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Abstract: Envenomation by animal venoms remains a serious medical and social problem, especially
in tropical countries. On the other hand, animal venoms are widely used as a source of biologically
active compounds for the development of novel drugs. Numerous derivatives of animal venoms
are already used in clinical practice. When analysing the mechanisms of action of animal venoms,
attention is usually focused on the main target of the venom’s enzymes and peptides such as
neurotoxic, cytotoxic or haemorrhagic effects. In the present review, we would like to draw attention
to the “hidden” effects of animal venoms and their derivatives in regard to DNA damage and/or
protection against DNA damage. Alkaloids and terpenoids isolated from sponges such as avarol,
ingenamine G or variolin B manifest the capability to bind DNA in vitro and produce DNA breaks.
Trabectidin, isolated from a sea squirt, also binds and damages DNA. A similar action is possible for
peptides isolated from bee and wasp venoms such as mastoparan, melectin and melittin. However,
DNA lesions produced by the crude venoms of jellyfish, scorpions, spiders and snakes arise as a
consequence of cell membrane damage and the subsequent oxidative stress, whereas certain animal
venoms or their components produce a genoprotective effect. Current research data point to the
possibility of using animal venoms and their components in the development of various potential
therapeutic agents; however, before their possible clinical use the route of injection, molecular target,
mechanism of action, exact dosage, possible side effects and other fundamental parameters should be
further investigated.

Keywords: venom; invertebrates; vertebrates; genotoxicity; DNA damage; pharmaceuticals; drugs;
therapeutic application

Key Contribution: Summarized genotoxic and genoprotective effects of biologically active compounds
of animal origin, mainly venoms and their derivatives, will contribute to a better understanding of their
impact on DNA molecules in regard to their possible therapeutic applications.

1. Introduction

Pharmaceuticals derived from animals continuously make a major contribution to
health in terms of prevention and treatment of many diseases [1–4]. Animal venoms and
their components, such as those from snakes, scorpions, spiders, bees, wasps, snails, toads,
frogs, lizards and sea anemones have long been used in scientific research and are the basis of
many products and drugs that are of great use in medicine today [5–12]. Crude venoms are
complex bioactive chemicals rich in proteins and peptides with diverse pharmacological
actions that are often protease-resistant due to their disulphide-rich structures. For example,
in spider venoms the disulphide bridges form “cysteine knots”, where three bridges
stabilize antiparallel beta sheets, drastically increasing the stability of the protein [13]. The
components of venoms are specific, stable, potent and have the ability to modify molecular
targets, thus making good therapeutic candidates. Animal venoms have been used as a
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traditional medicine to treat a variety of conditions, including arthritis, rheumatism and
chronic pain as well as autoimmune, cardiovascular and skin diseases [3,6,14–17]. Moreover,
one of the most promising fields in venom research from the therapeutic aspect is their use in
anticancer research. This is driven by the resistance to chemotherapeutics by cancerous cells
that is making cancer treatment more complicated, hence, animal venoms have emerged as
an alternative strategy for anticancer therapeutics and could also impact the costs related
to cancer treatment [15,18–23]. The anticancer activities of animal venoms include the
inhibition of the proliferation of cancer cells, their invasion, cell cycle arrest, induction of
apoptosis or necrosis and the identification of the involved signalling pathways [14,15,24].

Although there are numerous animal venoms that often show good results towards
cancerous cells, there are always open questions regarding their potential toxicity towards
normal non-target cells and tissues, making this kind of toxicity one of the greatest obstacles
for the possibility of an actual remedy [4,14,25–27]. Therefore, the possible genotoxic effects
of chemical compounds used as medical remedies are intensively studied. There is a
vast body of literature concerning both natural and synthetic compounds [28,29]. Much
less attention is paid to the genotoxic effects of animal venoms and other compounds of
animal origin, although animal venoms per se are in the focus of interest of numerous
researchers [4]. However, genotoxic effects can be produced by these compounds due to
envenomation or as a side effect of medical remedies.

