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ABSTRACT ARTICLE HISTORY
Introduction: Snakes, insects, arachnids and myriapods have been linked to necrosis following Received 28 August 2018
envenomation. However, the pathways involved in arthropod venom-induced necrosis remain a highly Accepted 29 January 2019
controversial topic among toxinologists, clinicians and the public. On the one hand, clinicians report ~ Published online 21 February

on alleged envenomations based on symptoms and the victims’ information. On the other hand, toxi- 2019

nologists and zoologists argue that symptoms are incompatible with the known venom activity of tar- KEYWORDS

get species. This review draws from the literature on arthropod envenomations, snakebite, and Arthropod envenomation;
inflammatory processes to suggest that envenomation by a range of organisms might trigger an immune response; necrosis;
intense inflammatory cascade that ultimately lead to necrosis. If confirmed, these processes would necroptosis; netosis; tumour
have important implications for the treatment of venom-induced necrosis. necrosis factor; spider bite;
Objectives: To describe two inflammatory pathways of regulated necrosis, tumour necrosis factor insect sting

(necroptosis) and Neutrophil Extracellular Traps (NETosis); to discuss existing knowledge about snake
venom and arachnid-induced necrosis demonstrating the involvement of tumour necrosis factor and
neutrophils in the development of tissue necrosis following envenomation and to contribute to the
understanding of venom-induced necrosis by arthropods and provide clinicians with an insight into lit-
tle known inflammatory processes which may occur post envenomation.

Methods: ISI Web of Science databases were searched using the terms “spider bite necrosis”,
“arthropod envenomation necrosis”, “venom necrosis”, “venom immune response”, “loxoscelism”,
“arachnidism”, “necroptosis venom”, “necroptosis dermatitis”, “tumour necrosis factor TNF venom”,
“scorpionism”, “scolopendrism”, “centipede necrosis”, “NETosis venom”, “NETosis necrosis”. Searches
produced 1737 non-duplicate citations of which 74 were considered relevant to this manuscript. Non-
peer-reviewed sources or absence of voucher material identifying the organism were excluded.

What is necrosis? Necrosis is the breakdown of cell membrane integrity followed by inflowing extra-
cellular fluid, organelle swelling and the release of proteolytic enzymes into the cytosol. Necrosis was
historically considered an unregulated process; however, recent studies demonstrate that necrosis can
also be a programmed event resulting from a controlled immune response (necroptosis).

Tumour necrosis factor and the necroptosis pathway: Tumour necrosis factor is a pro-inflammatory
cytokine involved in regulating immune response, inflammation and cell death/survival. The pro-
inflammatory cytokine TNF-o. participates in the development of necrosis after envenomation by
vipers. Treatment with TNF-a-antibodies may significantly reduce the manifestation of necrosis.
Neutrophil Extracellular Traps and the NETosis pathway: The process by which neutrophils discharge
a mesh of DNA strands in the extracellular matrix to entangle (“trap”) pathogens, preventing them from
disseminating. Neutrophil Extracellular Traps have been recently described as important in venom-induced
necrosis. Trapped venom accumulates at the bite site, resulting in significant localized necrosis.
Arthropod venom driving necrosis: Insects, myriapods and arachnids can induce necrosis following
envenomation. So far, the processes involved have only been investigated in two arachnids: Loxosceles
spp. (recluse spiders) and Hemiscorpius lepturus (scorpion). Loxosceles venom contains phospholipases
D which hydrolyse sphingomyelin, resulting in lysis of muscle fibers. Subsequently liberated ceramides
act as intermediaries that regulate TNF-o and recruit neutrophils. Experiments show that immune-defi-
cient mice injected with Loxosceles venom experience less venom-induced inflammatory response and
survive longer than control mice. Necrosis following Hemiscorpius lepturus stings correlates with ele-
vated concentrations of TNF-o.. These observations suggest that necrosis may be indirectly triggered
or worsened by pathways of regulated necrosis in addition to necrotic venom compounds.
Conclusions: Envenomation often induce an intense inflammatory cascade, which under certain circum-
stances may produce necrotic lesions independently from direct venom activity. This could explain the
inconsistent and circumstantial occurrence of necrosis following envenomation by a range of organisms.
Future research should focus on identifying pathways to regulated necrosis following envenomation and
determining more efficient ways to manage inflammation. We suggest that clinicians should consider
the victim’s immune response as an integral part of the envenomation syndrome.

