantial proportion of cases: 44% retained tablet, food, or
soluble/liquid material at 1-4 hours post-ingestion, and 14%
still had toxicant-related gastric contents at 4-12 hours.’
These findings suggest that clinically significant amounts of
an ingested substance may remain in the stomach well be-
yond the timeframe conventionally accepted for AC admin-
istration.

Current recommendations suggest that the indication
for AC should not be based solely on time elapsed since in-
gestion, but should also incorporate the toxicological prop-
erties of the agent involved, the pharmaceutical formulation,
and an individualized risk assessment. Detailed substance-
specific guidance is available in the consensus document de-
veloped by the Workgroup.

Another concept introduced by the task force is the op-
tion of administering an additional dose of AC to optimize
GI decontamination. Recommended amounts remain un-
changed: 50 g in adults or 1 g/kg in pediatric patients. A 10:1
ratio of AC to xenobiotic is the commonly recommended

dose, based on experimental evidence.® A second adminis-
tration, however, may be considered when there is suspicion
or evidence of ongoing GI absorption. No fixed time win-
dow is established for this additional dose; its indication
should be individualized according to the toxicological
properties of the substance and the patient’s clinical course.
The supplemental administration may consist of either a full
or a half dose of AC.

A final aspect addressed by the Workgroup is multiple-
dose activated charcoal (MDAC), a therapeutic regimen de-
signed to enhance toxicant elimination by interrupting
enterohepatic or enteroenteric recirculation. Strong recom-
mendations supporting its use were issued for poisoning
involving dapsone, phenobarbital, theophylline, and amino-
phylline, whereas only weak recommendations were made
for carbamazepine, cardiac glycosides, colchicine, phenytoin,
and thallium.

To conclude, it is important to acknowledge the work
of the international experts who have driven this update. Pe-
riodic critical appraisal of the scientific evidence is essential
to improving the quality of toxicological care, challenging
established paradigms, and generating new lines of research
aimed at optimizing outcomes in poisoned patients. Several
areas remain in need of further investigation, particularly in
special populations, including patients with morbid obesity,
prior bariatric surgery, pregnancy, children, and older adults,
in whom available evidence is limited.
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Necrotic skin lesions at the crossroads of
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ABSTRACT. Loxoscelism produces a spectrum of cutaneous and systemic manifestations driven by sphingomyelinase D,
the principal dermonecrotic toxin. The resulting necrotic lesion is often clinically indistinguishable at initial presentation from
several severe infectious conditions, most notably necrotizing skin and soft tissue infections (NSTIs), community-associated
methicillin-resistant Staphylococcus aureus (CA-MRSA) infections with necrotizing features, and ecthyma gangrenosum.
Diagnostic errors carry consequences in both directions: necrotizing fasciitis misdiagnosed as a spider bite may delay life-
saving surgical intervention, whereas loxoscelism managed as a bacterial infection exposes patients to unnecessary
antimicrobial therapy and may delay appropriate supportive care. An additional layer of complexity arises from secondary
bacterial superinfection of Loxosceles wounds, a genuine complication that requires targeted therapy but appears to be
substantially less common than current prescribing practices suggest. This narrative review examines the pathophysiological
mechanisms underlying the shared clinical phenotype of these conditions, describes the clinical and laboratory features that
facilitate meaningful bedside differentiation, and proposes a practical framework for clinicians evaluating an acute necrotic
wound of uncertain etiology. Particular emphasis is placed on the recognition of NSTIs as surgical emergencies that should
never be excluded solely on the basis of ancillary investigations.

Keywords: Loxosceles; Spider bites; Necrotizing fasciitis; Methicillin-resistant Staphylococcus aureus; Soft tissue infections.

ecrotic skin lesions represent one of the most diag-
nostically challenging presentations encountered

in emergency and acute care medicine.! Clinicians

are often confronted with an evolving wound that may re-
flect envenomation, a rapidly progressive bacterial infection,
or, less commonly, a noninfectious inflammatory process,
each requiring distinct and often divergent management
strategies.!?> This diagnostic challenge is particularly pro-
nounced in regions where Loxosceles spiders are endemic, in-
cluding South America, Central America, and parts of North
America, where clinical suspicion of loxoscelism is both
warranted and, paradoxically, susceptible to overdiagnosis.®
Loxoscelism is the clinical syndrome caused by enveno-
mation by spiders of the genus Loxosceles, among which L.
laeta, L. intermedia, and L. reclusa are considered the species
of greatest medical relevance.’> The venom is a complex
mixture of biologically active toxins, with sphingomyelinase

D (SMaseD) recognized as the principal mediator of the der-
monecrotic and hemolytic manifestations that characterize
the syndrome.?®

The cutaneous form, representing the vast majority of
cases, typically manifests as a painful, progressively enlarg-
ing plaque with a characteristic livedoid appearance that
evolves over several days into a necrotic eschar.>*’ In con-
trast, the less common viscerocutaneous variant is charac-
terized by systemic involvement, including hemolysis,
hemoglobinuria, and acute kidney injury, and is associated
with substantial morbidity and potentially life-threatening
complications.>?

Critically, the same phenotype—necrosis, erythema,
warmth, and progressive tissue destruction—is also the hall-
mark of necrotizing soft tissue infections (NSTIs), a hetero-
geneous group of bacterial infections characterized by rapid
spread along fascial planes and high mortality rates that
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escalates with each hour of delayed surgical intervention.!
The overlap is not merely academic: multiple case series have
documented patients with necrotizing fasciitis initially mis-
diagnosed as spider bites, with surgical exploration delayed
by hours or days.!*8 Conversely, misattribution in the oppo-
site direction (empirically treating loxoscelism as a bacterial
infection) is perhaps more common and carries equally im-
portant implications for antibiotic stewardship and appro-
priate care.

This review adopts an infectious disease perspective
to address a problem traditionally framed in toxicological
terms. Our aim is to provide clinicians with a practical,
pathophysiology-based framework for the differential diag-
nosis of acute necrotic wounds, with particular emphasis
on the features that distinguish loxoscelism from NSTTIs,
the conditions most commonly confused with it, and the
specific scenario of secondary bacterial superinfection in
Loxosceles wounds.

I DISCUSSION

Pathogenesis of the Loxosceles wound: Why it mimics infection

Understanding the mechanisms by which Loxosceles
venom produces tissue injury is essential to explaining both
its remarkable ability to mimic infectious processes and the
genuine diagnostic difficulty of distinguishing these entities
at the bedside.>*?

The primary dermonecrotic component of Loxosceles
venom is SMaseD, a phospholipase D enzyme that hy-
drolyzes sphingomyelin and lysophosphatidylcholine, gener-
ating bioactive lipid mediators that initiate a cascade of local
inflammation. SMaseD activates the complement cascade,
with evidence supporting involvement of both classical and
alternative pathways, promoting deposition of the membrane
attack complex on erythrocytes and endothelial cells.” The
resulting endothelial injury promotes platelet aggregation,
microvascular thrombosis, and ultimately ischemic necrosis
of the dermis and subcutaneous tissue.>* Concurrently, com-
plement activation and cytokine release promote marked
neutrophil recruitment to the wound site, creating a highly
inflammatory microenvironment characterized by erythema,
edema, warmth, and tenderness—findings that are clinically
indistinguishable from bacterial cellulitis.®!°

The livedoid pattern that frequently precedes frank
necrosis reflects patchy microvascular occlusion, producing
alternating areas of pallor and erythema.?> Although not
pathognomonic, this livedo reticularis-like appearance rep-
resents an important early diagnostic clue when present.??
Over the subsequent 48—72 hours, the central area evolves

into a dry eschar, often surrounded by a violaceous ring and
an outer zone of erythema, creating the classic “red, white,
and blue” sign of loxoscelism.%!1:12

The intense local inflammatory response creates a wound
environment that is not only clinically similar to infection
but also genuinely susceptible to secondary bacterial colo-
nization and superinfection.!®%!? Necrotic tissue provides
a favorable substrate for microbial growth, while disruption
of the skin barrier creates a portal of entry for pathogens.
This dual reality—that loxoscelism both mimics infection
and may itself become complicated by infection—is central
to the diagnostic and therapeutic challenges addressed in
this review.!314

The clinical spectrum of loxoscelism
Cutaneous loxoscelism. Cutaneous loxoscelism accounts for
approximately 85-90% of cases. Patients typically present
with a painful, pruritic lesion that develops within 2—8 hours
after envenomation, although many bites go unnoticed at the
time of occurrence. Lesions most commonly involve covered
areas of the body, particularly sites where clothing comes
into close contact with the skin during sleep, including the
axillae, thighs, and trunk, reflecting the peridomestic be-
havior of Loxosceles spiders.>3>11

