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Histologically, polygonal hepatocytes with spherical and centralized nuclei clearly organized
in cords surrounding sinusoid capillaries were observed in the liver of this species, characterizing
the normal aspect of the tissue (Figure 2). Although the Control group exhibited normal aspect
to the hepatic tissue, some structural changes were observed in some areas, such as: cytoplasmic
degeneration and architectural/structural alterations, where it was not possible to see the format and
the cellular delimitation, as well as the cord arrangement (Figure 2A), and cellular atrophy (Figure 2B).
Other changes such as the accumulation of intracellular substances (eosinophilic-like granules,
Figure 2B), the formation of cytoplasmic vacuoles (Figure 2B), and the presence of melano-macrophage
centers (Figure 2C) were also observed. The ALT-C group also exhibited characteristics of normal
hepatic tissue with some histopathological alterations but in lower frequencies. The liver parenchyma
was homogeneous with polygonal shaped hepatocytes having a spherical nucleus and showed
rare pathological features (Figure 2C,D). Few areas of morphological damages were observed
like cytoplasmic degeneration in association with architectural/structural alterations. Additionally,
in a smaller quantity, the melano-macrophage centers and accumulation intracellular substances
were detected. Overall, the tissue of treated animals showed a smaller frequency of alterations when
compared to the control group (Table 1).

 

Figure 2. Light micrographs of sections through the liver of traíra (H. malabaricus) from the control
group (A,B) and after seven days of treatment with alternagin-C, in a single dose of 0.5 mg·kg−1,
intra-arterial (C,D). h: hepatocytes; s: sinusoids; bv: blood vessel; black arrow: cytoplasmic vacuoles;
asterisks: melano-macrophage centers; dotted circle: cytoplasmic degeneration and architectural/structural
alterations; arrow head: eosinophilic granules in cytoplasm; squar: atrophy. Samples were stained with
toluidine-blue/basic fuchsin and photomicrographs were taken using 400 × magnification. Bar = 20 μm.
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Table 1. Liver histopathology of H. malabaricus after seven days of treatment with alternagin-C (single
dose of 0.5 mg·kg−1, intra-arterial).

Lesion Control ALT-C

Aneurism/Haemorrhage/Hyperaemia A A
Architectural and structural alterations + 0+

Atrophy + A
Cytoplasmic vacuoles 0+ 0+

Cytoplasmic degeneration ++ +
Eosinophilic granules in cytoplasm 0+ 0+

Hypertrophy A A
Melano-macrophages centers + 0+

Necrosis A A
Nuclear alterations A A

A: absent; 0+: very low frequency; +: low frequency; ++: frequent.

The treatment with 0.5 mg·kg−1 of ALT-C induced hepatic angiogenesis by up-regulating the
expression of VEGF. The liver tissue of fish from the ALT-C group displayed elevated (P < 0.05) VEGF
levels (31%, Figure 3A) and a higher (P < 0.05) percentage of area occupied by blood vessels (1.46 fold)
than the hepatic tissue of animals from the Control group (Figure 3B).
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Figure 3. (A) Hepatic VEGF levels and (B) fractional area of the blood vessels in the liver histological
sections of traíra (H. malabaricus) under control conditions (n = 10) and after seven days of treatment with
alternagin-C (n = 10, single dose of 0.5 mg·kg−1, intra-arterial). Data are presented as means ± S.E.M.
Asterisks indicate significant difference (P < 0.05) between fish groups.

After seven days following a single-dose of ALT-C, no fish died and no changes in hepatic protein
levels were observed (Control = 72. 4 ± 4.3 and ALT-C = 74.4 ± 4.1 mg·g tissue−1). ALT-C treatment
induced significant (P < 0.05) increases in the hepatic superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), and glutathione reductase (GR) activities (76%, 60%, 158%, and 31%,
respectively). On the other hand, glutathione S-transferase (GST) activity and reduced glutathione
(GSH) content remained unaffected (Figure 4).

Additionally, the liver of fish from the ALT-C group showed significantly (P < 0.05) reduced levels
of lipid peroxidation and protein carbonyl content (17 and 32%, respectively), when compared to the
control values (Figure 5).
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Figure 4. Activities of antioxidant enzymes (A) superoxide dismutase (SOD), (B) catalase (CAT),
(C) glutathione peroxidase (GPx), (D) glutathione S-transferase (GST), (E) glutathione reductase (GR),
and (F) reduced glutathione (GSH) levels in the liver of traíra, H. malabaricus, under control conditions
(n = 10) and after seven days of treatment with alternagin-C (n = 10, single dose of 0.5 mg·kg−1,
intra-arterial). Data are presented as means ± S.E.M. Asterisks indicate a significant difference (P < 0.05)
between fish groups.
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Figure 5. Oxidative stress indices: levels of (A) lipid hydroperoxide (cumene hydroperoxide—
CHP—equivalents) and (B) protein carbonyl (PC) levels in the liver of traíra, H. malabaricus,
under control conditions (n = 10) and after seven days of treatment with alternagin-C (n = 10, single
dose of 0.5 mg·kg−1, intra-arterial). Data are presented as means ± S.E.M. Asterisks indicate significant
difference (P < 0.05) between fish groups.
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3. Discussion

This study has revealed that the administration of a single dose of ALT-C (0.5 mg·kg−1) improved
fish hepatic tissue. When compared to controls, the liver of fish from the ALT-C group displayed higher
VEGF levels and degree of vascularization, increases of the antioxidant defenses with a concomitant
reduction of the oxidative damages, and a decrease in the incidence of some liver histopathological
findings, usually present at a low frequency in controls, mainly cytoplasmic degeneration, hepatocyte
atrophy, and architectural/structural alterations.

The fish liver is a highly vascularized organ composed of two afferent vessels, the hepatic artery
and portal vein, and a single efferent vessel, the hepatic vein. The sinusoid capillaries are present
among the hepatocytes and contain arterial and afferent venous blood. The treatment with ALT-C
induced fish hepatic angiogenesis leading to enhanced blood flow. This process is defined as a dynamic
and growth factor-dependent process leading to the formation of new blood vessels from preexisting
ones and it is essential in many physiological and pathological conditions [10]. Previous studies
demonstrated that ALT-C up-regulates VEGF expression and induces endothelial cell proliferation
in vitro [4,6]. ALT-C competitively interacts with the α2β1 integrin, the major collagen receptor,
triggering intracellular signaling typical of integrin-activated pathways and inducing the expression
of several growth factors, mainly VEGF, one of the most effective angiogenic peptides [11].

Angiogenesis, the formation and maintenance of blood vessel structures, is essential for the
physiological functions of tissues and VEGF plays crucial roles in the formation of new blood vessels
and microvascular permeability not only in physiological, but also in pathological angiogenesis [12].
ALT-C successfully induces protein kinase B (PKB) phosphorylation, an essential signaling pathway
for endothelial cell proliferation which is activated by many angiogenic factors, including VEGF [7].
ALT-C also stimulated the formation of new vessels, increased the expression of growth factors,
mainly VEGF and fibroblast growth factor 1 (FGF1), and augmented the fibroblast density and collagen
deposition in vivo during the healing of wounded rat skin [13,14]. VEGF stimulates endothelial cell
proliferation and differentiation, increases vascular permeability, supports endothelial cell survival,
adhesion, and migration, and induces endothelial cell gene expression [15].

ALT-C is also able to induce in vivo angiogenesis, in a dose-dependent way, in the wounded
rat skin model after topic treatment into the wound [13]. These authors evidenced that ATL-C
induced the formation of new vessels and the expression of VEGF in the injured tissue. As previously
demonstrated [16], the administration of a single dose of ALT-C (0.5 mg·kg−1), via intra-arterial
injection in Hoplias malabaricus, significantly increased myocardial VEGF levels after seven days.
Following this line of evidence, the results of the present work pointed out the usefulness and
effectiveness of ALT-C, as a pro-angiogenic desintegrin-like protein, by increasing the hepatic VEGF
levels and the area occupied by blood vessels, after intra-arterial administration in fish, an alternative
animal model. The use of fish in scientific research is growing due to both the expansion of the fish
farming industry and an emergent awareness of questions concerning the humane use of mammalian
models in basic research and chemical testing [17].

The changes that ALT-C induced in the hepatic microcirculation could result in a better oxygen
and fuel supply to the fish liver. Oxygen supply is crucial to cell metabolism and reactive oxygen
species (ROS) production mostly depends on appropriated oxygen levels [18,19]. ROS generation is a
physiological process due to the oxidative metabolism of the cell or the activity of specific enzymatic
complexes. Both the enzymatic and non-enzymatic antioxidant system are essential for the cellular
response in order to deal with oxidative stress under a physiological condition [20]. Oxidative stress
occurs when the critical balance between oxidants and antioxidants is disrupted due to the depletion
of antioxidants or excessive accumulation of the ROS, or both [21,22], and can cause damage to lipids,
protein, and DNA, leading to a disruption of cellular function and tissue injury [23].

In the present study, the enhanced hepatic fish tissue blood flow could have stimulated ROS
production, such as the superoxide anion (O2

•−), hydrogen peroxide (H2O2), and hydroxyl radical
(HO•). Increased ROS in cells may lead to an elevation of antioxidant enzymes as an adaptive response
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to neutralize the harmful effects of free radicals in the liver tissue. SOD and CAT enzymes have
connected functions since SOD catalyses the conversion of the superoxide anion radical to H2O and
H2O2, which is detoxified by both CAT and GPx activity. The SOD-CAT system provides the first
defense line against oxygen toxicity [24] and is usually used as a biomarker of ROS production [25,26].
The increased SOD and CAT activities induced by ALT-C in the liver of traíra indicate an elevated
antioxidant status attempting to neutralize the impact of the ROS and, consequently, contributing to
the reduction of basal protein and lipid oxidation levels. ROS are generated in a wide range of normal
physiological conditions, resulting in basal levels of lipid and protein oxidation. When the cellular
production of ROS overwhelms its antioxidant capacity, damage to cellular macromolecules such as
lipids, proteins, and DNA above basal levels may occur, characterizing oxidative stress.

Traíras treated with ALT-C also displayed significant increases in the hepatic GPx and GR activities,
while the GST activity remained unchanged. GPx protects tissues from oxidative damage by reducing
H2O2 and a wide range of organic hydroperoxides that form an important group of toxic compounds
produced by oxygen metabolism, therefore preventing lipid peroxidation in the membranes, and acts
as a ROS scavenger [27,28]. The higher increase in the hepatic GPx activity in fish treated with ALT-C
was probably enough to efficiently detoxify the H2O2 and the lipid hydroperoxides, leading to lower
lipid peroxidation levels. The major detoxification function of GPx is the termination of radical chain
propagation by quick reduction to yield ROS [29].

The detoxification of ROS and hydroperoxides by GPx involves a concomitant oxidation of
reduced GSH to its oxidized form (GSSG). This GSSG is then reduced to GSH by GR at the expense of
nicotinamide adenine dinucleotide phosphate (NADPH), which is recycled by the pentose phosphate
pathway [30]. To maintain suitable GSH levels to the GPx and GST activities, a higher GR activity
was detected in the fish of the ALT-C group when compared to the control group. GR plays a critical
role in maintaining the larger glutathione pool in the reduced form, while GSH is the dominant
non-protein thiol and is essential for protecting cells from oxidative damage and the toxicity of
xenobiotic electrophiles, as well as maintaining redox homeostasis [31].

GSTs constitute a large multigene family of phase II detoxification enzymes involved in the
conjugation of glutathione (GSH) to electrophilic compounds, such as xenobiotics, through thioether
linkages, leading to the formation of conjugates that are more readily excreted and typically less
toxic [32,33]. No differences were observed between experimental groups regarding hepatic GST
activity indicating that ALT-C did not activate the liver detoxification pathways. These results reinforce
the hypothesis that ALT-C, even though a disintegrin-like protein extracted from the snake venom,
can be an important therapeutic tool. The liver is particularly susceptible to chemical injury because
of its strategic location, prominent blood supply and prevalent role in the biotransformation of
xenobiotics [34]. The formation of electrophilic reactive metabolites is considered to be an undesirable
trait of drug candidates on the grounds of evidence linking this liability with drug-drug interactions,
end-organ toxicity, and genotoxicity [35].

It is worth pointing out that the VEGF can induce Nrf2 (nuclear factor erythroid-2-related
factor 2) expression by the activation of downstream effectors, including the protein kinase
C (PKC), serine/threonine-protein kinase (Raf), and extracellular signal-regulated kinase
(ERK1/2)/phosphatidylinositol 3-kinase (PI3K)-focal adhesion kinase pathways [36]. Nrf2 is a
redox-sensitive transcription factor that binds to the antioxidant response element (ARE), leading to an
upregulation of antioxidant gene expression that controls the elimination of ROS and electrophiles [37].
The results from this study indicate a possible activation of VEGF-Nrf2 signaling by ALT-C.

Two of the more obvious differences between fish and mammals are that fish have a lower
perfusion rate and 50-fold slower bile flow rate [38,39], suggesting that the liver tissues of fish are more
susceptible to damage by chemical agents. Due to these anatomic and physiologic considerations,
histological changes often occur in the liver from control fish. The morphologic features of liver toxicity
are often exacerbations of findings that may be observed in normal or control fish [38]. In the present
investigation, the induction of hepatic angiogenesis and antioxidant defense systems by ALT-C with
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concomitant reductions in the basal oxidative damages was able to lead to an improvement of the
major liver histological features. Future research directions may also be highlighted.

4. Conclusions

In summary, ALT-C treatment offered a considerable beneficial effect on fish liver vascularization
supporting in vivo pro-angiogenic activity of this desintegrin-like peptide extracted from snake venom.
The results point out that ALT-C induces angiogenesis through increased VEGF levels producing better
hepatic tissue morphology and indicating the potential application of ALT-C in therapies for tissue
repair. Furthermore, these ALT-C-induced changes in the hepatic tissue improved antioxidant defense
systems. However, the action of ALT-C on different hepatic cell populations and the specific signaling
pathways involved in its effects remains to be elucidated in future studies, as well as to validate the
translation of the model to humans.

5. Materials and Methods

This study was performed under the approval of the Animal Ethics Committee of the Federal
University of São Carlos (CEUA/UFSCar—Approval #049/14 September 2012) and in accordance
with the Guide for Care and Use of Laboratory Animals published by National Institutes of Health
and the ethical guidelines.

5.1. Animals

Adult specimens of Hoplias malabaricus (traíra, 131.3 ± 5.4 g, mean ± E.P.M.) were obtained from
the Santa Candida Fish Farm (Santa Cruz da Conceição, São Paulo, Brazil). Fish were acclimated
for 60 days prior to experimentation in 500 L holding tanks equipped with a continuous supply of
well-aerated (PwO2 > 130 mmHg) and dechlorinated water at a constant temperature (24 ◦C) under a
natural photoperiod (~12 h:12 h). During this period, fish were fed weekly with small live fishes.

5.2. Alternagin-C (ALT-C)

ALT-C was isolated from Rhinocerophis alternatus lyophilized venom (provided by the Institute
Butantan, São Paulo, Brazil) by two steps of gel filtration followed by anion exchange chromatography.
ALT-C is purified as a precursor peptide with a metalloprotease domain, from which it is released after
proteolytic processing, resulting in a form with disintegrin and cysteine-rich domains according to the
procedures previously described [11].

5.3. Experimental Design and Treatment

Fish were divided into two groups (n = 10 in each group): one group received a single 0.5 mg·kg−1

intra-arterial injection of alternagin-C (ALT-C group), and the other group was treated with sterile
saline (Control group). Fish were anaesthetized in a 0.1% (w/v) solution of benzocaine and then
placed onto an operating table. An indwelling cannula was implanted into the third afferent branchial
artery on the left side using polyethylene tubing (PE 10) allowing drug injection according to the
procedures previously described [40]. This cannula was filled with saline and heparin solution
(NaCl 0.9%, 100 IU·mL−1 of heparin) and used to deliver injections of 0.2 mL of sterile saline or
ALT-C (0.5 mg·kg−1). To ensure complete drug delivery, after each injection, the cannula was cleaned
with a new solution of saline (0.1 mL) and sutured in place. The chosen dose of ALT-C was based
on our previous study [16]. After seven days, fish were euthanized through cerebral concussion
followed by anterior spinal cord section. The fish liver was dissected and samples were either fixed in
4% paraformaldehyde (PFA) in 0.1 M phosphate buffer pH 7.2 for morphological analyses or frozen into
liquid nitrogen and stored at −80 ◦C until an analysis of the VEGF levels or stress oxidative biomarkers.
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5.4. Liver Morphological Analysis

For histomorphology, liver samples fixed in buffered PFA were dehydrated in ethanol crescent
series, embedded in historesin (Leica, Wetzlar, Germany), and the sections (3 μm thickness) were
stained with Toluidine blue and basic fuchsin. The slides were analyzed using an Olympus BX51 light
microscope (Olympus, Ballerup, Denmark) equipped with a camera connected to a computer using
Olympus DP2-BSW software (Version 2.2, Olympus, Ballerup, Denmark, 2008). For the quantification
of liver vascularization, the total area occupied by the histological section and the total area occupied
by the blood vessels (arteries and veins) were measured with the help of the image analysis software
(Motic Image Plus 2.0, Motic China Group Co., Ltd., Hong Kong, China, 2006). The fractional area of
the blood vessels was calculated through the ratio between the total area occupied by these vessels
and the total area occupied by the histological section (six-eight non-contiguous fields/section/fish),
multiplied by 100. The mean values for each fish were calculated and these values were used to
determine the average of each experimental condition. The presence of histological alterations was
also evaluated by a randomized blind method.

5.5. Quantification of VEGF

Frozen livers were homogenized in RIPA buffer (10 mM Tris pH 7.4, 100 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1% Triton X-100, 10% glycerol, 0.1% SDS, 0.5% Na deoxycholate, and protease inhibitor
cocktail from Sigma—P8340) and centrifuged at 10,000 rpm for 40 min at 4 ◦C. VEGF levels were
quantified using the Murine VEGF Mini ELISA Development kit (cat. no. 900-M99, Peprotech,
Rocky Hill, NJ, USA), according to the manufacturer’s instructions. Briefly, 100 uL of standards
(recombinant murine VEGF) or liver homogenates were added in triplicate on each well, previously
coated overnight with polyclonal rabbit anti-murine VEGF capture antibody. After 2 h incubation,
wells were washed and incubated with biotinylated rabbit anti-murine VEGF and avidin-HRP
conjugate. Following another wash, ABTS (2,2′-Azino-bis 3-ethylbenzothiazoline-6-sulfonic acid)
substrate solution was added to wells and color developed in proportion to the amount of VEGF
bound in the initial step. The plate was read on a Spectra Max M5 plate reader (Molecular Devices,
LLC, Sunnyvale, CA, USA) with an absorbance of 405 nm. Data are expressed as the VEGF content in
pg of mg protein−1.

5.6. Biomarkers for Antioxidant Defense and Oxidative Damage

5.6.1. Antioxidant Defenses

Samples of frozen tissue were homogenized in 0.1 M Na+/K+ phosphate buffer pH 7.0 at
18,000 rpm. Homogenates were centrifuged at 14,000 rpm for 30 min at 4 ◦C. The supernatants
were used for the oxidative stress biomarker assays described below.

Superoxide dismutase (SOD) activity was evaluated based on the determination of the cytochrome
c reduction rate by superoxide anions, monitored at 550 nm [41]. The reaction mixture (1 mL) contained
50 mM Na+/K+ phosphate buffer (pH 7.8), 0.1 mM EDTA, 1 mM xanthine, 20 mM cytochrome c,
tissue homogenates, and a sufficient amount of xanthine oxidase to produce a rate of cytochrome c
reduction of 0.025 absorbance units/min. One unit of SOD activity was calculated as the amount of
enzyme causing 50% of the maximum inhibition of the cytochrome c reduction.

