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Abstract. Snake venoms, composed of diverse bioactive components and shaped by ecological dynamics, exhibit species-specific 
cellular effects, making them valuable models for studying adaptation and potential toxin-mediated therapeutic mechanisms. In this 
study, we investigated the in vitro effects of crude venoms from two viperid snake species from Turkey, Montivipera xanthina (Ottoman 
viper) and Vipera ammodytes meridionalis (Eastern long-nosed viper), on the human non-small-cell lung cancer cell line A549. Protein 
contents of the venoms were quantified using the Bradford method. Cytotoxicity and DNA damage were evaluated using the XTT 
and alkaline comet assays. Apoptosis, cell-cycle distribution, and intracellular reactive oxygen species (ROS) production were assessed 
by flow cytometry and DCFH-DA fluorescence assay. Our results demonstrate that both venoms exert cytotoxic effects on A549 cells, 
significantly induce DNA strand breaks, and trigger apoptosis, ROS production, and G2/M phase arrest, with V. a. meridionalis venom 
showing a more substantial impact than M. xanthina venom. These findings underscore the biologically active nature of M. xanthina 
and V. a. meridionalis venoms and support their further exploration as part of the growing understanding of venom diversity and 
toxin-mediated cellular effects within Viperidae. 
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Introduction 
 
Snake venoms have received considerable attention as rich 
sources of bioactive molecules, peptides, and proteins (Li et 
al. 2018). Approximately 3,400 snake species are described 
worldwide within the suborder Serpentes, of which around 
600 species belonging to four major families (Viperidae, 
Elapidae, Atractaspididae, and Colubridae) are venomous (Uetz 
et al. 2026). These venoms, which primarily evolved for 
predation, exhibit substantial interspecific and intraspecific 
variation that reflects ecological adaptations such as prey 
preference, developmental stage, and environmental 
conditions (Sunagar & Moran 2015, Holding et al. 2021). This 
diversity gives rise to a wide spectrum of toxic effects, ranging 
from neurotoxicity to cytotoxicity (Harris et al. 2020, Smith et 
al. 2023). 

Snake venom research is inherently interdisciplinary, 
contributing to our understanding of envenomation biology, 
antivenom development, and venom evolution. Venom toxin 
genes diversify rapidly under stabilizing and positive 
selection, and comparative studies have demonstrated that 
interspecific differences often correlate with prey use and 
ecological niche differentiation (Modahl et al. 2018, Dowell et 
al. 2025). Accordingly, snake venoms provide powerful 
model systems for investigating functional diversification in 
relation to ecology and evolution (Rokyta et al. 2012, Dowell 
et al. 2025). 

Beyond their ecological and evolutionary significance, 
snake venoms have long been recognized as important 
sources of pharmacological inspiration (Roman-Ramos & Ho 
2024, Zona Rubio et al. 2025, Xu et al. 2026). Since the approval 
of the first venom-derived drug, captopril, in 1975, several 
additional compounds, including Aggrastat® (tirofiban), 
Integrilin® (eptifibatide), and Defibrase® (batroxobin), have 
entered clinical use (Koh & Kini 2012, Waheed et al. 2017). 
Over the past decade, there has been growing scientific 
interest in the anticancer properties of snake venoms and their 

isolated components, with numerous in vitro studies 
demonstrating effects on cancer cell proliferation, apoptosis, 
and oxidative stress pathways (Sawan et al. 2017, Li et al. 
2018, Stransky et al. 2018, Kerkkamp et al. 2018, da Silva et al. 
2025, Ramesh et al. 2025). 

Snake venoms are conventionally classified as neurotoxic, 
hemotoxic, or cytotoxic based on their dominant 
physiological effects (Aarti & Khusro 2013). However, this 
tissue-based classification is largely descriptive and does not 
adequately capture the underlying molecular mechanisms. 
Recent in vitro studies, therefore, emphasize the need for 
mechanistic classifications grounded in cellular responses, 
particularly for cytotoxic venom components, to improve 
biological interpretation and translational relevance 
(Bittenbinder et al. 2024). 