CONTACT Michel M. Dugon @ michel.dugon@nuigalway.ie @ The Ryan Institute, National University of Ireland Galway, Room 214 - Zoology, County Galway,
Republic of Ireland
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Introduction

Venoms have evolved to fulfil mainly foraging and defensive
functions. As such, envenomation typically results in neuro-
toxic symptoms which disable prey and enemies rapidly [1].
In some instances, however, envenomation leads to necrotic
lesions in human and animal models, sometimes simultan-
eously with systemic organ injury [2]. Snakes [3-5], cnidarians
[6,7], bees [2], wasps [8], ants [9], mosquitoes [10], beetles
[11], centipedes [12,13], scorpions [14,15] and spiders [16,17]
have all been linked to the formation of necrotic wounds in
patients. The potentially lytic effects of jellyfish [6], coral [7]
and snake [3-5] venoms are fairly well documented.

In regard to arthropods, however, and apart from the
recluse spiders of the genus Loxosceles and the Asian scor-
pion Hemiscorpius lepturus, necrotic lesions are not consistent
with the known, direct venom activity of the incriminated
species. As a result, the occurrence of necrotic lesions follow-
ing envenomation by arthropods remains a highly controver-
sial topic among toxinologists, clinicians and the general
public. This is particularly true in the case of spiders. While
reports of alleged necrotic spider bites are on the rise, the
actual spiders responsible for these lesions are rarely recov-
ered and identified [18] and misdiagnoses are frequent [19]
leading to a plethora of potentially misleading reports in the
literature [19-21].

In the case of myriapods, insects and arachnids, venom
compounds have been predominantly associated with neuro-
toxic function, although lesser known peptides may be cap-
able of haemolytic and cytolytic activity [22-24]. Large
centipedes of the Scolopendridae family have been shown to
occasionally produce extensive dermonecrosis, sometimes in
conjunction with organ failure and acute coronary ische-
mia [12,13,25].

Africanized bees Apis mellifera scutellata typically induce
neurotoxic symptoms but cases involving a high number of
stings have led to the development of localized necrosis [2].
Similarly, the stings from the Asian giant hornet Vespa man-
darinia do not typically induce necrotic symptoms, however,
cases involving multiple stings have led to systemic organ
injury and tissue necrosis [8]. The tropical fire ant Solenopsis
geminata typically induces pain and general discomfort fol-
lowing envenomation. However, in rare cases involving a
large number of stings, victims might develop tissue necro-
sis [9].

The arthropods most commonly associated with necrotic
lesions belong to the class Arachnida, and more specifically
scorpions and spiders. Although venom compounds and
their active pathways have not been identified vyet,
Hemiscorpius lepturus, a medically important scorpion from
West Asia, is currently the only known species of scorpion to
possess a necrotoxic venom [14,15,26]. In addition to induc-
ing necrosis, other symptoms include renal failure and haem-
olysis [27] and they are responsible for fatal outcomes.

A plethora of reports are linking necrotic wounds to spi-
der bites in both the scientific and popular literatures [19,28].
However, the alleged necrotic lesions produced by hobo spi-
ders (genus Tagenaria) in the United States and white tail
spiders (genus Lampona) in Australia have been

systematically debunked [29,30]. Globally, confirmed spider-
induced dermal necrosis can be considered a rare occurrence
given the taxonomic diversity of spiders (over 45,000 species
described so far), with confirmed cases involving only the
Noble false widow spider Steatoda nobilis [17], the yellow sac
spiders of the genus Cheiracanthium [19] and the recluse spi-
ders of the genus Loxosceles [16,31-33].