Catalase (CAT) activity was measured as the decrease of H2O2 concentration at 240 nm [42].
Decays in absorbance were recorded for 15 s in 50 mM sodium phosphate buffer (pH 7.0) containing
15 mM H2O2 and tissue homogenates. CAT, together with glutathione peroxidase, acts by removing
the hydrogen peroxide. However, CAT is responsible for the detoxification of elevated levels of
H2O2 (as the concentration contained in the reaction mixture). The non-enzymatic oxidation of H2O2,
obtained using water instead of enzyme samples, was subtracted from tissue sample decay rates.
CAT activity was expressed as Bergmeyer units (B.U.) per mg of protein [43].
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Glutathione peroxidase (GPx) activity was assessed by a coupled assay with glutathione reductase
(GR)-catalyzed oxidation of NADPH [44]. The consumption of NADPH was recorded at 340 nm
in media containing 50 mM sodium phosphate buffer (pH 7.0), 1 mM EDTA, 0.2 mM NADPH,
1 mM sodium azide, 1 U·mL−1 GR, 1 mM GSH, 0.2 mM H2O2, and tissue homogenates. Sodium azide
was used to block catalase activity. The non-enzymatic oxidation of GSH was determined by using
water instead of the enzyme fraction, and its reaction rate was subtracted from the rates of liver
homogenates in order to determine the true enzymatic activity. The activity of GPx was expressed as
mU mg protein−1 and 1 mU was defined as 1 nmol of NADPH consumed min−1·mL−1 of the sample,
using NADPH molar extinction coefficient (ε340 = 6.2 mM−1·cm−1).

Glutathione-S-transferase (GST) activity was evaluated using 1-chloro-2, 4-dinitrobenzene (CDNB)
as a substrate [45]. The assay mixture contained 1 mM CDNB in ethanol, 1mM GSH, 100 mM potassium
phosphate buffer (pH 7.0), and tissue homogenates. The formation of adduct S-2, 4-dinitrophenyl
glutathione was monitored by the increase in absorbance at 340 nm against a blank. The activity was
measured as the amount of enzyme catalyzing the formation of 1 nmol of the product min−1·mg−1 of
protein, using the CDNB-GSH conjugate molar extinction coefficient (ε340 = 9.6 mM−1·cm−1).

Glutathione reductase (GR) activity was measured at 340 nm [46]. The reaction system of 1 mL
contained: 1 mM oxidized glutathione (GSSG), 0.2 mM NADPH, 0.5 mM EDTA 50 mM K+ phosphate
buffer (pH 7.0), and a suitable amount of the glutathione reductase sample to change the absorbance
from 0.05 to 0.30 per min at 340 nm. The GR activity in the samples was calculated by using the
extinction coefficient of NADPH. The net rate for each sample was obtained by subtracting the
rate obtained for the blank (the blank measures the spontaneous oxidation of NADPH). Under these
conditions, the oxidation of 1 μmol of NADPH min−1·mg−1 of protein was used as a unit of GR activity.

The estimate of reduced glutathione (GSH) content was analyzed according to using Elmann’s
reagent (DTNB) [47]. Supernatants of the acid extracts (1:1 v/v with 12% TCA) were added to 0.25 mM
DTNB in a 0.1 sodium phosphate buffer pH 8.0, and a thiolate anion formation was determined
at 412 nm against a GSH standard-curve. DTNB-reactive thiols levels (as GSH equivalents) were
expressed as nmol·mg protein−1.

5.6.2. Oxidative Damage

Lipid peroxidation (LPO) was determined by a FOX (ferrous oxidation-xylenol orange) assay for
lipid hydroperoxide [48]. The principle of the FOX method is based on the oxidation of ferrous ions
to ferric by the hydroperoxide activity under acidic conditions. Liver samples were homogenized in
0.1 M Na+/K+ phosphate buffer pH 7.0 at 18,000 rpm. Homogenates were centrifuged at 14,000 rpm
for 30 min at 4 ◦C. The lipid hydroperoxide (LHP) was determined with 100 μL of supernatant samples
(previously treated with 10% trichloroacetic acid—TCA) and 900 μL of reaction mixture containing
0.25 mM ammonium ferrous sulfate, 25 mM H2SO4, 0.1 mM xylenol orange, and 4 mM butylated
hydroxytoluene in 90% (v/v) methanol. Blanks contained all components without supernatant.
Mixtures were incubated for 30 min at room temperature prior to measurements at 560 nm. LHP levels
were quantified using a calibration curve obtained with cumene hydroperoxide (CHP—2 to 200 nmol)
in the corresponding reaction medium. Data are normalized by the amount of CHP equivalents per
mg protein in the liver homogenate.

Protein carbonyl (PC) content was determined by colorimetric 2,4-dinitrophenylhydrazine
(DNPH) [49]. Liver samples were homogenized in 50 mM K2PO4 buffer containing 1 mM EDTA
and 40 μg·mL−1 phenylmethylsulfonyl fluoride (PMSF) and then centrifuged at 10,000 rpm for
10 min. Supernatant samples were incubated with 10 mM DNPH in 2.5 M hydrochloric acid at room
temperature for 1 h, in a dark environment with a 15 min interval of vortexing. After that, these reactive
mixtures were precipitated with 50% TCA and centrifuged for 10 min at 10,000 rpm. The pellets were
washed three times with 1 mL of ethanol/ethyl acetate (1:1 v/v) mixture and dissolved in 6 M
guanidine hydrochloride. The carbonyl content was measured spectrophotometrically at 370 nm.
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Carbonyl content was calculated using the molar absorption coefficient of 22,000 M−1·cm−1 relative to
protein concentration.

5.7. Total Protein

The concentration of total protein in liver homogenates was carried out with Coomassie Brilliant
Blue G-250 [50] adapted to a microplate reader [51] using bovine albumin as a standard.

5.8. Statistical Analysis

Data are shown as means ± SEM. Biochemical and morphometric data of the two experimental
groups (Control and ALT-C) were compared and analyzed using a Student t-test or the non-parametric
Mann-Whitney test, respectively. All tests were performed using GraphPad Prism software
(Version 5.00, GraphPad Software, Inc., San Diego, CA, USA, 2007) and the data significance was
designated at P < 0.05.
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Abstract: The venom peptide bicarinalin, previously isolated from the ant Tetramorium bicarinatum,
is an antimicrobial agent with a broad spectrum of activity. In this study, we investigate the potential
of bicarinalin as a novel agent against Helicobacter pylori, which causes several gastric diseases. First,
the effects of synthetic bicarinalin have been tested against Helicobacter pylori: one ATCC strain, and
forty-four isolated from stomach ulcer biopsies of Peruvian patients. Then the cytoxicity of bicarinalin
on human gastric cells and murine peritoneal macrophages was measured using XTT and MTT
assays, respectively. Finally, the preventive effect of bicarinalin was evaluated by scanning electron
microscopy using an adherence assay of H. pylori on human gastric cells treated with bicarinalin. This
peptide has a potent antibacterial activity at the same magnitude as four antibiotics currently used in
therapies against H. pylori. Bicarinalin also inhibited adherence of H. pylori to gastric cells with an
IC50 of 0.12 μg·mL−1 and had low toxicity for human cells. Scanning electron microscopy confirmed
that bicarinalin can significantly decrease the density of H. pylori on gastric cells. We conclude that
Bicarinalin is a promising compound for the development of a novel and effective anti-H. pylori agent
for both curative and preventive use.

Keywords: bicarinalin; antimicrobial peptide; Helicobacter pylori; gastric cells; bacterial adhesion; SEM

1. Introduction

Helicobacter pylori is a unique bacteria able to colonize human stomach mucosa [1,2]. This
helix-shaped Gram-negative bacteria expresses outer membrane proteins which enable it to bind
epithelial gastric cells, and secretes ureases which enable it to overcome stomach acidity. It is estimated
that half of the world’s population is infected with H. pylori, making this pathogen one of the most
common bacterial infections globally [3,4]. The colonization of stomachs by H. pylori results in
gastric inflammation (gastritis), and a persistent colonization is recognized as the leading factor in
the development of gastric ulcers and cancers [5,6]. H. pylori can be eradicated by a proton pump
inhibitor combined with two or three antibiotics (i.e., amoxicillin, clarithromycin, metronidazole, and
levofloxacin) [7]. However, in recent years, the overuse of this therapeutic strategy has promoted the
emergence of antibiotic resistant strains, and antibiotic resistance is now the main reason for treatment
failure. Therefore, finding alternative anti-H. pylori therapies is of considerable interest [6,8]. Several
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natural products have already been proven to actively suppress H. pylori, contributing significantly to
the therapeutic arsenal against gastrointestinal infections and diseases [9].

In this context, antimicrobial peptides (AMPs) may provide an alternative approach in the
treatment of H. pylori. These peptides are naturally found in a variety of organisms and are an essential
part of the innate immune system of both invertebrates and vertebrates [10–12]. AMPs can generally
be defined as short (10 to 60 amino acids) with an overall positive charge (generally +2 to +9). They
have a substantial proportion of hydrophobic residues (>30%), enabling them to disrupt bacterial
membranes. They therefore could be used against a broad range of bacteria including some that are
resistant to conventional antibiotics [13]. Consequently, they have great potential as new antibiotics
against both human and animal pathogens, although, to date, clinical trials have mostly demonstrated
their efficacy as topical agents [14].

Peptides are the predominant class of toxins in most arthropod venoms, and multiple AMPs have
been reported in the venoms of scorpions [15], spiders [16], centipedes [17], wasps [18] and ants [19,20].
Our research group has previously isolated the antimicrobial polycationic and c-terminally amidated
peptide bicarinalin in the venom of the myrmicine ant Tetramorium bicarinatum. Recent antimicrobial
bioassay-based studies on several pathogens confirmed that bicarinalin is an effective and fast-acting
molecule with a broad spectrum of antimicrobial activity and a moderate cytotoxicity against human
lymphocytes [13,21]. Several studies argued that AMPs, including bicarinalin, are suitable for the
development of novel preservatives in the food industry [22]. Given this, were the peptide used as a
preservative it might also prevent some gastric diseases by acting against H. pylori once ingested.

There have been no studies to date of venom peptides as potential anti-H. pylori agents.
Consequently, we embarked on an investigation of bicarinalin with a view towards the development
of an antimicrobial agent to protect the human stomach against the colonization of H. pylori. In this
study, we demonstrate that H. pylori strains isolated from Peruvian patients present antimicrobial
resistance to the antibiotics clarithromycin and levofloxacin and sensitivity to metronidazole. Then,
we show that bicarinalin peptide has a strong antimicrobial activity against both reference and
Peruvian-patient strains of H. pylori. Finally, we show that bicarinalin has low cytotoxicity for both
peritoneal macrophages and gastric cells, but efficiently limited the adherence of H. pylori to human
gastric cells.

2. Results

Clarithromycin, levofloxacin, metronidazole and amoxicillin are the conventional drugs used in
a triple therapy to treat stomach infection by the gram-negative bacteria H. pylori even though the
eradication rate is currently less than 80% in most parts of the world. Antibiotic resistance is the main
reason for treatment failure. In this study, we isolated 44 clinical strains of H. pylori from cultures of
gastric tissues of 95 biopsies obtained from Peruvian patients with dyspeptic symptoms. In Table 1,
we show the antimicrobial activities of conventional antibiotics against both clinical strains and the
reference ATCC strain. The results show that conventional antibiotics are more efficient with clinical
strains except for metronidazole, which has a MIC50 16-fold higher against ATCC strain.

Table 1. Antibacterial activities of bicarinalin and reference antibiotics against H. pylori strains.

H. pylori Strain
MIC50 μmol·L−1 (μg·mL−1)

Bicarinalin Clarithromycin Levofloxacin Metronidazole Amoxicillin

ATCC 43504 3.9 (8.6) 0.042 (0.03) 0.17 (0.06) 374.4 (64) 0.035 (0.014)
Peruvian patients 0.99 (2.2) 0.66 (0.5) 1.94 (0.7) 23.4 (4) <0.082 (0.03)

A previous study conducted in Peru in 2008 highlighted that the antimicrobial resistance rates
of H. pylori fluctuated between 6.7% and 27% for clarithromycin, was around 50% for metronidazole,
36.9% for levofloxacin, and 7% for amoxicillin [23]. In our study, the resistance rates to clarithromycin

115



Toxins 2018, 10, 21

and levofloxacin in Peru increased to 52.3% and 45.5%, respectively (Figure 1). In contrast, the
resistance rate to metronidazole decreased to 29.6%, while the resistance rate to amoxicillin was stable
at 4.6%.

Figure 1. Antimicrobial resistance rates of Peruvian clinical H. pylori strains to conventional
antibiotics according the EUCAST antimicrobial breakpoints for H. pylori: clarithromycin:
S ≤ 0.7 μmol·L−1, R > 1.4 μmol·L−1; metronidazole: S ≤ 46.8 μmol·L−1, R > 46.8 μmol·L−1;
levofloxacin: S ≤ 1.34 μmol·L−1, R > 1.34 μmol·L−1; amoxicillin: S ≤ 0.28 μmol·L−1, R > 0.28 μmol·L−1.

Cationic peptides have great potential in the development of novel antimicrobial agents,
particularly for topical application. They are in general strongly antimicrobial and are efficient against
a broad spectrum of pathogens, including those resistant to conventional antibiotics. The bicarinalin
peptide displayed antimicrobial activity against all H. pylori and was 3.3 times more potent against
clinical strains than the ATCC strain (Table 1).

We conducted a scanning electron microscopy analysis to directly evaluate the effect of bicarinalin
against Helicobacter pylori. As shown in Figure 2, the microscopy revealed the membrane perturbation
of H. pylori bacteria treated with 60 μg·mL−1 of bicarinalin, although membrane perturbation appeared
slight even with 10 μg·mL−1. The ability of antimicrobial peptides to effect membrane permeability is
well known [24], including for bicarinalin [13].

Figure 2. Scanning-electron microscopy analysis of H. pilori. (a) Without antimicrobial peptide; (b) with
bicarinalin (60 μg·mL−1). (SEM mag = 20,000).

The second aim of this study was to evaluate the effect of bicarinalin on the inhibition of adhesion
of H. pylori (ATCC strain) on the gastric cell line (N87). The adhesion of Helicobacter pylori to gastric
cells in the presence of bicarinalin was measured by radioactivity. We established that 50% of the
adhesion (IC50) is inhibited by a concentration of 0.12 μg·mL−1 (Log IC50 = −0.92) i.e., 0.054 μmol·L−1.
Above 0.56 μg·mL−1 (Log −0.25) i.e., 0.25 μmol·L−1 of bicarinalin, the inhibition of H. pylori adhesion
on gastric cells reaches its maximum. On the other hand, at concentrations lower than 0.032 μg·mL−1

(log −1.5), bicarinalin no longer exhibits any significant anti-adhesive effect (Figure 3).
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Figure 3. Anti-adhesive effect of helicobacter pylori on gastric cells.

On the basis of these results, electron microscopy images were performed in vitro on gastric cells
(N87); with no H. pylori, with H. pylori but without bicarinalin treatment, and with H. pylori with
bicarinalin treatment. With no H. pylori, Figure 4a shows a uniform cell carpet, while with H. pylori and
without bicarinalin, isolated and aggregated bacteria adhering to the gastric cell carpet are observed
(Figure 4b). The effect of bicarinalin on the adhesion of H. pylori to gastric cells was investigated at 0.015
and 0.25 μg·mL−1 (Figure 4c,d respectively). The similarity between Figure 4b,c does not reveal an
effect of bicarinalin at 0.015 μg·mL−1. In contrast, Figure 4d shows a significant decrease in the density
of bacteria on the surface of the cellular carpet. This result is in accordance with those obtained by the
radioactive counting of Figure 3, which shows that 0.25 μg·mL−1 provides the maximum inhibition of
adhesion. However, electron microscopy shows that the maximum inhibition observed by radioactivity
does not mean that no bacteria adhere, since some bacteria and aggregates are still present.

Figure 4. SEM images of cultured cellular carpet of human stomach: (a) no H. pylori; (b) H. pylori
present; (c) H. pylori present with 0.015 μg·mL−1 of bicarinalin or (d) with 0.25 μg·mL−1 of bicarinalin
(SEM mag = 1000; Arrows show single or aggregated bacteria).
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To complete this study, the cytotoxicity of bicarinalin on both peritoneal macrophages and gastric
cell lines was determined. Cytotoxic concentrations of 50% were measured at 39.2 μmol·L−1 and
1.7 μmol·L−1, respectively (Table 2). This resulted in a selectivity index (SI) of 39 between macrophages
and H. pylori, and 17 between gastric cells and H. pylori. The selectivity index was determined as the
ratio of the concentration of the bicarinalin that reduced Helicobacter pylori viability to 50% (MIC50) to
the concentration of the bicarinalin needed to inhibit the cytopathic effect to 50% of the control cells
(CC50 of gastric cells and peritoneal macrophages).

Table 2. Cytotoxicity of bicarinalin.

CC50 (μmol·L−1) SI

Peritoneal macrophages (Balb/C) 39.2 >39 a

Gastric cells (N87) 1.7 * >17 b

a: SI = CC50 */MIC50; b: SI = CC50 **/IC50

3. Discussion

Antimicrobial peptides (AMPs) have promise as antibacterial agents to overcome multi-drug
resistant bacteria, however, systemic therapies have yet to be launched. Currently, topical application
of AMPs is preferred. However, this raises the question of whether AMPs could be used to treat human
pathogens colonizing mucosal surfaces, such as Helicobacter pylori. Previous studies have highlighted
the remarkable antimicrobial activity of the ant venom peptide bicarinalin on a broad range of human
pathogens and have suggested that it could be developed as a food preservative. Continuing with this
idea, we investigated the effect of bicarinalin on the stomach bacteria, H. pylori.

Bicarinalin has a direct cytotoxic effect on H. pylori (ATCC 43504 strain), having a MIC50

of 3.9 μmol·L−1 that is comparable to that of anti-H. pylori peptides isolated from the frog
Odorrana grahami (Odorranaina, MIC50 of 8.1 μmol·L−1) [25], those isolated from the fishes Epinephelus
coioides and Pardachirus marmoratus, Epi-1 (MIC50 = 8.1 μmol·L−1) and pardaxin (>7.5 μmol·L−1) [26].
Nevertheless, bicarinalin was also active against forty-four clinical strains of H. pylori and requires a
lower molar concentration to inhibit the growth of 50% of clinical isolates (MIC50 = 0.99 μmol·L−1),
suggesting a better activity profile than clarithromycin, levofloxacin and metronidazole (Table 1). The
cytotoxicity of bicarinalin on the gastric cells is quite similar to the MIC50 for the ATCC strain, which
would indicate that bicarinalin is not ideal for use as a curative treatment. However, the cytotoxicity of
bicarinalin on the gastric cell line NCI-N87 (IC50 > 1.7 μmol·L−1) compared to the MIC50 for clinical
strains, led to a selectivity index higher than 17 (Table 2) which could makes it an interesting lead
molecule to overcome H. pylori even though extending works should be carried out to try to decrease
the cytotoxicity on gastric cells.

Anti-adhesion therapy is an attractive novel approach to fight drug-resistant bacteria [27]. This
approach has been validated by several studies, which include H. pylori [28–30]. Bicarinalin inhibits the
adhesion of H. pylori to the gastric cell model with an IC50 < 0.098 μmol·L−1 (<0.25 μg·mL−1), which
is about forty times lower than the MIC50 obtained in the antimicrobial assay of the ATCC H. pylori
strain (43504) and around ten times lower than the bicarinalin MIC50 tested on the H. pylori strains
isolated from patients. These results suggest that bicarinalin can inhibit a key step in the establishment
of infection of the gastric epithelial cells by H. pylori in addition to the direct cytotoxic effect observed
at higher concentrations.