The early lesion typically presents as an erythematous
macule that may subsequently develop a central vesicle or
bulla. Over the ensuing 12-72 hours, the central area pro-
gresses to necrosis, forming a dry, stellate eschar surrounded
by induration and erythema. The eschar usually becomes
well demarcated over 1-2 weeks before separating to reveal
a deep ulcer that heals slowly over weeks to months and
may ultimately leave permanent scarring. Fever is typically
absent or low grade in uncomplicated cutaneous disease;
its presence should prompt consideration of either viscero-
cutaneous loxoscelism or secondary bacterial superinfec-
tion.2’3’5’7’8’11’13
Viscerocutaneous loxoscelism. Viscerocutaneous loxoscelism
represents the severe systemic variant of the syndrome and
is associated with substantially higher morbidity.!> It occurs
in a minority of patients, with estimates ranging from 1% to
13% of envenomation cases in Latin American series, with
children appearing to be at disproportionately higher risk.*’
Systemic manifestations typically develop within 24-72
hours after envenomation and include fever, chills, nausea,
vomiting, and arthralgia. The hallmark of systemic involve-
ment is intravascular hemolysis, which manifests as declining
hemoglobin levels, elevated lactate dehydrogenase, indirect
hyperbilirubinemia, and hemoglobinuria.?>811.15

Acute kidney injury may develop secondary to hemoglo-
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bin-mediated tubular toxicity and represents the principal
determinant of mortality in severe cases. Disseminated in-
travascular coagulation has been reported in severe viscero-
cutaneous loxoscelism and constitutes a life-threatening
complication.'’*15 The combination of systemic hemolysis,
fever, and an evolving necrotic wound creates a clinical pic-
ture that substantially overlaps with septic shock of any ori-
gin, and distinguishing these entities from severe NSTI with
bacteremia requires active diagnostic evaluation rather than
passive observation.!%10.12.16

Necrotizing soft tissue infections: The differential that cannot
wait

Overview. NSTIs comprise a spectrum of rapidly progressive
bacterial infections involving the skin, subcutaneous tis-
sue, superficial fascia, deep fascia, or muscle. Their defining
characteristic is the capacity for explosive spread along tis-
sue planes, accompanied by systemic toxicity and mortal-
ity rates that range from 20 to 40% in large series despite
optimal management. No diagnostic test, imaging modality,
or laboratory score can replace the judgment of an experi-
enced clinician and surgeon; decisions regarding operative
exploration should never be delayed while awaiting confir-
matory investigations.!%%1%12 An overview of the differential
diagnoses is provided in Table 1.

Necrotizing fasciitis. Necrotizing fasciitis (NF) is traditionally
classified into type I (polymicrobial) and type II (monomi-
crobial, predominantly caused by Streptococcus pyogenes).
Type I NF predominates among older patients with under-
lying comorbidities, including diabetes mellitus, peripheral
vascular disease, and immunosuppression, and typically in-
volves synergistic infections caused by mixed aerobic and
anaerobic organisms. In contrast, type II NF may affect pre-
viously healthy individuals and often follows a more fulmi-
nant clinical course. Type III NF, most commonly associated
with Vibrio vulnificus or Clostridium species, is less frequent
but carries particularly high mortality.>!%!

The earliest cutaneous manifestation of NF is erythema
overlying the affected fascial compartment, often clinically
indistinguishable from cellulitis. This rapidly progresses to
edema, blistering, skin discoloration, and ultimately frank
necrosis. The pathognomonic finding is pain out of propor-
tion to the visible skin changes. In later stages, paradoxical
cutaneous anesthesia may develop as progressive nerve de-
struction occurs. Crepitus, although present in approximately
50% of type I NF cases due to gas-forming organisms, is
frequently absent in type II NF disease and should not be
considered prerequisite for diagnosis.!*!°

The Laboratory Risk Indicator for Necrotizing Fasciitis

(LRINEC) score, which incorporates C-reactive protein,
leukocyte count, hemoglobin, sodium, creatinine, and glu-
cose levels, has been proposed as a tool for risk stratification.
However, its sensitivity for NF is imperfect, with multiple
studies reporting clinically confirmed cases in patients with
low LRINEC scores. The LRINEC score should therefore
be considered only an adjunctive risk assessment tool; a low
score does not exclude NF and should never be used to jus-
tify delaying surgical exploration in a patient with significant
clinical suspicion.

Magnetic resonance imaging (MRI), when available,
has the highest sensitivity for detecting fascial plane in-
volvement and may be useful in equivocal cases without
hemodynamic instability. Computed tomography (CT) can
demonstrate gas tracking along fascial planes, particularly
in type I NF. However, both modalities carry the risk of de-
laying operative management in unstable patients or those
with a high clinical suspicion of NF, and the surgical apho-
rism bears repeating: if NF is clinically suspected, the oper-
ating room serves as both the diagnostic and therapeutic
intervention.”10:17-21
Community-associated methicillin-resistant Staphylococcus aureus
with necrotizing features. Community-associated methicillin-
resistant Staphylococcus aureus (CA-MRSA) has emerged as a
major cause of skin and soft tissue infections, particularly in
regions where the USA300 lineage is prevalent. In contrast to
healthcare-associated MRSA strains, CA-MRSA isolates
frequently carry the Panton-Valentine leukocidin (PVL) gene,
which encodes a bicomponent toxin capable of inducing
leukocyte lysis and is strongly associated with necrotizing
skin infections and, in its most severe presentation, necro-
tizing pneumonia.?>?

PVL-positive CA-MRSA infections typically present as
furuncles or carbuncles that may evolve into necrotic ulcers,
often with a central zone of tissue destruction that mimics
the eschar seen in loxoscelism.??2%2526 Perilesional erythema
may be extensive, and systemic manifestations, including
fever and leukocytosis, are common. Bacteremia occurs in
approximately 20-30% of cases involving skin and soft
tissue infection and may produce a septic clinical picture that
overlaps with viscerocutaneous loxoscelism. 11152425

The epidemiologic context represents a critical differen-
tiating factor. CA-MRSA skin infections tend to cluster in
settings characterized by close physical contact, including
households, athletic facilities, prisons, and military barracks,
as well as among individuals with known exposure to colo-
nized contacts. In contrast, loxoscelism typically occurs in
the setting of potential exposure to Loxosceles habitats, such
as stored clothing and footwear, woodpiles, or cluttered
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TABLE 1. Clinical differential diagnosis of necrotizing skin and soft tissue infections.

Cutaneous Viscerocutaneous CA-MRSA
Feature . . NF . EG
loxoscelism loxoscelism necrosis
. Days
Onset after event Hours-days Hours-days Hours (rapid) Hours-days .
(immunocomp.)
. . Cutaneous findings Erythema — . Folliculitis — Hemorrhagic
. . Livedoid plaque — . bullae — necrosis
Typical lesion + systemic furuncle — pustule — black

necrosis — eschar

with extension

manifestations ) necrotic ulcer eschar
along fascial planes
Progression speed Days (relatively slow) Days-weeks Hours (alarming) Days Variable
Often Severe, followed
. dlsprgportlonate . by paradoxmal Moderate to Often mild
Pain initially, may Variable reduction due to .
d severe (immunocomp.)
ecrease as cutaneous
necrosis develops anesthesia
Fever, High fever, Variable; Fever and sepsis
Systemic signs Absent or mild hemolysis, AKI, tachycardia, bacteremia in the setting of
hemoglobinuria  hypotension, shock possible neutropenia
in ~ 0,
Crepitus/gas Absent Absent Present in ~50% of Absent Absent
type | cases
L Diabetes mellitus, Hematologic
Any; children at : Immunocompetent .
Host Immunocompetent hi . immunocomp., . malignancy,
igher risk (community) -
recent surgery neutropenia
. . . Endemlc region, Endemlc region, Recent wounds, Skin-to-skin Chemotherapy,
Epidemiologic potential exposure potential exposure . .
) ) surgery, or skin contact; crowded prolonged
clue through clothing through clothing ai . . .
; ; isruption settings neutropenia
or stored items or stored items
Laboratory Hemolytic anemia, Elevatf-:d A5 A 'ar.1d Leukocytosis; EEEIEEMICE [PORINT
N Usually normal LDH; leukocytosis; I blood cultures for
findings elevated LDH, AKI bacteremia in ~30%
LRINEC score 26 Pseudomonas spp.
) No primary Polymicrobial ) P. aeruginosa;
Microbiology No primary pathogen unless (type ) or GAS CA MR.SA less commonly
pathogen ) (PVL-positive) :
superinfected (type 1) Fusarium spp.
Urgent surgery No No Yes; do not delay  Rarely (incision and No

for imaging drainage only)

NF: necrotizing fasciitis; CA-MRSA: community-associated methicillin-resistant S. aureus; EG: ecthyma gangrenosum; AKI: acute
kidney injury; LDH: lactate dehydrogenase; CRP: C-reactive protein; CK: creatine kinase; LRINEC: Laboratory Risk Indicator for

Necrotizing Fasciitis; GAS: Group A Streptococcus; PVL: Panton-Valentine leukocidin.

peridomestic environments in endemic regions.?*?728 The
diagnostic challenge is particularly pronounced in regions
endemic for loxoscelism where CA-MRSA is also prevalent,
and where the absence of a witnessed spider bite is the rule
rather than the exception.

