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Abstract

Background: Snake venoms are natural sources of proteins and peptides with several biological activities. Therefore, this study aimed to evaluate the in vitro toxicity
of crude Bothrops jararaca (B. jararaca) venom on different human tumor cells and investigate its action mechanism.

Material and methods: The crude venom from B. jararaca was provided by State Foundation for Health Research and Production and Center of Toxicological
Information of Rio Grande do Sul, Brazil. To investigate different sensitivities of normal and cancer cell lines, cell viability was measured by using the MTT and neutral
red uptake assays. Reactive oxygen species was measured by the oxidation of MitoSOX probe by superoxide anion in the mitochondria. Transmembrane mitochondrial
potential was evaluated using Mitostatus probe incorporation. Genotoxicity evaluation was carried out by using alkaline comet assay. The activity of antioxidant enzymes,
superoxide dismutase and Catalase (CAT), was assessed by measuring adrenochrome formation and absorbance of H,0,, respectively. To access the oxidative potential
of crude venom, the oxidation of dichloro-dihydro-fluorescein diacetate probe and the adrenochrome formation were measured after incubation with the venom.

Results: The acute treatment decreased in a dose-dependent manner the cell viability of HT-29, HCT116, MCF7 and HepG2 and the chronic exposition increased
the cytotoxic effect (p>0.05) significantly. No differences in DNA damage or superoxide anion generation were observed in MCF7 cells after treatment. However, the
mitochondrial membrane potential decreased and catalase activity increased after treatment in MCF7 cell line, indicating that the venom cytotoxicity could be due to the
intrinsic apoptosis pathway mediated by mitochondrial damage and oxidative stress. Thus B. jararaca venom exhibited antitumor mechanism related to mitochondrial
damage. Moreover, B. jararaca venom presented an oxidative potential in vitro.

Conclusion: These results contribute to understand the mechanism of action and suggest that snake venoms are a useful source to search new drugs with potential
applications in cancer therapy.

Introduction

Among species of venomous serpents, Bothrops jararaca
(B. jararaca) belongs to the Viperidae family and it is present
in southern and southeastern of Brazil, which is a significant
cause of snakebite envenomation cases in the country [1,2].

Bothrops snake venoms have more than 90% proteins with a
large range of different biological activities [3]. For instance,
it was shown that the crude venom of B. jararaca presents a
wide spectrum of antibacterial activity, against gran-positive
and gran-negative species, evidencing a great antibacterial
potential of B. jararaca venom [4].
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Metalloproteinases, proteinases, L-Amino Acid Oxidase
(LAAO) and phospholipases A2 are the protein classes more
abundant associated with clinical symptoms of intoxications
[5,6]. The flavoenzyme LAAO catalyzes the oxidative
deamination of L-amino acids producing o-keto acids,
ammonia and hydrogen peroxide (H,0,). This enzyme has
attracted and regained the interest of researchers due to its
cytotoxic, anti-microbial, anti-viral effects and tumor cell
proliferation decrease. The LAAO functions were related
directly with oxidative stress and H,0, generation (3,7,8].

The cancer treatment with greater selectivity and fewer
side effects remains one of the most important challenges
to medical research. Potential antitumor effect of bothropic
venom was demonstrated by crude venom toxic effects to
Ehrlich ascites tumor cells, in vitro and in vivo. These effects
were associated with a decrease of inflammatory mediators IL-
10, IL-6 and TNFa [9,10]. Jararhagin, a toxin of B. jararaca with
Zn-dependent metalloproteinase activity, presents cytotoxic,
anti-proliferative and anti-metastatic effects against murine
melanoma cell by inducing the activation of caspase-3, leading
to senescence and apoptosis [11,12]. The BJcuL, a lectin isolated
from B. jararacussu venom, decreased colon adenocarcinoma
cell viability in a dose-dependent manner and proliferation
by inhibiting the proliferating cell nuclear antigen expression,
affected the oxygen uptake and promoted cytochrome c release
from mitochondria [13]. Likewise, other lectins from Bothrops
genus already were associated with cytotoxic effects in tumor
cells [14].