In this integrative review, we shall try to summarize the accessible data on genotoxic
and/or genoprotective activities of the venoms and their components. Data will be re-
viewed following biological systematics. We conducted a search to identify relevant papers
using scientific databases, including PubMed (www.pubmed.com (accessed on 1 February
2023)), Web of Knowledge (www.webofknowledge.com (accessed on 1 February 2023)) and
Scopus (www.scopus.com (accessed on 1 February 2023)). The keywords comprised the
name of the taxon, the word “venom” and the sought effect, for example “snake venom
and DNA damage”, “snake venom and comet assay”. If the individual DNA-damaging
components of the venom were revealed, the search was repeated with the name of the
compound, for example “trabectidin and DNA damage”, “trabectidin and DNA binding”
and “trabectidin and comet assay”, etc. The titles and abstracts were assessed to consider
the articles for inclusion in the review, with sixty papers found. We did not apply any
restriction concerning the publication language, country or dates of publication. Other
relevant original and review papers were also identified from the reference lists of papers
found in the search and those papers have been included in the present review and sum-
marized in Table 1. The papers describing comet assay experiments were included if at
least 50 cells were analysed per experimental point and several concentrations of the active
compound were compared with the negative and positive controls (Figure 1). Papers on
the topic first appeared in 2002 and the number of publications has increased since 2010,
whereas in the last few years there were four publications yearly. There are one or two
publications about one species, with the exception for honeybees where thirteen papers
were published.

Table 1. Genotoxic and genoprotective effects of animal venom components with pharmacological action.

Compound Source Genotoxic/Genoprotective
Effect Cell Types Pharmacological

Action References

Avarol Dysidea avara Genotoxic

Human cancer
(HT29) cell line and
Friend leukaemia

cells

Antitumour,
antibacterial,

antiviral
[30,31]

10-Acetylirciformonin B Ircinia sp. Genotoxic Human cancer
(HT29) cell line Antitumour [32]

Ingenamine G Pachychalina
alcaloidifera Genotoxic Human lymphocytes Antitumour [33]

www.pubmed.com
www.webofknowledge.com
www.scopus.com
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Table 1. Cont.

Compound Source Genotoxic/Genoprotective
Effect Cell Types Pharmacological

Action References

Variolin B Kirckpatrickia variolosa Genotoxic Human cancer cells Antitumour [34]

ω-Conotoxin Conus magus Genoprotective Primary cultures of
rat forebrain neurons Analgesic [35]

Phα1β peptide Phoneutria nigriventer Genotoxic Rat spinal cord cells Analgesic [36]

Mastoparans Polibia paulista,
Vespa sp. Genotoxic Cancer cell lines

Antitumour,
antimicrobial,

antiviral
[37]

Melectin Melecta albifrons Genotoxic Cancer cell lines Antimicrobial,
antitumour [38]

Melittin Apis mellifera Genotoxic Human peripheral
blood cells Antitumour [25–27,39–41]

Asterosaponin P1 Patiria pectinifera Genotoxic Colorectal carcinoma
cells HT-29 Radiomimetic [42]

Trabectidin Ecteinascidia turbinata Genotoxic Human cancer cells Antitumour [43]

FWKVV and FMPLH Miichthys miiuy Genoprotectiuve HUVEC cells Antimutagenic [44]

BMP1 Bufo melanostictus Genotoxic Ehrlich ascites cells Antitumour [45]

Marinobufagin Bufo rubescens
Bufo marinus Non-genotoxic Human cancer cells Antitumour [46]

Bufalin Bufo gargarizans Non-genotoxic Human cancer cells Antitumour [47]

Vipoxin Vipera ammodytes
meridionalis Genotoxic

Human
hepatocellular

carcinoma (HepG2)
Neurotoxic [48]

BjussuLAAO-II Bothrops jararacussu Genotoxic
HepG2
HUVEC

Caco-2 cells
Antitumour [49,50]

Captopril Bothrops jararaca Genotoxic Human lymphocytes
Human macrophages Antihypertensive [51]