Ecthyma gangrenosum. Ecthyma gangrenosum (EG) is a dis-
tinctive cutaneous lesion most commonly associated with
Pseudomonas aeruginosa bacteremia, although it may also be
caused by other Gram-negative organisms and, more rarely,
by fungi such as Fusarium spp. or Aspergillus spp. in the setting
of prolonged neutropenia.?3° The lesion initially presents as
an erythematous macule that rapidly progresses through

vesicular and bullous stages before evolving into a necrotic
ulcer with a black eschar surrounded by an erythematous
halo.!

The key distinguishing factor in EG is the host context:
the vast majority of cases occur in patients with hematologic
malignancies, solid organ transplantation, advanced HIV-
associated immunosuppression, or prolonged neutropenia of
any cause.®?3! The presence of documented neutropenia or
recent chemotherapy exposure in a patient presenting with a
necrotic skin lesion should always prompt consideration of
EG and urgent blood culture collection, given the strong as-
sociation with bacteremia and its high attributable mortality.
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Importantly, the skin lesion in EG represents a metastatic
manifestation of bacteremia rather than a primary wound
infection; surgical intervention is not indicated, and systemic
antipseudomonal therapy remains the cornerstone of treat-
ment, 17,2931

Clinical red flags for necrotizing skin and soft tissue infections

Given the life-threatening nature of NSTIs and the con-
sequences of diagnostic delay, it is useful to frame the dif-
ferential diagnosis around the identification of features that
should immediately raise suspicion for a necrotizing process
and prompt urgent surgical consultation. These red flags are
bedside clinical findings rather than laboratory or imaging
results; clinical assessment takes precedence,’*102%3! as sum-
marized in Table 2.

A useful bedside approach is the “pain—appearance dis-
cordance”: when the patient’s pain is disproportionate to
the visible skin findings, NF must be actively excluded.!”!823
This discordance reflects the anatomical progression of in-
fection deep to the skin, where the fascia and nerves are de-
stroyed while the overlying dermis may initially appear
deceptively intact.>!%12 Conversely, in cutaneous loxoscelism,
the extent of visible tissue damage is often proportionate

to—or exceeds—the patient’s subjective pain, particularly
as the necrotic eschar matures and central anesthesia de-
velops.2>7

Secondary bacterial superinfection of Loxosceles wounds
Overview. Secondary bacterial superinfection of Loxosceles
wounds is a clinically relevant complication that warrants
consideration both in the differential diagnosis and in the
ongoing debate regarding antibiotic prescribing practices.
Loxosceles-induced necrosis creates a local wound environ-
ment that is conducive to bacterial colonization.?*?"28 The
disruption of the skin barrier provides direct access for cuta-
neous flora, while the complement-consuming and leuko-
cyte-attracting properties of the lesion may paradoxically
impair local antimicrobial defense mechanisms.?¢

The reported incidence of clinically significant superin-
fection in loxoscelism is difficult to quantify, given the
paucity of prospective studies and variability in diagnostic
criteria across case series.* What is clear, however, is that bac-
terial superinfection is neither universal nor the most com-
mon clinical course of cutaneous loxoscelism, and that
routine empirical antibiotic prescribing for all presentations
of loxoscelism is not supported by robust evidence.>7811.14

TABLE 2. Bedside red flags for necrotizing skin and soft tissue infections.

Clinical sign

Significance Action

Pain disproportionate to appearance

Rapid progression (hours)

Skin anesthesia overlying lesion

Crepitus or gas on palpation/imaging

Hemodynamic instability

Failure to improve on IV antibiotics at 24-48 h

Bullae or violaceous skin discoloration

Wooden-hard texture of subcutaneous tissue

Hallmark of NF; nerve involvement
precedes visible skin change

Bacterial spread along fascial planes
outpaces cutaneous signs

Ischemic necrosis of cutaneous nerves;

Gas-forming organisms
(Clostridium spp., mixed flora)

Septic shock secondary to NSTI

NSTI or severe SSTI not adequately
source-controlled

Dermal ischemia from deep
fascial necrosis

Necrotic fascia; distinguishes NF
from cellulitis on palpation

Emergency debridement;
do NOT await imaging

Immediate surgical exploration

late sign of NF Emergency debridement

Emergency debridement

Resuscitation + emergency
debridement

Surgical reassessment;
do not wait

High suspicion for NF;
urgent review

Operative exploration

NF: necrotizing fasciitis; NSTI: necrotizing soft tissue infection; IV: intravenous; SSTI: skin and soft tissue infection.
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Distinguishing superinfection from uncomplicated loxoscelism.
Several clinical and laboratory features may assist in the
identification of secondary bacterial superinfection. The key
principle is dynamic assessment: loxoscelism without super-
infection typically follows a relatively predictable course, with
stabilization of the wound margins within 48—72 hours as the
effects of the venom subside. Features that deviate from this
trajectory—particularly expanding perilesional erythema,
purulent exudate, fever persisting or worsening beyond 48
hours, or progressive leukocytosis—should raise suspicion for
superinfection.??2252 A summary of clinical and laboratory
features distinguishing both entities is provided in Table 3.
Microbiology. The most likely causative organisms in super-
infected loxoscelism wounds are those comprising normal
cutaneous flora, such as S. aureus (including MRSA, par-
ticularly in endemic regions) and S. pyogenes, and, less com-
monly, Gram-negative organisms in moist anatomical sites.
Wound cultures obtained prior to initiating antibiotics are
strongly recommended, both to confirm the diagnosis of su-
perinfection and to guide targeted therapy.!:6%:1

Antibiotic selection. The reflexive prescription of antibiotics
for all presentations of loxoscelism is a deeply embedded but
poorly supported clinical practice. The theoretical concern

that necrotic wounds will invariably become infected has not
been borne out in systematic analyses of outcomes with con-
servative wound management.*!* Prophylactic antibiotics
have not been shown to reduce the incidence of superinfec-
tion, wound complications, or the need for surgical debride-
ment in uncomplicated cutaneous loxoscelism.!* Antibiotics
are indicated when superinfection is clinically evident, as
outlined above. In this context, empirical therapy should
target S. aureus; in regions or populations with a high preva-
lence of CA-MRSA, coverage should be extended to MRSA
pending culture results.?427.28

Diagnostic testing of acute necrotic wounds: Limitations, labo-
ratory evaluation and imaging

Limitations. A fundamental limitation in the evaluation of
patients with suspected loxoscelism is the absence of a vali-
dated, readily available confirmatory diagnostic test in rou-
tine clinical practice. In contrast to NSTIs, which may be
supported (though not definitively excluded) by imaging,
and bacterial infections, which can be confirmed by culture,
loxoscelism remains a clinical and epidemiological diag-
nosis, with no point-of-care serological or toxicological
test currently in widespread use.?? Fig. 1 presents a stepwise

TABLE 3. Clinical features of uncomplicated versus superinfected loxoscelism.

Parameter

Uncomplicated loxoscelism

Superinfected loxoscelism

Fever

Wound appearance

Local warmth/induration
Odor Absent
Lymphadenopathy Minimal
CRP/leukocytosis
Likely pathogens Not applicable

Antibiotic indication No

Wound management

Absent or low-grade

Necrosis with clean margins, dry eschar

Moderate, decreasing over days

Normal or mildly elevated early

Conservative; dry dressing;
avoid debridement in acute phase

Moderate to high; persistent

Erythema extending beyond necrotic
margin; purulent exudate; edema

Progressive, increasing

Malodorous discharge

Regional lymphadenitis

Markedly elevated; leukocytosis with left shift

S. aureus (including MRSA);
S. pyogenes; skin flora

Yes, guided by local resistance patterns

Debridement of necrotic tissue;
wound cultures before starting antibiotics

CRP: C-reactive protein; MRSA: methicillin-resistant S. aureus.
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diagnostic algorithm for the assessment of acute necrotic
wounds in endemic settings or when the etiology remains
uncertain.