Approximately 90–95% of venom dry weight consists of 
enzymatic components such as phospholipase A₂ (PLA₂), 
snake venom metalloproteinases (SVMPs), L-amino acid 
oxidases (LAAOs), and serine proteases (SVSPs), together 
with non-enzymatic proteins and peptides including 
disintegrins, growth factors, Cystein-rich secretory proteins 
(CRISPs), and Kunitz-type protease inhibitors (Aird 2002, 
Chaisakul et al. 2016). This complex molecular composition 
indicates that snake venoms act through additive and 
synergistic mechanisms; consequently, studies employing 
crude venoms remain essential for capturing their integrated 
biological activity (Almeida et al. 2017, Marinho et al. 2024). 
In this context, cell-based assays provide a powerful platform 
for assessing venom-induced cytotoxicity, genotoxicity, 
apoptosis, and oxidative stress responses (Lopes-de-Souza et 
al. 2019, Avella et al. 2025). 

The human A549 cell line, derived from lung 
adenocarcinoma, represents a well-established model for in 
vitro toxicity screening of snake venoms and anticancer 
agents. These cells retain key characteristics of type II alveolar 
epithelial cells, including surfactant production, 
multilamellar bodies, and substantial xenobiotic-



H. Hüriyet et al. 
 

54 

metabolizing capacity, making them particularly suitable for 
evaluating pulmonary responses to biological toxins (Lieber 
et al. 1976, Foster et al. 1998). Owing to their intrinsic 
sensitivity to oxidative stress and apoptosis, A549 cells are 
used in venom cytotoxicity studies and provide translational 
relevance for assessing viperid venom-induced cellular 
damage alongside their established role in anticancer research 
(Kurkute et al. 2023, Basumatary et al. 2024, Rayapati et al. 
2024). 

Despite growing interest in the cytotoxic properties of 
viperid venoms, available data remain fragmented across 
taxa (Hiu & Yap 2020, Siigur & Siigur 2022). In this study, we 
focus on two medically and biologically distinct viperid 
species, Montivipera xanthina (Ottoman viper) and Vipera 
ammodytes meridionalis (Eastern long-nosed viper) from 
Türkiye. Although several Montivipera species have been 
investigated (Nalbantsoy et al. 2016, 2017), studies specifically 
addressing M. xanthina are scarce and largely limited to 
general cytotoxicity in a small number of cell lines 
(Nalbantsoy et al. 2013, Yalçın et al. 2014). Data for V. a. 
meridionalis are even more limited, particularly regarding its 
genotoxic and oxidative effects, despite its medical 
importance and the well-characterized venom composition 
within  the Vipera ammodytes complex (Doumanov et al. 2015, 
Goranova et al. 2020) 

These two species represent distinct venom phenotypes 
within Viperidae: M. xanthina venoms are relatively rich in 
metalloproteinases associated with hemorrhagic and tissue-
degrading effects, whereas V. a. meridionalis venoms are 
enriched in phospholipase A₂ and serine proteases with 
strong procoagulant and neurotoxic activities (Munawar et al. 
2011, Damm et al. 2024, Georgieva et al. 2008). Evaluating 
these species from different regions of Türkiye, therefore, 
enables a rigorous comparison of venom-induced cellular 
toxicity under standardized in vitro conditions. By 
systematically assessing cytotoxicity, DNA damage, 
apoptosis, cell-cycle distribution, and reactive oxygen species 
(ROS) generation across multiple endpoints, this study 
addresses a critical gap in our understanding of species-
specific venom effects and their underlying molecular 
mechanisms. 
 
 
Materials and methods 
 
Origins of analyzed venoms and ethical statement  
Venom samples of M. xanthina and V. a. meridionalis were kindly 
provided by the Zoology Museum of Bursa Uludağ University, where 
the specimens had been collected during authorized field surveys. V. 
a. meridionalis individuals were collected from the Kaplıkaya Valley 
on the southern slopes of Mount Uludağ (Bursa Province; 760–1000 m 
a.s.l.), and M. xanthina specimens were sourced from the Taurus 
Mountains along the Beyşehir–Manavgat road (Antalya Province; 
~1550 m a.s.l.). 

The present study was conducted using in vitro cell culture assays, 
and no live animals were used for the analyses. Venom extraction 
procedures were previously performed by qualified personnel in 
strict accordance with the providing organization's institutional 
guidelines; therefore, no additional ethical committee approval was 
required for the current cell culture experiments. To ensure a 
representative toxin profile and account for biological variation, crude 
venom was collected from four mature individuals per species (n = 4). 
Initially, each venom sample was centrifuged separately at 2000 × g 

for 10 min at 4 °C to remove cellular debris. Subsequently, equal 
volumes of the resulting supernatants were pooled to yield a single 
representative stock sample per species, which was then aliquoted 
and stored at −80 °C until cell culture exposures. 
 