Owing to the complex mixture of proteins and peptides, it
is well known that Bothrops venoms and toxins are especially
intriguing and can be considered a promising natural source
of molecules that have cytotoxic effects against tumor cells.
However, the mechanism of this effect remains to be elucidated
[15]. In this sense, this study aimed to evaluate the in vitro
toxicity of crude B. jararaca venom on different human tumor
cells, focusing on its mechanism of action.

Material and methods
Material and venom acquisition

Dulbecco’s Eagle Medium (DMEM), Fetal Bovine Serum
(FBS), trypsin—Ethylenediaminetetraacetic Acid (EDTA),
L-glutamine, antibiotics (penicillin/streptomycin) were
purchased from Gibco BRL (Grand Island, NY, USA). Methyl
Methane Sulfonate (MMS), catalase, epinephrine and
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide (MTT) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). The H,0,was purchased from Merck (Merck, Brazil).
MitoSOX and Mitostatus were obtained from Invitrogen (Grand
Island, NY, USA) and BD Biosciences (San Diego, CA, USA),
respectively. All others reagents were of analytical grade. The
crude venom from B. jararaca was provided by State Foundation
for Health Research and Production (FEPPS) and Center of
Toxicological Information of Rio Grande do Sul (CIT-RS) (Porto
Alegre, RS, Brazil).

Storage and protein quantification of B. jararaca venom

Crude venom was lyophilized in order to prevent proteolysis
and it was stored at -20°C. Protein amount was quantified by
using Folin method [16]. Briefly, a standard curve was prepared
by using a series of dilutions of bovine serum albumin. The
samples were mixed with Lowry reagent, incubate at room
temperature for 10min, then, mixed with Folin reagent and
incubate for 3omin. The absorbances were measured at
750nm in a spectrophotometer microplate reader (Spectra
Max M2, Molecular Devices, San Jose, USA). For the following
experiments, the venom was diluted in ultrapure water, under
laminar flow, and filtrated using a 0.2pm filter.

Cell lines and culture conditions

Epithelial cells (HEK293T), hepatocellular carcinoma
cells (HepG2), colorectal adenocarcinoma cells (HT-29)
and colorectal carcinoma cells (HTC116) were cultivated in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% of fetal bovine serum (FBS), 100units.mL"* penicillin
and 100pg.mL* streptomycin. Cells of breast adenocarcinoma
(MCF7) were cultured in RPMI 1640 medium. All cell lines were
maintained in an incubator with a humidified atmosphere at
37°C with 5% CO, Cells were obtained from the American Type
Culture Collection (ATCC) bank. All cultures were regularly
tested to ensure the absence of mycoplasma.

Screening of cytotoxic effect

Toinvestigate different sensitivities of cell lines, the viability
was measured by using the MTT assay, as described previously,
with some modifications [17]. Cells were seeded in 96 wells
plates (1x10%cells/well) and exposed to different concentrations
(2.5-30pg.mL™) of crude venom for 24 and 120h before to the
addition of MTT (0.33mg.mL"") for three hours at 37°C. After
incubation, formazan crystals were solubilized in DMSO and
absorbance was measured at 570nm in a spectrophotometer
microplate reader (SpectraMax M2, Molecular Devices and
San Jose, USA). The inhibitory concentration value (IC,)) was
calculated with the equation of the line of viability curve. The
Selectivity Index (SI) was calculated as the ratio between ICSOOf
normal cell line and IC,, of tumor cell line. SI >3 and <6 indicate
moderate selectivity and SI>6 represents high selectivity [18].

Neutral red assay

The cytotoxicity of crude venom of B. jararaca was
confirmed by using neutral red uptake assay, in accordance
with a protocol previously described [19]. This assay is based
on the incorporation of neutral red dye into lysosomes of viable
cells. MCF7 were seeded in 96 wells plate (1,6x10% cells/well)
and exposed to different concentrations (0.25-8pg.mL™) of
crude venom for 120h. Then, cells were washed with PBS and
incubated with 250uL of neutral red solution (25pg.mL-) at
37°C for three hours. After this, cells were washed and incubated
for 30ominutes, protect of light, with adsorbent solution (acetic
acid, ethanol and water, 1:50:49). Absorbance was measured at
540nm in a spectrophotometer microplate reader (SpectraMax
M2, Molecular Devices, San Jose, USA).
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Measure of Reactive Oxygen Species (ROS)