Electron microscopy confirms a significant reduction in the adhesion of bacteria to gastric cells
from 0.25 μg·mL−1 of bicarinalin, whereas visible effects on the plasma membrane of bacteria do not
appear until 10 μg·mL−1. This suggests that the integrity of the bacterial membrane and its ability to
adhere to gastric cells is impacted at lower concentrations than those needed to observe membrane
perturbations by SEM. Therefore bicarinalin can be considered effective against H. pylori at relatively
low concentrations: less than 1 μg·mL−1 with an SI always greater than 10.
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4. Conclusions

In summary, our data show that bicarinalin has important direct antimicrobial action on different
strains of H. pylori isolated from dyspeptic patients as well as the reference strain. Furthermore,
bicarinalin has an indirect action on H. pylori by inhibiting bacterial adhesion on the surface of gastric
epithelial cells. Therefore, we conclude that bicarinalin could be considered as a novel alternative
compound for curative and preventive therapies against H. pylori and contribute to controlling this
emerging global health problem and the issues associated with antimicrobial resistance. However,
future investigations should be conducted to study the activity of bicarinalin as well as its stability
in vivo.

5. Materials and Methods

5.1. Bicarinalin Synthesis

Bicarinalin is a C-terminally amidated peptide of twenty residues (KIKIPWGKVKDFLVGGM
KAV-NH2) that was synthesized on a Liberty microwave assisted automated peptide synthesizer
(CEM, Saclay, France) at a higher than 99% purity grade, as previously described in Rifflet et al. [21].
The purity and the molecular identity of the synthetic peptide were controlled using MALDI-TOF
mass spectrometry.

5.2. Microorganism Strains and Growth Conditions

The H. pylori clinical strains were obtained from patients recruited at the Gastroenterology Service
of the Cayetano Heredia Medical Clinic in Peru who presented symptoms of dyspepsia. Gastric tissues
from dyspeptic patients were extracted via endoscopic gastric biopsy and were transported in 1 mL of
BHI broth/FBS/glycerol (v/v/v; 80/10/10) at 4 ◦C. Gastric tissues were homogenized using a 40 μm
diameter cell disintegration mesh incorporated into a BDFalcon® tube. The resulting homogenate
was subjected to serial dilutions of 10−1 and 10−2; and cultivated on blood agar plates composed
of a BHI agar supplemented with: 10% v/v defibrinated sheep blood/water, Amphotericin B, and
Skirrow Campylobacter selective supplement. The plates were incubated at 37 ◦C in an atmosphere
of 5% O2 and 10% of CO2 for five to seven days [31]. Small transparent colonies were grown and
were then re-cultured on fresh blood agar plates. The isolated H. pylori strains were characterized by
microbiological screening according to culture characteristics (small, slightly hemolytic), morphological
features (curved bacillary or spiral Gram negative bacteria), biochemical tests (catalase, oxidase and
positive urease), and conventional PCR (23S rRNA gene) [32,33].The characterized H. pylori strains
were collected and resuspended in 5 mL of BHI/FBS/glycerol (v/v/v; 80/10/10). The suspensions
were homogenized by vortexing and stored at −70 ◦C.

Brain heart infusion (BHI) broth, fetal bovine serum (FBS) amphotericin B were supplied by Sigma
Aldrich France. Glycerol was supplied by HiMedia USA. Defibrinated sheep blood and Campylobacter
selective supplement containing Vancomycin, Trimetropin and Polymyxin B was supplied by OXOID
France. The H. pylori reference strain (ATCC 43504) used was purchased from the ATCC®. The BHI
broth, FBS and the reference antibiotics; clarithromycin, metronidazole, amoxicillin and levofloxacin
were supplied by Sigma Aldrich USA. IsoVitalex was supplied by BD BBL USA.

5.3. Antimicrobial Assays

Minimal inhibitory concentrations (MIC) of the four reference antibiotics plus Bicarinalin were
determined by a standard broth microdilution assay following the guidelines of the Clinical and
Laboratory Standards Institute (CLSI) [34]. Bacterial innocula of H. pylori from both clinical strains
and the reference strain (ATCC 43504) were suspended at 107 to 108 CFU·mL−1 in BHI broth
medium/FBS/IsoVitalex (v/v/v; 89/10/1) [35,36]. In addition, we evaluated the activity of four
antimicrobials used in eradication therapy of H. pylori: clarithromycin, metronidazole, amoxicillin and
levofloxacin. These were added to the medium at different concentrations: from 0.25 μg·mL−1
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to 2 μg·mL−1, from 2 μg·mL−1 to 16 μg·mL−1, from 0.03 μg·mL−1 to 0.24 μg·mL−1 and from
0.25 μg·mL−1 to 2 μg·mL−1. The serial dilutions for each antibiotic were calculated based on the
cut-off points recommended by the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) [37]. The synthetic peptide bicarinalin was added to the medium at several concentrations
between 0.1 and 10 μg·mL−1. The cultures were incubated at 37 ◦C in an atmosphere of 5% O2 and 10%
CO2 for 72 h. The MIC values were visually determined and were defined as the lowest concentration
where antibiotics or bicarinalin induced a complete inhibition of visible growth in the culture. The MIC
of both antibiotics and bicarinalin were calculated by a Probit logistic regression analysis of percentages
of inhibition accumulated versus the distribution of MICs observed in the isolated strains of H. pylori
for each antibiotic and bicarinalin. Strains were categorized as sensitive or resistant according to cut-off
points recommended by EUCAST [37]. The MIC assays were performed in triplicate.

5.4. Anti-Adherence Effect

The NCI-N87 gastric cell line was cultured in RPMI 1640 medium supplemented with 10% FBS, 1%
IsoVitalex, 1% penicillin and streptomycin at 37 ◦C in a 5% CO2 humidified atmosphere. After 48 h of
incubation, the single-cell layer obtained was removed with 5 mL of 0.05% trypsin-EDTA solution for
5 min at 37 ◦C. Trypsin was inactivated by the addition of 10 mL of RPMI 1640 medium supplemented
with 10% FBS. The cells were harvested by centrifugation at 3500 g for 5 min at 20 ◦C [38]. The cell viability
was checked by trypan blue assay and the cell suspension was adjusted to 1 × 106 viable cells·mL−1.

H. pylori strain ATCC 43504 cultures (2 × 108 bacteria·mL−1) were inoculated in 10 mL BHI broth
with 30 μL of tritium adenine solution (1 μCi) and incubated for 48 h at 37 ◦C in an atmosphere of
5% O2 and 10% CO2. To eliminate non-incorporated cells in the cultures, the bacteria were washed
three time using PBS buffer (centrifugation 2500 g/10 min at 5 ◦C). The inhibition of adhesion was
evaluated on a 96-well plate previously prepared by placing 500 μL/well of 2 × 108 bacteria·mL−1

suspension of treated bacteria and the gastric cells (N87). The cells were treated with serial dilutions
of bicarinalin concentrations between 0.9 and 0.007 μmol·L−1 (2 and 0.015 μg·mL−1) at 37 ◦C for
24 h. Then, non-adherent bacteria were eliminated by PBS washing (three times). At the end of the
treatment, the gastric cells received 500 μL of a lysis solution (SDS 0.1% (w/v in NaOH 5 mol·L−1) and
were then incubated at 37 ◦C for 12 h [39]. Radioactivity was measured with a beta-liquid scintillation
system (Perkin Elmer, San Diego, CA, USA). The percentages of inhibition of adherence was calculated
as follows:

% Adherence inhibition =
(CPM control − CPM treatment)× 100

CPM control
[CPM = counts per minute]

The required concentration of bicarinalin to inhibit the adherence of 50% of bacteria was expressed
as IC50, which was calculated by a logistic regression analysis of probit.

5.5. Cytotoxicity of Bicarinalin

The cytotoxic effect of bicarinalin on human gastric cells (NCI-N87) and murine peritoneal
macrophages (RAW 264) were determined with XTT and MTT assays, respectively [40].

Suspensions of trypsinized gastric cells (106 cells·mL−1) were incubated with phenol at 0.5% in
the medium (as a positive control) or serial dilutions of bicarinalin concentrations between 0.9 and
0.007 μmol·L−1 (2 and 0.015 μg·mL−1) for 24 h at 37 ◦C. Then, 50 μL of XTT was added to each well
and incubated at 37 ◦C for 2 h. Absorbance was read at 450 nm in the Chameleon-Hidex® plate reader.

Murine macrophages were cultured in RPMI 1640 medium and incubated at 37 ◦C in a 5% CO2

atmosphere. Then, 0.05% of a trypsin-EDTA solution (Invitrogen®) was added and incubated for 2
min. Subsequently, 100 μL of suspensions of the macrophages (1 × 105 macrophages·mL−1) were
distributed in each well and incubated for 24 h. Then, the microdilution assay was prepared in a
system of three serial dilutions of 50 μmol·L−1 maximum concentration of bicarinalin and incubated
for 48 h at 37 ◦C in 5% CO2. MTT reagent was added for 4 h and the reaction was stopped by adding
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100 μL of a solution of isopropanol/SDS/water (v/v/v; 50/10/40) over 30 min. Finally, absorbance
was read at 570 nm in the Chameleon-Hidex® plate reader.

All experiments were conducted in triplicate. The CC50 values for both gastric cells and
macrophages were obtained by a logistic regression analysis Probit based on the calculation of the
percentage of viability calculated as follows:

% Viability =
Abs control − Abs treatment

Abs control
× 100

5.6. Scanning Electron Microscopy

5.6.1. Helicobacter SEM

Helicobacter pylori ATCC 43504 cultured on blood agar was used to prepare five tubes of inoculum
of 1 × 108 CFU·mL−1 using brucella broth. Then, bicarinalin was added to each tube to achieve final
concentrations of 15, 30, 60, 120, and 240 μg·mL−1 which were incubated for 1 h. The bacteria were
washed three times using PBS buffer and centrifuged at 3000 rpm during 10 min at 5 ◦C. The PBS was
replaced by 2% glutaraldehyde in 0.1 mol·L−1 Sorensen phosphate buffer (pH 7.4).

5.6.2. Gastric cells SEM

H. pylori ATCC 43504 cultured on blood agar was used to prepare an initial inoculum of 1 × 107 to
1 × 108 CFU·mL−1. After washing the inoculum, the optical density was adjusted at 2 × 108 CFU·mL−1

using the cell culture medium RPMI 1640. This last inoculum was then added to a microwell plate
with previously adhered gastric cells, and two concentrations of bicarinalin (0.25 and 0.016 μg·mL−1).
After two hours of incubation under microaerophilic conditions, cell culture medium was removed
and replaced by 2% glutaraldehyde in 0.1 mol·L−1 Sorensen’s phosphate buffer (pH 7.4).

5.6.3. Scanning Electron Microscopy

The bacterial cells (alone or with gastric cells) were fixed in 2% glutaraldehyde in 0.1 mol·L−1

Sorensen phosphate buffer (pH 7.4) for at least 4 h at 4 ◦C. After sedimentation, the pellets were
resuspended in water and adhered to poly-lysine coated glass coverslips. The bacteria were then
dehydrated in a graded ethanol series and dried by critical point drying with a Leica EM CPD 300.
The samples were coated with 6 nm platinum on a Leica EM Med 020 before being examined on a FEI
Quanta 250 FEG scanning electron microscope, at an accelerating voltage of 5 kV.

Acknowledgments: The authors acknowledge the CONCYTEC from Peru for the attribution of a master grant to
one of us to realize part of the studies.

Author Contributions: L.H.-H., M.S. and M.T. conceived and designed the experiments; J.G., H.B., D.C., N.T.
performed the experiments and data analysis; J.G., A.T., M.S., and M.T. contributed to writing and theoretical
discussions; M.S. and M.T. coordinated the study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Keilberg, D.; Ottemann, K.M. How Helicobacter pylori senses, targets and interacts with the gastric epithelium.
Environ. Microbiol. 2016, 18, 791–806. [CrossRef] [PubMed]

2. Valenzuela, M.; Cerda, O. Overview on chemotaxis and acid resistance in Helicobacter pylori. Biol. Res. 2003,
36, 429–436. [CrossRef] [PubMed]

3. Eusebi, L.H.; Zagari, R.M.; Bazzoli, F. Epidemiology of Helicobacter pylori infection. Helicobacter 2014, 19, 1–5.
[CrossRef] [PubMed]

4. National Cancer Institute. Helicobacter pylori and Cancer. 2013. Available online: https://www.cancer.gov/about-
cancer/causes-prevention/risk/infectious-agents/h-pylori-fact-sheet#q1 (accessed on 13 September 2017).

121



Toxins 2018, 10, 21

5. Dubois, A. Spiral bacteria in the human stomach: The gastric helicobacters. Emerg. Infect. Dis. 1995, 1, 79–85.
[CrossRef] [PubMed]

6. International Agency for Research on Cancer (IARC). Schistosomes, Liver flukes and Helicobacter pylori:
Monographs on the evaluation of Carcinogenic Risks to Human. IARC: Lyon, Francia, France; 1994.
IARC Sci. Publ. 1994, 6, 177–241.

7. European Helicobacter Pylori Study Group (EHPSG). Current European concepts in the management of
Helicobacter pylori infection. The Maastricht Consensus Report. Gut 1997, 41, 8–16.

8. Espino, A. Infección por Helicobacter pylori. Gastroenterol. Latinoam. 2010, 21, 323–327.
9. Cogo, L.L.; Monteiro, C.L.B.; Miguel, M.D.; Miguel, O.G.; Cunico, M.M.; Ribeiro, M.L.; de Carmago, E.R.;

Kussen, G.M.B.; da Silva Nogueira, K.; Dalla Costa, L.M. Anti-Helicobacter pylori activity of plant extracts
traditionally used for the treatment of gastrointestinal disorders. Brazilian J. Microbiol. 2010, 41, 304–309.
[CrossRef] [PubMed]

10. Touchard, A.; Aili, S.R.; Fox, E.G.P.; Escoubas, P.; Orivel, J.; Nicholson, G.M.; Dejean, A. The biochemical
toxin arsenal from ant venoms. Toxins 2016, 8, 30. [CrossRef] [PubMed]

11. Epand, R.M.; Vogel, H.J. Diversity of antimicrobial peptides and their mechanisms of action. Biochim. Biophys.
Acta 1999, 1462, 11–28. [CrossRef]

12. Li, Y.; Xiang, Q.; Zhang, Q.; Huang, Y.; Su, Z. Overview on the recent study of antimicrobial peptides:
Origins, functions, relative mechanisms and application. Peptides 2012, 37, 207–215. [CrossRef] [PubMed]

13. Téné, N.; Bonnafé, E.; Berger, F.; Rifflet, A.; Guilhaudis, L.; Ségalas-Milazzo, I.; Pipy, B.; Coste, A.; Leprince, J.;
Treilhou, M. Biochemical and biophysical combined study of bicarinalin, an ant venom antimicrobial peptide.
Peptides 2016, 79, 103–113. [CrossRef] [PubMed]

14. Kang, S.-J.; Park, S.J.; Mishig-Ochir, T.; Lee, B.-J. Antimicrobial peptides: Therapeutic potentials. Expert Rev.
Anti-Infect. Ther. 2014, 12, 1477–1486. [CrossRef] [PubMed]

15. Cao, L.; Dai, C.; Li, Z.; Fan, Z.; Song, Y.; Wu, Y.; Cao, Z.; Li, W. Antibacterial activity and mechanism of a
scorpion venom peptide derivative in vitro and in vivo. PLoS ONE 2012, 7, e40135. [CrossRef] [PubMed]

16. Abreu, T.F.; Sumitomo, B.N.; Nishiyama, M.Y.; Oliveira, U.C.; Souza, G.H.M.F.; Kitano, E.S.; Zelanis, A.;
Serrano, S.M.T.; Junqueira, I.; Azevedo, D.; et al. Peptidomics of Acanthoscurria gomesiana spider venom
reveals new toxins with potential antimicrobial activity. J. Proteom. 2017, 151, 232–242. [CrossRef] [PubMed]

17. Peng, K.; Kong, Y.; Zhai, L.; Wu, X.; Jia, P.; Liu, J.; Yu, H. Two novel antimicrobial peptides from centipede
venoms. Toxicon 2010, 55, 274–279. [CrossRef] [PubMed]

18. Perez-Riverol, A.; Roberto, J.; Musacchio, A.; Sergio, M.; Brochetto-Braga, M.R. Wasp venomic: Unravelling
the toxins arsenal of Polybia paulista venom and its potential pharmaceutical applications. J. Proteom. 2017,
161, 88–103. [CrossRef] [PubMed]

19. Pluzhnikov, K.A.; Kozlov, S.A.; Vassilevski, A.A.; Vorontsova, O.V.; Feofanov, A.V.; Grishin, E.V. Linear
antimicrobial peptides from Ectatomma quadridens ant venom. Biochimie 2014, 107, 211–215. [CrossRef]
[PubMed]

20. Wanandy, T.; Gueven, N.; Davies, N.W.; Brown, S.G.A.; Wiese, M.D. Pilosulins: A review of the structure
and mode of action of venom peptides from an Australian ant Myrmecia pilosula. Toxicon 2015, 98, 54–61.
[CrossRef] [PubMed]

21. Rifflet, A.; Gavalda, S.; Téné, N.; Orivel, J.; Leprince, J.; Guilhaudis, L.; Génin, E.; Treilhou, M. Identification
and characterization of a novel antimicrobial peptide from the venom of the ant Tetramorium bicarinatum.
Peptides 2012, 1–8. [CrossRef] [PubMed]

22. Téné, N.; Roche-Chatain, V.; Rifflet, A.; Bonnafé, E.; Lefranc, B.; Leprince, J.; Treilhou, M. Potent bactericidal
effects of bicarinalin against strains of the Enterobacter and Cronobacter genera. Food Control 2014, 42, 202–206.
[CrossRef]

23. Ramos, A.R.; Sánchez, R.S. Helicobacter pylori 25 anos después (1983–2008): Epidemiologia, microbiologia,
patogenia, diagnóstico y tratamiento. Rev. Gastroenterol. Perú 2009, 29, 158–170.

24. Raghuraman, H.; Chattopadhyay, A. Melittin: A membrane-active peptide with diverse functions. Biosci. Rep.
2007, 27, 189–223. [CrossRef] [PubMed]

25. Chen, L.; Li, Y.; Li, J.; Xu, X.; Lai, R.; Zou, Q. An antimicrobial peptide with antimicrobial activity against
Helicobacter pylori. Peptides 2007, 28, 1527–1531. [CrossRef] [PubMed]

122



Toxins 2018, 10, 21

26. Narayana, J.L.; Huang, H.; Wu, C.; Chen, J. Epinecidin-1 antimicrobial activity: In vitro membrane lysis and
In vivo efficacy against Helicobacter pylori infection in a mouse model. Biomaterials 2015, 61, 41–51. [CrossRef]
[PubMed]

27. Ofek, I.; Hasty, D.L.; Sharon, N. Anti-adhesion therapy of bacterial diseases: Prospects and problems.
FEMS Immunol. Med. Microbiol. 2003, 38, 181–191. [CrossRef]

28. Wittschier, N.; Lengsfeld, C.; Vorthems, S.; Stratmann, U.; Ernst, J.F.; Verspohl, E.J.; Hensel, A. Large
molecules as anti-adhesive compounds against pathogens. J. Pharm. Pharmacol. 2007, 59, 777–786. [CrossRef]
[PubMed]

29. Wittschier, N.; Faller, G.; Hensel, A. Aqueous extracts and polysaccharides from liquorice roots (Glycyrrhiza
glabra L.) inhibit adhesion of Helicobacter pylori to human gastric mucosa. J. Ethnopharmacol. 2009, 125,
218–223. [CrossRef] [PubMed]

30. O’Mahony, R.; Al-Khtheeri, H.; Weerasekera, D.; Fernando, N.; Vaira, D.; Holton, J.; Basset, C. Bactericidal
and anti-adhesive properties of culinary and medicinal plants against Helicobacter pylori. World J. Gastroenterol.
2005, 11, 7499–7507. [CrossRef] [PubMed]

31. Ndip, R.N.; MacKay, W.G.; Farthing, M.J.G.; Weaver, L.T. Culturing Helicobacter pylori from Clinical
Specimens: Review of Microbiologic Methods. J. Pedriatr. Gasteroenterol. Nutr. 2003, 36, 616–622. [CrossRef]

32. Rimbar, E.; Sasatsu, M.; Graham, D.Y. PCR detection of Helicobacter pylori in clinical samples. Methods Mol.
Biol. 2013, 943, 279–287. [CrossRef]

33. NHS. NHS UK Standards for Microbiology Investigations. In Identification of Helicobacter Species; Service NH:
London, UK, 2015.