Crotoxin Crotalus durissus
terrificus Genotoxic Human lymphocytes

Immunomodulatory,
anti-inflammatory,

anti-microbial,
antitumour and

analgesic
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genotoxic effects of venoms. 
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coastal areas where jellyfish are abundant. The possible genotoxic action of the venom 
extracted from the Mediterranean jellyfish Pelagia noctiluca nematocysts was studied in 
green monkey kidney (Vero) and human colon cancer (HCT 116) cells at concentrations 
of 80, 160, 320 and 640 μg/mL. An alkaline comet assay indicated dose-dependent DNA 
damage. DNA breakage was observed in both cell cultures. It is presumed that the breaks 
arose due to the oxidative stress triggered by the venom, whereas later DNA lesions fa-
voured the development of apoptosis [53,54]. When non-fractionated nematocysts were 
incubated with green monkey Vero cells, dose-dependent DNA damage was also ob-
served with a maximum effect produced by 150,000 nematocysts per mL [53]. 

2.2. Sponges (Poryphera) 
Sponges possess a very potent secondary metabolism, producing numerous alka-

loids, terpenoids and other biologically active compounds. These products compensate 
for the lack of an immune system in this taxon. Chemical compounds isolated from 
sponges are tested for various pharmacological effects [55,56]. Although mostly marine 
sponges are in the focus of interest, freshwater animals also synthesize numerous active 
compounds. The acetone extract of the freshwater sponge Ochridaspongia rotunda mani-
fested cytotoxic and antiradical activities; however, the extract did not induce DNA breaks 
[57]. Similarly, the extract of the marine sponge Agelas oroides produced cytotoxic effects 
and induced reactive oxygen species (ROS) formation and apoptosis but did not induce 
DNA breaks [58]. On the contrary, aqueous and alcoholic–aqueous extracts from Aplysina 
fulva, a Brazilian marine sponge, produced DNA breakage in Balb/c 3T3 mouse fibroblasts 
quantified by the alkaline comet assay compared with untreated cells, whereas the extent 
of the breakage decreased with the dilution of the extracts (1:2; 1:5; 1:10) [59].  

The genotoxic effects of individual compounds isolated from sponges also differ 
from the genotoxicity point of view. The terpenoid avarol from Dysidea avara induced 
DNA breaks in a human cancer (HT29) cell line and Friend leukaemia cells assayed by 
alkaline single-cell electrophoresis [30,31]. The DNA damaging effect was due to the for-
mation of hydroxyl radicals generated in the quinone/hydroquinone (avarol/avarone) cy-
cle, as the compound does not bind DNA covalently [30]. However, avarol appears to 
bind DNA non-covalently, both via intercalation and minor groove binding with subse-
quent DNA damage [60].  
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2. Results of Literature Search
2.1. Coelenterata

Venomous jellyfish produce numerous problems for both tourists and fishermen in
coastal areas where jellyfish are abundant. The possible genotoxic action of the venom
extracted from the Mediterranean jellyfish Pelagia noctiluca nematocysts was studied in
green monkey kidney (Vero) and human colon cancer (HCT 116) cells at concentrations
of 80, 160, 320 and 640 µg/mL. An alkaline comet assay indicated dose-dependent DNA
damage. DNA breakage was observed in both cell cultures. It is presumed that the breaks
arose due to the oxidative stress triggered by the venom, whereas later DNA lesions
favoured the development of apoptosis [53,54]. When non-fractionated nematocysts were
incubated with green monkey Vero cells, dose-dependent DNA damage was also observed
with a maximum effect produced by 150,000 nematocysts per mL [53].

2.2. Sponges (Poryphera)

Sponges possess a very potent secondary metabolism, producing numerous alkaloids,
terpenoids and other biologically active compounds. These products compensate for the
lack of an immune system in this taxon. Chemical compounds isolated from sponges are
tested for various pharmacological effects [55,56]. Although mostly marine sponges are
in the focus of interest, freshwater animals also synthesize numerous active compounds.
The acetone extract of the freshwater sponge Ochridaspongia rotunda manifested cytotoxic
and antiradical activities; however, the extract did not induce DNA breaks [57]. Similarly,
the extract of the marine sponge Agelas oroides produced cytotoxic effects and induced
reactive oxygen species (ROS) formation and apoptosis but did not induce DNA breaks [58].
On the contrary, aqueous and alcoholic–aqueous extracts from Aplysina fulva, a Brazilian
marine sponge, produced DNA breakage in Balb/c 3T3 mouse fibroblasts quantified by the
alkaline comet assay compared with untreated cells, whereas the extent of the breakage
decreased with the dilution of the extracts (1:2; 1:5; 1:10) [59].