In the case of Steatoda nobilis, reports of necrotic lesions
following envenomation contrast sharply with the symptoms
reported from envenomation by their relatives, the true black
widows (genus Latrodectus) which produce exclusively neuro-
toxic symptoms [34,35]. Cases of venom-induced necrosis fol-
lowing bites from the genus Cheiracanthium have been
reported frequently. However, an extensive review involving
59 verified bites showed that these claims were unwarranted
with only a single case of minor necrosis confirmed in
Europe [19]. The synanthropic spiders most commonly asso-
ciated with necrotic lesions belong to the genus Loxosceles
and are known to produce phospholipases D (formerly
referred to in the literature as sphingomyelinases D), a group
of enzymes which hydrolyse sphingomyelin [36].

With the exception of Hemiscorpius lepturus and
Loxosceles, all the cases mentioned above are notable for
their onset of necrotic lesions which are inconstant with
known (typically neurotoxic) venom activity. However, neuro-
toxicity and necrotoxicity are not mutually exclusive. Necrotic
lesions could develop in at least three independent, poten-
tially overlapping ways:

1. direct action of venom toxins on cells;
2. bacterial infection (secondary or vector borne); and
3. strong immune response to the envenomation.

The former two have been discussed previously in the lit-
erature [37-41], but the latter remains a neglected topic des-
pite earlier studies suggesting that the victim’s immune
response may contribute to dermonecrosis [3-5,27,42-47]. In
the light of recent studies uncovering the inflammatory path-
ways leading to programmed necrosis (necroptosis), we pos-
tulate that when direct toxic activity from venom toxins
occur simultaneously with an innate and adaptive immune
response, inflammation may be an important driving force
that results in symptoms superficially inconsistent with
known, specific, venom activity.

While this review aims to shed light on the role of inflam-
mation in arthropod envenomation, some studies carried out
on snake venom are also discussed as they offer an insight
into the behaviour of the immune system in response to
venom toxins.

The cytokine tumour necrosis factor (TNF) is involved in
regulating cell survival and cell death (apoptosis) and the
more recently described pathway of regulated necrosis (nec-
roptosis). Neutrophils are a phagocytic immune cell that typ-
ically engulf and digest foreign bodies, and once triggered
by certain stimuli, they are also capable of rupturing and
releasing their DNA contents which trap foreign bodies.
These are known as Neutrophil Extracellular Traps (NETs) that
can lead to necrosis (NETosis). Both TNF and neutrophils



have been linked to necrosis following envenomation by
snakes and two medically important arthropods and will be
discussed in this review.

We propose that the potential exists for necrosis to occur
following arthropod envenomation via inflammatory path-
ways of regulated necrosis. We suggest two targetable mech-
anisms of inflammation, the TNF necroptosis and neutrophil
NETosis pathways, as suitable candidates to study their
potential involvement in the occurrence of necrotic lesions
following arthropod envenomation. This hypothesis, which
has been given little attention so far and has never been
considered in the broader context for all arthropod enveno-
mations, might explain the inconsistent, circumstantial occur-
rence of necrotic lesions following envenomation by a range
of arthropods.

Objectives

1. To describe two inflammatory pathways of regulated
necrosis: TNF (necroptosis) and NETosis.

2. To discuss the potential involvement of TNF and neutro-
phils in the development of tissue necrosis following
envenomation by a range of arthropods, based on the
existing  literature on  snake and  arachnid-
induced necrosis.

3. To contribute to the understanding of venom-induced
necrotic lesions by arthropods and provide clinicians
with an insight into little known inflammatory processes
which may occur post-envenomation.

Methods

ISI Web of Science databases were searched using the terms
"spider bite necrosis”, “arthropod envenomation necrosis”,
“venom necrosis”, “venom immune response”, “loxoscelism”,
", “necroptosis dermatitis”,

“arachnidism”, “necroptosis venom”,
v , ionism”,
factor TNF enom”, “scorpionism”
“NETosis venom”,

“tumour  necrosis
“scolopendrism”, “centipede necrosis”,

“NETosis necrosis”. All citations (N=2,680) were exported to
EndNote™ version X7. The citation list was inspected and all
duplicate entries (N=2843) were manually removed. Searches
produced a total of 1,737 nonduplicate citations of which 74
were considered relevant to this manuscript. Because of the
large volume of unsubstantiated reports on venom-induced
necrotic lesions, non-peer-reviewed sources were excluded.
Historical reports of suspected venom-induced necrosis pub-
lished without voucher material clearly identifying the organ-
ism involved in the envenomation were also discarded.