34. CLSI. CLSI Methods for antimicrobial dilution and disk susceptibility testing of infrequently isolated or
fastidious bacteria. In Approved Guideline, 2nd ed.; PA Clinical and Laboratory Standards Institute: Wayne,
NJ, USA, 2010.

35. Piccolomini, R.; Di Bonaventura, G.; Festi, D.; Catamo, G.; Laterza, F.; Neri, M. Optimal combination of
media for primary isolation of Helicobacter pylori from gastric biopsy specimens. J. Clin. Microbiol. 1997, 35,
1541–1544. [PubMed]

36. Hachem, C.Y.; Clarridge, J.E.; Reddy, R.; Flamm, R.; Evans, D.G.; Tanaka, S.K.; Graham, D.Y. Antimicrobial
susceptibility testing of Helicobacter pylori: Comparison of E-test, broth microdilution and disk diffusion for
ampicillin, clarithromycin and metronidazole. Diagn. Microbiol. Infect. Dis. 1996, 24, 37–41. [CrossRef]

37. EUCAST. EUCAST Breakpoint Tables for Interpretation of MICs and Zone Diameters; Contract No.: Version 5.0.;
European Committee on Antimicrobial Susceptibility Testing: Växjö, Sweden, 2015.

38. Diesing, A.; Nossol, C.; Faber-Zuschratter, H.; Zuschratter, W.; Renner, L.; Sokolova, O.; Naumann, M.;
Rothkotter, H.-J. Rapid interaction of Helicobacter pylori with microvilli of the polar human gastric epithelial
cell line NCI-N87. Anat. Rec. 2013, 296, 1800–1805. [CrossRef] [PubMed]

39. Jung, Y.J.; Lee, K.L.; Kim, B.K.; Kim, J.W.; Jeong, J.B.; Kim, S.G.; Kim, J.S.; Jung, H.C.; Song, I.S. Usefulness
of NCI-N87 cell lines in Helicobacter pylori infected gastric mucosa model. Korean J. Gastroenterol. 2006, 47,
357–362. [PubMed]

40. Horemans, T.; Kerstens, M.; Clais, S.; Struijs, K.; van den Abbeele, P.; Van Assche, T.; Maes, L.; Cos, P.
Evaluation of the anti-adhesive effect of milk fat globule membrane glycoproteins on Helicobacter pylori in the
human NCI-N87 cell line and C57BL/6 mouse model. Helicobacter 2012, 17, 312–318. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

123



toxins

Review

Snake Venoms in Cancer Therapy: Past, Present
and Future

Li Li 1, Jianzhong Huang 1,* and Yao Lin 2,*

1 Engineering Research Center of Industrial Microbiology, College of Life Sciences, Fujian Normal University,
Fuzhou 350117, China; lili@fjnu.edu.cn

2 Provincial University Key Laboratory of Cellular Stress Response and Metabolic Regulation,
College of Life Sciences, Fujian Normal University, Fuzhou 350117, China

* Correspondence: hjz@fjnu.edu.cn (J.H.); yaolin@fjnu.edu.cn (Y.L.)

Received: 1 August 2018; Accepted: 26 August 2018; Published: 29 August 2018

Abstract: Cancer is one of the leading causes of morbidity and mortality worldwide, and the discovery
of new drugs for cancer therapy is one of the most important objectives for the pharmaceutical
industry. Snake venoms are complex mixtures containing different peptides, proteins, enzymes,
carbohydrates and other bioactive molecules, which are secreted by the snake in the predation or
defending against threats. Understanding the snake venoms may turn the toxins into a valuable
source of new lead compounds in drug discovery. Captopril, the first angiotensin-converting enzyme
inhibitor approved in 1981 by FDA, was designed based on the structure of a peptide isolated from
the snake venom. The earliest reports about snake venoms used in cancer treatments appeared
in the 1930s. Since then, numerous studies on the activities, isolations, purifications and structure
elucidations of the components from snake venoms were published. The comprehensive structural
and functional investigations of snake venoms would contribute to the development of novel
anti-cancer drugs. Our review will focus on the past, present and the future of the studies on
snake venoms in cancer target therapy.

Keywords: snake venom; cancer; target therapy

Key Contribution: In this review, the application of snake venoms and their potential future
combinational technologies for cancer therapy were thoroughly discussed.

1. Introduction

Cancer is one of the leading causes of morbidity and mortality worldwide. According to
GLOBOCAN, there were approximately 14.1 million new cases diagnosed and 8.2 million deaths
from cancer in 2012 globally [1]. Surgery and chemotherapy are still the main strategies for cancer
therapy [2]. Target therapy, which interferes with a specific molecular target and usually causes
fewer toxicities, is becoming more and more popular in chemotherapy [3,4]. Recently, the compounds
purified and characterized from snake venom displayed a tremendous potential as agents targeting
specific molecular pathways in cancer cells [5,6].

Snake venoms are complex mixtures of proteins, peptides and other bioactive molecules secreted
by the venom gland of snakes and injected by unique fangs of snakes to debilitate and digest their prey.
World Health Organization has placed snakebite envenoming on its list of top 20 priority neglected
tropical diseases, which kills more than 100,000 people and maims 400,000 people annually [7].
The various clinical manifestations of snakebite victims are caused by the highly complex and
diverse compositions of snake venoms, which can selectively recognize their different biological
targets [8]. Although snakebite envenoming is a life-threatening public health problem, snake venoms
are recognized as a potential resource of biologically active compounds. In China, snake wine
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or snake venom liquor is supplied as traditional Chinese medicine [9]. Snake venoms are also
discovered and developed as drug leads in the modern drug industry. For example, captopril was
the first angiotensin-converting enzyme inhibitor approved in 1981 by FDA for the treatment of
hypertension and some types of congestive heart failure. Captopril was actually designed based on
BPP5a, a bradykinin-potentiating pentapeptide isolated from venoms of Bothrops jararaca [10].

Common venom components could be classified as enzyme and non-enzyme components.
Enzymatic snake venoms include phospholipase A2 (PLA2), L-amino acid oxidases (LAAO),
metalloproteases (SVMP), serine proteases (SVSP), 5′-nucleotidases, acetylcholinesterases and
hyaluronidases. Non-enzymatic components include disintegrins (DIS), three-finger toxins (3FTx),
Kunitz peptides, cysteine-rich secretory proteins (CRiSP), C-type lectins (CTL) and natriuretic peptides
(NP) [11]. There has been a long history of research on exploring the therapeutic potential of snake
venoms for cancer.

2. Early-Stage Study on Snake Venoms in Cancer Therapy

The effect of snake venoms was first investigated in the 1930s. For example, Essex et al. treated
15 tumor-bearing white rats with intravenous injections of different doses of venoms from rattlesnakes.
However, after 6 successive weeks, cancer progresses between the experimental and control groups
were similar [12]. Kurotchkin et al. discovered that cobra venom could destroy cells of the Fujinami rat
sarcoma, which seemed to require direct contact between the venom and tumor cells [13]. Ligneris et al.
showed that African snake venoms had no effect on the great majority of tumors in humans [14].
Notwithstanding, there were no encouraging results on cancer suppression, the pain relief effects
of snake venoms were shown in some cases, whose advantages were long-acting and no morphine
dependence [14]. In 1936, Macht reported the experimental and clinical study of cobra venoms as
pain-relieving agents. In total, 105 cancer patients were injected with a dose of 2–5 mouse units,
which was defined as the quantity of venom solution enough to kill a 22 g white mouse within 18 h
after intraperitoneal injection [15]. Among the patients, 30 cases showed definite relief and 38 cases
showed marked relief. Only 13.3% of the patients showed doubtful results or no relief [16].

Meanwhile, enzymes of snake venoms attracted attention of investigators for their potent
biological significances. In 1938, Jynegar et al. found the activity of cholinesterase in cobra venom [17],
and Zeller found that cholinesterase exists in many types of snake venom [18]. The activity of
hyaluronidase in snake venom was noted by Duran-Reynals in 1936 [19]. The first nonhydrolytic
enzyme, L-amino acid oxidase (LAAO), was reported by Zeller in 1944 [20].

In summary, the studies on the inhibitory effect of crude snake venoms towards tumor cells
showed doubtful results at the early stages. The snake venom was used as the mixture and their main
clinical effect for cancer therapy was pain relief for the patients with hopelessly malignant tumors.

3. Development of Snake Venoms for Cancer Target Therapy

The isolation and characterization of the components from snake venoms began in the 1940s.
After that, numerous components including enzymes, non-enzyme proteins and peptides were
purified, sequenced and structurally elucidated. L-amino acid oxidase (LAAO) was first isolated
and characterized by Singer et al. from moccasin snake venom in the early 1950s [21–24]. LAAO is
a FAD (Flavin Adenine Dinucleotide)—containing an enzyme that converts L-amino acid stereospecific
into the corresponding α-keto acid with hydrogen peroxide and ammonia as byproducts [25].

Phospholipase A2 (PLA2) from Crotalus adamanteus was purified and partially characterized
by Saito and Hanahan in 1962 [26]. In 1969, Wu and Tinker studied PLA2 from Crotalus atrox [27].
The PLA2 enzyme hydrolyzes glycerophospholipid to form lysophopholipid and fatty acid. Snake
venoms often contain multiple types of PLA2 isoenzymes, resulting in extra difficulty for purification.
For example, eight PLA2 (Pa-1G, Pa-3, Pa-5, Pa-9C, Pa-10A, Pa-12A, Pa-12C and Pa-15) have been
isolated and sequenced from the venom of Australian king brown snake (Pseudechis australis) [28].
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The lectin-related proteins in snake venom have been classified into true C-type lectins (containing
the CRD domain) and C-type lectin-like proteins (containing the CRD-related non-carbohydrate-
binding domains) [29,30]. A slice of C-type lectins or C-type lectin-like proteins were isolated from
snake venoms in 1970s. Batroxobin, a lectin from Bothrops atrox venom, was isolated by Stocker and
Barlow in 1976 [31]. Kirby et al. purified and characterized thrombocytin from B. atrox venom in
1979 [32]. It was found that C-type lectin binds to a sugar moiety at the presence of Ca2+ and contains
the carbohydrate recognition domain (CRD).

Snake venom metalloproteinase (SVMP) is a major component in most viperidvenoms, and one
of the import enzymes contributing to the toxicity of snake venom [33]. In 1978, Bjarnason and Tu
purified SVMPs from western diamondback rattlesnake (Crotalus atrox) venom and showed that the
zinc in each of these SVMPs was at approximate 1:1 ratio to the relevant protein. Removal of zinc from
SVMPs abolished both proteolytic and hemorrhagic activities of the SVMPs [34].

Disintegrins are a family of integrin inhibitory proteins with low molecular weight, tripeptide
sequence arginine-glycine-aspartic acid (RGD), and cysteine-rich peptides isolated from various
snake venoms [35]. The integrin binding function usually depends upon the RGD motif. However,
some disintegrins lacking this RGD motif can also bind and block integrins. In the late 1980s,
Huang et al. purified and determined the primary structure of trigramin, a disintegrin from
Trimeresurus gramineus snake venom, which kicked off a promising research field of the inhibition of
integrin function by snake venom [36–38]. The isolation and characterization of components of snake
venoms paved the way for cancer targeted therapy in modern medicine. Here, we discuss the army of
snake venoms with different mechanisms of actions in cancer therapy (Table 1).

Table 1. Compounds with antitumor activities isolated from snake venoms.

Target/Mechanism Protein Names Compounds Snakes Reference

antiangiogenesis

Leucurogin disintegrin Bothrops leucurus [39]
Contortrostatin disintegrin Agkistrodon contortrix contortrix [40]

Obtustatin disintegrin Vipera lebetina obtusa [41]
Adinbitor disintegrin A. halys brevicaudus stejneger [42,43]
Salmosin disintegrin A. halys brevicaudus [44]

apoptosis
induction

LAAO LAAO A. halys [45,46]
AHP-LAAO LAAO A. halys pallas [47]

LAAO LAAO V. berus berus [48]
disintegrin disintegrin Naja naja [49]

VAP and VAP2 metalloprotease/disintegrin Crotalus atrox [50,51]
stejnitin SVMP Trimeresurus stejnegeri [52]

3.1. Antiangiogenesis

Human tumor growth is accompanied by neovascularization to provide essential nutrition
and oxygen. Angiogenesis supports tumor cell extension and invasion into nearby normal tissue
and is required to distant metastasis. Antiangiogenesis is a propitious strategy for cancer targeted
therapy. Quite a few angiogenesis inhibitors for the treatment of cancer have been approved by FDA
including Bevacizumab (targeting vascular endothelial growth factor, VEGF), Sorafenib (tyrosine
kinase inhibitror, TKI), Sunitinib (TKI) et al. [53].

Disintegrins purified from snake venoms showed antiangiogenesis effects. Leucurogin, a disintegrin
cloned from Bothrops leucurus (white-tailed-jararaca), showed significant anticancer activities against
Ehrlich tumor implanted in mice with the administration of 10 μg/day. Antiangiogenesis effect of
leucurogin was assessed and confirmed by the sponge implant model in mice [39]. Contortrostatin
is a homodimeric peptide isolated from the venom of Agkistrodon contortrix contortrix, a subspecies
of the southern copperhead snake, and contains a RGD sequence [40]. Contortrostatin showed
anti-angiogenic activity against the primary tumor of human breast cancer MDA-MB-435 carried
in mice. Obtustatin, a disintegrin isolated from Vipera lebetina obtusa venom has no classical RGD
sequence [54]. Obtustatin reduced tumor size in the Lewis lung syngeneic mouse model and showed
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84% inhibition of angiogenesis activities in the experiments of chick Chorioallantoic Membrane
(CAM) assay [41]. Adinbitor is a disintegrin cloned from Agkistrodon halys brevicaudus stejneger with
73 amino acid residues including 12 cysteines and a RGD motif. Adinbitor can inhibit bFGF-induced
proliferation of ECV304 cells with IC50 of 0.89 μM. In the Chick CAM angiogenesis assay, adinbitor
showed the activities against bFGF-induced angiogenesis both in vivo and in vitro [42,43]. Salmosin
was purified from the snake venom of Agkistrodon halys brevicaudus in 1998 [55]. Salmosin can prevent
the bFGF induced bovine capillary endothelial cell proliferation. Treatment with salmosin significantly
suppressed the growth of both the metastatic and solid tumor in mouse xenografts of Lewis lung
carcinoma cells, and the tumor specific antiangiogenic activity of salmosin was considered related to
the blockade of αvβ3 integrin [44].

3.2. Apoptosis Induction

Apoptosis is a process of programmed cell death to delete unnecessary cells in normal tissues and
to keep cellular homeostasis. Any critical defect in the apoptotic process may lead to uncontrolled
growth of cells and result in cancer [56,57]. A subset of snake venom proteins have demonstrated
antitumoral activities by inducing apoptosis. In 1993, Araki et al. found that some hemorrhagic
snake venoms induced apoptosis of vascular endothelial cells. However, the active component was
unknown [58]. After the report of Araki et al., increasing LAAOs from snake venoms have increasingly
been shown to induce apoptosis. Suhr and Kim purified and characterized a LAAO from the venom of
Agkistrodon halys, and exposure to this LAAO resulted in the apoptosis of cultured L1210 cells [45].
Later, the research of Suhr et al. suggested that the activity of apoptosis induction of LAAO was not
solely due to the production of H2O2 in the reaction of LAAO [46].

AHP-LAAO, a novel snake-venom LAAO, was isolated from A. halys pallas venom in 2004.
The AHP-LAAO inhibited the proliferation of HeLa cells at 0.5 μg/mL and induced DNA
fragmentation and nuclear morphological changes [47]. Samel et al. purified and characterized
a homodimer LAAO from the venom of the common viper Vipera berus berus. The DNA fragmentation
gel pattern indicated that the LAAO from V. berus berus induced apoptosis in cultured K562 and
HeLa cells, and the inhibition of apoptosis by catalase suggested the role of hydrogen peroxide in the
process [48].

Not only LAAO but also some disintegrins showed the activities of apoptosis induction.
Thangam et al. purified the disintegrin from the venom of the Indian cobra snake (Naja naja),
whose anticancer activity was at IC50 of 2.5 ± 0.5 μg/mL, 3.5 ± 0.5 μg/mL, and 3 ± 0.5 μg/mL
for the MCF-7, A549 and HepG2 cell lines respectively. The DNA fragment analysis and AO/EtBr
staining assay suggested that this disintegrin induced the apoptosis of the cancer cell lines [49].
Two metalloprotease/disintegrin family proteins, VAP and VAP2, were purified from the venom of the
rattlesnake Crotalus atrox. The apoptosis-inducing activities seemed to be specific towards endothelial
cells [50,51]. Han et al. characterized stejnitin, a SVMP from the venom of Trimeresurus stejnegeri.
Stejnitin comprises metalloproteinase and disintegrin, and the DNA fragmentation and flow cytometry
analysis suggested stejnitin induces apoptosis in ECV304 cells [52].

4. Future Directions

Though there was an ample evidence about the therapeutic potentials of snake venoms in the
treatment of cancer, more research is needed. Most components of snake venoms, including PLA2s,
LAAOs, metalloproteases, disintegrins and other peptides show cytotoxicity to cancer cells. However,
the discrimination between normal and cancer cells is the main problem in cancer treatment [59].
From our perspective, future research could pour more attention into these actions (Figure 1).
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4.1. Isolation and Characterization of New Active Molecules from Snake Venoms by Snake Venomics

One of the major barriers in exploring snake venom is the low amount isolated from the venom
glands, especially of rare snakes. The snake venomics will increase the discovery of the snake venom
proteins and peptides for the development of new drugs for potential use [60].

4.2. New Drug Delivery System/Coupled with Monoclonal Antibody

One of the plausible strategies to develop clinical anti-cancer versions of cytotoxins is to conjugate
the drugs with monoclonal antibodies that recognize and bind to specific epitopes on malignant cancer
cells. As an example, Zhao et al. used an anti-nasopharyngeal carcinoma monoclonal antibody BAC5
conjugated with the venom of the Chinese cobra, which showed strong effects against nasopharyngeal
carcinoma cells in vitro [61].

The other method for targeted cancer therapy by cytotoxin from snake venom is to combine the
snake venom with silica nanoparticles. Al-Sadoon et al. demonstrated that the snake venom extracted
from Walterinnesia aegyptia (WEV) combined with silica nanoparticles (NP) can inhibit the proliferation
of human breast carcinoma cell lines and strongly induced apoptosis without significant effects on
normal breast epithelial MCF-10A cells [62]. Al-Sadoon et al. also evaluated the effects of WEV+NP
in the therapy of multiple myeloma in the nude mouse model. WEV+NP showed greater activities
than WEV alone in decreasing the surface expression of the chemokine receptors CXCR3, CXCR4
and CXCR6 and decreased migration of the cancer cells [63], suggesting this approach possesses the
promising therapeutic potential for clinical application of snake venoms.