The genotoxic effects of individual compounds isolated from sponges also differ from
the genotoxicity point of view. The terpenoid avarol from Dysidea avara induced DNA
breaks in a human cancer (HT29) cell line and Friend leukaemia cells assayed by alkaline
single-cell electrophoresis [30,31]. The DNA damaging effect was due to the formation
of hydroxyl radicals generated in the quinone/hydroquinone (avarol/avarone) cycle, as
the compound does not bind DNA covalently [30]. However, avarol appears to bind
DNA non-covalently, both via intercalation and minor groove binding with subsequent
DNA damage [60].

Another sponge terpenoid, 10-acetylirciformonin B (Figure 2), produced double-strand
breaks detected both by the neutral comet assay and histone γ-H2AX expression in human
leukaemia (HL 60) cells; the DNA breakage was followed by apoptosis. In cells treated
with the compound at concentrations of 1.25 and 2.5 µg/mL, the mean tail moment in the
neutral comet assay increased in a dose-dependent manner compared with the untreated
control, and the intensity of the γ-H2AX band followed the same trend [32]. Ingenamine G
(Figure 2), an alkaloid isolated from the Brazilian marine sponge Pachychalina alcaloidifera
(Haplosclerida), induced DNA breaks in human lymphocytes. The DNA damage was evalu-
ated by alkaline comet assay at concentrations of 5, 10, 15 and 20 µg/mL and compared
with the untreated control. It was suggested that the compound affects the construction
of a mitotic fuse [33]. According to the results of synchrotron beam diffraction on the
crystal variolin B (Figure 2), an alkaloid with anticancer activity from the Antarctic sponge
Kirckpatrickia variolosa binds DNA via the intercalative mode [34]. Acetylated bile acids
from Siphonochalina fortis did not induce DNA breaks in human lymphocytes [61].
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2.3. Annelida

Genotoxic effects were produced by tissue extracts of marine polychaetes. DNA breaks
were produced in mussel gills by a skin extract from Hediste diversicolor and Glycera alba jaw
proboscis. It was suggested that H. diversicolor secretes toxins via the skin for protection
against predators, but G. alba secretes toxins for predation [62].

2.4. Mollusca

The venom of very dangerous snails of the Conus genus is composed of hundreds of
peptides called conotoxins. Some are used as analgesics, whereas other pharmacological
applications are sought [63]. Data on the possible genotoxic action of these species are
scarce; however, it was shown that the NMDA receptor agonist ω-conotoxin did not
produce DNA damage in the spinal cords and blood cells of Wistar rats. The alkaline
comet assay demonstrated the protective effect of the CGX-1007, a recombinant analogue
of ω-conotoxin, against DNA damage produced by staurospirine in primary cultures of
forebrain neurons [35].

2.5. Arachnida

This taxon is represented by numerous venomous animals, scorpions and spiders. Ven-
oms of Arachnida are complex mixtures of proteins and low-molecular organic compounds
and are mainly neurotoxic [9,64].

2.5.1. Scorpions

The venom of a Brazilian scorpion Tityus stigmurus produces DNA damage in the blood
and testicular cells of Swiss mice, probably by triggering oxidative stress [65], consequently
resulting in reproductive disorders in animals and humans. The animals received a single
dose of the venom’s 1/2 LD50 (0.387 mg/kg), the effects were monitored at different time
points up to 48 h, six animals per point. Alkaline comet assays indicated accumulation of
DNA breaks, peaking at 2 h for both organs [65]. Similarly, the bolus injection of the venom
of the most dangerous Brazilian yellow scorpion (Tityus serrulatus) at a dose corresponding
to 1/2 LD50 (0.90 mg/kg) produced DNA damage in several organs (hippocampus, cortex,
striatum, blood, heart, lung, liver and kidney) of Swiss mice. DNA damage was monitored
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by the alkaline comet assay, the effect appeared one hour after injection and remained at the
same level for 12 h, 8–10 animals were taken for a time point [66]. The venom of the Indian
black scorpion (Heterometrus bengalensis Koch) produced DNA damage in human leukemic
cell lines (U937 and K562) leading to apoptosis. Cells were treated with the venom at an
IC50 concentration (41.5 µg/mL for U937 and 88.3 µg/mL for K562) and the alkaline comet
assay was performed 48 h later. Compared with the control cells, the comet tail length
increased in the treated U937 cells by 26.4% and to 80.7% in K562 cells [67].