Laboratory evaluation. In patients presenting with an acute
necrotic wound of uncertain etiology, the initial laboratory
evaluation should include a complete blood count with dif-
ferential (leukocytosis in NSTIs; hemolytic anemia in visce-

rocutaneous loxoscelism); CRP and procalcitonin (markedly
elevated in severe bacterial infection, and typically normal
or only mildly elevated in loxoscelism); LDH, haptoglobin,
and indirect bilirubin (markers of hemolysis); serum creati-
nine and electrolytes (to assess AKI); urinalysis, including
dipstick testing for hemoglobinuria; and blood cultures in all
patients with fever or hemodynamic instability.>!"13

Patient with acute necrotic skin lesion

of uncertain etiology

v

Are there signs of rapid progression or
systemic toxicity?

¢ Disproportionate pain

® Rapid tissue spread

¢ Crepitus

* Hemodynamic instability

J,No

( 2 Is there an epidemiological context
for loxoscelism?
¢ Endemic region

* Potential exposure (stored items, floor-level contact,
early morning awakening with bite sensation)

» Characteristic lesion morphology and time course

J, No

(3 ) Isthe patient immunocompromised
(e.g., neutropenic)?
* No

4 Are there features of CA-MRSA SSTI?

* Follicular origin
e Community exposure cluster
* High local prevalence of MRSA

p— iNo

Is there evidence of bacterial
superinfection in probable loxoscelism?*

iNo

¢ Withhold antibiotics
¢ |ocal wound care
* Reassess wound evolution at 48-72 hours

Yes NF until proved otherwise
_—
* Call surgery
¢ Do not await imaging or
laboratory results
Yes Probable loxoscelism
_—
¢ Document carefully
¢ Absence of spider identification
does not exclude the diagnosis
¢ Consider antivenom when indicated
Yes Consider EG
—_— -
* Obtain blood cultures and
hematology review urgently
Yes Consider CA-MRSA SSTI

¢ Obtain culture (if possible) and
initiate empirical MRSA coverage
per local guidelines

Obtain wound culture before
antibiotics

Initiate targeted antimicrobial
therapy

A
*Criteria for bacterial superinfection |
* Increasing erythema, warmth, swelling, or pain :
* Purulent discharge I

" I
* Malaise I
* Systemic signs (fever, tachycardia, leukocytosis) :
e . e — /

N

NF: necrotizing fasciitis; EG: ecthyma gangrenosum; CA-MRSA: community-associated methicillin-resistant

S. aureus; SSTI: skin and soft tissue infection.

Figure 1. Proposed diagnostic framework for acute necrotic wounds presenting in endemic areas or without apparent etiology

(Al-assisted figure).
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Experimental serological assays detecting Loxosceles
venom antigens or anti-Loxosceles antibodies have been
developed in research settings and have shown reasonable
sensitivity in serum and wound fluid samples within the
first 48—72 hours after envenomation. However, these tests
are not commercially available in most countries, and their
use is currently restricted to specialized toxicology centers
and research settings. The development of a bedside im-
munochromatographic assay for Loxosceles venom antigens
represents a key unmet need and a priority research gap with
direct clinical implications.3?34

The LRINEC score should be calculated when NF is part

of the differential diagnosis. However, a score below the di-
agnostic threshold does not exclude disease and should not
delay surgical evaluation in patients with high clinical sus-
picion.!%2!
Imaging. Plain radiographs have limited sensitivity for NSTIs
but may demonstrate soft tissue gas in type I NF. CT with IV
contrast is the imaging modality of choice when clinical
conditions permit delay of surgical management. Typical
findings include gas within fascial planes, fascial thickening,
fluid tracking along fascial compartments, and lack of con-
trast enhancement, all of which are supportive but not diag-
nostic.

MRI, when available, provides superior soft tissue reso-
lution and is the most sensitive imaging modality for early
NF, demonstrating fascial thickening and signal abnormali-
ties involving both superficial and deep fascial layers. It
should be emphasized that imaging must never delay
surgical exploration when clinical suspicion for NSTI is
high.!8

In uncomplicated loxoscelism without concern for NSTI,

imaging is not routinely indicated. Doppler ultrasonography
may be used to assess local perfusion in large or deep lesions,
although it rarely alters clinical management.!??

I CONCLUSIONS

Loxoscelism and NSTIs share a similar clinical phe-
notype yet require fundamentally different management
approaches: conservative, supportive care for the former and,
depending on the specific entity, urgent surgical intervention
or aggressive medical therapy for the latter. The most con-
sequential diagnostic error is the misdiagnosis of NF as a
spider bite, as no other condition in this differential carries a
comparable mortality risk associated with delayed treatment.
When NF is clinically suspected, no ancillary investigation
should delay intervention; surgical exploration remains both
the most sensitive diagnostic modality and the definitive
treatment. Finally, antimicrobial stewardship in loxoscelism
begins with diagnostic accuracy: antibiotic therapy for pre-
sumed superinfection should be supported by compatible
clinical findings and, whenever possible, microbiological
evidence.
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ABSTRACT. Electronic cigarettes, also known as electronic nicotine delivery systems (ENDS), have emerged over the past
decade as alternatives to conventional tobacco products. Initially promoted as harm-reduction tools for adult smokers,
they have rapidly gained popularity among adolescents, creating new challenges for healthcare professionals and families.
ENDS are battery-powered devices that heat a liquid generally composed of nicotine, propylene glycol, vegetable glycerin,
and various flavorings, producing an inhaled aerosol. The aerosol contains nicotine and other potentially toxic substances,

contributing to dependence and exposing users to respiratory, cardiovascular, and systemic risks. From a public health
prevention perspective, it is essential that physicians, parents, and educators understand the appeal of these devices, which
is often associated with social trends and digital influences. Providing clear information, fostering open dialogue, and
promoting critical thinking regarding advertising messages are key strategies to support adolescents and prevent early
initiation of nicotine use. This narrative review synthesizes current evidence on the toxicological profile, usage patterns,

and health risks associated with ENDS.

Keywords: Vaping, Electronic nicotine delivery systems; Adolescents; Tobacco use disorder; Smoking prevention.

lectronic nicotine delivery technologies encompass

two main categories: electronic nicotine delivery

systems (ENDS), which aerosolize a liquid solution
that may contain nicotine, and heated tobacco products
(HTPs), which heat processed tobacco sticks without reach-
ing combustion.! From a regulatory perspective, some frame-
works further distinguish between nicotine-containing and
non-nicotine electronic delivery systems.

ENDS, commonly known as electronic cigarettes, have
become increasingly popular over the past decade as alter-
natives to conventional tobacco products. Although ini-
tially promoted as harm reduction tools for adult smokers,
their use has risen markedly among adolescents, creating
new challenges for public health and pediatric practice. Un-
derstanding their emergence and the social context that fa-
cilitates their adoption is essential for developing effective
prevention strategies aimed at avoiding early nicotine expo-
sure in adolescents.

This narrative review synthesizes current evidence on
the toxicological profile, usage patterns, and health risks
associated with ENDS.

I DISCUSSION

Device composition and functioning

Generalities. An electronic cigarette is a battery-powered de-
vice designed to generate an inhalable aerosol from a liquid
solution. Its core components include a rechargeable battery,
a power control system, a heating element (coil), a liquid
reservoir, and a mouthpiece. The liquid reservoir, often re-
ferred to as a tank or clearomizer in many second-generation
models, is typically a transparent chamber that stores the e-
liquid. Within this unit lies the heating-coil assembly. Wick-
ing materials, commonly made of silica, cotton, or similar
fibers, extend from or surround the coil and absorb the liquid.
Through capillary action, the wick continuously delivers the
e-liquid to the heating element. When the user activates the
device, electrical power from the battery is supplied to the
coil, which rapidly increases in temperature. The e-liquid in
contact with the heated surface undergoes vaporization. As
this vapor travels through the central airflow channel and
mixes with ambient air, it cools and condenses into an
aerosol. The aerosol is then inhaled through the mouthpiece.!
Fig. 1 provides an overview of the internal structure of an
electronic cigarette and its aerosol-producing components.
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Figure 1. Internal structure of an electronic cigarette and its aerosol-generating components (Al-assisted figure).

The inhaled aerosol is not water vapor but a complex
mixture of particles and gases, the composition of which
varies according to the formulation of the device liquid. Its
major constituents include humectants such as propylene
glycol and glycerin, nicotine, and flavorings. Although
ENDS do not involve combustion, unlike conventional ciga-
rettes, they nonetheless deliver nicotine, the psychoactive
substance responsible for dependence, as well as other toxic
compounds.?