MitoSOX is a cell-permeable non-fluorescent probe that has
an affinity to mitochondria and in the presence of superoxide
anion is oxidized and emits fluorescence. MitoSOX assay was
performed according to the manufacturer’s specifications.
Briefly, after treatment (0.5-2pg.mL™), cells were incubated
with MitoSOX solution for 10 min at 37°C. Then, cells were
washed and analyzed in FACs Calibur Cytometer (Becton
Dickinson, San Jose, CA, USA). The Cell Quest software (Becton
Dickinson, San Jose, CA, USA) was used to calculate the median
fluorescence. Data were expressed as percentages of control,
and 10,000 events were counted in each experiment.

Determination of mitochondrial depolarization

Mitostatus is a cell- permeable, cationic, fluorescent dye that
is quickly sequestered by active mitochondria without inducing
cytotoxic effects. The transmembrane mitochondrial potential
was evaluated using Mitostatus incorporation according to
the manufacturer’s specifications. Briefly, after treatment
(0.5-2pg.mL-for 24h) cells were washed, and incubated with
Mitostatus solution for 3omin in the dark at 37°C. Then cells
were washed and the fluorescence was measured using a
FACSCalibur flow cytometer with Cell Quest software (Becton
Dickinson, San Jose, CA, USA). A total of 10,000 events were
measured per sample, and the percentage of mitochondrial
depolarization was determined.

Genotoxicity evaluation

Alkaline comet assay was performed as described previously
with minor modifications [20]. After treatment with different
concentrations of venom (2-8pg.mL), an aliquot of cells was
dissolved in 0.75% Low Melting Point Agarose (LMA), spread
on agarose-precoated microscope slides and incubated in ice-
cold lysis solution (2.5M NaCl, 100mM EDTA, 10mM, 1% Triton
X-100 and 10% DMSO, pH 10.0) for 24h at 4°C. Slides were
incubated with an alkaline buffer in a horizontal electrophoresis
chamber for 15 min (300mM NaOH and 1mM EDTA, pH 13.0).
Electrophoresis was conducted at 4°C for 20min with an electric
current of 300mA, and 25V. Slides were then neutralized (0.4M
Tris, pH 7.5) and stained with silver nitrate. For the measure
of DNA damage, 100 cells per slide were analyzed by optical
microscopy. Cells were scored into five classes (0-4) according
to relation tail-head. The Damage Index (DI) was calculated to
each slide and ranges from 0 (no tail: 100 cellsx0) to 400(with
maximum migration: 100 cellsx4).

Determination of superoxide dismutase (SOD) and cata-
lase (CAT) activities

After treatment (0.5-2pg.mL™), cells were lysed in lysis
buffer [50mM Tris-HCl, 200mM NaCl, 1mM EDTA, 1% DMSO,
1mM PMSF, plus protease inhibitors EDTA-free tablets (Roche)].
The cellular extract was used for the determination of SOD
and CAT activities. SOD activity was evaluated by quantifying
the inhibition of superoxide-dependent autoxidation of
epinephrine, verifying the absorbance of the samples at 48onm
[21]. Cells were mixed with glycine buffer (50mM, pH10.2),
catalase (10mM) and epinephrine (60mM). Then, absorbance

was immediately recorded each 36s for 15min at 480onm in
SpectraMax M?¢ Microplate Reader (Molecular Devices, San
Jose, USA). One SOD unit is defined as the amount of SOD
necessary to inhibit 50% of epinephrine autoxidation and the
specific activity is reported as SOD Units/mg protein. The CAT
activity was assayed according to the method described by Aebi
[22], based on the decrease in absorbance of H,0, at 240nm.
Briefly, each sample aliquot was added to potassium phosphate
buffer (20mM, pH 7.2). Subsequently, H,0, (10mM) was added,
and the absorbance was immediately recorded each 36s for
s5min at 240nm using SpectraMax M?2® Microplate Reader
(Molecular Devices, San Jose, USA). One CAT unit is defined as
one pmol of H,0,consumed per minute and the specific activity
is calculated as CAT Units/mg protein.