2.5.2. Araneae

Despite a great number of venomous spider species, data about the genotoxic effects
of these venoms are scarce. There is a report on the genotoxic effects of sphingomyelinase
D isolated from venoms of the Loxosceles genus spiders on human (HaCaT) keratinocytes.
The enzyme binds the plasmatic membrane of the cells and triggers an increase in the
intracellular superoxide level, the radical that produces DNA damage [68]. The venom of
the Phoneutria nigriventer spider manifests analgesic effects. It was shown that the Phα1β
peptide isolated from this venom induced DNA damage in the spinal cord cells of Wistar
rats but not in white blood cells. The Wistar rats were administered native Phα1β toxin
intrathecally at 500 pmol/site and its recombinant analogue at 200, 500 and 1000 pmol/site.
Positive control animals received hydrogen peroxide, and negative control animals received
phosphate-buffered saline; there were five animals per group. The increased micronucleus
frequency in bone marrow cells suggested mutagenic effects [36].

2.6. Insecta

Hymenoptera venoms consist of a complex mixture of chemically or pharmacologically
bioactive components including phospholipases, hyaluronidases and mastoparans [69].
Mastoparans, a group of alpha-helical peptides, appear to be the most promising for
pharmacological activities [37] since they are able to penetrate into cells and bind DNA [70].
Melectin, an antimicrobial peptide from the venom of the cleptoparasitic bee Melecta albifrons,
does not exhibit sequence homology with other wasp venom peptides. Melectin manifests
antitumour activity, penetrates membranes and binds DNA [38]. The venom of a parasitoid
wasp, Pteromalus puparum, contains a peptide with endonuclease activity (PpENVP), which
inhibits gene expression in transfected cells relying on two activation sites [71].

It is believed that Hymenoptera contain substances able to decrease the genotoxic or
mutagenic action of other compounds. A protective effect of the Egyptian honeybee (Apis
mellifera lamarckii) venom against the damaging action of propionic acid (250 mg/kg 3 days)
was observed in the neurons of Sprague–Dawley rat pups. DNA damage was assayed by
single-cell electrophoresis in alkaline conditions, 0.5 mg/kg of the venom was administered
for 4 weeks, and there were 10 pups in a group. Both DNA damage and markers of
oxidative stress were decreased [72]. Moreover, the radioprotective effects of honeybee
venom (Apis mellifera) against 915 MHz microwave-radiation-induced DNA damage in
Wistar rat lymphocytes was observed in vitro [73]. On the other hand, the A. mellifera
venom even at low concentrations (0.1, 0.05 and 0.01µg/mL) did not protect HepG2 cells
against the genotoxic action of methyl methanesulfonate [74]. In a similar study conducted
with venom from the wasp Polybia paulista, it was shown that higher concentrations of
the venom (10, 5 and 1 µg/mL) were genotoxic per se, whereas lower concentrations
(1 ng/mL, 100 and 10 pg/mL) were not genotoxic; neither displayed a genoprotective
effect. The genotoxic and mutagenic activity of the venom of P. paulista could have been
caused by phospholipase, mastoparan and hyaluronidase, as these enzymes disrupt the cell
membrane and thereby interact with the genetic material of the cells or even facilitate the
entrance of other compounds of the venom that can act on the DNA. Furthermore, venom
substances are able to trigger inflammatory process and generate ROS that can interact
with the DNA [75].