Protein concentration determination 
Protein concentrations of snake venoms were determined using the 
Bradford method (Bradford 1976). Bovine serum albumin was used as 
a standard, and readings were performed in triplicate at 595 nm using 
a UV-visible spectrophotometer. 
 
Cell line and culture conditions 
A549 human epithelial lung alveolar carcinoma cells (CCL-185) were 
purchased from American Type Culture Collection (ATCC). Cells 
were maintained in RPMI-1640 medium supplemented with 10% fetal 
bovine serum, 2 mM L-glutamine, and penicillin-streptomycin (50 
µg/mL). The cells were incubated at 37°C in a humidified atmosphere 
of 5% CO2. 
 
Cytotoxicity assessment (XTT assay) 
The XTT assay was used to evaluate the effects of snake venoms on 
A549 cell viability. Cells were exposed to optimized serial 
concentrations reflecting each venom's specific potency: 0.2, 0.4, 0.8, 
1.2, 1.6, 3.2, and 6.4 µg/mL for M. xanthina and 0.1, 0.2, 0.4, 0.8, 1.2, 
and 1.6 µg/mL for V. a. meridionalis for 24 h. These dynamic ranges 
were specifically selected to exclude ineffective low doses or 
saturating high doses, thereby ensuring reliable IC12.5, IC25, IC50, and 
IC75 calculations. Untreated cells served as negative controls, while 1 
mM hydrogen peroxide (H2O2) was utilized as a positive control. 
Following the treatment, XTT reagent was added and incubated for 4 
h. The optical density was measured at 450 nm (with a reference at 630 
nm) by a UV-visible spectrophotometer (Scudiero et al. 1988). 
Experiments were performed in three independent XTT assays  

The % viability was determined as formulated below: 
% Viable cells = [(The absorbance of the treated cells) ‒ (the 
absorbance of the blank)]/[(The absorbance of the control) – (the 
absorbance of the blank)] × 100 
 
Genotoxicity evaluation (alkaline comet assay) 
The alkaline comet assay was performed to detect DNA strand breaks 
in A549 cells. Due to the differing cytotoxic potencies of the venoms, 
treatment concentrations were selected based on an equitoxic 
approach. A549 cells were treated with a dose-response series 
including the calculated IC12.5, IC25, IC50, and IC75 values, along with 
additional flanking concentrations.  Specifically, cells were exposed 
for 24 h to 0.1, 0.2, 0.4, 0.8, 1.6, and 3.2 µg/mL of M. xanthina and 0.05, 
0.1, 0.2, 0.4, and 0.8 µg/mL of V. a. meridionalis. This range enabled 
observation of DNA damage from baseline levels to significant 
growth-inhibition stages. Untreated cells served as the negative 
control, while 1 mM H2O2 was utilized as the positive control. After 
cell treatment, the alkaline comet assay was performed according to 
Singh et al. (1988), with some modifications (Costa et al. 2008). Briefly, 
A549 cells were harvested and embedded in 0.8% low-melting 
agarose on slides precoated with normal-melting agarose. Slides were 
then placed in precooled lysis solution (2.5 M NaCl, 0.1 M EDTA, 10 
mM Tris base, pH 10) with 1% Triton X for one hour at 4 oC. Cells were 
then denatured in alkaline buffer (0.3 M NaOH, one mM EDTA) for 
30 min in the dark at room temperature. Electrophoresis was 
performed at 25 V and 300 mA for 30 min. After neutralization and 
dehydration in 70% ethanol for 10 minutes, the slides were air-dried 
and stained with ethidium bromide (EtBr). The comets were examined 
under a Nikon epifluorescence microscope with a digital camera 
(Kameram 21) using image-processing software (Arganit Mikrosistem 
Comet Assay). Three comet parameters, tail length, tail % DNA, and 
olive tail moment, were evaluated. 
 
Apoptosis measurements 
The venom concentrations used for apoptosis measurements were 
selected based on the 50% inhibitory concentration (IC50) values 
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obtained in XTT experiments. After treatment of A549 cells with IC50 
concentrations of snake venoms for 24 h, the ratios of live, early 
apoptotic, late apoptotic, and dead cells were evaluated using Muse™ 
Cell Analyzer and Muse™ Annexin V and Dead Cell Assay Kit (Merck 
Millipore) as previously described by Lewińska et al. (2015). H₂O₂ at 
a concentration of 20 mM was used as the positive control of apoptosis 
induction.  
 