What is necrosis?

Necrosis occurs when cells experience organelle swelling
resulting from inflowing ions and fluid from the extracellular
matrix after the breakdown of cell membrane integrity. The
breakdown of organelle membranes releases proteolytic
enzymes into the cytosol causing further degradation of the
cells and subsequent release of the cell contents into the
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extracellular matrix, ultimately leading to cell death [48].
Necrosis typically result from infection, envenomation, injury,
or deprivation of blood supply (ischemic necrosis) [49].
Consequences range from minor wounding causing discom-
fort, to extensive tissue necrosis, causing permanent disfig-
urement, impairment and disability [50].

Until the late 1980s, necrosis was considered an unregu-
lated process, contrasting to the regulated, programmed cell
death known as apoptosis [51]. Apoptosis occurs in individ-
ual cells (or sometimes small clusters) that are recognized as
experiencing stress by either themselves (intrinsic) or by
other nearby cells (extrinsic). The cell shrinks in size, the cel-
lular components are degraded by enzymes, but cell mem-
brane integrity is retained until the end, which avoids
triggering an inflammatory response, and then signals for
the recruitment of macrophages which engulf the cell.
Apoptosis is a cell death process crucial for efficiently main-
taining healthy tissue and regulating tissue growth [48].
However, the current consensus is that necrosis can also be
a programmed event (necroptosis), resulting from a regu-
lated process that can be favoured by the immune system
over apoptosis [52-54].

Tumour necrosis factor and the necroptosis pathway

At the cellular level, cytokines, including interleukin and
tumour necrosis factor (TNF), mediate communication
through signalling pathways and play important roles as
mediators in inflammatory cell death. As a result, the sup-
pression of TNF-a activity using metalloproteinase inhibitors
significantly reduces TNF-o associated pathologies [55].

TNF is a pro-inflammatory cytokine that plays a funda-
mental role in regulating immune response, inflammation
and cell death/survival. It acts with other cytokines as
important cell signalling molecules for recruiting immune
cells from nearby blood vessels to the sites where foreign
bodies occur [36]. TNF also plays an important role in deter-
mining the fate of affected cells, if it will live or die, and by
which process. In recent years, studies have shed light on
the processes (Figure 1(A)) by which necroptosis is the fav-
oured outcome over apoptosis [52,56]. Following the binding
of TNF with its corresponding receptors (TNFR1, TNFR2;
Table 1) located on cell surface membranes, a cascade is set
in motion which determines the life or death of the cell.
Several molecules associate to form a large protein complex
(complex 1) [52,56] including TNFR1-associated death domain
protein (TRADD), TNFR-associated factors (TRAF2 or TRAFS5),
inhibitor of apoptosis proteins (clAP1 or clAP2) which are
linked by K63-linked ubiquitin molecule chains with linear
ubiquitin chain assembly complex (LUBAC) and then with
receptor-interacting serine/threonine-protein kinase
(RIPK1) [52,56].

In living cells, survival is regulated by the transcription
factor nuclear factor-xB (NF-xB) pathway. After the formation
of complex |, ubiquitylation connects complex | to the IKK
complex which activates NF-xB signalling, which in turn
leads to the production of anti-apoptotic factors that prevent
cell death and thus promotes cell survival. The cell death
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Figure 1. Potential inflammatory pathways to necrosis after envenomation. (A) Illustrates various ways different toxins may contribute to necrosis. Blue venom tox-
ins represent direct lytic activity, red venom toxins represent trigger of inflammation which leads to necrosis (regulated necroptosis), and orange venom toxin rep-
resents the convertase activity suggested by Moura-da-Silva et al. [3] which converts inactive TNF to its active state and further contributing to the necroptosis
pathway. lllustration adapted from (Brenner et al. [56] and Moura-da-Silva et al. [3]). (B) Blood vessel blockage resulting from NETs, illustrating the NET activity
once triggered by certain toxins. Once NETs are activated they trap numerous molecules including venom toxins and platelets, potentially leading to vessel block-
age causing ischemic necrosis or toxin concentration that could lead to localized activity of necrotic compounds.