Figure 1. Effective targeting therapy by cytotoxins of snake venoms with new approaches.
(A): Nanoparticles transport snake venoms to specific locations in the body; (B): Snake venoms
conjugated with monoclonal antibodies for targeted therapy.

5. Conclusions

In conclusion, the application of the snake venoms in cancer therapy has evolved from the usage
of the crude mixtures in the 1930s into the isolation of certain biologically active components targeting
specific molecular pathways. Currently, the combination of snake venoms with other technologies
such as nanoparticles is still at its early stage for cancer therapy and it can be expected that more
combinational treatment will emerge. Snake venoms are no doubt valuable resources for cancer
drug development.
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Abstract: Toxins from toads have long been known to contain rich chemicals with great
pharmaceutical potential. Recent studies have shown more than 100 such chemical components,
including peptides, steroids, indole alkaloids, bufogargarizanines, organic acids, and others, in the
parotoid and skins gland secretions from different species of toads. In traditional Chinese medicine
(TCM), processed toad toxins have been used for treating various diseases for hundreds of years.
Modern studies, including both experimental and clinical trials, have also revealed the molecular
mechanisms that support the development of these components into medicines for the treatment of
inflammatory diseases and cancers. More recently, there have been studies that demonstrated the
therapeutic potential of toxins from other species of toads, such as Australian cane toads. Previous
reviews mostly focused on the pharmaceutical effects of the whole extracts from parotoid glands
or skins of toads. However, to fully understand the molecular basis of toad toxins in their use for
therapy, a comprehensive understanding of the individual compound contained in toad toxins is
necessary; thus, this paper seeks to review the recent studies of some typical compounds frequently
identified in toad secretions.

Keywords: toad toxins; Chansu; Huachansu; cane toad; bufadienolides; indolealkylamines; inflammation;
cancer; obsessive–compulsive disorder (OCD)

Key Contribution: This paper has reviewed the recent progress in the chemical and biological studies
of toad toxins with emphasis on single compounds.

1. Introduction

Toad toxins from parotoid or skin glands have significant therapeutic value for a plethora of
diseases [1]. In China and other East and Southeast Asian countries, toad toxins traditionally refer to
the processed and dried venom from parotoid glands of the toad Bufo bufo gargarizans [2]. In traditional
Chinese medicine (TCM) it is known as Chansu, while in Japan it is known as Senso, which has been
recorded since the Tang Dynasty (618–907 B.C.) [3]. These products have been used for treating pain
and inflammatory diseases with more than a dozen remedies on the market [4]. Similarly, the water
extracts from the skins of B. b. gargarizans is known as Huachansu (Cinobufacini), which was developed
in China about 20 years ago, and had been successfully used to treat various types of cancers with
low toxicity and few side effects [5,6]. Both molecular and clinical data have revealed the chemical
constituents, as well as the mechanisms of action from their use [7,8]. Although different groups of
constituents may have diverse functions, it is well known now that bufadienolides, such as bufalin
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and cinobufagin, are considered as the main bioactive compounds in toad toxins. These groups of
compounds are C-24 steroids with similar properties as cardiac glycosides medications such as digoxin.
The pharmaceutical use of bufadienolide is primarily considered as a Na+/K+-ATPase inhibitor
for treating congestive heart failure and arterial hypertension, due to its property of high binding
affinity to phosphoenzyme [9,10]. However, there have been reports indicating that an overdose
of cardiac glycosides may cause prolonged blockage of Na+/K+-ATPase in these cells, resulting in
cardiac arrest [11]. Recent studies have also revealed the therapeutic potential of bufadienolides in
immunomodulation, anti-inflammation, and anti-neoplastic activity [12,13]

It has also been found that ancient people of Mesoamerica had used toads, B. marinus or B. alvarius,
as a hallucinogen via licking toad skins directly, or smoking the prepared powder [14]. Studies
have shown that indolealkylamines (IAAs) in toad skin, primarily bufotenine, are responsible for
these hallucinogenic effects [15]. IAAs are biogenic amines and derivatives of 5-hydroxytryptamine,
producing their effects through binding of serotonin receptors [3]. Due to the hallucinogenic effect,
the use of bufotenine has increased in New York, USA in last century, and has drawn the attention of
scientists to study the potential of bufotenine for the treatment of neuropsychiatric disorders [16].

Past significant studies have primarily focused on Chansu and Huachansu, due to their likely
effect on cancer treatment. Recent studies have increasingly examined the therapeutic potential
of other species of toads. An example of this is the studies of Australian cane toads (B. marinus),
which originated from North American, but were introduced into Australia in 1935 to control cane
beetles. The cane toads have become a biological and environmental disaster in northern Australia,
due to their fast reproduction speed and lack of natural predators [17]. There are numerous scientists
who have now started to consider the pharmaceutical potential of these cane toads [18–20]. In a recent
study, the umbilical arteries isolated from human fetal placentas have been used as a model in studies
comparing the cardiac glycoside-like activity of cane toad skin extracts prepared in different extraction
procedures [18]. The inhibitory effect of cane toad skin aqueous extracts (CTSAE) on Na+/K+-ATPase
was also demonstrated in other experimental models [18]. In our laboratory, we have recently shown
the anti-inflammatory effect of CTSAE via inhibiting the release and expression of TNF-α and IL-6,
and the suppression of nuclear factor (NF)-kappa (κ)B in vitro [19]. A further study from us has
also indicated that CTSAE enhanced the expression of 5-HT2AR and D2R, with the modulation of
Gq/11-PLCβ signaling pathway and c-FOS transcription factor, which may improve the therapeutic
effect on certain diseases, such as obsessive–compulsive disorder (OCD) [20].

Previous reviews are mostly focused on the therapeutic effects of whole extracts, such as Chansu
and Huachansu. Thus, we believe that it is important to understand the effect of individual compounds,
which would enable us to explore the development of toad toxins as medicines.

2. Chemicals Components in Different Species of Toads

Several classes of compounds have been identified from the parotoid or skins glands of toads,
including peptides, steroids, indole alkaloids, bufogargarizanines, organic acid, and others [2,21–25].
Bufadienolides and indolealkylamines are considered as the two main groups of compounds with
therapeutic potential (Table 1) [26,27].

Table 1. The identification of significant bioactive compounds in different species of toads.

Name Classification Formula
Species of Toad

B. b. gargarizans B. marinus B. alvarius B. melanosticus

Bufalin Bufadienolides C24H34O4 + + + +
Cinobufagin Bufadienolides C26H34O6 + − − −

Arenobufagin Bufadienolides C24H32O6 + + + +
Gamabufotalin Bufadienolides C24H34O5 + − + +
Telocinobufagin Bufadienolides C24H34O5 + + + +
Marinobufagin Bufadienolides C24H32O5 + + + +
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Table 1. Cont.

Name Classification Formula
Species of Toad

B. b. gargarizans B. marinus B. alvarius B. melanosticus

Bufotenine Indolealkylamine C12H16N2O + + + +
Bufotenidine Indolealkylamine C13H18N2O + − − +

Dehydrobufotenine Indolealkylamine C12H14N2O + + − +
Bufothionine Indolealkylamine C12H15N2O3S + + + −

5-methoxytryptamine Indolealkylamine C11H14N2O − + + −
Indole-3-acetic acid Indolealkylamine C10H9NO2 − − + −

+: Present; −: Not present.

A previous study has investigated the toad venoms from different Bufo species, in which
43 compounds were identified in the methanolic extracts of the different samples. Gamabufotalin,
arenobufagin, telocinobufagin, bufotalin, cinobufotalin, bufalin, cinobufagin, and resibufogenin,
were identified as major constituents of Chansu. Low levels of resibufogenin, but no cinobufagin
was observed in the samples from B. melanosticus, B. marinus, and B. viridis. Three compounds,
telocinobufagin, marinobufagin, and bufalin, were found in all samples [2]. These results have been
confirmed by other studies using different analytical methods [28,29]. The indolealkylamines in
Chansu have been analyzed in another study, including bufotenine, bufotenidine, bufobutanoic acid,
serotonin, bufotenine N-oxide and N-methyl serotonin were also identified [30].

The chemical constituents of bufadienolides and indolealkylamines have also been identified
in Huachansu. There were eight bufadienolide compounds, including bufalin, cinobufagin,
recinobufagin, cinobufotalin, telocinobufagin, gamabufotalin, arenobufagin, and bufotalin, which were
detected in an injected preparation of Huachansu from a previous study [31]. Additionally,
the indolylalkylamines—including bufotenine, bufotenidine, cinobufotenine, and serotonin—were
found in Huachansu, as mentioned in previous literature [32,33].

Several studies have evaluated the chemical compounds in other species of toads, such as
cane toads collected from sites in Australia. They found that cane toad parotoid gland secretion
contains bufadienolides, including high levels of marinobufagin; medium levels of bufalin,
telocinobufagin, arenobufagin, and marinobufotoxin; low levels of resibufogenin, hellebrigenin,
marinobufagin-3-pimeloyl-L-arginine ester, bufalin-3-pimeloyl-L-arginine ester, and bufalitoxin;
and detectable levels of many other biotransformed bufadienolides [34]. A recent study performed
by us, using high-performance liquid chromatography coupled with a hybrid quadrupole-time of
flight mass spectrometer (HPLC/MS-Q-TOF), examined the chemicals in secretions of the cane toad
parotoid glands. We found the presence of twelve key chemicals in the secretion, including several
major bufadienolides, which was further confirmed by calculating the exact differences between the
theoretical and measured mass of each assumed compound [35]. Following this study, a similar
analytical method was used in our laboratory to assess the chemicals in extracts from cane toad skin,
and up to 42 constituents, including both bufadienolides and indolylalkylamines, were identified [22].

Other numerous studies have been carried out in different species of toads, such as B. melanosticus
from different regions [24,25,36,37]. Taken together, these data have provided us with the chemical
profiles of toad toxins, which are essential for the study of their pharmaceutical effects.

3. The Bioactivity Studies of Bufadienolides

The potential pharmaceutical effects of bufadienolides contained in toad toxins have been studied
in recent years. Several in vitro studies have demonstrated that they have predominant effects on
the inhibition of different tumor cell growth, inducing cell cycle arrest, apoptosis, and in regulating
the expression of malignant related genes/proteins in human cancer cells [38–41] (Table 2). Here, we
reviewed and listed the major compounds from some of the major studies (Figure 1).
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3.1. Bufalin

Bufalin is a major compound in Chansu, Huachansu, as well as the toxins of other toad species,
such as B. marinus. Several studies have demonstrated its anti-inflammatory and anticancer effects
through inhibiting NF-κB pathway, which is a crucial pathway in both anti-inflammation and
cancer [42,43]. The effect of bufalin on the treatment of the asthmatic response has been studied in a
murine model. The mouse asthma model was developed by ovalbumin (OVA)-induced BALB/c mice.
The results demonstrated that bufalin reduces hyperresponsiveness, and inhibits the OVA-induced
activation of inflammatory cells, including macrophages, eosinophils, lymphocytes, and neutrophils
and cytokines, including IL-4, IL-5, and IL-13. Histological staining examined the reduction of
inflammatory cell infiltration and goblet cell hyperplasia, while the blockage of NF-κB was evaluated
by Western blot [44]. The anti-inflammatory and analgesic effects of bufalin have also been studied
in a carrageenan-induced paw oedema model. Bufalin downregulated the expression of nitric oxide
synthase (iNOS), cyclooxygenase-2 (COX-2), interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor
necrosis factor-α (TNF-α), to which the inhibitory effect on the master switch of NF-κB signaling is
attributed [45].

The antimetastatic effect of bufalin was studied in human hepatocellular carcinoma SK-Hep1
cells to determine if bufalin plays an important role in mortality of cancer patients, in which
the expression of matrix metalloproteinases (MMPs), such as MMP-2 and -9 are inhibited,
while phosphoinisitide-3-kinase (PI3K) and phosphorylation of AKT are reduced with the suppression
of NF-κB [46]. Another study has shown the antimetastasis effects of bufalin on NCI-H460 lung cancer
cells, with similar mechanisms [47].

The anticancer property of bufalin has been validated in a wide range of cancer cells, including
leukemia, prostate, gastric, liver, and breast. Studies have indicated that bufalin inhibits tumor growth
through the induction of programed cell death via multiple pathways [48].

In a study using an animal model, bufalin has been shown to suppress the growth of BEL-7402
cells, human hepatocellular carcinoma (HHC) cells, in an orthotopic transplantation tumor model in
nude mice [49]. This study has also shown bufalin-induced apoptosis in a tumor model by activating
Bax without causing apparent toxicity [49]. In another study, nude mice injected with HCCLM3-R
cells were studied after treatment with bufalin. Significant antitumor activities, and the reduction of
the metastatic growth with the inhibition of AKT/GSK3β/β-catenin/E-cadherin signaling pathways,
were found [50]. A study has also investigated anticolorectal cancer (CRC) effects of bufalin in HCT116
orthotopic xenograft model in mice. The results have indicated that bufalin inhibits tumor growth
by inducing cell apoptosis through the intrinsic apoptotic pathway [51]. A human lung cancer cell
line, NCI-H460, injected into a BALB/C nu/nu mouse model, was also studied after bufalin treatment,
confirming a reduction in tumor size without significant drug-related toxicity [52].

3.2. Cinobufagin

Cinobufagin from toad B. b. gargarizans is known as the second major compound in Chansu and
Huachansu; however, it is not detected in some other species of toads, such as Australian cane toad.

In a previous study, we have demonstrated that cinobufagin inhibited the growth of colon,
prostate, skin, and lung cancers, in vitro. Specifically, cinobufagin induced apoptosis of HCT116
and HT29 via the caspase-3-dependent and -independent pathway, respectively. The inhibition of
hypoxia-inducing factor-1 alpha subunit 75 has been demonstrated both in vitro and in vivo [53].
Further study has shown that cinobufagin inhibited the expression of cortactin in HCT116 cells,
and HCT116 xenograft tumors in nude mice in vivo [54].

A study has also investigated the potential anti-osteosarcoma (OS) effect and the mechanisms of
action of cinobufagin. The in vitro studies have indicated that cinobufagin induced the cell cycle arrest
and apoptosis in OS cells with the involvement of Notch pathway suppression. Moreover, in the in vivo
xenograft OS mouse model, cinobufagin inhibited OS cell growth with a suitable drug tolerance [55].
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3.3. Arenobufagin

Arenobufagin has been shown to act against the growth of esophageal squamous cell carcinoma
(ESCC) by triggering the activation of p53 through its phosphorylation, and caspase through intrinsic
and extrinsic pathways both in vitro and in vivo. This study has also shown the selective effect
in killing tumor cells and low toxicity toward Het-1A human normal esophageal squamous cells.
Transfection of cells with p53 small interfering RNA can reverse this effect. Moreover, in vivo studies
have confirmed the anticancer effect of arenobufagin by inhibiting the tumor growth through activation
of the p53 pathway [56].

Arenobufagin has also shown anti-neoplastic activity against HCC HepG2 cells, as well as
the corresponding multidrug-resistant HepG2/ADM cells, increasing Bax/Bcl-2 expression ratio,
and inhibiting the phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR)
pathway. Arenobufagin inhibited the growth of HepG2/ADM xenograft tumors, which were associated
with poly (ADP-ribose) polymerase cleavage, light chain 3-II activation, and mTOR inhibition [57].

Another study has demonstrated an antimetastasis and epithelial–mesenchymal transition (EMT)
inhibitory effect of arenobufagin in PC3 cells by suppressing β-catenin. These results are also verified
in a xenograft tumor mouse model [58].

Arenobufagin has also been shown anti-angiogenic activity through inhibiting vascular
endothelial growth factor (VEGF)-induced viability, migration, invasion, and tube formation in
human umbilical vein endothelial cells (HUVECs). Additionally, this effect has been confirmed via an
in vivo model. Computer simulations suggested that arenobufagin interacted with the ATP-binding
sites of VEGFR-2 by docking. Furthermore, arenobufagin inhibited VEGF-induced VEGFR-2
autophosphorylation, and suppressed the activity of VEGFR-2-mediated signaling cascades [59].

3.4. Gamabufotalin

There has been a study showing that gamabufotalin plays a role in angiogenesis inhibition
through the blockage of VEGF-induced HUVEC proliferation, migration, invasion, and tubulogenesis.
This study also demonstrated the effect of gamabufotalin in decreasing vessel density in human
lung tumor xenograft implanted in nude mice, while inhibiting vascularization in matrigel plugs
impregnated in C57/BL6 mice. Further studies, including computer simulations and Western
blot analysis, have revealed that gamabufotalin interacted with the ATP-binding sites of VEGFR-2
using molecular docking. Furthermore, Western blot analysis indicated that the inhibitory effect of
gamabufotalin for angiogenesis was due to the suppression of the VEGFR-2 signaling pathway [60].

The therapeutic potential of gamabufotalin in human multiple myeloma (MM) cells has also been
studied. Results have shown that gamabufotalin inhibited cell growth and induced apoptosis via the
activation of the ubiquitination process of c-Myc. The anticancer effect and inhibition of MM-induced
osteolysis of gamabufotalin were further validated in a xenograft mouse model and SCID-hu model,
separately [61].

Gamabufotalin has also shown effect in blocking the NF-kB pathway. A study has shown
gamabufotalin strongly suppressed COX-2 expression by inhibiting the phosphorylation of IKKβ via
targeting the ATP-binding site, which in turn, prevents NF-κB binding and p300 recruitment to COX-2
promoter in a range of human NSCLC, H1299, A549, H322, and H460 cell lines. In in vivo studies,
gamabufotalin suppressed the tumor weight and size with the decreasing protein levels of COX-2 and
phosphorylated p65 NF-κB in the tumor tissues of xenograft mice [62].

3.5. Other Key Bufadienolides

The immunoregulatory effect of telocinobufagin, another major compound in Chansu, was studied
in vitro. The activation of several cytokines and immunocytes was observed [63]. Telocinobufagin
and marinobufagin isolated from skin secretions of the Brazilian toad B. rubescens have been shown
to exhibit antimicrobial activity inhibitory action over Staphylococcus aureus and Escherichia coli [23].
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Differently from telocinobufagin, marinobufagin is a minor constituent in Chansu and Huachansu.
However, it has been identified as the main component in the toxins of cane toads. Currently, there are
still very few functional studies of marinobufagin.

Table 2. Molecular targets of bufadienolides found in a wide range of preclinal models.

Compound Experimental Models Molecular Targets References

Bufalin

In vitro/In vivo
Macrophages, eosinophils, lymphocytes,

and neutrophils and cytokines including IL-4,
IL-5, and IL-13, NF-κB

[44]

In vivo iNOS, COX-2, IL-1β, IL-6, TNF-α, NF-κB [45]
In vitro MMP-2, MMP-9, PI3K, AKT, NF-κB [46,47]
In vivo Bax [49]
In vivo AKT/GSK3β/β-catenin/E-cadherin [50]

In vivo PTEN/phosphate-PTEN, AKT/phosphate-AKT,
Bad, Bcl-xl, Bax, or Caspase-3 [51]

Cinobufagin
In vitro/In vivo Caspase-3, hypoxia-inducing factor-1 alpha [53]

In vivo Cortactin [54]
In vitro Notch pathway [55]

Arenobufagin

In vitro/In vivo p53 pathway [56]

In vitro/In vivo Bax/Bcl-2, PI3K/Akt/ mTOR pathway.
ADP-ribose polymerase, light chain 3-II [57]

In vivo β-catenin [58]
In vitro/In vivo VEGFR-2 pathway [59]

Gamabufotalin
In vivo VEGFR-2 pathway [60]

In vitro/In vivo c-Myc [61]
In vitro/In vivo IKKβ, NF-κB, COX-2, p65 [62]

Telocinobufagin In vitro CD4, CD8, IL-2, IL-12, IFN-γ, TNF-α, IL-4 [63]

Figure 1. Major bufadienolides found in toad species.
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4. Indolealkylamines

Indolealkylamines (IAAs) are known as derivatives of 5-hydroxytryptamine (5-HT),
which primarily affect the central nervous system (CNS). To date, at least fourteen IAAs, including
5-methoxy-N,N-dimethyltryptamine (5-MeO-DMT) have been characterized; among these, bufotenine,
bufotenidine, and cinobufotenine have been identified in the skins of toad species. Some IAAs are
clinically used as antimigraine therapies, whereas the misuse of these chemicals may cause drug
abuse. Recently, IAAs in toad toxins are considered as potential therapeutic compounds in developing
new agents for treating several neurologic disorders, such as schizophrenia, depression, anxiety,
obsessive–compulsive disorders, and chronic pain conditions, due to their potential 5-HT2A receptor
selectivity in the CNS [49].