Cell cycle analysis 
The venom concentrations used in cell-cycle experiments were also 
selected based on the IC50 values obtained from XTT assays. After 
treating A549 cells with corresponding IC50 concentrations of snake 
venoms, the percentages of cells in the G0/G1, S, and G2/M phases of 
the cell cycle were assessed using Muse™ Cell Analyzer and Muse™ 
Cell Cycle Kit according to the manufacturer's instructions (Merck 
Millipore). 
 
Intracellular ROS production 
The intracellular ROS was determined by using the OxiSelect™ 
Intracellular ROS Assay Kit. Cells were grown in a 96-well cell culture 
black plate. After removing the medium and washing the cells twice 
with PBS (phosphate-buffered saline), 200 µl 1X 2',7’-
dichlorofluorescein diacetate (DCFH-DA) substrate solution was 
added to the cells and left for incubation at 37 ºC for 120 min. At the 
end of the incubation, the cells were washed twice with PBS. ROS 
were measured in A549 cells treated with M. xanthina and V. a. 
meridionalis venoms at IC75, IC50, IC25, and IC12.5 concentrations, as 
determined by the XTT assay. In addition, H2O2 at a single 
concentration of 1mM was used as a positive control. After incubation 
with venoms and H2O2 for 6 hours, the cells were read on a standard 
fluorescence plate reader. The ROS contents were determined by 
comparison with the predetermined DCF standard curve. 
 
Statistical analysis 
Statistical analyses were performed with the SPSS 23 package 
program. The Mann-Whitney U test was used to analyze the data that 
did not fit a normal distribution. The normally distributed data were 
analyzed using Tukey's test (if the data were homogeneous) and 
Tamhane's test (if the data were not homogeneous). Significance was 
ascribed at P < 0.05. 
 
 
Results 
 
Protein content  
According to the Bradford method, crude venom protein 
concentrations were estimated to be 256.2 µg/mL and 165.8 
µg/mL for M. xanthina and V. a.  meridionalis, respectively. 
 
Cytotoxicity (XTT assay) results 
The results of the XTT assays with V. a. meridionalis and M. 
xanthina crude venoms on A549 cells are demonstrated in 
Figures 1A and 1B, respectively. As shown in the figures, 
treatment with M. xanthina (0.2 - 6.4 µg/mL) and V. a. 
meridionalis (0.1 - 1.6 µg/mL) crude venoms significantly and 
dose-dependently decreased A549 cell viability (P < 0.05). The 
calculated IC25, IC50, and IC75 values of both venoms on A549 
cells are given in Table 1. A comparison of the toxicity of both 
venoms indicates that V. a. meridionalis venom (IC50: 0.429 
(1SD: 0.018) µg/mL) is more toxic than M. xanthina venom 
(IC50: 1.553 (1SD: 0.578) µg/mL) on A549 cells. 
 
Genotoxicity (comet assay) results 
Comet assay values obtained from A549 cells treated with V. 
a. meridionalis venom are demonstrated in Figure 2. As shown 
in the figure, all tested concentrations of V. a. meridionalis 

crude venom (0.05, 0.1, 0.2, 0.4, and 0.8 µg/mL) significantly 
and dose-dependently increased tail length and tail % DNA 
values in A549 cells (P < 0.05). Similar effects were observed 
in the olive tail moment parameter except for the lowest 
concentration of 0.05 µg/mL (P > 0.05). The comet assay 
results following exposure of A549 cells to M. xanthina (0.1, 
0.2, 0.4, 0.8, 1.6, and 3.2 µg/mL) venom are demonstrated in 
Figure 3. As shown in the figure, significant increases in all 
three comet parameters were observed (P < 0.05) except for 
the lowest concentration of 0.1 µg/mL (P > 0.05). 
 
Apoptosis  
The percentage of apoptotic A549 cells following 24 h 
exposure to IC50 concentrations of V. a. meridionalis (0.429 
µg/mL) and M. xanthina (1.553 µg/mL) venoms is 
demonstrated in Figure 4. As shown in the figure, both 
venoms significantly increased the percentage of apoptotic 
A549 cells (P < 0.01) while decreasing the percentage of live 
cells. On the other hand, we observed that the percentage of 
apoptotic A549 cells induced by M. xanthina venom (51.62 %) 
was higher than that induced by V. a. meridionalis venom 
(25.67 %) 
 
 

Table 1. IC₁₂.₅, IC₂₅, IC₅₀, and IC₇₅ values of M. xanthina and V. a. 
meridionalis venoms on A549 cells, as determined by the XTT 
assays. Values are presented as mean (1SD). 