process is initiated when non-ubiquitylated RIPK1 results in
switching off TNF-driven NF-kB signalling, which in turn pro-
motes TNF-driven apoptotic signalling. When the enzymatic
activity of FLIP,—pro-caspase 8 heterodimer is inhibited, it is
unable to cleave RIPK1, and then, deubiquitylated RIPK1 can
influence the cell death programme to favour the pathway
for necroptosis over apoptosis. Non-unbiquitylated or deubi-
quitylated RIPK1 disassociates from complex |, which is
bound to the membrane. After relocating in the cytosol, it
forms an association with multiple RIPK3 complexes. These
interactions trigger the formation of a new complex called
the necrosome. The elevated concentrations of RIPK1/3
strongly influence necroptosis as the outcome [52,56].

TNF has been shown to play a significant role in snake
venom-induced pathologies. Following inoculation with
venom from the European asp (Vipera aspis), patients can
experience cardiotoxic effects. A study suggested that this
pathology is mediated by the systemic circulation of TNF.
Prior treatment with TNF antibodies showed a significant
decrease in cardiac pathology [44].

The development of necrosis in victims of envenomation
by the South American pit viper Bothrops jararaca and the

northern East African Saw-scaled viper Echis pyrumidum
leukeyi has been shown to be directly influenced by TNF-o.
Moura-da-Silva et al. [3] hypothesised that the pro-inflamma-
tory cytokine TNF-o. may participate to the development of
tissue necrosis after envenomation by vipers. In addition to
the direct potent action of venom toxins on cells, the
authors [3] suggested that venom components such as met-
alloproteinases have a convertase activity that facilitates the
hydrolysis of pro-TNF-a, converting it to its active state which
further intensifies the level of necrosis in the victim (Figure
1(A)). In agreement with this, the authors demonstrated that
treatment with TNF-a-antibodies would significantly reduce
the manifestation of necrosis.

In concurrence with this hypothesis, a subsequent study
by Laing et al. [4] showed that, when Balb C and C57 mouse
KO strains deficient in TNF receptors (TNFR1 and TNFR2) and
IL-6 were injected with the venom metalloproteinase jararha-
gin, necrosis did not manifest. While this venom toxin typic-
ally induces haemorrhage, oedema and necrosis in bite
victims, in this study, haemorrhage and oedema continued
to manifest in these KO strains at similar levels as to the WT
control mice, but necrosis was consistently absent. This



Table 1. Nomenclature.
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Protein Abbreviation

Description

Transmembrane receptor molecules TNFR1, TNFR2

TNFR1-associated death domain protein TRADD

TNFR-associated factors TRAF2 or TRAF5

Cellular inhibitor of apoptosis proteins clAP1 or clAP3

Linear ubiquitin chain assembly complex LUBAC
Receptor-interacting serine/threonine-protein kinase RIPK1, 3
Inhibitor of kappa B IKK complex

FLICE-like inhibitory protein & cysteine-
aspartic proteases

Lysine 63-linked polyubiquitin chains

FLIP_—pro-caspase 8 heterodimer

K63-linked ubiquitin molecule chains

Transmembrane receptor molecules that bind
Tumour Necrosis Factor with cellular transduc-

tion pathways

Intracellular adaptor protein that link proteins to cre-
ate larger signalling complexes

Adapter proteins that associate with specific tumour
necrosis factor family receptors

Inhibitor of apoptosis protein that ubiquitinates RIP1
Ubiquitin ligase complex that generates linear polyu-
biquitin chains and regulates the NF-kB (Nuclear
Factor kappa-light-chain-enhancer of activated B
cells) pathway

Adaptor proteins whose kinase activity regulate each-
others phosphorylation through
autotransphosphorylation

Protein that inactivates NF-kB transcription factor
FLIP, is a regulatory protein of apoptosis, caspase 8
is a protease that regulates apoptosis. By forming a
heterodimer, enzymatic activity is inhibited allowing
for necroptosis to occur

Polyubiquitin chain linkages which are significant for
linking substrates to distinct signal transduc-

tion pathways.

suggests that TNF might not be the sole target of jararhagin,
and that cytokines other than TNF might be involved in the
initiation of necrosis.