Determination of the venom oxidative potential

To access the oxidative potential of B. jararaca crude venom,
two methodologies were used. Firstly, the crude venom or a
5x dilution of the venom in distillated H,O were incubated
with dichloro-dihydro-fluorescein diacetate (DCFH-DA).
This method is based on the deacetylation of DCFH-DA probe
and its subsequent oxidation by reactive oxygen species into
a fluorescent compound: 2’, 7’-dichlorofluorescein (DCF).
Briefly, PBS (pH 7.4), DCFH-DA (500pM) and the samples
were incubated in a 96-well dark-plates at 37°C for 30 min.
Fluorescence was recorded with a SpectraMax M2 Microplate
Reader (Molecular Devices, San Jose, USA) and the excitation
and emission wavelengths were set as 49onm and 525nm,
respectively. Subsequently, a series of dilutions of the crude
venom were incubated with adrenaline (2mM) to evaluate the
venom potential in accelerate the adrenochrome formation
after adrenaline auto-oxidation. Succinctly, glycine buffer (pH
10.2, 50mM), catalase (100U.mL™), and the test solutions were
incubated in a 96-well plate. After the addition of adrenaline,
the adrenochrome formation was monitored at 480nm at 32°C
for 15min. For comparison purposes, a negative control was
analyzed without addition of the crude venom. The results
were normalized with the total amount of protein.

Statistical analysis

All experiments were independently repeated at least three
times. Results are expressed as mean + standard error of the
mean (SEM). Data were analyzed by one-way or two-way
analysis of variance (ANOVA), and means were compared using
Dunnett’s Multiple Comparison or Bonferroni’s Test Multiple
Comparison, with P<0.05 considered as statistically significant.

Results
Cytotoxicity profile of crude venom in tumor cell lines

To evaluate the cytotoxic ability of B. jararaca crude venom,
tumor and normal epithelial cell lines were analyzed by using
MTT assay. The treatment was performed at 24 and 120h to
simulate an acute and chronic condition, respectively. Our
results showed that B. jararaca venom was highly cytotoxic
on all cell lines and a dose-dependent profile. Besides that,
cells were more sensitive to chronic exposition, evidenced
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by the reduction of IC,  values (Figure 1A-E). No significant
differences between 24 and 120h were found in the HepG2
cell line treatment. Interestingly, the breast cancer cell line,
MCF7, was more sensitive than the normal cell line, HEK293T,
in a chronic treatment at 2.5 and 5ug.mL-, showing moderate
selectivity in these conditions (IS>3 and <6; Figure 1F). The IC, |
was found to be 8.69pg.mL'in HEK293T and 2.80opg.mL-'in
MCF7 after 120h of exposition to the venom. The next step was
to evaluate the venom’s mechanism of action in the MCF?7 cell
line owing to the selectivity that the venom showed in this cell
line. The concentrations used in the next assays were around
the IC, in MCF7 after 120h of exposure.
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Absence of DNA breaks after treatment with crude ve-
nom

Genotoxicity was tested through comet assay aiming to
investigate if the cytotoxicity induced by the venom could
be mediated by DNA damage. Comet assay is a robust and
sensitive method to measure single and double strand breaks
in DNA in individual cells. The results showed that neither in
24h (Figure 2A) nor in 48h (Figure 2B) crude venom induced
breaks in DNA at the tested concentrations. The viability curve
presented a linear profile, supporting that the dose of 8ug.mL~
would already induce cytotoxic effects after 24h. Despite this,
DNA damage was not observed.
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Figure 1: Crude venom from B. jararaca decrease cell viability. Cell viability after 24 and 120h of treatment with crude venom of Bothrops jararaca, by MTT assay. (A)
Normal cell line. (B — E) Tumor cell lines. (F) Cell viability of HEK293T and MCF7 after 120h. Selectivity Index was shown to 120h of treatment. Results are expressed as

mean percentage of negative control + SEM. *Significant difference comparing each concentration to negative control treatment at P<0.05; **P<0.01; ***P<0.001/0One-way
ANOVA/ Dunnett's Multiple Comparison Test. #Significant difference compared both times in each concentration at P<0.05; ##P<0.01; ###P<0.001/Two-way ANOVA/

Bonferroni’s Multiple Comparison Test.
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Crude snake venom induces mitochondrial damage

Mitostatus assay was used to evaluate if the crude venom
would be inducing toxicity by damaging the mitochondrial
membrane potential. Results showed that crude snake venom
induces depolarization of the mitochondrial membrane in a
dose-dependent manner (Figure 3A). This result was very
interesting since the evaluations were performed using
sub-lethal doses and acute treatment time, indicating that
accumulated mitochondrial damage could be the cause of cell
death, mainly intrinsic apoptosis pathway, as evidenced by
another research [23].