Bee venom (A. mellifera) and its mayor constituent melittin (Figure 2) are cytotoxic
towards human peripheral blood cells and are able to induce morphological changes in
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the cell membrane, granulation and lysis of the cells. Moreover, they showed increased
DNA damage including oxidative DNA damage as well as increased formation of other
markers of genomic instability. This genotoxicity coincides with the increased formation of
ROS, reduction of glutathione and increased lipid peroxidation as well as phospholipase
C activity, indicating the induction of oxidative stress. Melittin itself is also capable of
modulating the gene expression patterns of genes involved in the DNA damage response,
oxidative stress and apoptosis [25–27,39–41].

2.7. Echinodermata

Starfish (Asteroidea) are typical representatives of marine benthic fauna. They are a
rich source of various low-molecular weight metabolites, polarsteroids and sphingolipids
being the most abundant. It was shown that asterosaponin P1 from Patiria pectinifera (4 µM)
could significantly increase the DNA damage produced in colorectal carcinoma (HT-29)
cells by low-dose X-rays (2 Gy). In the alkaline comet assay, the tail moment increased from
8.6 ± 3.8 (n = 50) in irradiated cells to 29.5 ± 10.6 (n = 50) in the cells additionally treated
with asterosaponin P1 [42].

2.8. Ascidacea

Trabectidin was identified as an active anticancer compound from the extract of the
sea squirt Ecteinascidia turbinata. The compound is synthesized by the microbial symbiont
of the tunicate. Actually, the compound is widely used as a drug for treatment of malig-
nancies, including soft-tissue sarcomas, ovarian cancer, breast cancer and non-small-cell
lung cancer [76]. Trabectedin is a tetrahydroisoquinoline alkaloid that can form a cova-
lent bond with the amino group of a guanine in selected triplets of DNA duplexes and
eventually gives rise to double-strand breaks. It binds the minor groove of DNA. Covalent
binding of trabectidin triggers a cascade of events that interfere with several transcription
factors, DNA binding proteins and DNA repair pathways [77]. The compound induces
both transcription- and replication-coupled DNA double-strand breaks (DSBs) detectible by
the neutral comet assay as well as the γ-H2AX assay [43]. DNA cleavage is performed by
the XPF/ERCC1 nuclease on the strand opposite to that bound by the drug [78]. Trabectidin
adducts stabilize double-stranded DNA and stall replication [79]; trabectidin also induces
DNA curvatures [80].

2.9. Pisces

Fish muscles and fat are rich in DNA-protecting compounds. Supplementation of a
dog’s diet with fish oil rich in omega-3 fatty acids (1 g per day, 90 days) reduced DNA
damage as assayed by alkaline single-cell electrophoresis in peripheral blood lymphocytes
from five dogs receiving fish oil compared with four dogs receiving a standard diet. The
DNA damage index was reduced already at day 30 and became more pronounced at
day 90 [81]. Bioactive oligopeptides (FWKVV and FMPLH) from the protein hydrolysate of
the miiuy croaker (Acanthuriformes, Miichthys miiuy) muscle protected human umbilical vein
endothelial cells (HUVECs) against damage produced by hydrogen peroxide. Antioxidant
enzymes and molecules were up-regulated, production of radicals was decreased and the
DNA damage assayed by alkaline single-cell electrophoresis was attenuated in a dose-
dependent manner [44].

2.10. Amphibia

The skin secretion of amphibians presents physiologically active molecules to protect
them against microorganisms, predators and infections. The Indian common toad (Bufo
melanostictus, Schneider) skin extract produced significant DNA damage in human myeloid
leukemic (U937 and K562) cells, followed by apoptosis. The alkaline comet assay was
performed to detect the DNA damage and the extract was administered in a dose corre-
sponding to the IC50 [82]. A protein (BMP1) purified from the above species produced
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DNA damage assayed by single-cell electrophoresis in alkaline conditions and apoptosis in
Ehrlich ascites carcinoma (EAC) cells [45].

Marinobufagin, a steroid excreted from the skin of toads Bufo rubescens and Bufo
marinus, manifested a selective cytotoxic effect in tumour cell lines; normal cells were
much less sensitive to it. However, it did not produce DNA lesions [46]. Similarly, bufalin,
a steroid toxin isolated from the Chinese toad (Bufo gargarizans), is a topoisomerase II
inhibitor; however, it did not damage DNA [47].