When heated, humectants become aerosolized and
carry other components transferred from the vaping liquid.?
Upon inhalation, these compounds cause irritation of the
respiratory tract, which may exacerbate underlying respi-

ratory diseases and increase susceptibility to infections. In
this context, electronic cigarette use has been associated
with worsening of diseases such as asthma, cystic fibrosis,
and chronic obstructive pulmonary disease (COPD).* When
subjected to heating, these constituents can generate small
organic molecules such as formaldehyde, acetaldehyde,
and acrolein.? Some of these toxics are classified as carcino-
genic.>>¢ Metals including aluminum, chromium, iron, lead,
manganese, nickel, and tin have also been detected,®’ as well
as polycyclic aromatic hydrocarbons (PAHs) such as xylene
and benzene, and tobacco-specific nitrosamines.® Table 1
summarizes the substances identified in vaping liquids and
aerosols.168?9

TABLE 1. Constituents of electronic cigarette e-liquid and aerosol (adapted from Dinakar and O'Connor).’

E-liquid

Aerosol

Solvents Glycerol, propylene glycol

Nicotine Yes

Aldehydes, vanillin, cinnamaldehyde,

Flavoring agents among others

Other chemicals
ethanol, formaldehyde

Tobacco alkaloids Nornicotine, anabasine, myosmine

Acetone, acrolein, 1,3-butadiene, cyclohexane,
diethylene glycol (DEG), ethylene glycol (EG),

Glycerol, propylene glycol

Yes
Aldehydes, vanillin, cinnamaldehyde,
among others

Acetaldehyde, acetone, acrolein, formaldehyde,
N-nitrosonornicotine (NNN), 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone (NNK), toluene

Trace amounts reported

Metals

Cadmium, lead, zinc, copper, aluminum,
chromium, iron, manganese, nickel, tin

Cadmium, lead, nickel, tin, copper
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The fact that many of these products are illegal makes it
difficult to determine the exact composition of the liquids.
As a result, the inhaled chemical profile is variable, posing
challenges in terms of exposure assessment and toxicity.
Nicotine. Nicotine is the psychoactive substance responsible
for dependence in both conventional cigarettes and electronic
cigarettes. As with other addictive substances, the risk of
dependence is greater with earlier initiation of use, particu-
larly when regions of the cerebral cortex such as the frontal
cortex have not yet completed their development. Inhalation
of aerosol from a nicotine-containing electronic cigarette
produces peak serum nicotine concentrations within 5 min-
utes.” This rapid systemic delivery is similar to that achieved
with conventional cigarette smoking and results in a user ex-
perience that more closely resembles smoking than nicotine
replacement therapies approved by the U.S. Food and Drug
Administration (FDA).*

Nicotine added to most electronic cigarette liquids is

isolated from the tobacco plant, although synthetic nicotine
is now also available. Tobacco-derived nicotine undergoes
purification and distillation to a high degree of chemical pu-
rity; however, it is impossible to completely eliminate trace
impurities, including nicotine-related alkaloids and tobacco-
specific nitrosamines (TSNAs). TSNAs are well-established
carcinogenic and mutagenic compounds.®8 The nicotine con-
tent of cartridges and refill solutions is highly variable and
marketed in multiple formulations. Analyses of electronic
cigarette liquids have identified nicotine concentrations rang-
ing from 0 to 87.2 mg/mL. Moreover, the actual nicotine
content frequently does not correspond to the concentrations
stated on product labels.® Higher-concentration preparations
(e.g., 3.6% nicotine) may contain more than 1 gram of nico-
tine per 30 mL bottle, thereby increasing the risk of acute
poisoning in children and pets following accidental exposure
or ingestion. Cases of both unintentional and intentional
overdose resulting from ingestion of cartridge contents have
been reported.’
Flavoring agents. Flavoring agents constitute another major
component of electronic cigarette liquids. They are added to
enhance palatability and increase product appeal, with hun-
dreds of available varieties, including fruit, candy, menthol,
beverage, and dessert flavors. These formulations substan-
tially increase attractiveness, particularly among adolescents
and young adults. Most flavoring compounds are derived
from the food industry and have been evaluated for safety in
the context of oral ingestion, but not for inhalational expo-
sure. Therefore, their respiratory safety profile remains in-
adequately characterized.

Upon heating, certain flavoring agents may generate toxic

or irritant by-products. For example, diacetyl, used to impart
a buttery or creamy flavor, has been associated with cases
of bronchiolitis obliterans.! Other compounds, including
aldehydes, vanillin, and cinnamaldehyde, have been shown to
induce oxidative stress, airway inflammation, and cellular
injury in the respiratory epithelium.!"1?

The presence of flavorings in electronic cigarettes facili-
tates their use among adolescents, as they mask the bitter or
irritant taste of nicotine, thereby promoting initiation and re-
inforcing dependence. Products with flavors such as cherry,
grape, bubble gum, and cotton candy are clearly not intended
for established adult tobacco users. Moreover, adolescents
report that flavors are a primary reason for using tobacco
products and tend to perceive flavored products as less harm-
ful. One study found that more than 80% of adolescents who
had ever used a tobacco product initiated use with a flavored
product.'3

Epidemiology and patterns of use

In the United States (US), the percentage of adults who
used electronic cigarettes increased from 4.5% in 2019 to
6.5% in 2023. In both years, men were more prone to
using electronic cigarettes than women. Young adults aged
21 to 24 showed the highest rates of use in 2023, reaching
15.5%.

A bimodal pattern of consumption can be described: on
the one hand, adult smokers who seek to quit under the
mistaken belief that electronic cigarettes are appropriate
smoking cessation tools; on the other hand—of particular
concern—their use among adolescents and young adults,
sometimes in the absence of a significant prior history of to-
bacco product use. This is especially worrisome given that
exposure occurs during a critical developmental period in
which the brain continues to mature.!

Electronic cigarettes are not approved as nicotine re-
placement therapy for smoking cessation. Although nicotine-
containing pharmacologic preparations are available and
approved for tobacco cessation, these are not delivered in
electronic cigarette form. Nicotine is an addictive substance,
and the use of electronic cigarettes among non-smokers
carries the adverse effect of promoting nicotine dependence.*

The use of ENDS among adolescents has increased in
recent years. According to the Seventh National Study on the
Consumption of Psychoactive Substances among Secondary
School Students in Argentina (2025), vaping or electronic
cigarette use in the previous year ranked as the third most
commonly used substance among adolescents, after energy
drinks and alcohol. Overall, 29% of students reported recent
vaping use.'® Appealing device designs and the addition of
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flavoring agents are key factors driving early uptake. This,
combined with perceptions of reduced harm, digital media
influence, peer pressure, and targeted marketing strate-
gies, contributes to their growing popularity. Understanding
these usage patterns is essential for developing effective,
population-specific prevention interventions tailored to ado-
lescents.

Clinical manifestations

The use of electronic cigarettes or vaping devices has
been associated with multiple clinical manifestations result-
ing from exposure to nicotine, solvents, flavoring agents, and
other potentially toxic substances present in the inhaled
aerosol, as previously described.

Respiratory complications are the most frequently re-
ported. Chronic cough, dyspnea, and wheezing have been
described, secondary to bronchial irritation and inflamma-
tion.!7!® Cases of bronchitis and chemical pneumonitis as-
sociated with aldehydes and other carbonyl compounds in
the vapor have also been reported.’” A particularly relevant
entity is acute lung injury associated with vaping or elec-
tronic devices, known as EVALI (E-cigarette or Vaping-
Associated Lung Injury). This condition is characterized by
dyspnea, cough, chest pain, fever, and hypoxemia, with bi-
lateral pulmonary infiltrates on chest imaging.?° It has been
primarily linked to liquids containing vitamin E acetate and
has been identified predominantly in individuals using prod-
ucts containing cannabis or tetrahydrocannabinol (THC).? In
Argentina, EVALI has been a mandatorily reportable disease
since 2019.%2In chronic users, functional abnormalities have
been observed, including reduced forced expiratory volume
in one second (FEV) and increased airway resistance.?!

At the cardiovascular level, vaping increases heart rate
and blood pressure due to the sympathomimetic effects of
nicotine.?? Endothelial dysfunction, oxidative stress, and in-
creased platelet aggregation have been demonstrated, poten-
tially promoting atherosclerotic processes and ischemic
events. In individuals with pre-existing cardiovascular dis-
ease, these effects may exacerbate the risk of arrhythmias and
coronary artery disease.?*?°

Nicotine exposure through vaping induces dependence
and withdrawal syndrome, characterized by irritability, anxi-
ety, insomnia, and difficulty concentrating. In adolescents, its
use has been associated with alterations in brain develop-
ment, affecting attention, memory, and impulse control.?6?