The inflammatory cascade and the role of important cyto-
kines including TNF and interleukin in envenomation
described by Moura-da-Silva et al. [3] and Laing et al. [4]
tend to indicate that under certain circumstances the
immune response can act independently against the host
and contribute to venom-induced necrosis. In such cases, in
addition to antivenom, TNF antibodies may be important in
inhibiting the progression of tissue necrosis [50,57].

The influence of TNF in determining the outcome of a cell
death event has also been described for bacterial pathogen-
esis. For example, in response to bacterial proliferation within
phagocytic cells, the expression levels of TNF signalling play
an important role in determining the three possible out-
comes for the infected phagocyte. Low expressions of TNF
signalling results in unregulated necrosis, whereas moderate
expression levels of TNF result in the release of bactericidal
molecules that ensure the survival of the cell. However, if the
TNF expression levels are elevated, phagocytic cells can
undergo another process via the RIPK1-RIPK3-mediated path-
way which ultimately leads to necroptosis [53].

Neutrophil extracellular traps and the NETosis pathway

Upon activation of the immune system, some of the first line
responders are leukocytes, for example, macrophages and
neutrophils. Because infected macrophages can relocate and
ultimately redistribute pathogens, the regulated necrosis of
localized cells is considered a means to control the spread of
infection at the expense of these local cells [53]. In addition
to phagocytosis, neutrophils can also be triggered to
undergo “cellular suicide” in a process during which the
chromatin becomes untightened and the nucleus swells sub-
sequently releasing nucleoplasm into the cytoplasm. The cell
dies when its membrane ruptures and discharges its DNA

contents known as neutrophil extracellular traps (NETs) in
the extracellular matrix. NETs prevent bacteria disseminating
farther by entangling them with a mesh of DNA strands
[5,58]. Previously regarded as an NADPH oxidase-dependent
cellular death process [59], recent studies indicate that NET
discharge can occur independently of NADPH oxidase (NOX)
and is now regarded as a non-universal pathway to cell
death [58] because of its ability to be stimulated by either
NOX-dependent, NOX-independent pathways, or even by
both simultaneously [5].

NETs have been shown to be involved in coagulation and
identified as potentially important in deep vein thrombosis
due to their potential to interact with components of the
blood clotting cascade [60]. As a result, NETs are a recog-
nized target for treating deep vein thrombosis. In animal
models, treatment with DNase 1, an enzyme that non-specif-
ically cleaves DNA to release 5-phosphorylated di-, tri-, and
oligonucleotide products, inhibited the development of
thrombus formation [61]. Pathogenic bacteria can express
DNase which facilitates the denaturation of DNA strands, ren-
dering the NETs inefficient [62]. It should also be noted that
some snake venoms contain endonucleases [63]. In the event
of NET initiation, the presence of snake venom endonu-
cleases could restrict NET function and facilitate circulation
of venom toxins from the bite site.

Envenomation by snakes such as Echis species often lead
to complications such as coagulopathies, hemorrhage, and
notably severe localized tissue necrosis at the bite site.
Recent studies describe venom-induced NETs release, which
subsequently limits the dissemination of venom toxins
(Figure 1(B)) away from the bite site [5,64,65]. As a conse-
quence, the venom toxins accumulate at the bite site, result-
ing in significant localized tissue damage. Moreover, NET
activity is facilitated by the absence of endonucleases, which
is a common constituent of other snake venoms. NETs have
only been recently described as potentially significant in
snake venom induced pathologies such as localised tissue
necrosis and as a target for envenomation treatment using
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nucleases such as DNase 1 [5]. It should also be noted that
the release of extracellular traps is not limited to neutrophils
and venom could potentially induce chromatin release from
other cells [61].