 

IC Value M. xanthina   V. a. meridionalis  
IC12.5 0.388 (1SD: 0.144) µg/mL 0.107 (1SD: 0.005) µg/mL 
IC25 0.776 (1SD: 0.289) µg/mL 0.214 (1SD: 0.010) µg/mL 
IC50 1.553 (1SD: 0.578) µg/mL 0.429 (1SD: 0.018) µg/mL 
IC75 2.330 (1SD: 0.868) µg/mL 0.644 (1SD: 0.028) µg/mL 

 
 

 
 

Figure 1. Viability of A549 cells treated with venoms of (A) V. a. 
meridionalis and (B) M. xanthina. Data represent the average of 
three independent XTT assays. Error bars show standard error 
(1SE). Asterisks indicate significant differences from the control 
(*P < 0.05, **P < 0.01, ***P < 0.001). 
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Figure 2. Comet assay results obtained from A549 cells following 
exposure to V. a. meridionalis venom. C: Control, PC: Positive 
control. Bar graphs show mean (1SE). Asterisks indicate 
significant differences from the control (*P < 0.05, **P < 0.01,  
***P < 0.001).

 

 
 

Figure 3. Comet assay results obtained from A549 cells following 
exposure to M. xanthina venom. C: Control, PC: Positive  
control. Bar graphs show mean (1SE). Asterisks indicate 
significant differences from the control (*P < 0.05, **P < 0.01,  
***P < 0.001). 

 
 
 
Cell cycle arrest 
The changes in the cell cycle distribution of A549 cells treated 
with the snake venoms are summarized in Figure 5. As 
demonstrated in the figure, a 24 h treatment with the 
corresponding IC50 concentrations of both M. xanthina (23.83 
%) and V. a. meridionalis (22.60 %) venoms caused significant 
accumulation of A549 cells in the G2/M phase of the cell cycle 
compared to 16 % of untreated control cells (P < 0.05). 
 
Intracellular ROS production 
The potential of snake venoms to induce oxidative stress was 
assessed by measuring the ROS levels in A549 cells (Figure 6). 
Statistical analyses showed that treatment with IC75, IC50, IC25, 
and IC12.5 concentrations of both V. a. meridionalis (Fig. 6A) and 
M. xanthina (Fig. 6B) venoms significantly induced the 
intracellular production of ROS in A549 cells compared to 
untreated control cells (P < 0.05). 
 

Discussion 
 
Although snake venoms possess a wide range of biological 
activities, their primary trophic role is the immobilization of 
prey. Consequently, inter- and intraspecific variation in 
venom composition stems from differences in prey 
preference, age, sex, and environmental conditions. While 
ecological data provide a framework for understanding 
venom diversity, characterizing the functional impact of these 
variations is essential for biomedical discovery. In the present 
study, we evaluated the in vitro biological effects of crude 
venoms from two Viperidae species, M. xanthina and V. a. 
meridionalis, collected from distinct ecological regions in 
southern and western Türkiye. M. xanthina specimens were 
sourced from open, rocky mountain habitats in the Taurus 
Mountains (Antalya Province), characterized by 
Mediterranean-type montane vegetation.  
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Figure 4. Effects of snake venoms on the apoptosis of A549 cells 
determined by the Muse™ Cell Analyzer and Muse™ Annexin V 
& Dead Cell Assay Kit (Merck Millipore). (A) Representative 
apoptosis plots in A549 cells. (B) Bar graph showing the 
percentage of live and total apoptotic cell populations (PC: 
Positive control). Data are presented as mean (1SE) from three 
independent experiments. Asterisks indicate significant 
differences from the control (*P < 0.05, **P < 0.01, ***P < 0.001). 

 
 

 
 

Figure 5. Alterations in the percentage of A549 cells treated with 
snake venoms in G₀/G₁, S, and G₂/M phases of the cell cycle, 
determined by the Muse™ Cell Analyzer and Muse™ Cell Cycle 
Assay Kit (Merck Millipore). (A) Representative cell-cycle 
histograms from control and treatment groups. (B) Bar graph 
summarizing data from three independent experiments. Data are 
presented as mean (1SD). Asterisks indicate significant differences 
from the control (*P < 0.05, **P < 0.01, ***P < 0.001). 