Acute electronic cigarette use may result in headache and
dizziness as manifestations of mild intoxication. Nausea,
vomiting, and abdominal pain have been described, associ-
ated with gastric irritation or nicotine toxicity.?® In more se-

vere cases, systemic toxicity may lead to persistent vomiting,
diaphoresis, and tachycardia.?

Electronic cigarette use has been associated with tooth
discoloration, dental caries, periodontal disease, and oral
mucosal lesions. Its aerosols may also adversely affect the
oral microbiome, contributing to the development of a va-
riety of oral disorders. In addition, electronic cigarettes can
alter salivary composition and properties, including reducing
its antibacterial and antioxidant capacity, which may further
promote oral disease.®

Thermal or chemical injuries due to device malfunction
or direct contact with e-liquid have also been reported, as
well as taste and smell disturbances associated with certain
flavoring agents.!? Several studies have demonstrated in-
creased oxidative stress and systemic inflammation, with
potential implications for immune function and metabolic
regulation.’!:3

Passive exposure

Although passive exposure to smoke from conventional
cigarettes carries well-established health risks, data regard-
ing secondhand exposure to aerosols generated by electronic
cigarettes remain limited. Traditional cigarettes produce
smoke composed primarily of solid and semi-solid par-
ticulate matter, whereas electronic devices generate a semi-
liquid aerosol.

Approximately 80% of passive exposure to conventional
cigarette smoke results from sidestream smoke produced
by combustion of the cigarette, whereas nearly 100% of the
aerosol generated by electronic cigarettes is directly inhaled
by the user, with little to no sidestream emission. Passive
exposure therefore derives mainly from exhaled aerosol.’

The composition of ENDS aerosol varies according to
the constituents of the e-liquid and the voltage applied to the
vaping device. Given these differences, the health effects
associated with passive exposure to electronic cigarette
aerosol are not directly comparable to those of secondhand
tobacco smoke.3?

Regulatory framework

Argentina. In 2011, Argentina’s National Administration of
Drugs, Foods, and Medical Devices (ANMAT) prohibited
the importation, distribution, sale, and advertising of elec-
tronic cigarettes, their accessories, and nicotine-containing
cartridges. In 2023, the Ministry of Health ratified this pro-
hibition through Resolution 565/2023,3* extending it to
newer devices and so-called heated tobacco products. After
a 15-year ban, in May 2026, Argentina repealed its total
prohibition on e-cigarettes and established a regulatory
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framework for their commercialization.?> Current regulations
limit sales to tobacco-flavored products and maintain the
ban on disposable devices. Furthermore, restrictions on their
use in enclosed public spaces remain in effect under the
provisions of the National Tobacco Control Law (Law No.
26,687).

European Union (EU). Regulation of e-cigarettes in the EU is
primarily based on the Tobacco Products Directive (TPD),
which entered into force in 2014 and has applied across
Member States since 2016. The sale of electronic cigarettes
to individuals under 18 years of age is prohibited, and several
countries have strengthened these restrictions or increased
the minimum age.%¢

United States (US). In the US, Tobacco 21 was enacted in
December 2019, establishing 21 years as the minimum legal
age to purchase tobacco products and e-cigarettes nation-
wide.3” In 2020, the FDA implemented an enforcement pol-
icy prioritizing action against illegally marketed ENDS,
specifically cartridge-based flavored products (excluding
tobacco- and menthol-flavored products) and any electronic
cigarettes marketed to minors or likely to promote youth
use. This policy responded to a public health concern aimed
at preventing flavored vaping products from facilitating
nicotine initiation among adolescents.?®

Prevention and support
Preventive strategies targeting ENDS use among adoles-
cents focus on educational, regulatory, and community-based

interventions. These include providing clear, evidence-based
information regarding the risks of vaping, particularly within
school settings and primary care; strengthening adolescents’
personal and social skills to resist peer influence; limiting
product availability through regulation of sales, advertising,
and youth access; promoting the involvement of families
and educators in early detection and supportive intervention;
and implementing vape-free school policies. Combined with
tailored communication campaigns directed at parents and
adolescents, these measures aim to reduce initiation and on-
going use.

I CONCLUSIONS

Current evidence indicates that electronic cigarettes serve
as a gateway to nicotine use among adolescents and are as-
sociated with acute and chronic health effects driven by in-
flammatory and oxidative mechanisms, primarily involving
the pulmonary and cardiovascular systems. Strengthening
prevention strategies, health education efforts, and regula-
tory measures governing access to and commercialization of
these products is therefore essential to mitigate their public
health impact.
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ABSTRACT. Paraquat (PQ) is a highly lethal bipyridyl herbicide. Its toxicity is driven by the generation of superoxide
radicals, which lead to severe cellular damage. The ingested dose remains the factor with the greatest impact on mortality,
and additional prognostic determinants include age, route of exposure, intentionality, and delays in initiating treatment.
Although several interventions have been explored, including gastrointestinal decontamination, immunomodulation,
and antioxidant therapy, extracorporeal support techniques continue to accumulate evidence for their use even when
initiated late. We describe a successful case of delayed extracorporeal renal support therapy after ingestion of a lethal

dose of PQ.

Keywords: Paraquat,; Pyridinium compounds; Hemoadsorption, Sorption detoxification; Renal replacement therapy.

araquat (1,1'-dimethyl-4,4"-bipyridyl dichloride; PQ)
is a nonselective, highly toxic quaternary ammonium
herbicide with a molecular weight of 257 Da.? The
oral route is the most common pathway of poisoning in in-
tentional exposures, whereas cutaneous and inhalational
routes predominate in accidental cases. After ingestion, PQ
is distributed through the bloodstream to the kidneys, liver,
heart, and lungs. Peak serum concentrations are reached
within 2 to 4 hours and may remain stable for as long as 30
hours. The volume of distribution (VD) ranges from 1.2 to
1.6 L/kg, and elimination may extend up to 48 hours.3 In the
lungs, its half-life is prolonged because the compound is
actively taken up by epithelial cells, initiating the generation
of reactive oxygen species.*>
PQ poisoning can rapidly lead to critical illness requiring
multiorgan support because of the interdependence of pul-
monary, cardiac, renal, and hepatic function.® Hemoad-
sorption (HA) can be used as an elimination technique for
selected xenobiotics through solute adsorption and has
emerged as a promising adjunct in the multidisciplinary
management of paraquat-poisoned patients.” A xenobiotic is
amenable to removal by HA when it meets specific physico-
chemical and pharmacokinetic criteria, including a VD of

less than 1 L/kg, lipophilicity, high protein-binding capacity,
and a molecular weight below 5,000 Da.'® In this case, PQ
was an appropriate candidate for extracorporeal removal
owing to its low molecular weight and lipid solubility.

I CLINICAL CASE

An 18-year-old male farmer with no known medical
history was evaluated after intentionally ingesting 25 mL of
a 20% w/v paraquat solution, corresponding to an estimated
dose of 41 mg/kg body weight. One hour later, he consumed
200 mL of vegetable oil and 500 mL of milk, followed by
multiple episodes of emesis. He presented to a primary care
facility 2 hours after ingestion, already reporting progressive
dysphagia. No gastrointestinal (GI) decontamination was
performed. As his clinical condition deteriorated, he was
airlifted to our hospital 48 hours after the exposure.

At the time of transfer, the patient reported odynopha-
gia, epigastric pain, and nausea. Physical examination
revealed gingival bleeding, an erythematous tongue, and
patchy whitish exudates extending into the oropharynx

(Fig. 1).
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Figure 1. Paraquat tongue characterized by marked lingual
edema, extensive ulceronecrotic lesions, and a thick yellow-
white fibrinous pseudomembrane with multifocal hemorrhagic
areas on the dorsal and lateral surfaces. Associated swelling,
erosive lesions, and hemorrhagic crusts are also visible on the
labial mucosa (Credits: courtesy of the authors).

Laboratory studies showed elevated creatinine and blood
urea nitrogen levels, leukocytosis, and metabolic acidosis.
The peak creatinine level was 3.65 mg/dL at 72 hours of
illness, and lactate levels remained within normal limits
throughout. Serum PQ concentrations could not be mea-
sured. Details of the laboratory findings over time can be
found in Table 1.