The aforementioned studies demonstrate the potentially
fundamental role of the immune system in determining the
outcome of an envenomation. Within this paradigm, venom
composition alone does not dictate the outcome of the bite,
and intense inflammation can significantly contribute to the
development of tissue necrosis.

Arthropod venom driving necrosis

The genus Loxosceles comprises approximately 130 species of
medium-size spiders distributed globally. The neotropical
species L. laeta, L. intermedia, L. rufescens, L. gaucho and L.
reclusa are frequently involved in medically significant bites
which result in localised and systemic pathological symp-
toms, including dermonecrosis. Loxosceles venom possess
phospholipases D which causes hydrolysis of sphingomyelin
resulting in the lysis of muscle fibres. However, while most
studies tend to focus on the direct lytic activity of Loxosceles
venom, few have assessed the immune status of the host.

Ribeiro et al. [45] investigated the toxicity of Loxosceles
intermedia and the differential immune response of three
mouse strains (C57, BalbC and the immune-deficient Swiss
strain) to its venom. The authors demonstrated phospholi-
pases D, hyaluronidase, metalloproteases, and serine pro-
teases activity in the venom of Loxosceles intermedia. In
addition to increasing venom potency, hyaluronidase facili-
tates the dissemination of venom from the bite site [66].
Phospholipases A2, which are thought to be the main com-
pounds involved in the development of necrosis following
snake bites [63] was not recovered. However, the authors
suggested this could have been due to a low abundance of
Phospholipase A2 within the pooled sample, and not
their absence.

Following intradermic injection of Loxosceles intermedia
venom, C57 and BalbC mouse strains experienced a differen-
tial inflammatory response. Immune-deficient Swiss mice
showed no signs of venom-induced inflammatory response
but some signs of vascular congestion.

All three mouse strains developed oedema, which per-
sisted for 16hrs in Swiss, and 24hrs in C57 and BalbC mice.
Dermal necrosis was not observed during this study, but
intense inflammatory infiltrate was observed in C57 and
BalbC mice [45]. All C57 and BalbC mice died between three
and six days post-injection, but Swiss mice lived up to 30
days post-injection. Although unlikely, it is possible that der-
mal necrosis would have manifested itself if C57 and BalbC
mice had survived longer. The longer survival rate and
absence of inflammatory response in the Swiss strain may be
due to the fact that relevant chemoattractant cytokines are
expressed at low levels in Swiss mice [67]. Contrasting pat-
terns of cell mobilization in the blood, bone marrow and
spleen of C57 and BalbC mice indicated a venom induced
innate and adaptive inflammatory response. It would have
been interesting however, if the authors had included the

Swiss mice when analysing cell mobilization. While no
inflammatory reaction was observed in the histological ana-
lysis of the skin, it may have produced an interesting com-
parison to C57 and BalbC in the blood, bone marrow and
spleen [45].

Phospholipases D from Loxosceles laeta venom stimulate
the induction of intense inflammatory mediators which sub-
sequently recruit monocytes to the bite site [36]. Following
the cleavage of sphingomyelin by phospholipase D, the sub-
sequent release of ceramide 1-phosphate (C1P) can act as a
pro-inflammatory mediator [68]. Patel et al. [46] showed in
vitro that the venom of Loxosceles deserta only leads to der-
monecrosis when in the presence of infiltrating neutrophils,
triggered indirectly by ceramides released from the break-
down products of sphingomyelin. The subsequent release of
ceramides is significant during envenomation because they
play an important role as intermediaries that regulate TNF-a
and recruit neutrophils [47]. Previous studies [42] suggest
that Loxosceles venom does not produce dermonecrosis in
mice because the sphingomyelin in mice structurally differs
from rabbits, guinea pigs and humans. In mice, the venom
can diffuse farther, avoiding a localized buildup of venom at
the bite site, but can result in a lethal effect, whereas
sphingomyelin in rabbits, guinea pigs and humans reduces
the spread of venom, causing venom to accumulate thus
resulting in necrosis, but prolonging the animal’s life. As a
result, phospholipase D directly hydrolyses sphingomyelin,
ultimately leading to the release of ceramides and the subse-
quent induction of inflammatory infiltrate which leads to
localized necrosis. Domingos et al. [42] demonstrated using
BALB/c mice that venom from Loxosceles gaucho only
induced dermonecrosis at the bite site when co-administered
with sphingomyelin or ceramide phosphate plus liposome. In
this study, mice injected with only venom died, whereas
although the addition of sphingomyelin or ceramide phos-
phate resulted in inflammatory response and subsequent
dermonecrosis, these mice all lived.