 
 

Figure 6. Effects of (A) V. a. meridionalis and (B) M. xanthina venoms 
on ROS generation in A549 cells. Data represent the average of 
three independent experiments. Error bars show standard error 
(1SE). Asterisks indicate significant differences from the control 
(*P < 0.05, **P < 0.01, ***P < 0.001). 

 
 

In contrast, V. a. meridionalis individuals were collected 
from the southern slopes of Mount Uludağ (Bursa Province), 
characterized by open rocky clearings within mixed 
deciduous forests. These divergent geographical and habitat 
conditions may underlie variations in venom composition 
and bioactivity profiles. 

Previous research has demonstrated the cytotoxic effects 
of venoms from various Montivipera species, including M. 
wagneri, M. bornmuelleri, and M. raddei (Nalbantsoy et al. 2016, 
2017, Sawan et al. 2017). However, studies focusing on M. 
xanthina are limited, with reported IC50 values ranging 
between 3.8 and 12.7 µg/mL in different cancer cell lines 
(Nalbantsoy et al. 2013, Yalçın et al. 2014), whereas a lower 
value of 0.73 µg/mL has been reported in noncancerous 
fibroblast cells (Yalçın et al. 2014). Cytotoxicity evaluations of 
venoms from Vipera ammodytes and its subspecies (V. a. 
transcaucasiana, V. a. ammodytes, and V. a. montandoni) in 
carcinoma cell models have yielded IC₅₀ values between 1 
and 20 µg/mL (İğci et al. 2016, Çelen et al. 2018, Boda et al. 
2018, Hempel et al. 2018), whereas data on V. a. meridionalis 
remain limited. Our findings demonstrate that both venoms 
exert cytotoxic effects on A549 cells, with IC₅₀ values of 1.55 
µg/mL for M. xanthina and 0.429 µg/mL for V. a. meridionalis. 
While the IC₅₀ value obtained for M. xanthina is consistent 
with previously reported data, the markedly lower IC₅₀ 
observed for V. a. meridionalis suggests a higher cytotoxic 
potency compared to those reported for other V. ammodytes 
subspecies. 

Venoms of both species contain cytotoxic components 
typical of Viperidae, including PLA2, SVMPs, SVSPs, 
disintegrins, and LAAO (Arikan et al. 2003, Georgieva et al. 
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2008). Each of these components contributes to venom 
cytotoxicity through distinct yet partially overlapping 
mechanisms, such as membrane disruption, extracellular 
matrix degradation, inhibition of cell proliferation, and 
induction of oxidative stress (Cheng et al. 2008, Resiere et al. 
2022, Leonardi et al. 2019, Costa et al. 2018). Proteomic 
differences between M. xanthina and V. a. meridionalis, 
particularly the higher proportional abundance of PLA₂, 
SVSP and LAAO toxins in V. a. meridionalis venom, likely 
account for its higher cytotoxic potency (Georgieva et al. 2008, 
Hempel et al. 2018, Damm et al. 2024). An additional notable 
difference is the exclusive presence in V. a. meridionalis venom 
of a unique acidic PLA₂ subunit as part of the heterodimeric 
neurotoxin vipoxin (Georgieva et al. 2008). Although this 
acidic subunit is catalytically weak on its own, it stabilizes and 
modulates the activity of the basic PLA₂ component within 
the heterodimeric complex. Such modulation may influence 
toxin bioavailability, membrane interactions and cellular 
targeting, thereby contributing to the pronounced cytotoxic 
effects observed in our A549 cell model 

Given the central role of ROS in oxidative stress, several 
studies have reported that treatment with viper venom 
elevates intracellular ROS in cancer cells, primarily through 
the activities of PLA2, LAAO, and SVMPs that catalyze redox 
cycling and oxidative deamination reactions (Suzuki et al. 
1997, Cheng et al. 2008, Park et al. 2009, Al-Asmari et al. 2016, 
Costa et al. 2018). In agreement with previous findings, our 
study demonstrated significantly increased ROS levels in 
A549 cells following venom exposure, with V. a. meridionalis 
producing more substantial effects, potentially attributable to 
its higher PLA2 and LAAO content. However, validation 
specific to each component would be required to confirm this 
association. 