Treatment was initiated with 3 g of methylprednisolone
administered in three divided doses, along with ac-
etaminophen, tramadol, ondansetron, and omeprazole. After
evaluation by a nephrologist, extracorporeal treatment
(ECTR) was initiated for xenobiotic removal despite a 62-
hour delay after ingestion. A 6-hour HA session performed

in series with intermittent hemodialysis (HD) was carried out
using a conventional machine (4008S Classic, Fresenius
Medical Care). HD was delivered with a high-flux Optiflux
dialyzer, and HA was performed using a HA230 ion-ex-
change resin cartridge (Jafron Biomedical, Zhuhai, Guangdong,
China).

Chest computed tomography showed no apparent ab-
normalities. Nonetheless, spirometry revealed moderate
restrictive impairment, the most characteristic finding, re-
flecting loss of lung volume due to fibrosis. Peripheral air-
way obstruction was also present, likely due to ventilatory
dysfunction. The patient was subsequently discharged 10
days after admission to our hospital. A summary of the
therapeutic interventions is shown in Fig. 2.

During clinical follow-up, 1 month after PQ exposure,
esophagogastroduodenoscopy revealed chronic follicular
gastropathy. No pulmonary injury was documented at that
time.

I DISCUSSION

Epidemiology

A comprehensive analysis of mortality trends from
acute pesticide poisoning in Mexico (2000-2021) identified
self-poisoning as the leading cause of death. The highest
mortality rates were observed among individuals aged 15 to
19 years, likely due to their heightened susceptibility to sui-
cidal behavior combined with easy access to highly lethal
pesticides.’

Survival and prognosis

Several factors influence survival in patients poisoned
with PQ: the patient’s intent, which correlates with the
amount of xenobiotic ingested; concomitant food intake,
which may delay GI absorption; the time to presentation at

TABLE 1. Patient biochemical and blood gas parameters.

Creatinine BUN WBC HGB HCT PCO, PO, HCO3- Lactate

(mg/dL) (mg/dL) (x10°/L) (g/dL) (%) PH (mmHg)  (mmHg) (mmol/L) (mmol/L)
Admission 3.6 29 11,400 15 44 7.38 29.6 66.4 17.6 0.9
After HA 3.65 74 6,700 14.6 41 7.37 30.8 79.5 18.3 1.1
Final 0.87 22 5,600 12.9 37.2 7.48 30.2 68.6 22.6 0.7

HA: hemoadsorption; BUN: blood urea nitrogen; WBC: white blood cells; HGB: hemoglobin; HCT: hematocrit; PCO,: partial pressure
of carbon dioxide; PO,: partial pressure of oxygen; HCOs-: bicarbonate.
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Figure 2. Timeline of interventions during the first 96 hours of hospitalization.

a medical facility; the use or omission of GI decontamina-
tion; and the application of elimination-enhancing tech-
niques.>!? The lethality of PQ derives from both its intrinsic
toxicity and the absence of an effective treatment.!! Ingestion
of 10 to 20 mL of the 20% w/v formulation is equivalent to
approximately 55 mg/kg of body weight in a 70-kg adult and
can be fatal.!?

To assess prognosis, the Severity Index of Paraquat
Poisoning (SIPP) should be used, which is calculated by
multiplying the PQ concentration (mg/L) by the time elapsed
since ingestion (hours). Patients with a score below 10 have a
substantially higher likelihood of survival.'? Similarly, the use
of a qualitative colorimetric test with sodium dithionite
(paraquat dithionite solution, PDS) allows correlation of
urine discoloration with serum PQ concentrations and is
particularly valuable in hospitals lacking the capacity for
quantitative PQ assays.!'

Other prognostic indicators have been proposed in PQ
poisoning. In a cohort of 143 patients treated in a Chinese
emergency department, a serum lactate level >2.95 mmol/L
was associated with poor prognosis.”” The APACHE score
has also been evaluated as a predictor of mortality, with a
proposed cutoff of >9 points.!¢ In addition, clinical severity
correlates with the amount ingested and is categorized as
mild (<10 mL), moderate (10-40 mL), or severe (>40 mL)."”
Finally, patients with PQ poisoning who have a base excess
greater than —5.5 are at increased risk of mortality.'®

Extracorporeal therapies
The removal of PQ using different extracorporeal tech-
niques, including HA, conventional HD, and continuous renal

replacement therapies (CRRT) such as continuous venove-
nous hemofiltration (CVVH), has been used to treat intoxi-
cated patients, with variable survival outcomes.'

In a study from Taiwan involving 207 patients with se-
vere PQ poisoning, early HA (within <4 hours) using acti-
vated charcoal (AC) as the adsorbent was associated with a
significant reduction in mortality risk.?’ In a retrospective
study of 101 patients, Rao et al. found that mortality was sig-
nificantly higher in those receiving only GI decontamination
with supportive care (92.1%) compared to patients treated
with HA within six hours of exposure (42.9%), with early
HA associated with improved survival.?! In addition, a mul-
ticenter retrospective study in China compared HA with
HA plus CVVH, finding that serum PQ concentrations de-
clined more rapidly and reached significantly lower levels in
the HA + CVVH group.?? These studies suggest that early
initiation of HA (within 4 to 6 hours after ingestion) may
improve survival. Furthermore, a separate multicenter study
of 213 patients conducted in Taiwan found that early, mul-
tiple HA sessions were independently associated with in-
creased survival after adjustment for age and renal function.!®

In 2023, Ballesteros et al. reported a case of severe
paraquat poisoning during pregnancy. Treatment was initi-
ated 34 hours after herbicide ingestion and included HA
and CVVH, along with cyclophosphamide and methyl-
prednisolone. No adverse events attributable to extracorpo-
real therapy were reported, and the pregnancy resulted in a
successful outcome.?

Finally, other extracorporeal therapies, such as inter-
mittent HD or hemofiltration (HF), are likely to be nearly as
effective as HA in enhancing elimination at comparable
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TABLE 2. Clinical management of PQ poisoning.

Intervention

Key points

AC

Fuller's Earth
Gl decontamination
Nasogastric tube

Gastric lavage/Forced emesis

1 g/kg (ideally <4 h)
2 g/kg; same as above
Early presentation; aspirate stomach before AC

Contraindicated

Resuscitation

Supportive care Advanced procedures

Palliative care

Follow standard guidelines; avoid oxygen unless
hypoxic; crystalloids (usually 2 or 3 L); correct
electrolytes

Intubation; ventilation; vasopressors only if active
treatment pursued; endoscopy

Analgesia (fentanyl/morphine); oxygen for dyspnea;
focus on comfort

Extracorporeal removal HA/HD/HF

Early initiation (<4 h); may combine therapies;
follow with continuous technique to reduce rebound

Antioxidants

Adjunctive therapy

Anti-inflammatories/Anti-fibrotics

Acetylcysteine; controversial: deferoxamine,
vitamin C/E and melatonin (low toxicity, may reduce
oxidative damage)

Dexamethasone (8 mg IV q8h, up to 5 wks if severe);
cyclophosphamide + glucocorticoid not
recommended; limited evidence for others

Gl: gastrointestinal; AC: activated charcoal; HA: hemoadsorption; HD: hemodialysis; HF: hemofiltration.

blood flow rates. Moreover, when acute kidney injury is
present and renal replacement therapy is indicated, HD can
be coupled with HA ,?* as in our case. A comprehensive ap-
proach to the management of PQ poisoning is presented in
Table 2.

Following ingestion of a lethal dose, rapid intervention
is crucial; therefore, elimination therapies should not be
delayed. The use of prognostic scoring systems supports
clinical decision-making and should be regarded as a key
component in the management of these patients. Early
identification of target-organ damage should prompt con-
sideration of interventions aimed at xenobiotic removal to
prevent further injury. In this case, factors that likely con-
tributed to the patient’s survival included young age, absence
of comorbidities, lack of pulmonary involvement, reduced
xenobiotic absorption due to emesis, and ingestion with
food, which may have delayed peak serum concentra-
tions and facilitated elimination from the vascular compart-
ment.

I LIMITATIONS

This report describes a single PQ-poisoned patient treated
with HA. Because serum PQ concentrations were not avail-
able at our institution, we were unable to calculate SIPP or
quantify the amount of PQ removed through HA. These
limitations should be taken into account when interpreting
the clinical course and treatment response in this case.

I CONCLUSIONS

When serum PQ concentration is unavailable, the in-
gested dose is an important predictor of mortality and im-
mediate initiation of therapy is essential. AC is a first-line
intervention in acute PQ poisoning, as it significantly re-
duces systemic absorption when administered promptly
after ingestion. Early HA, especially within 4—6 hours of in-
gestion, is the most effective extracorporeal technique for
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PQ elimination and improves survival. Delayed HA may be

considered in selected cases, but its efficacy is reduced and

further evidence is needed to define its role.
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ontemporary public health is confronting a multi-

dimensional crisis in which climate change func-

tions as a powerful amplifier of systemic risks.! In
this evolving landscape, clinical toxicology must broaden its
scope and embrace an integrated framework that incorpo-
rates two interconnected concepts: climate change and the
exposome.