Some of the major IAAs found in toad toxins having pharmaceutical values, which are summarized
below (Figure 2).

4.1. Bufotenine

Bufotenine was first identified from Senso in Japan, and Chansu in China [64]. Bufotenine
binds to the 5-HT2A receptor in vitro, with a similar affinity to that of 4-bromo-2,5-dimethoxy-
phenylisopropylamine (DOB) [65,66]. For many years, the activity of bufotenine remained a
controversy, as to whether it was a hallucinogen or psychotomimetic. Though there are few reports
about the significant pharmaceutical value of bufotenine, it was found to have potent psychotropic
properties, and other psychotic symptoms, due to the similar physiological and structural features to
lysergic acid diethylamide (LSD) in the 5HT2 receptor [67,68]. Bufotenine was also reported to be used
as a biomarker in the diagnosis of various psychiatric disorders, such as schizophrenia and autism [69].
Recently, bufotenine isolated from the parotoid gland secretions of Bufo bufo was also reported to have
cholinergic properties in α7 nicotinic acetylcholine receptors [70].

4.2. Bufotenidine

Like bufotenine, bufotenidine was also isolated from Senso in Japan and Chansu in China [65].
Bufotenidine was obtained from the skin of Leptodactylus vilarsi melin, which was found to have a
hypertensive effect [71]. Bufotenidine showed marked neuromuscular blocking activity by producing
the characteristic head drop in rabbits in doses of 5.2 ± 0.9 mg/kg iv. It also showed potent ganglionic
stimulation and significant cholinergic-like action [72]. Recently, bufotenidine was isolated from
the parotid gland secretions of Bufo bufo and reported to have cholinergic properties in α7 nicotinic
acetylcholine receptors [71].

4.3. Dehydrobufotenine

Dehydrobufotenine was isolated from parotoid glands and skins of many species of toads,
such as B. marinus, B. arenarum, and B. b. gargarizans, as the principal indolealkylamine [25,73].
Dehydrobufotenine was reported to show potent in vitro cytotoxicity against human tumor cell lines
that were thought to act as DNA topoisomerase II inhibitors [74,75]. Additionally, dehydrobufotenine
was used as a dry powder inhaler (DPI) in preparation of an antitumor drug for treating lung
tumor [76].

4.3.1. Bufothionine

Bufothionine was found in the skin of various toad species [25]. Recently, it was identified in
Cinobufacini injection [77] and the skin of B. b. gargarizans [73,78]. Bufothionine was reported to inhibit
the proliferation of human hepatocellular carcinoma cell lines [77]. Bufothionine was also reported to
have cytotoxic activity against the murine leukemia cell line P388, and human hepatocellular carcinoma
cell lines SMMC-7721 and BEL-7402 [79]. A new formulation of this alkaloid after isolation from toad
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skin has already been used for cancer therapy [80]. Bufothionine powder for inhalation was found in
medicine for the treatment of pulmonary neoplasm [81].

4.3.2. Other Indolealkylamines

Though there are at least 14 IAA identified in various toad species, very few of them were
found to have significant pharmaceutical value, except the above four described here. Among others,
5-methoxytryptamine was reported to have antioxidant and radioprotective effects in various biological
systems [82]. Indole-3-acetic acid is another IAA which was found in the skin of Bufo alvarius [25].
Several pharmacological activities of indole-3-acetic acid was reported, including anti-inflammatory,
antipyretic [83], antifungal [84], hypoglycemic [85], and anticancer [86].

Figure 2. Major indolealkylamines found in toad species.

5. Conclusions

The studies of toad toxins in the past years have demonstrated new perspectives for their
pharmaceutical use, not only for treating cardiac failure, but also for other therapeutic purposes,
for example, as anti-inflammatory, immunoregulatory, and anticancer compounds. The understanding
of the chemical basis of toad toxins has provided the basis to develop new therapeutic agents from
different species of toads. Primarily, due to the environmental pollution in China, there is currently
a shortage of toad resources in the pharmaceutical industry, while toads in some countries are
becoming natural disasters that need to be managed, such as the cane toad in Australia. Therefore,
the development of toad medicines from different resources is acutely needed.

Currently, several fundamental questions remain to be resolved to fully reveal the potential use
of toad secretions. Although a number of in vitro studies have been done by researchers on Chansu,
Huachansu, and single compounds, regarding their effects and mechanisms, the in vivo and clinical
studies are still very limited. Thus, it is important to perform more animal studies to decode the
potential of toad toxins in treating various diseases, such as cancer. Additionally, digitalis toxicity has
always been a main concern for scientists in using toad medicines in patients [87]. Several reports have
shown cardiotoxicity caused by bufadienolides [88]. Therefore, there is an urgent need to study the
toxicities and the maximum tolerated dose of toad toxins. Beyond that, how to reduce the side effects
is the next step to be considered. The knowledge of TCM formulas may provide us with some good
points for resolving this problem. Chansu is generally used as a recipe with other herbs, to prepare
formulations such as She Xiang Bao Xin Wan for the treatment of cardiovascular diseases, or Mei Hua
Dian She Wan and Liu Shen Wan for the treatment of inflammatory diseases. Another herb, by the
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name of Bezoar Bovis, was frequently used in preparations of Chansu (Table 3). There has been a
study showing that the use of Bezoar Bovis protects Chansu-induced acute toxicity in mice. Further
study has shown that the taurine derived from Bezoar Bovis also prevented Chansu- or bufalin-caused
cardiotoxicity, and reduced the mortality in animal models [75,76]. Other studies have also indicated
that the use of nanoparticles may help improve antitumor activity while reducing the side effects of
toad medicines [89].

Table 3. Some classic recipes contain Chansu in traditional Chinese medicine (TCM).

Recipe Name Treatment Purpose Main Ingredients

Liu Shen Wan Inflammatory and infectious
diseases, etc.

Chansu, Pearl Powder, Bezoar Bovis, Musk, Realgar,
and Bornel

She Xiang Bao Xin Wan Congestive heart failure Chansu, Ginseng, Bezoar Bovis, Musk, Cinnamon,
Liquidambar, and Borneol

Mei Hua Dian She Wan Relieves swelling and pain
Chansu, Borneol, Cinnabar, Myrrh, Bezoar Bovis,
Borax, Frankincense, Musk, Draco Seed, Realgar,

Bear Gall, Blood Dracon, Pearl Powder, and Cinnabar

Moreover, the quality control of using natural products as therapeutic agents has always been
a high concern for researchers. Some chemistry studies have indicated that the same species of
toads obtained from different geographical regions, and under different conditions of weather, time,
and other environmental factors, will result in an impact on their chemical compositions. Therefore,
chemical analysis to quantify the various compounds present, and quality control to ensure the
consistency of preparations in the study, are crucial issues that need to be considered [2,32].

Taken together, toad toxins from different species have a promising role in treating various
diseases. However, the molecular mechanisms, drug safety, and the demand for quality control
need to be resolved in future studies. No doubt though, the application of toad toxins as novel
therapeutic agents will contribute to the world in many different aspects in terms of scientific research,
pharmaceutical industry, environmental protection, and economic growth.
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Abstract: Cancer is a deadly disease and there is an urgent need for the development of effective
and safe therapeutic agents to treat it. Snake venom is a complex mixture of bioactive proteins that
represents an attractive source of novel and naturally-derived anticancer agents. Malaysia is one of
the world’s most biodiverse countries and is home to various venomous snake species, including
cobras. Naja kaouthia, Naja sumatrana, and Ophiophagus hannah are three of the most common cobra
species in Malaysia and are of medical importance. Over the past decades, snake venom has been
identified as a potential source of therapeutic agents, including anti-cancer agents. This present
review highlights the potential anticancer activity of the venom and purified venom protein of
N. kaouthia, N. sumatrana, and O. hannah. In conclusion, this review highlights the important role of
the venom from Malaysian cobras as an important resource that researchers can exploit to further
investigate its potential in cancer treatment.

Keywords: snake venom; Malaysian cobras; N. kaouthia; N. sumatrana; O. hannah; anticancer

Key Contribution: In this review, the anticancer activity of the venom and purified venom proteins
of Malaysian common cobra species are discussed.

1. Introduction

Cancer is a major health problem that affects people all over the world. Globally, 25% of human
mortality is due to cancer. In the United States, cancer was reported as the second leading cause
of death in 2015. Approximately 1,735,350 new cancer cases and 609,640 deaths due to cancer were
expected in 2018 [1]. In Malaysia, cancer remains one of the leading causes of death, and a total of
64,725 deaths were reported from 2007 to 2011 [2]. Cancer is a group of diseases that arises from
the uncontrollable proliferation of malignant cells. It is a multigenic and multistage disease due to
multifactorial etiology [3]. Briefly, high levels of exposure to carcinogens such as radiation, tobacco,
and oncogenic viruses increase the risk of DNA damage in the cells. The DNA-repair mechanism
will be initiated at this stage. However, when the damage is too extensive, the repair of lesions fails.
This gives rise to changes in the expression of genes (such as tumor-suppressor genes) in the cells,
which further alter the signalling pathways resulting in unrestricted cell growth [4].

Even though the incidence of cancer is increasing globally, the mortality rate of cancer is reported
to be in decline for the past 20 years [5]. This may be due to the advancement of therapeutic
regimes over the past few decades. Various therapeutic options such as surgery, chemotherapy,
radiotherapy, and immunotherapy are employed in treating localized cancer. Surgery in combination
with chemotherapy is still the main treatment option. Unfortunately, owing to its cytotoxic activity
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via the inhibition of nucleic acid synthesis, chemotherapy often results in the death of fast growing
cells such as white blood cells, hair follicles, and cells lining the gastrointestinal tract in addition
to cancer cells [6]. Therefore, patients often suffer from side effects such as nausea and hair loss.
A weakened immune system due to the reduction of white blood cell levels during chemotherapy
increases patients’ susceptibility to infection. The development of drug resistance during chemotherapy
further complicates the treatment of cancer. Hence, there is an urgent need for effective cancer
therapeutics with lesser side effects.

Malaysia, as the 12th most biodiverse country in the world, is the home to approximately
170,000 species of flora and fauna. Since ancient times, natural resources have been exploited to
treat diseases and improve human health. For instance, the use of Orthosiphon aristatus (Misai
Kuching) as a natural remedy against diabetes is common among indigenous communities in
Malaysia [7,8]. Poisonous animals also play a vital role in the discovery of novel therapeutic
candidates. For example, bee venom therapy is used to relieve pain symptoms and treat diseases
such as rheumatoid arthritis [9,10] and other neurological diseases [11,12]. Venom from the Indian
black scorpion was found to induce DNA fragmentation and reduce the proliferation of human
leukemic cells [13]. Additionally, a novel peptide named Gonearrestide from scorpion venom showed
the inhibition of primary colon cancer cells and solid tumor growth [14]. Commercialized drugs
such as Captopril® and Enalpril® are two successful antihypertensive drugs developed based on
bradykinin peptides derived from the venom of the snake Bothrops jararaca [15,16]. Ziconotide is
another FDA-approved analgesic medication derived from ω-conotoxin that was found in the venom
of Conus magus, a marine snail [17]. By reviewing the pharmaceutical potential of animal venoms, we
conclude that the complex mixture of proteins may have the potential to be an important source of
therapeutic agents.

Snake venom has been associated with various therapeutic applications—as a thrombolytic
agent in cardiovascular disorders [18], anti-microbial activities [19], as an anti-viral agent [20] and in
antiparasitic, and antifungal activities [21,22]. Undeniably, the anticancer activities of snake venom
represent one of its most attractive therapeutic features and they have been actively researched
and reviewed over the past decade [23–25]. The venom from Malaysian common cobras has been
characterized, and proteins with anticancer potential have been described. However, while there are
numerous reviews focusing on the anticancer activities of snake venom in general, none have focused
on the Malaysian common cobra species, i.e., Naja kaouthia, Naja sumatrana, and Ophiophagus hannah.
The abundance of these cobra species provides valuable access for researchers to further investigate
the venom activity. Therefore, the present review highlights the anticancer activity of the venom
components of Malaysian cobra species.

2. Malaysian Common Cobras

Malaysian venomous snake species can be divided into two families, Viperidae and
Elapidae [26,27]. Viperidae can be further divided into three families, Azemiopinae (Fea’s viper),
Crotalinae (pit vipers), and Viperinae (true vipers). Malaysian vipers belong to the subfamily
Crotalinae, which can be distinguished by the loreal pit on either side of the eyes [26]. Additional
characteristics of pit vipers include hollow and retractile fangs on a moveable maxillary bone; a stocky,
keel-scaled body with elliptical pupils; and that they are ovoviparous [26]. Elapidae is represented by
cobras, kraits, and coral snakes that produce neurotoxic venom. It is characterized as a family of snakes
with short and sharp fangs located anteriorly on the maxillary bone, with smooth-scaled body with
rounded pupils, and that are oviparous [26]. Three cobra species, namely Naja kaouthia, Naja sumatrana
and Ophiophagus hannah are the most common cobras in Malaysia. N. kaouthia or monocled cobra was
formerly known as Naja naja siamensis, a subspecies of the Indian cobra (Naja naja) [26]. N. sumatrana is
a spitting cobra and it is the most common Elapid of the ten species in the family. Both N. kaouthia
and N. sumatrana can inhabit a wide range of environments, ranging from natural to anthropogenic
landscapes. Members of the Naja genus are well known to be aggressive and envenomation is common
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for both species as humans infringe on their niche during the progress of urbanization. The third
Malaysian cobra species is O. hannah or king cobra. Ophiophagus, meaning snake eater in Greek, is a
monotypic genus, where the king cobra is the only species in this genus. It is the longest venomous
snake species and is a dreadful assailant that is famous for its agility. The fatality rate incurred by
king cobra envenomation is relatively high, although bites are rarely reported [26]. Table 1 provides a
summary of comparisons between the cobras. In spite of their toxicity, the venom of Malaysian cobras
demonstrates a wide range of therapeutic potential through antibacterial [28,29], anticancer [30–33],
anticonvulsant [34], and antithrombotic [35] activities.

Table 1. Comparison of the cobra species in Malaysia.

Naja kaouthia Naja sumatrana Ophiophagus hannah

Common name Monocled cobra Equatorial spitting cobra King cobra

Characteristics

Absence of occipitals,
brown to greyish-brown
body, with white circle

hood mark

Absence of occipitals, black
body, without hood mark,
white marking on throat

Large head; small hood;
adult has yellow, green,
brown, or black body;
presence of a pair of

occipitals behind parietals

Length
Usually 4–5 feet,

occasionally can reach
up to 7.5 feet

Usually 3–3.9 feet, occasionally
can reach up to 4.9 feet Usually 8–18 feet

Distribution in
Malaysia

Peninsular Malaysia,
mainly in the northern

part of peninsular
Malaysia

Peninsular Malaysia, Sabah,
and Sarawak

Peninsular Malaysia, Sabah,
and Sarawak

Habitat

Not habitat-specific, can
adapt to a wide range of

habitats such as
grassland and paddy

fields

Not habitat-specific, can adapt
to a wide range of habitats such

as primary and secondary
forests and

human-surrounding
environments

Habitat-specific, mainly
inhabits forests

Proteomic
composition of

the venom

3FTx, PLA2, ohanin,
CRVP, SVMP, vNGF,

cardiotoxin, CVF,
cytotoxin, and

neurotoxin [36,37]

PLA2, neurotoxins, cardiotoxin,
cytotoxin, 3FTX, CVF, SVMP,

CRVP, natriuretic peptide,
aminopeptidase, thaicobrin,

complement-depleting factor,
vNGF, and cobra serum

albumin [38]

Natriuretic peptides, 3FTx,
Kunitz-type inhibitor, PLA2,

ohanin, CRVP, cystatin,
insulin-like growth factor,

SVMP, LAAO, SVSP, vNGF,
vPDE, PLB, AChE, 5’NUC,

and neprilysins [31,39]

Abbreviations: 3FTx—three-finger toxin, PLA2—phospholipase A2, CRVP—cysteine-rich venom protein,
SVMP—snake venom metalloproteinase, vNGF—venom nerve-growth factor, CVF—cobra venom factor,
LAAO—L-amino acid oxidase, vPDE—venom phosphodiesterase, SVSP—snake venom serine protease,
PLB—phospholipase B, AChE—acetylcholinesterase, 5’NUC—5’-nucleotidase.

3. Proteomic Composition of the Venom from N. kaouthia, N. sumatrana, and O. hannah

Snake venom is a natural resource that can be readily obtained, especially from Malaysian
N. kaouthia, N. sumatrana, and O. hannah. The evolutionary arms race has driven the diversification
of toxins in snake venom. It is a complex mixture comprising: 1) proteins such as phospholipase
A2 (PLA2), L-amino acid oxidase (LAAO), acetylcholinesterase, and protease; 2) peptides such as
disintegrins; 3) low-molecular-weight organic compounds such as carbohydrates and histamines; and
4) inorganic ions such as magnesium, cobalt, iron, and potassium [40]. The cocktail of proteins in
snake venom aids the snakes in capturing and digesting their prey. These proteins can be categorized
as cytotoxins, hemotoxins, neurotoxins, and cardiotoxins [4]. However, the composition of snake
venoms may have inter- and intraspecies variation, depending on habitat, diet, gender, and ontogenetic
development [4,41].

The advancement of mass spectrometry techniques has allowed for the proteomic characterization
of the venom from N. kouthia, N. sumatrana, and O. hannah. A combination of transcriptomic and
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proteomic analyses of N. kaouthia venom has identified proteins such as the three-finger toxin (3FTx),
phospholipase A2 (PLA2), ohanin, cysteine-rich venom protein (CRVP), snake venom metalloproteinase
(SVMP), venom nerve-growth factor (vNGF), cobra venom factor (CVF), cardiotoxin, cytotoxin,
and neurotoxin [36,37]. The proteomic characterization of N. sumatrana venom identified proteins
including PLA2, neurotoxins, cardiotoxin, cytotoxin, 3FTx, CVF, SVMP, CRVP, natriuretic peptide,
aminopeptidase, thaicobrin, complement-depleting factor, kaouthin-1, vNGF, and cobra serum
albumin [38]. Similar proteins, such as 3FTx, SVMP, PLA2, and LAAO, were also identified from the
venom of O. hannah in addition to acetylcholinesterase (AChE), phospholipase B (PLB), 5’-nucleotidase
(5’NUC), neprilysins, and cystatins [31,39].

The common and unique venom proteins from N. kaouthia, N. sumatrana, and O. hannah are
summarized in Figure 1. Five proteins were found to be common to all three cobra species, namely,
3FTx, PLA2, CRVP, SVMP, and vNGF. Between N. kaouthia and N. sumatrana, four shared proteins were
identified, including cardiotoxin, cytotoxin, neurotoxin, and CVF. Ohanin was found in both N. kaouthia
and O. hannah and natriuretic peptides were identified in both N. sumatrana and O. hannah. Cobra serum
albumin, aminopeptidase, thaicobrin, and complement-depleting factor were unique in N. sumatrana
venom. Nine proteins in O. hannah venom were identified to be unique when compared with N. kaouthia
and N. sumatrana, such as, LAAO, Kunitz-type inhibitor, cystatin, insulin-like growth factor, venom
phosphodiesterase (vPDE), 5’NUC, snake venom serine protease (SVSP), AChE, and neprilysins.