Oxidative stress induced by crude snake venom

Given that some compounds present in Bothrops snake
venom are oxidants, the generation of superoxide anion after
24h of treatment with sub-lethal concentrations was measured.
As shown in Figure 3B, no differences were observed between
negative control and treatment groups in MCF7 cell line.
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Figure 2: Crude venom from B. jararaca no increase DNA strand breaks in MCF7 cell
line. DNA damage measure of MCF7 cell line, after 24h (A) and 48h (B) of treatment
with crude venom of Bothrops jararaca, by comet assay. MMS (0.1%/1h) was used

as positive control. Results are expressed as mean percentage of negative control
+ SEM. *Significant difference as compared to negative control at P<0.05; **P<0.01;
***P<0.001/0ne-way ANOVA/ Dunnett’s Multiple Comparison Test.
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Figure 3: Crude venom from B. jararaca increases depolarization of mitochondrial
membrane and catalase activity but no affects neither superoxide generation
nor superoxide dismutase activity in MCF7 cell line. A- Percentage of cell with
depolarization of mitochondrial membrane in MCF7 cells, after 24h of treatment
with crude venom of Bothrops jararaca, by Mitostatus assay. H,0, (1 mM/1h) was
used as positive control. At the top right corner shown a representative histogram as
measured of Mitostatus cell incorporation. In detail the overlay of negative control

(blue), positive control (black) and 2pug.mL" treatment (red). B - Levels of superoxide
anion in mitochondria of MCF7 cells, after 24h of treatment with crude venom. H,0,
(1mM/1h) was used as positive control. C- Activity of Catalase and Superoxide
dismutase in MCF7 extract, after 24h of treatment with brute venom of Bothrops
jararaca. H,0, (ImM/1h) was used as positive control. Results are expressed as
mean + SEM. *Significant difference as compared to negative control at P<0.05;
**P<0.01; ***P<0.001/0ne-way ANOVA/ Dunnett’s Multiple Comparison Test.

To explore the consequences of mitochondrial damage
and verify if oxidative stress could be involved in cell death,
we evaluated the activity of CAT and SOD enzymes related to
detoxification of oxygen reactive species. No differences were
observed in SOD activity (Figure 3C), as well as, in the results
of MitoSOX assay (Figure 3B). However, CAT activity increased
at the same concentration that affected the mitochondrial
membrane potential (Figure 3C).

Neutral red assay confirms sensibility to crude snake
venom

MTT is a tetrazolium salt metabolized by mitochondria
in formazan crystals. Thus, this assay may show a false
positive response since the viability is measured indirectly
by mitochondrial function. As we showed changes in
mitochondrial membrane potential, our results of cytotoxic
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activity of crude venom were confirmed at 120h by Neutral Red
assay, a probe that is incorporated by the lysosomes. The results
showed in Figure 4 confirm that crude venom is cytotoxic at
low concentrations. The IC, found in the Neutral Red assay
was higher than in MTT assay (3.78pug.mL"and 2.80pg.mL,
respectively) corroborating our hypothesis that mitochondrial
damage is the main mechanism of action of crude venom from
B.jararaca.

Oxidant potential of crude venom in vitro

Aiming to analyze the oxidant potential of the venom,
the crude venom samples were incubated with DCFH-DA;
therefore, the oxidation of this probe could be investigated
by the measurement of DCF compound. Figure 5A indicates
that the DCF fluorescence formation was higher after DCFH-
DA incubation with the pure venom when compared to its
5x dilution. To confirm the venom’s oxidative potential, the
adrenaline oxidation was measured after incubation with a
series of venom’s dilutions, and the adrenochrome formation
was recorded. The results (Figure 5B) show that the adrenaline
oxidation decreases with the increased of dilutions and when
compared to the negative control (sample without venom) the
adrenochrome formation was higher, indicating an oxidative
potential of the crude venom.