2.11. Reptiles (Serpentes)

Snake venoms are formed from a complex mixture of enzymes including phospholi-
pases A2, metalloproteinases and serine proteases. The venoms also contain three-finger
toxins interfering with nerve impulse transduction and some small peptides. The latter
component is more abundant in the Elapidae family of snakes, the three former components
in the Viperidae family. Interestingly, the enzyme of the snake venoms produces toxic effects
not related to their enzymatic activity [83].

Envenomation after Viperid bites is typically followed by strong pain, local swelling
and necrosis, blood loss and cardiovascular damage complicated by coagulopathy, and
disruption of the blood-clotting system. Viperid venom also causes vascular endothelial
damage and haemolysis. Death is caused by a collapse in blood pressure [83].

Genotoxic effects were reported for venoms of several species. The venom of the
Iranian viper (Vipera latifii) produced DNA damage in human hepatocellular carcinoma
(HepG2) cells [84]. The same cell culture was used for testing genotoxic and cytotoxic
effects of the toxic component of the Bulgarian sand viper (Vipera ammodytes meridionalis)
venom—vipoxin. Vipoxin is composed of a basic and toxic phospholipase A2 enzyme
and an acidic, enzymatically inactive and non-toxic subunit—a vipoxin acidic compo-
nent. Vipoxin and the vipoxin acidic component produced double-strand DNA breaks,
demonstrated by means of the neutral comet assay. The compounds were administered in
doses ranging from 0.35 to 2.88 µM and the effect was dose dependent compared with the
negative control. The phospholipase A2 component was much less genotoxic, although it
triggered apoptosis [48].

Bothrops is a genus of highly venomous pit vipers endemic to Central and South Amer-
ica. Both the crude venoms of these snakes and their components were tested for genotoxic
activity. The venom of Bothrops moojeni, popularly known as “caiçaca” or “jararacão”, at
a concentration close to IC50 4 (µg/mL) produced DNA breaks in Vero cells in vitro; the
breaks were repaired in 6 h, and the alkaline comet assay was used. However, when
injected into Swiss mice, the venom produced non-reparable lesions [85]. Bothrops brazili,
Bothrops jararacussu and Bothrops atrox crude venoms also presented genotoxic potential
in human lymphocytes, and the latter two increased DNA breakage 5-fold compared
with the negative controls in the alkaline comet assay [86]. Individual components of the
Bothrops venom are also genotoxic. Phospholipase A2 bothropstoxin-I from B. jararacussu
venom produced DNA breaks in human umbilical vein endothelial cells (HUVECs) and
prostate-cancer-derived (DU-145) cells (tumour cell line isolated from a metastatic site in the
brain). Bothropsin-I was administered in a dose range of 10, 25 and 50 µg/mL, whereas the
dose-dependent effect was observed using the alkaline comet assay. The enzyme was also
mutagenic and recombinogenic in Drosophila [87]. An L-amino acid oxidase from the same
venom, BjussuLAAO-II (0.25–5.00 µg/mL), produced DNA breaks in HepG2 and HUVEC
cells. The effect was dose dependent in the alkaline comet assay, it was probably produced
by triggering oxidative stress [49]. Similar effects for BjussuLAAO-II were also observed in
human colorectal adenocarcinoma (Caco-2) cells [50]. Interestingly, the widely used anti-
hypertension remedy captopril, a potent angiotensin-converting enzyme inhibitor initially
found in Bothrops jararaca venom, produced both double-strand breaks and single-strand
DNA breaks in human lymphocytes and macrophages. The level of the double-strand
breaks was evaluated by means of the fluorescence assay, whereas single-strand DNA
breaks were evaluated by the alkaline comet assay [51].
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Bushmaster venom (Crotalidae, Lachesis genus) is also genotoxic. The venom of the
largest venomous snake in South America, Lachesis muta muta, produces DNA damage
in human lymphocytes [88]. The venom of the rattle snake (Crotalus durissus terrificus)
belonging to the same subfamily is also genotoxic. Isolated toxins were even more genotoxic
than the crude venom, the main toxin of crotalus venom, crotoxin, is composed of an acidic,
non-toxic and non-enzymatic subunit (CA) and a basic, weakly toxic, phospholipase A2
protein (CB). Crotoxin and its subunits produced DNA breaks in human lymphocytes
detected by the alkaline comet assay. Crotamine, another Crotalus toxin, is a 42-residue
long protein containing 11 basic residues (9 lysines, 2 arginines) and 6 cysteines that acts on
the cell membrane’s sodium channels, is slightly analgesic and is myotoxic, i.e., it penetrates
the cells of muscles and promotes necrosis. The alkaline comet assay revealed that the toxin
produced DNA breaks in human lymphocytes [52].