Figure 1. Common and unique proteins identified from the venom of Naja kaouthia, Naja sumatrana,
and Ophiophagus hannah. Abbreviations: 3FTx—three-finger toxin, PLA2—phospholipase A2,
CRVP—cysteine-rich venom protein, SVMP—snake venom metalloproteinase, vNGF—venom
nerve-growth factor, CVF—cobra venom factor, LAAO—L-amino acid oxidase, vPDE—venom
phosphodiesterase, SVSP—snake venom serine protease, AChE—acetylcholinesterase,
5’NUC—5’-nucleotidase.

4. Potential AntiCancer Activity of Malaysian Cobra Venom

The idea of utilizing snake venom as an important source of therapeutic agents and focusing
on its anticancer properties has been extensively reviewed [23,24,42]. The investigation of snake
venom’s effects on cancers can be traced back as early as the 1930s [43,44]. Since then, various snake
venom proteins—most notably, LAAO, PLA2, SVMP/disintegrins, and snake venom C-type lectins
(SNACLEC)—have been isolated and characterized for their activity as potential anticancer agents.
The large amount of venom that can be obtained from the Malaysian common cobras renders them
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valuable for further investigation into potential therapeutic uses, especially as anticancer agents.
The anticancer activity of the venom from the cobras is summarized in Table 2.

Table 2. Anticancer activity of Malaysian common cobra crude venom and protein components.

Species
Venom/Protein

Component
Mechanism

Cancer Cell
Type/Tissue

Reference

Ophiophagus
hannah

Crude venom

Cytotoxic activity on pancreatic
cancer cells (EC50; 1.39 ng/mL),
reduced migration activity, and
induction of apoptosis in PaTu

8988t cells

Patu 8988t [45]

Crude venom Reduced tumor-cell-induced
angiogenesis in vivo Zebrafish embryos [45]

L-amino acid
oxidase

(OH-LAAO)

Antiproliferative activity on
murine melanoma, human
fibrosarcoma, and murine

epithelial cells

B16/F10, HT1080,
and Balb/3T3 [30]

OH-LAAO

Cytotoxic activity on human
breast adenocarcinoma cells (EC50

0.05 μg/mL) and apoptosis
induction

MCF-7 [33]

OH-LAAO
Apoptosis induction and

inhibition of prostate tumor
growth

PC-3 xenograft in
nude mice [32]

OH-LAAO
Induced alteration of gene

expression involved in
cytotoxicity and apoptotic effects

MCF-7 [31]

OH-LAAO

Modulation of proteins involved
in stress response, ubiquitination,
proteolysis, cell proliferation, and

apoptosis

MCF-7 [33]

Naja
kaouthia

Crude venom Cytotoxic activity on pancreatic
cancer cells (EC50 1.42 ng/mL) PaTu 8988t [45]

Crude venom

Venom at a nonlethal dose
inhibited tumor-cell proliferation
and showed cytotoxic activity and

apoptosis induction in human
lung cancer cells and leukemic

cells

Ehrlich-ascites cells
(EAC), U937, K562 [47]

Cytotoxin CT3 Histopathological changes in
leukemia cells treated with CT3 A549 and HL60 [48]

Cardiotoxic–cytotoxic
protein

Antiproliferative activity and
apoptosis induction in human

leukemic cells
U947 and K562 [49]

kaotree (N. kouthia)
and atroporin
(Crotalus atrox)
combination

Elevated cytotoxic activity in
various human cancer cells

HBL-100, BT-20,
ZR-75-1, HT-29,

and Diji
[50]

4.1. Ophiophagus Hannah

In a recent study by Kerkkamp et.al [45], the cytotoxic activity of crude O. hannah and N. kaouthia
venom was demonstrated on the human pancreatic cancer cell line (PaTu 8988t) at an EC50 value of
1.39 ng/mL and 1.42 ng/mL, respectively. Selective cytotoxic activity was demonstrated by the crude
venoms with EC50 values of approximately 20 ng/mL on the control cell lines (ZF4 cells; zebrafish
cells) [45]. Furthermore, in-vitro migration and apoptosis assays demonstrated the ability of crude
O. hannah venom to reduce cell migration activity and induce apoptosis, respectively [45]. Using an
in-vivo zebrafish model, PaTu 8988t cells were injected post fertilization of the zebrafish to induce
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an angiogenic response. Treatment with O. hannah venom successfully inhibited the angiogenesis
induction of the cancer cells [45].

LAAO is one of the major enzymatic protein components in O. hannah venom. The enzyme is
categorized under flavoenzymes, which convert L-amino acid into alpha-keto acids with hydrogen
peroxide (H2O2) as a byproduct [40]. The cytotoxic activity of LAAO from different snake species,
including pit vipers and cobras, has been demonstrated in various human cancer cells [51–53]. The
production of H2O2 was noted to be the main cause of cytotoxicity in several experiments [30,54–56].
The apoptosis-inducing activities of snake venom LAAO were also associated with the secondary
production of H2O2 [57,58], but the specific mechanism remains unknown [40]. Interestingly, a
study has demonstrated that LAAO was able to trigger the apoptotic mechanism even without the
presence of H2O2 [59]. In 2014, Lee et.al [46] demonstrated the antiproliferative activity of LAAO
purified from O. hannah (OH-LAAO) on human breast adenocarcinoma (MCF-7) and human lung
adenocarcinoma (A549) with EC50 values of 0.04 μg/mL and 0.05 μg/mL, respectively. The cytotoxic
activity was demonstrated to be selective on the cancer cells with greater potency when compared
with doxorubicin, an established chemotherapeutic agent [33]. The induction of apoptosis partly
contributed to the cytotoxic mechanism, as demonstrated by the increased level of caspase-3/7 and
DNA fragmentation [33]. Similarly, OH-LAAO demonstrated cytotoxic activity against human prostate
adenocarcinoma (PC-3) with an EC50 value of 0.05 μg/mL [32]. The in-vivo activity of OH-LAAO on
nude mice implanted with PC-3 cells showed a significant reduction of tumor size with no obvious
tissue damage in their vital organs [32]. These findings support an earlier study of OH-LAAO
cytotoxicity on several cancer cell lines by Ahn et al. [30]. The investigators demonstrated the
antiproliferative activity of OH-LAAO in murine melanoma cells (B16/F10) and human fibrosarcoma
cells (HT1080) with approximately 74% inhibition at a concentration of 2 μg/mL.

Fung and co-investigators [31] identified a total of 178 genes with significant alteration in
MCF-7 cells treated with OH-LAAO. Amongst these were genes associated with the induction
of apoptosis, such as, BMF (Bcl2 modifying factor), IGFBP3 (insulin-like growth-factor-binding
protein 3), PLEKHF1 (Pleckstrin homology domain-containing, family F member 1), and PPARG
(peroxisome proliferator-activated receptor gamma) [31]. Recent proteomic investigations by
Fung et.al [46] further suggest that the use of OH-LAAO on MCF-7 induced 21 differentially
expressed proteins with various biological functions including apoptosis, proteolysis, stress response,
protein ubiquitination, and oxidoreduction. The authors concluded that the nonspecific oxidative
modification of transcriptional factors caused by OH-LAAO is the key factor in the cell death and
apoptosis induction.

4.2. Naja Kaouthia

Feofanov et.al [48] demonstrated that cytotoxin (CT3) from N. kaouthia induced strong cytotoxic
activity in human lung adenocarcinoma (A549) and human promyelotic leukemia cells (HL60) at an
EC50 value of 2.6 μM and 0.18 μM, respectively. The authors further suggest that the cytotoxic effects
of CT3 in HL60 were noted by their ability to bind strongly to the plasma membrane followed by
internalization of the protein [48]. Furthermore, lysosomes were identified as the primary target of the
cytotoxin that triggered the cytolytic action on the cells. [48]. Permeabilization of the plasma membrane
was noted as a downstream event following lysosome rupture [48]. Interestingly, cytotoxins from
other cobra species such as Naja oxiana and Naja haje demonstrated weak internalization of the protein
in the plasma membrane compared to CT3. In a separate study investigating the anticancer activity
of N. kaouthia crude venom by Debnath et.al [47], nonlethal doses of the crude venom inhibited the
proliferation of various cancer cell lines such as Ehrlich-ascites cells (EAC), human lung lymphoblasts
(U937), and human myelogenous leukemia cells (K562). Morphological changes associated with
apoptosis such as membrane blebbing, chromatin condensation, and fragmentation were common
features in cells treated with the N. kaouthia venom [47]. Furthermore, the solid-tumor growth of
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sarcomas using a Balb/c mice model was significantly reduced when treated with N. kaouthia crude
venom [47].

In a follow-up study by Debnath et al. [49] on N. kaouthia, a lethal protein named cardiotoxic–
cytotoxic protein was purified from the crude venom. The protein was identified through sequence
homology to cytotoxins and cardiotoxins from the venom of other cobra species and demonstrated
significant antiproliferative activity on human leukemic cells (U937 and K562) in a dose-dependent
manner [49]. The leukemic cells treated with the cardiotoxic–cytotoxic protein demonstrated an
increase of caspase-3/-9 activity and an increase of the proapoptotic Bax level, which suggest the
induction of apoptosis [49]. Additionally, a novel protein, named Kaotree, has been identified and
characterized from the venom of N. kaouthia with reports of selective cytotoxic activity on transformed
mammary epithelial cells (HBL-100), mammary gland carcinoma (BT-20), breast cancer cells (ZR-75-1),
and colon adenocarcinoma (HT-29) [50]. The anticancer activity of Kaotree was demonstrated to
have an enhanced killing effect when combined with Atroporin, a snake venom protein derived from
Crotalus atrox [50]. A patent was filed for the anticancer activity of Kaotree and Atroporin (US Patent
No: 5565431) with the claim of a novel method for treating cancer patients.

4.3. Naja Sumatrana

While the anticancer activity of the crude venom of O. hannah and N. kaouthia has been well
documented, to date, there is no available literature on N. sumatrana venom. However, proteomic
characterization of N. sumatrana venom has identified major proteins with well-reported anticancer
activity, such as PLA2, cardiotoxin, and neurotoxin [38]. The anticancer potential of snake venom
PLA2 has been well reviewed [60] and the protein has been isolated from various snake species such
as vipers [61,62], sea snakes [63], and cobras [64]. The cytotoxicity and anticancer activity of PLA2

has been demonstrated by MjTX-II, a PLA2 isolated from Bothrops moojeni, on treated EAC cancer
cells, human breast carcinoma (SK-BR-3), and human T-cell leukemia (Jurkat) [65]. Ammodytoxin
C, PLA2 purified from Vipera ammodytes, showed antitumoral activity against colon adenocarcinoma
(Caco-2) [66]; and RVV-7, a cytotoxic PLA2 from Daboia russellii, displayed significant inhibition
in B16F10 tumors in C57BL/6 mice [67]. In addition to its cytotoxic activity, snake venom PLA2

could also be employed as a model for drug development in humans. A study by Sales et al. [68]
demonstrated similar interactions between PLA2 from Bothrops species and human-secreted PLA2

(HGIIA); which catalyzes the production of potent inflammatory molecules and is commonly associated
with diseases [69]. Therefore, the anti-inflammatory activity of a novel drug can be studied using
snake venom PLA2 for therapy models in humans. Cardiotoxin III (CTX-III) isolated from Naja atra
venom has demonstrated anticancer activities in oral squamous cell carcinoma (Ca9-22) [70], human
breast cancer cells (MDA-MB-231) [71], and human neuroblastoma cells (SK-N-SH) [72]. Cell death
by CTX-III in all cell lines was attributed to the induction of apoptosis through a significant increase
of caspase-3/-9 activity and cell cycle arrest. Alpha-cobrotoxin (α-CbT), a neurotoxin purified from
N. kaouthia venom, prolonged the survival of animals in a non-small cell lung cancer (NSCLC) mouse
model [73].

5. Future Directions and Conclusions

Cancer remains one of the most critical health burden worldwide, including in Malaysia.
The disease presents a major challenge in the discovery and production of therapeutic agents that
are effective, nontoxic, and cause fewer side effects. Anticancer agents from naturally derived
sources—especially animal venom—have demonstrated their potential in cancer therapy. Venom-based
protein/peptide therapeutics has been a subject of interest over the past few decades. Venomous
animals such as scorpions and snakes were widely studied for their therapeutic values with
some advantages and some challenges coming to light [24,74,75]. One of the major promises of
a venom-based therapeutic agent is the specificity and the selectivity of its interaction with the
target molecule. This is crucial to developing an anticancer agent with the ability to differentiate
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between normal and cancerous cells, with significant impact on cell proliferation, migration,
and angiogenesis [76]. Moreover, some venom peptides, such as cytotoxins from N. kaouthia [47]
are small and are able to penetrate cancer cells to trigger the cytotoxic effect. However, because
of its toxic nature and our incomplete understanding of the anticancer mechanism of the venom
proteins/peptides, the number of venom-based therapeutic agents currently in the market are very
low [77].

Technological advancement in proteomics and genomics approaches, such as mass spectrometry
and sequencing techniques, have allowed multiple proteins from venom to be isolated and
characterized for activity. Proteins such as LAAO, PLA2, cytotoxin, and SVMP can be purified,
characterized, and further investigated to determine the mechanisms by which they induce anticancer
activity in vitro and in vivo. The majority of the studies mentioned in this review focused on the
cytotoxicity of the venom/purified venom proteins on cancer cells, but further studies are needed to
elucidate the potential anticancer mechanisms. Data obtained from the studies can serve as a template
for further preclinical and clinical studies to demonstrate the safety and efficacy of these anticancer
proteins. The delivery of the venom protein/peptide-based therapeutics represents another challenge
in this field. However, continued advancements in the field of molecular biology, recombinant
proteins, and drug delivery, such as nanoparticles, could possibly overcome the issues of bioavailability,
pharmacokinetics, and efficacy of snake venom proteins as an anticancer drug. A study by Al-Sadoon
et al. [77] demonstrated that the venom from Walterinnesia aegyptia combined with silica nanoparticles
strongly induced apoptosis in human breast cancer cells with no significant impact on normal breast
epithelial cells. In another study, the combination of venom and silica nanoparticles showed greater
suppression of tumor growth in an in vivo model in nude mice compared to the venom alone [78].

In conclusion, this present review demonstrates that the venom from Malaysian common cobras
could exert anticancer effects by modulating the cancer cell development mechanism and triggering
apoptosis. The widespread availability of the cobras N. kaouthia, N. sumatrana, and O. hannah in the
wild in Malaysia provides a valuable opportunity for researchers to further investigate their venom as
a source of potential anticancer agents.
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Abstract: Bougainvillea (Bougainvillea spectabilis Willd.) is a plant widely used in folk medicine and
many extracts from different tissues of this plant have been employed against several pathologies.
The observation that leaf extracts of Bougainvillea possess antiviral properties led to the purification
and characterization of a protein, named bouganin, which exhibits typical characteristics of type
1 ribosome-inactivating proteins (RIPs). Beyond that, bouganin has some peculiarities, such as a
higher activity on DNA with respect to ribosomal RNA, low systemic toxicity, and immunological
properties quite different than other RIPs. The sequencing of bouganin and the knowledge
of its three-dimensional structure allowed to obtain a not immunogenic mutant of bouganin.
These features make bouganin a very attractive tool as a component of immunotoxins (ITs),
chimeric proteins obtained by linking a toxin to a carrier molecule. Bouganin-containing ITs
showed very promising results in the experimental treatment of both hematological and solid tumors,
and one bouganin-containing IT has entered Phase I clinical trial. In this review, we summarize
the milestones of the research on bouganin such as bouganin chemico-physical characteristics,
the structural properties and de-immunization studies. In addition, the in vitro and in vivo results
obtained with bouganin-containing ITs are summarized.

Keywords: antiviral activity; Bougainvillea; bouganin; cancer therapy; immunotherapy; immunotoxins;
ribosome-inactivating proteins; rRNA N-glycosylase activity; VB6-845

Key Contribution: This manuscript highlights the peculiar features of bouganin, a type 1 RIP,
which possesses a high ratio of activity on DNA with respect to rRNA, low systemic toxicity and no
cross-reactivity with sera against other RIPs. The availability of a de-immunized form of bouganin led
to the construction of immunotoxins showing promising antitumor activity in experimental models
and in a Phase I clinical trial.

1. Introduction

Ribosome-inactivating proteins (RIPs) are a family of plant proteins characterized by an enzymatic
activity classically identified as rRNA N-glycosylase (EC 3.2.2.22). These enzymes, which are widely
distributed among plant genera, specifically remove the A4324 adenine residue of the 28S rRNA in rat
ribosome thus interfering with the ribosome/elongation factor 2 interaction, damaging ribosomes in an
irreversible manner and causing the inhibition of protein synthesis [1]. RIPs also show N-glycosylase
activity on different other substrates, such as mRNA, tRNA, DNA and poly(A) [2,3]. As regards the
structure, RIPs can mainly be divided into two groups: type 1, consisting of a single-chain protein
with enzymatic activity, and type 2, consisting of an enzymatic A-chain linked to a B-chain with
lectin properties. The presence of the B-chain allows the fast internalization of the toxin into the cell,
so conferring to most type 2 RIPs a very high toxicity [4]. RIPs can kill the cells by apoptosis [5,6],
even if other cell death mechanisms are involved in the pathogenesis of RIP intoxication [7,8]. It is
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worth noting that RIPs are also able to depurinate viral nucleic acids. In fact, many RIPs can inhibit
animal and plant viruses through mechanisms that have not yet been fully clarified. There is evidence
that the antiviral action of RIPs cannot be solely attributed to the inhibition of ribosomes, but also to
direct interaction of RIPs with viral RNA or DNA [2,9].

Since 1925, it was known that leaf extracts of some plants were able to prevent the infection of other
plant species when mixed with a suspension of tobacco mosaic virus (TMV) [10]. Those observations
allowed the partial isolation of the antiviral principle of Phytolacca americana [11] and Dianthus
caryophyllus [12]. Afterwards, the antiviral activity was attributed to specific proteins (named pokeweed
antiviral protein (PAP) and dianthin, respectively). Moreover, it was shown that also the protein
synthesis inhibition activity, present in the extracts, was due to the same proteins [13–15]. It was
subsequently established that most of the tested RIPs, including type 2 ones, were able to prevent
infection with TMV in Nicotiana benthamiana leaves, albeit at different concentrations. Plant extracts
with antiviral activity did not prevent the infection of autologous plants but were effective only
on heterologous plants. This led to the conclusion that the antiviral principles acted on the plant,
rather than on the viruses. Further studies showed that the in vitro antiviral activity of RIPs could also
be directed against animal viruses, both RNA and DNA viruses [9].

In medicine, RIPs found application as toxic moiety of conjugates, chimeric molecules specifically
targetable to unwanted cells responsible for pathologic conditions. Conjugates containing RIPs linked
to monoclonal antibodies (mAbs) or their fragments are referred to as immunotoxins (ITs). ITs can
be obtained both by the chemical linkage of the toxic moiety to mAbs and by genetic engineering
to obtain recombinant conjugates [16]. RIP-containing ITs have been included in many clinical trials
against various diseases, often achieving promising results, especially in the treatment of hematological
neoplasms [17].

2. Purification and Antiviral Properties of Bouganin

Bougainvillea spectabilis Willd., also known as “paper flower” or “Bougainvillea”, is a woody vine
belonging to Nyctaginaceae family. It is native to South America but spread all over the world for its
ornamental characteristics. This plant, in fact, is frequently blooming and its bracts have an intense
purple or magenta color.