Discussion

The present study demonstrated the induction of cytotoxicity
by B. jararaca crude venom in several tumor cell lines, with
a moderate selective effect in MCF7 cell line (Figure 1). The
MTT results indicate that crude venom significantly impacts
on cell survival in a dose-dependent manner. The viability
decreases significantly with a chronic exposure indicating a
time-dependent effect. For instance, MCF?7 cell line showed an
increase of five times in the IC,  at chronic treatment compared
with acute exposure. Tumor cytotoxicity of compounds from
venom’s snakes already was reported in MCF7 [24], HT-29

Viability % of negative control

B. jararaca (ug/mL)

Figure 4: Crude venom from B. jararaca decrease cell viability of MCF7 cell line. Cell
viability of MCF7 cell line, after 120h of treatment with brute venom of Bothrops
jararaca, by Neutral Red assay. IC50 in this experimental conditions was 3.78ug.

mL". Results were expressed as mean percentage of negative control + SEM.
*Significant difference as compared to negative control treatment at P<0.05;
**P<0.01; ***P<0.001/0ne-way ANOVA/ Dunnett's Multiple Comparison Test.”
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Figure 5: Crude venom from B. jararaca presents an oxidative potential. A —
Crude venom was incubated with DCFH-DA and its oxidation product, DCF, was

measured. B — Adrenaline oxidation was evaluated by adrenochrome formation
after incubation with the venom.

and HCT 116 cell lines [25]. Commonly, cell death by antitumor
compounds is mediated by direct or indirect DNA damage
[26,27]. Nevertheless, this outcome was not observed in the
crude venom from B. jararaca, neither in 24h nor in 48h of
treatment (Figure 2). Recently it was described that crude
venom from B. jararaca and B. erythromelas exhibited a cytotoxic
effect promoting cell cycle arrest and inducing apoptosis
through mitochondrial depolarization in cervical cancer cells
[23]. Mitochondrial damage is related to intrinsic apoptosis
pathway activation by cytochrome c release and caspase cascade,
mediated production of hydrogen peroxide [13]. Alves, et al.
[28], also evidenced that LAAO isolated from B. atrox activates
apoptosis intrinsic pathway with a cascade of caspase initiated
by mitochondrial pathway and Klein, et al. [29], showed that
Jararhagin increased expression of cell-cycle and apoptosis-
related genes, as CASP3 and TP53. Our results showed that the
crude venom induced mitochondrial membrane depolarization
(Figure 3A) and, consequently, increased the catalase activity
(Figure 3C) in acute exposure of sub-lethal doses, suggesting
this effect as the initial toxic mechanism. The oxidative damage
seems to be caused by the generation of H,0,, mainly substrate
of catalase since the activity of superoxide dismutase activity
and levels of anion superoxide were not altered (Figure 3B-C).
To verify the hypothesis of ROS generation by the venom, the
oxidative potential of the crude venom was analyzed (Figure
5) and the results indicate an oxidative mechanism induced
by the venom that possibly is related to the oxidative damage
induced by the samples into the cells. Therefore, our results
suggest that the mechanism of cytotoxicity induced by crude
venom (Figure 6) is through impaired mitochondrial function
and generation of oxidative stress.

Conclusion

B. jararaca snake venom exhibits antitumor action related
to mitochondrial damage, and the increase of catalase activity
suggests that oxidative stress could be associated with this
process by the generation of H,0, caused by the oxidative
deamination of L-amino acids by LAAO. The next steps
involve evaluating whether crude venom directly affects the
mitochondrial status or whether it is mediated by secondary
pathways. In addition, the role of H,0, should be better
understood for correlated cytotoxicity effect with venom
composition. Our results confirmed crude venom from B.
jararaca as a potent source to investigate new drugs with

potential applications in cancer therapy.
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Figure 6: Representative mechanism of crude venom from B. jararaca. A complex mix of protein and peptides acting in mitochondrial function promoting decrease of
mitochondria membrane potential and induced the H,0, production. This damage promotes oxidative stress, activate intrinsic apoptosis pathway by cytochrome c release
and activated caspase cascade.
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