The venom of Philodryas patagoniensis, a much less dangerous snake from the Col-
ubridae family, also produces genotoxic effects. It appears that the cysteine-rich secre-
tory protein (CRISPs) is the main toxin of the venom, inhibiting smooth muscle contrac-
tion and cyclic nucleotide-gated ion channels [89]. The alkaline comet assay revealed
DNA breaks produced by the venom in human mononuclear cells, probably by triggering
oxidative stress [90].

Unfortunately, we could not find any data about the genotoxicity of the neurotoxic
Elapidae family venoms. Concerning the haemolytic venoms reported above, it seems
that their genotoxic action is indirect: it is produced via cell damage and production
of oxidative stress. Interestingly, antioxidants such as ascorbic [88], caffeic and syringic
acids [91] decrease the damaging effects of the snake toxins.

3. Conclusions and Future Perspectives

The overview of the above data indicates that data are fragmentary; venoms of animals
from several taxons were not tested for genotoxicity. There are no data about fish venoms,
molluscan venoms or venoms of myriapods, etc. Data on snakes and amphibians are also
fragmentary. However, the presented data clearly indicate the importance of such studies.
From the point of view of the mechanisms of action, only some compounds isolated from
marine invertebrates such as avarol and trabectidin are DNA binders, thus DNA damage
is produced by the compounds themselves. Venoms of other animals act indirectly by
producing membrane damage or inducing oxidative stress; consequently, DNA damage
arises as a secondary effect (Figure 3).
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Due to venoms’ non-specific toxicity, their therapeutic potential cannot be achieved
without a proper delivery vehicle. This could be overcome by nanoparticles that possess
the ability to safely deliver a significant amount of venom and/or their components
intravenously to target and kill tumour cells [92,93]. Another possibility is a combination
drug therapy using the existing chemotherapeutic agents with venom components, which
could be useful from the aspect of minimizing concentrations of standard chemotherapeutic
drugs during chemotherapy [18,19,94,95]. Since it can be suggested that the future prospects
of cancer treatment could lie in combination therapy, it should also be noted that such
combinations might lead to the development of toxicities, which need to be evaluated along
with the observed anticancer or other therapeutic potentials. Current research data point to
the possibility of using animal venoms in the development of antitumour drugs as well
as other potential therapeutic agents; several FDA-approved drugs derived from venom
peptides or proteins already exist [3]. However, before its possible clinical use, the route
of injection, molecular targets, mechanisms of action, exact dosage, possible side effects
and other fundamental parameters should be further investigated. Moreover, making
these molecules applicable requires extensive preclinical trials, with some applications also
demanding clinical trials [96].

Moreover, several new techniques, including bioinformatics tools and in silico analysis,
can support the development of new therapeutic agents based on animal biodiversity
aimed at large-scale prediction of erythrocyte lysis induced by peptides. Hence, many on-
line databases filled with peptide sequences and their biological metadata have paved the
way toward haemolysis prediction using user-friendly, fast-access machine-learning-driven
programs. Although the development of such predictive approaches to peptide toxicity
has only just started, their contributions demonstrate the large potential for peptide science
and computer-aided drug design in the identification of selective, non-toxic peptide thera-
peutics. Nevertheless, these new approaches must consider predicting the balance between
toxicity and therapeutic effect. Hence, the future design of peptide pharmaceuticals should
include the interplay between computational, in vitro and in vivo approaches [97–100].

Due to the enormous venom diversity, further research is needed, and our knowledge
in this regard is still limited. For the application of biologically active compounds of
animal origin as pharmacological tools and medications, the development of innovative
approaches and best practices for target identification will be critical.
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