As for many other RIP-containing plants [18], Bougainvillea has long been used as medicinal
plant, mainly in Latin America and Mexico [19]. The extracts from several plant tissues, mainly leaves,
flowers and stem barks, are utilized in traditional medicine in forms of infusions, decoctions and
tinctures. Drunk as a tea, Bougainvillea extracts are employed against cough, sore throat, flu,
fever, diarrhea, diabetes, hepatitis and liver problems, asthma, bronchitis, to reduce stomach acidity,
dissolve blood clots, regulate menstruation and stop leucorrhea, and for anemia associated with
gastrointestinal bleeding and epigastric pain. Infusion of flowers is drunk as a remedy for low blood
pressure [20].

Several studies have been conducted in order to evaluate the pharmacological activities of
phytochemical constituents isolated from different Bougainvillea tissues. Experimental evidences
showed that such molecules can exert antibacterial, antihyperlipidemic, antidiabetic, antifertility,
antioxidant, anti-inflammatory, and antiulcer activities [21].

The first experimental evidences of antiviral effect of Bougainvillea date back to the 80s when
it was evidenced that the infection of tobacco plants by TMV was prevented by leaf extracts [22,23].
The prevention of the infection was attributed to protein factors.

In 1997, Bolognesi and co-workers identified for the first time the presence of type 1 RIPs in the
leaves of Bougainvillea. At least seven different RIPs were purified by ion-exchange chromatography
of leaf extracts. The authors’ attention focused on the first eluted pick, corresponding to a protein that
was named bouganin. This protein was chosen for further experiments because it had the highest
specific inhibitory activity on cell-free protein synthesis and gave the highest yield after purification.
Bouganin has the properties of type 1 RIP, in that it: (i) is a single-chain protein with a molecular
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mass of about 30 kDa and an isoelectric point in the alkaline region; (ii) inhibits protein synthesis
in a cell-free system (IC50 10 ng/mL) despite its lower activity on whole cells, compared to other
type 1 RIPs; (iii) has N-glycosylase activity; and (iv) has antiviral activity. Moreover, it appeared
to be homogeneous at 99% by reverse-phase High Performance Liquid Chromatography (HPLC)
analysis, and on Sodium Dodecyl Sulphate-PolyAcrylamide Gel Electrophoresis (SDS-PAGE) gave a
single band with mobility corresponding to Mr 26200. The RIP released a single adenine residue from
rat liver ribosomes but several tens of adenine residues from other substrates as rRNA from E. coli,
viral RNA, poly (A) and several hundreds of adenine residues from herring sperm DNA (hsDNA),
thus possessing a polynucleotide:adenosine glycosidase activity [24]. As reported in Table 1 and
Figure 1, bouganin showed the highest activity ratio compared to other type 1 RIPs and to ricin A
chain. This represents an advantage because the RIP can exert its activity on different substrates,
triggering cell death through multiple pathways.

Table 1. Adenine: Polynucleotide glycosidase activity, protein synthesis inhibitory activity and toxicity
of bouganin compared with different type 1 RIPs and ricin A chain.

RIP
Adenine Released Protein Synthesis Toxicity

hsDNA 1 pmol Rat Ribosomes 1 pmol Cell Free 1 103 U/mg * Raji Cells 2 IC50 (nM) Mouse 3 LD50 (mg/kg)

Bouganin 377.7 4.8 75 839 >32 4,#

Dianthin 30 239.9 5.7 96 541 14
Momordin I 27.1 3.9 526 n.a. § 7.4

PAP-S 503.2 5.1 125 n.a. § 2.6
Ricin A chain 48.5 6.2 300 200 5 16 6

Saporin-S6 376.1 19.1 813 23.6 4
1 Data from [26]. * One unit of inhibitory activity (U) is defined as the amount of protein causing 50% inhibition in
1 mL of reaction mixture. 2 Data from [27]. # No mouse died at the higher tested dose (32 mg/kg). 3 Data from
[25]. 4 Datum from [24]. 5 Datum from [28]. 6 Datum from [29]. IC50 is the concentration inhibiting 50% of protein
synthesis; LD50 is the lethal dose for 50% of treated animals. § not available.

Figure 1. Activity ratio of bouganin compared to other type 1 RIPs and ricin A chain. The bar values
represent the ratio between the activity on hsDNA and the activity on cell-free protein synthesis,
expressed as 103 U/mg, as reported in Table 1.

Bouganin prevented systemic infection by artichoke mottled crinkle virus of Nicotiana benthamiana
plants, presumably by inhibiting viral replication at the site of infection. Despite the high specific
enzymatic activity, bouganin showed a very low toxicity for animals (mice); no mouse was killed by a
dosage of 32 mg/kg of bouganin; this dose was very toxic for many other type 1 RIPs. Certainly, bouganin
appears to be one of the least toxic RIPs, in comparison with other well-known RIPs (Table 1) [25].
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3. Recombinant Bouganin and Structure/Function Studies

In 2002, den Hartog and co-workers cloned, expressed, purified, and characterized the recombinant
bouganin. The cDNA, synthetized from total RNA isolated from Bougainvillea leaves, encoded for
a precursor protein of 305 amino-acid residues. On the basis of the bouganin primary sequence,
it was found that 26 residues at the amino-terminal and 29 residues at the carboxy-terminal are
post-translationally removed to produce the mature form, which consists of 250 amino acids.
The 26-residue leader portion is a secretory signal sequence rich in hydrophobic amino acids,
which probably direct the transport of the nascent polypeptide chain across the endoplasmic reticulum
membrane into the endoplasmic reticulum lumen. Bouganin and the other type 1 RIPs have little or
no homology in the C-terminal cleaved amino-acid sequence. This demonstrates that these sequence
motives, of unknown function, are not conserved in nature [30]. The recombinant molecule had
similar enzymatic activity in a cell-free protein synthesis assay and had comparable toxicity on cells as
compared to native bouganin [30].

Subsequently, the three-dimensional structure of bouganin was solved, demonstrating that its
overall structure is like other RIPs, maintaining the typical RIP fold [26]. The N-terminal domain (in red
in Figure 2a) is made up of a mixed β-sheet of seven strands (β1–β9). The five central strands run
antiparallel and the other extern four are parallel to the neighbors. The α2 and the α3 helixes are
connected to short structural motifs of β strands that are respectively the first two and the last two of
the sheets. In bouganin, the C-terminal domain (in green in Figure 2a) is mainly composed of eight
α-helices. This region shows a loop, flanking helix α9, composed of two antiparallel β-strands connected
by a short helix. By site-directed mutagenesis experiments in RIPs, it has been possible to identify five
highly conserved residues, which are involved in N-glycosylase activity and correspond to Tyr70, Tyr114,
Glu165, Arg168 and Trp198 in bouganin [31]. (Figure 2b). Moreover, Phe169, another highly conserved
amino acid near the active site, could play a role in stabilizing the conformation of Arg168 side chain [32].

Figure 2. (a) Ribbon model of the crystal structure of bouganin (accession number Protein Data
Bank 3CTK). The N-terminal and the C-terminal domains are colored in red and green respectively;
(b) Catalytic site of bouganin. The conserved important residues are showed in ball-and-sticks;
(c) Structural comparison between different type 1 RIPs and ricin A chain. Superimposition of the Cα

atoms of bouganin (magenta), dianthin 30 (green), PAP-R (red) and ricin A chain (gold). The figures were
produced by MOLSCRIPT [33] and rendered by RASTER3D [34]; (d) Electrostatic surface potential of
bouganin surface at pH 7. The positive regions are represented in blue and the negative ones are colored
in red. The active pocket is highlighted by a green circle. The figure was produced by GRASP [35].
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Similarly to other RIPs, the active site is in a cleft at the center of the molecule. The authors
suggested an explanation for the lower bouganin activity based on one amino acid substitution.
In fact, the Asn78 in ricin or the corresponding Asn70 in PAP-R that is proposed to be involved
in the interactions with the substrate, probably with the phosphodiester group between the target
adenosine and the subsequent guanosine, was conserved in most considered RIPs except in bouganin,
which has an aspartate in the corresponding position [26]. The backbone super-imposition of bouganin
demonstrates that the central area of the molecule is well super-imposable, while big differences are
reported in the peripherical portions (Figure 2c). Analyzing bouganin electrostatic surface potential,
it is evidenced that the active site is a wide negative cavity, except for a small positive zone determined
by the catalytic residue Arg168 (Figure 2d).

4. Antigenic Properties of Bouganin

Despite the encouraging results obtained with RIP-containing ITs in the treatment of hematological
tumors (see Introduction), about 40% of patients respond producing anti-RIP antibodies [36].
This obstacle can be bypassed through multiple treatments with ITs containing different RIPs that do
not cross-react each other [37]. Nevertheless, it is crucial to identify the most critical epitopes on RIPs
to reduce their immunogenicity and thus improve their therapeutic utility. In this sense, Cizeau and
co-workers undertook pioneering work synthetizing 89 peptides of 15 amino acids, each with an
overlap of 12 residues, covering the mature bouganin protein. Selecting the peptides that induce
T-cell proliferation, through in silico analysis, the residues presented as antigenic determinants for
major histocompatibility complex (MHC) class II recognition were identified. The authors expressed a
bouganin mutant, called de-bouganin, carrying four mutations (Val123Ala, Asp127Ala, Tyr133Asn,
Ile152Ala) that did not affect the catalytic activity of the enzyme but significantly reduced the immune
response of the host versus the toxin [38].

Analysis of the primary structure of wild-type bouganin compared to those of some type 1
RIPs (namely, saporin-SO6, tricosanthin and alpha-momorcharin) shows that a Tyr-Tyr-Phe (YYF)
or Tyr-Phe-Phe (YFF) sequence is present in all the toxins except bouganin. It has been claimed
that YYF/YFF sequences are recognized by different MHC class II alleles, thus justifying the higher
antigenicity of saporin-S6, tricosanthin and alpha-momorcharin than bouganin [39]. The Lys-Arg (KR)
motif, already identified in trichosanthin as responsible of its immunogenicity, is not significantly
represented in conserved positions. Moreover, the bouganin residues inducing immunological
responses (Val, Asp, Tyr and Ile) are not conserved amongst this group of type I RIPs [39].
These characteristics make bouganin a RIP with completely different antigenic properties from
other type 1 RIPs. In effect, if tested with sera against six other type 1 RIPs, namely saporin-S6,
and dianthin 32 (Caryophyllaceae), PAP-R (Phytolaccaceae), momordin I, momorcochin-S and
trichokirin (Cucurbitaceae), bouganin gave no cross-reaction with any tested antiserum [24].

5. Bouganin-Containing Immunotoxins, Preclinical Evaluations

Bouganin represents a good candidate as toxic moiety to obtain ITs because of its high activity
ratio, very low aspecific toxicity reported in animal models and high stability to derivatization and
conjugation procedures [24].

The first bouganin-containing ITs were constructed conjugating bouganin to the M24 mAb
(anti-CD80) and to the 1G10 mAb (anti-CD86) and comparing them to ITs built with the same mAbs
and two different type 1 RIPs, gelonin, and saporin [27]. Bouganin incremented its toxicity on target
cells by 3–4 log upon conjugation, as measured by inhibition of protein synthesis with IC50s ranging
from 4.61 to 192 pM as RIPs, comparable with IC50 values obtained with gelonin-containing ITs
and 1–2 logs higher than saporin-containing ITs built both with the same mAbs and with another
anti-CD80 IT [27,40]. All the anti-CD80 ITs resulted in higher cytotoxic effect than anti-CD86 ones,
probably reflecting a higher antigen affinity and/or better internalization. This difference was more
evident for bouganin-containing ITs. Moreover, bouganin-containing ITs induced apoptosis in target
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cells and they did not significantly affect the recovery of committed progenitors at concentrations up
to 100 nM [27].

Recombinant ITs have the advantage to be stably formulable and less immunogenic than
chemically linked ITs, so they are generally more suitable for clinical use. In 2009, Cizeau and
co-workers genetically linked de-bouganin to an anti EpCAM Fab moiety via a peptidic linker to
create the fusion construct VB6-845. This conjugate bound and selectively killed EpCAM-positive cell
lines with a greater potency than many commonly used chemotherapeutic agents. In vivo efficacy
was demonstrated using an EpCAM-positive human tumor xenograft model in severe combined
immunodeficiency (SCID) mice; the majority of treated mice being tumor free at the end of the
study [38]. The same research group described the intracellular trafficking in EpCAM-positive cells
of VB6-845. De-bouganin recombinant IT was shown to co-localize along with the EEA1 endosomal
and LAMP-2 lysosomal markers after 15 and 45 min whereas it did not traffic via a Golgi/ER
pathway in contrast to ricin [41]. The preclinical evaluation of safety and suitability of VB6-845
as a systemically administered drug for the treatment of solid tumors was performed in animal
models [42,43]. Efficacy studies in mice bearing human tumors demonstrated that VB6-845 specifically
and potently targeted EpCAM-positive tumors. SCID mice bearing subcutaneous ovarian tumor
(NIH:OVCAR-3 cells) were treated with 10 and 20 mg/kg VB6-845 IT. All mice were alive at the end
of the study and no animal reached the endpoint tumor volume (750 mm3). In HRLN nu/nu mice
bearing subcutaneous MCF-7 VB6-845 at 20 mg/kg gave a 70% survival rate over the study period,
with 3 mice achieving a complete tumor regression with no measurable tumor mass. The aspecific
toxicity was evaluated in animal models, in dose-ranging studies. In rats, single doses until 100 mg/kg
of the IT were well tolerated resulting in no-observable adverse effects, but doses of 200 mg/kg caused
mild clinical signs that included excessive licking of forepaws, reddened skin on fore and hind paws,
edema of the forepaws, and a slight decrease in activity level. In Cynomolgus monkeys, two treatments
(+1 and +8 day) for total doses of the IT until 180 mg/kg were well-tolerated when given as a 3-h
infusion mimicking the intended route of administration in the clinic; only mild and transitory clinical
side effects were reported. In addition, VB6-845 proved to be minimally immunogenic in monkeys.
No immune response was observed against either the humanized Fab or the toxin moiety on day 7;
however, antibody responses were detected by day 14, being the reactivity to de-bouganin 3-fold lower
than to the Fab fragment.

Several type 1 RIP-containing ITs were designed to target growth factor receptors on human
tumors, indicating the validity of the idea [44–47]. In 2016, Dillon and co-workers conjugated
de-bouganin to the anti-HER2 mAb trastuzumab. This IT demonstrated greater in vitro potency
on HER2-positive cell lines and higher toxicity against tumor cells with cancer stem cell properties
than the conjugate containing the tubulin inhibitor mertansine conjugated to trastuzumab. In addition,
the authors demonstrated that, unlike for mertansine-trastuzumab IT, T-DM1, the cytotoxic effect
of de-bouganin-trastuzumab was not influenced by MK571, an inhibitor of efflux pumps, which is
responsible for multidrug resistance [48]. Similarly, ABT-737, a Bcl-2 family inhibitor, modulated
T-DM1, but not de-bouganin-trastuzumab cytotoxicity [48]. In the same year, Chooniedass and
co-workers described the engineering and biological activity of de-bouganin genetically linked
to an anti-HER2 C6.5 diabody (deB-C6.5-diab). On breast cancer cell lines, the DeB-C6.5-diab
and de-bouganin-trastuzumab conjugates showed greater cytotoxic activity than auristatin E- and
emtansine-trastuzumab conjugates, demonstrating that de-bouganin is effective against tumor cell
resistance mechanisms selected in response to immunoconjugates composed by anti-microtubule
agents [49]. Main results obtained in preclinical experiments are summarized in Table 2.
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Table 2. Characteristics and efficacy of bouganin-containing ITs in pre-clinical experiments.

Bouganin Carrier Target
In Vitro Studies In Vivo Studies

Ref.
Cell Line IC50 (pM) * Animals Survival Rate

native M24 CD80 Raji (Burkitt’s
lymphomaL) 4.61 n.a. # n.a. # [27]

native 1G10 CD86 Raji (Burkitt’s
lymphomaL) 129 n.a. # n.a. # [27]

de-bouganin 4D5MOCB EpCAM NIH:OVCAR-3
(Ovarian) 700 SCID mice/NIH:OVCAR-3 100% [38]

de-bouganin 4D5MOCB EpCAM MCF-7 (Breast),
NIH:OVCAR-3 (Ovarian) 400 HRLN nu/nu/MCF-7 70% [42]

de-bouganin Trastuzumab HER2 HCC1954 (Breast) 45 CB.17 SCID mice/BT-474 83% [48]
de-bouganin C6.5 diabody HER2 HCC202 (Breast) 22 n.a. # n.a. # [49]

* The IC50 values refer to the cell line resulted the most sensible to the IT in the referenced manuscript. # not available.

6. Bouganin-Containing Immunotoxins, Clinical Evaluations

In 2007, VB6-845 entered a Phase I clinical trial (NCT00481936) sponsored by VIVENTIA Biotech
Inc. (Winnipeg, MB, Canada). The purpose was to determine the maximum tolerated dose of VB6-845
and to evaluate its safety and tolerability when administered as intravenous infusion once weekly for
4 weeks to patients with advanced solid tumor of epithelial origin [43]. Fifteen neoplastic patients
with cancers affecting kidney, ovary, breast, stomach, pancreas, lung, and colon, were enrolled into
the study. The tested dosages were 1.0, 2.0 and 3.34 mg/kg. The maximum treatment duration was
16 weeks. Only one case of dose-limiting toxicity was reported. It was a grade 4 acute infusion reaction,
which occurred in a patient with metastatic renal cell carcinoma treated with IT at 2.0 mg/kg that
showed hypotension and weakness during the third infusion. These reactions were resolved without
consequences after just one day of therapy. Five subjects reported serious adverse events: two of them
were reported as related to study treatment, they were infusion reactions consisting of a symptom
complex characterized by hypotension, fever, and nausea, weakness, drowsiness, chills, and face and
neck hyperemia. The study terminated for corporate reasons unrelated to safety and efficacy of the
IT. The adverse events reported in the literature are those available in the clinical database at the
moment of the early closure of the trial. Exploratory efficacy data revealed encouraging preliminary
results. Seven subjects who completed one full cycle (4 weeks) of treatment showed stable disease
using standard imaging techniques. For five of them was reported a stable disease 1 week after the
completion of the fourth dose. Amongst the three subjects who continued to receive study treatment
after the first cycle, one subject had stable disease at the completion of second (8 weeks) and third
(12 weeks) cycles. In addition, one patient with renal cell carcinoma and one patient with breast
carcinoma had a reduction of the tumor mass [43].

The validity of the bouganin de-immunization approach was assessed on plasma samples from
patients treated with VB6-845 IT, testing their immune responsiveness against both humanized Fab
and de-bouganin. After 2 weeks from the treatment, no patient plasma samples showed a detectable
immune response. After 3 weeks, only 1 patient showed a moderate anti de-bouganin titer, whereas six
of seven patients showed anti-Fab titers. By week 4, anti-Fab titers were detectable in all patients,
whilst only two patients had barely measurable anti-de-bouganin titers [43].

7. Conclusions

The plant toxin bouganin can represent an attractive weapon to construct ITs for the experimental
therapy of human neoplasia. In fact, it shows interesting features with respect to other RIPs, such as
a high ratio of activity on DNA to that on ribosomal RNA and low systemic toxicity. Moreover,
the absence of cross-reactivity with sera against RIPs from other taxonomically related or unrelated
plants can represent a useful property for circumventing the immune response after repeated
administration of ITs. The sequencing of bouganin and the knowledge of its three-dimensional
structure allowed to obtain a not immunogenic mutant of bouganin for clinical use. An IT containing
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modified bouganin showed encouraging results in Phase I clinical trials on patients with advanced
carcinoma. The lack of immune responsiveness towards bouganin in patients illustrates the validity
of the T cell epitope-depletion approach to dampen the immune response and strongly supports the
utility of bouganin as a cytotoxic payload for systemic delivery.
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