Climate change refers to long-term alterations in tem-
perature and weather patterns driven by both natural
processes and human activities that modify the composition
of the atmosphere. Although often viewed primarily through
the lens of global warming, its consequences extend far be-
yond rising temperatures and include prolonged droughts,
water scarcity, large-scale wildfires, sea-level rise, flooding,
polar ice loss, extreme weather events, and accelerating
biodiversity loss.!?

The exposome encompasses the cumulative environ-
mental, chemical, physical, and biological exposures expe-
rienced throughout an individual’s lifetime.? It provides a
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Autoridad de Cuenca Matanza Riachuelo (ACUMAR). Hospital General de Agudos "José M. Penna". Former toxicologist,
Hospital Nacional "Prof. Alejandro Posadas", Buenos Aires, Argentina.

Submitted: 26/03/2026 - Accepted: 01/06/2026 - Published: 30/06/2026 - DOLI: https://doi.org/10.62129/TEGR5960

ABSTRACT. Climate change is increasingly recognized as a major determinant of human health and a powerful modifier
of environmental exposures. The exposome, which encompasses the cumulative environmental, chemical, physical, and
biological exposures experienced throughout life, provides a valuable framework for understanding how environmental
change influences toxicologic risk. Emerging evidence indicates that climate-related changes influence a broad range of
toxicologic conditions, including substance use disorders, medication-related toxicity, envenomation, environmental
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framework for understanding how changing climatic con-
ditions reshape patterns of exposure. As climate-related
hazards intensify, they alter the distribution, magnitude,
and duration of environmental exposures, amplifying
both human vulnerability and the health effects of toxic
agents.>*

This mini-review examines the intersection between
climate change and clinical toxicology through the concept
of the exposome, synthesizing current evidence on how
environmental change shapes exposure profiles, modifies
toxicological hazards, and influences both individual
and population health outcomes. Fig. 1 provides a graphical
overview of the key concepts discussed in this article.

I DISCUSSION
Climate change and clinical toxicology

The relationship between climate change and toxicology
has traditionally been examined through the lens of envi-

www.thepoisonjournal.com | Cite as: Poison 2026; 3(2):32-35 | Licensed under CC BY 4.0 32


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0008-6847-6167

2026 | Vol. 3| No. 2: 32-35

the poison’

ronmental toxicology, with particular attention to increases
in biotoxins and to changes in air and water pollution that
promote higher concentrations of hydrocarbons and heavy
metals. However, the implications of climate change extend
well beyond environmental contamination and increas-
ingly affect many toxic exposures encountered in everyday
clinical practice. Accordingly, strategies for the prevention,
diagnosis, and management of poisoning and toxicologic
disorders must account for the environmental transforma-
tions that are reshaping patterns of exposure worldwide.

Substance use disorders

In the field of addiction medicine, growing evidence in-
dicates that higher ambient temperatures are associated with
an increased incidence of acute substance-related events
requiring hospital care. Heat waves have been linked to a rise
in emergency department visits related to alcohol, cannabis,
cocaine, and opioid use.’ Proposed mechanisms include in-
creased impulsivity and a reduced subjective perception of
drug effects, both of which may promote excessive consump-
tion and increase the risk of potentially fatal overdose.®’

\éx
o & é
Rising

temperatures

overdose

A

Ecosystem
disruption
and biodiversity
loss

Mental health
and self-harm
Psychological stress,

trauma, and increased
risk of self-harm
and suicide

1

CLIMATE CHANGE

\/‘é Droughts
= T

EXPOSOME

Cumulative environmental,

A~ A
chemical, physical, and biological 117/
exposures across the life course Extreme
Floods
weather
events
Substance Medlcatlon
use disorder toxicity
Excessive Drug stability,
censumption and pharmacokinetics,
increased risk of and patient
potentially fatal vulnerability

Environmental
toxic exposures
Air pollution, carbon monoxide,
heavy metals, harmful algal
blooms, and other contaminants

Wildfires

i/ /

Animal
Changesm distribution,

toxicology
seasonality, and
human-animal
interactions

Polar
ice loss

ACTION PLAN

i 6%

- v |

Risk Surveillance Prevention Patient Policy and i q\
assessment care preparedness WS

Figure 1. Relationship between climate change, the exposome, and clinical toxicology, highlighting their impacts and the actions

needed to address these challenges (Al-assisted figure).
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In addition, extreme weather events represent major psy-
chosocial stressors that can increase the likelihood of relapse
and substance misuse. Displacement, loss of property, and
disruption of livelihoods may further contribute to substance
use as a maladaptive coping strategy in the aftermath of cli-
mate-related disasters.*®

Drug toxicity

Medication-related toxicity is also profoundly influenced
by heat stress, which affects both drug stability and patient
physiology. Elevated temperatures have been shown to
compromise the effectiveness of medications critical for
emergency care, including insulin and epinephrine autoin-
jectors.®!? In addition, commonly prescribed drugs such as
diuretics, angiotensin-converting enzyme inhibitors, and an-
giotensin II receptor blockers may impair thermoregulation
and fluid balance, thereby increasing the risk of dehydration
and acute kidney injury during periods of extreme heat. '1:1?
Dehydration may further alter the pharmacokinetics of
drugs with a narrow therapeutic index, including lithium
and digoxin, predisposing patients to severe toxicity through
increases in serum drug concentrations.'?

Venomous animals

In animal toxinology, the climate crisis is reshaping the
geographic distribution of numerous medically important
species. Rising temperatures are facilitating the expansion
of venomous animals, including snakes and scorpions of
the genus Tityus, into regions previously considered free of
these species. Many of these organisms also exhibit re-
markable ecological plasticity and a high capacity to adapt to
urban environments, increasing opportunities for human
contact.!*15 Periods of drought may further increase the in-
cidence of envenomation, as venomous animals seek shelter,
food, or water sources in residential and peri-urban areas.!>1¢

Environmental toxic exposures

Environmental exposures to carbon monoxide (CO) and
heavy metals provide another example of the indirect effects
of climate change on human health. Wildfires, which have
become increasingly frequent and severe as a result of pro-
longed drought and rising temperatures, release substantial
amounts of CO and fine particulate matter (PM2.5), pollu-
tants associated with neurologic injury, cardiovascular dys-
function, and systemic inflammation.!”

At the same time, drought conditions reduce water lev-
els in rivers, lakes, and other freshwater systems, increasing
the concentration of chemical contaminants and heavy met-
als such as arsenic, mercury, and lead. This process enhances

their bioavailability and may increase the risk of chronic ex-
posure among populations that rely on these water sources.!”

Mental health

The effects of climate change on mental health and self-
harming behaviors represent some of its most concerning
consequences. A growing body of evidence has linked tem-
perature anomalies to increased suicide mortality and higher
rates of hospitalization for mental disorders.®%!8 Prolonged
exposure to environmental degradation has given rise to
emerging psychological constructs such as eco-anxiety
(persistent anxiety related to environmental threats) and so-
lastalgia (distress caused by environmental change in one’s
home environment). These conditions may act as chronic
stressors, impair emotional well-being, and exacerbate pre-
existing psychiatric disorders.>#1%.20

Future directions

Clinical toxicology must evolve toward a preventive, in-
terdisciplinary, and adaptive model of care. Integrating cli-
mate-related determinants into individual risk assessment,
epidemiologic surveillance, and therapeutic decision-making
is no longer optional but essential. A deeper understanding
of the exposome in the setting of environmental change may
help anticipate emerging threats and inform more effective
prevention and response strategies. Ultimately, contempo-
rary patients are exposed not only to toxic agents but also to
the complex interplay among human biology, environmen-
tal exposures, and a rapidly changing climate.!!8

I CONCLUSIONS

Climate change is emerging as a major determinant of
toxic exposures across a broad spectrum of clinical condi-
tions. By reshaping environmental, behavioral, and biologic
risk factors, it influences substance use disorders, medication-
related toxicity, envenomation, environmental exposures, and
mental health outcomes. The exposome provides a valuable
framework for understanding how these interconnected
factors affect human health throughout the life course. Inte-
grating a climate-based perspective into risk assessment,
health surveillance, prevention, and patient care method-
ologies will be essential to address known toxicological
challenges as well as emerging and yet unforeseen threats in
a continuously evolving environment.
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