Hemiscorpius lepturus is a medically important scorpion
from West Asia that can induce local and systemic symptoms
including dermonecrosis, renal failure and hemolysis [27] and
is responsible for fatal outcomes. Hemiscorpius lepturus
venom possesses heminecrolysin, a phospholipase D-like
enzyme [69]. Studies have drawn on similarities between the
molecular weights of venom compounds of Hemiscorpius
and Loxosceles suggesting that symptoms including dermo-
necrosis may also be induced through activation of the
immune system [70,71]. In a study by Jalali et al. [27], serum
collected from 36 hospital patients in the southwest of Iran
after being admitted following envenomation by
Hemiscorpius lepturus showed that concentrations of cyto-
kines IL-1, IL-6, IL-8 and TNF-o. were higher than those in
healthy, non-envenomated patients. The authors found that
the severity of the envenomation correlated specifically with
the elevated concentrations of TNF-o. and suggests that
these elevated cytokine concentrations and pathology are
related. In the same study, patients stung by Mesobuthus
eupeus also showed increased concentrations of interleukins
but not TNF-o. Envenomation from the latter species is



considered typically mild and have never been associated
with dermonecrosis.

Intense recruitment of inflammatory cells and mediators
can potentially lead to disturbance in the blood [45]. Heavy
traffic within the blood capillaries due to venom-induced
inflammatory response could therefore potentially also lead
to ischemic necrosis (Figure 1(B)). Necrotic lesions could
therefore occur inconsistently and on an individual basis,
being indirectly triggered by inflammation-inducing venom
toxins rather than necrotic compounds; the outcome of
envenomation would also depend on the immune status of
the victim.

Variations in outcome after envenomation can also be
explained by the volume of venom delivered. Snakes, spi-
ders, centipedes and scorpions have been shown to adapt
the amount of venom delivered according to the level of the
perceived threat (cf. Venom Optimisation Hypothesis)
[72-74]. In addition, venom glands may take several days or
even weeks to replenish their stores and venom compounds
may not be produced at the same rate. Therefore, envenom-
ation by the same individual specimen may result in different
subsequent immune response depending on the level of
toxin replenishment and the quantity of venom injected [45].
This hypothesis is reinforced by the fact that in the case of
envenomation by hymenopteran and dipteran, necrotic
lesions developed only after multiple, simultaneous enveno-
mations [2,8-10]. Regarding ischaemic necrosis, NETs could
also potentially play a role in trapping material within blood
capillaries and thus venom volume may have a critical role.

Conclusions

Arthropod venom can induce a complex and intense inflam-
matory response. Although typically most arthropod venoms
are not associated with direct necrotic activity, it is proposed
that envenomation could in some circumstances trigger an
immune cascade ultimately leading to necrosis. This would
explain the inconsistent and circumstantial occurrence of
necrotic manifestations following envenomation by venom-
ous arthropods. The role of TNF and neutrophil extracellular
traps in snake venom-induced pathologies is remarkable,
especially from the stand point of using TNF antibodies and
DNase 1 as potential therapeutic agents to complement trad-
itional antivenom treatment. Clinicians should consider the
victim’s immune response as an integral part of the
envenomation syndrome. Focusing research into identifying
TNF necroptosis, neutrophil NETosis or other pathways
involved in regulated necrosis following envenomation may
help determine more efficient ways to manage inflammation
and potentially reduce the severity of symptoms.
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