In the majority of anticancer studies, snake venoms have 
been investigated for their ability to prevent invasion, cause 
cell cycle arrest, decrease proliferation, and induce necrosis or 
apoptosis, whereas their potential genotoxic effects remain 
comparatively underexplored (Cardoso Trento et al. 2019, 
Valdés-Arellanes et al. 2021). As demonstrated by captopril, a 
widely used ACE inhibitor derived from Bothrops jararaca 
venom that was later found to cause DNA strand breaks, 
comprehensive genotoxicity assessment is critical in venom 
based drug development to ensure an appropriate balance 
between therapeutic efficacy and genomic safety (de Moura 
Leão et al. 2018). Genotoxic effects of crude venoms and their 
isolated toxins have been documented in several viperid 
species (Marcussi et al. 2013, Moridikia et al. 2018, Sjakste & 
Gajski 2023). In the present study, comet assay analysis 
revealed that crude venoms from M. xanthina and V. a. 
meridionalis significantly increased tail % DNA tail length, and 
Olive tail moment values in A549 cells, providing the first 
direct comparative evidence of their genotoxic effects in this 
lung carcinoma model. 

Although specific venom components are known to 
provoke DNA damage indirectly through membrane 
disruption, oxidative stress, or interference with DNA repair 
systems, the precise molecular mediators responsible for the 
genotoxic effects observed in our experimental model remain 
to be fully characterized. Bothropstoxin-I (PLA₂) from 
Bothrops jararacussu venom induced DNA strand breaks in 
HUVEC and DU-145 cells, while BnSP-6, a Lys49-PLA₂ 

isolated from Bothrops pauloensis caused micronucleus 
formation in MDA-MB-231 cells (Silva et al. 2018). The 
neurotoxin vipoxin and its acidic component VAC from V. a. 
meridionalis produced strong genotoxic effects in HepG2 cells, 
whereas the monomeric PLA₂ component was less active 
(Doumanov et al. 2015). Moreover, Marcussi et al. (2011) 
reported that isolated crotoxin, crotapotin, and basic PLA₂ 
from Crotalus durissus terrificus were more genotoxic than the 
crude venom, suggesting possible antagonistic interactions 
among venom constituents. Such interactions may modulate 
oxidative DNA damage through cumulative ROS production, 
impaired antioxidant defense, and direct interference with the 
DNA repair machinery. These findings emphasize the need 
for deeper molecular investigation into the genotoxic 
potential of snake venoms and their individual components. 

Cell cycle arrest often represents a defensive mechanism 
activated in response to genotoxic or oxidative stress, 
allowing DNA repair or triggering apoptosis when cellular 
damage exceeds repair capacity. Our results demonstrated 
that 24-hour exposure to both venoms caused accumulation 
of A549 cells in the G2/M phase, consistent with earlier 
reports of cell cycle arrest induced by venom in various cancer 
cell models (Badr et al. 2014, Silva et al. 2018). The observed 
G2/M arrest is compatible with the activation of DNA 
damage checkpoint signaling pathways, including the 
ATM/ATR, p53, and p21 (Chen 2016, Marinho et al. 2024). 
However, these pathways were not directly interrogated in 
the present study and therefore require further molecular 
validation. Persistent ROS elevation and DNA strand breaks 
observed under our experimental conditions may have 
contributed to checkpoint activation and subsequent 
apoptotic cell death, although the precise contribution of 
individual venom components remains unresolved. 

Our findings demonstrate that crude venoms from both 
V. a. meridionalis and M. xanthina induce apoptosis in A549 
cells, consistent with the observed oxidative DNA damage 
and ROS generation. These results corroborate earlier studies, 
which have shown that viperid venoms promote apoptosis 
through both intrinsic and extrinsic pathways (Doumanov et 
al. 2015, Suzergoz et al. 2016, Shebl et al. 2012, Song et al. 
2012). Based on established viperid toxin literature, PLA2 
enzymes induce apoptosis through membrane lipid 
peroxidation and mitochondrial ROS generation (Kini & 
Evans 1989, Rigoni et al. 2008, Hiu & Yap 2020), whereas 
LAAOs catalyze oxidative deamination reactions that 
produce H₂O₂, leading to intrinsic apoptosis (Alves et al. 
2008, Ochoa-Mosquera et al. 2024). SVMPs, in turn, degrade 
extracellular matrix proteins, detach cells from their 
substratum, and activate proapoptotic signaling cascades 
(Markland 1998, Fox & Serrano 2005). 

Consistent with these environmental differences, the 
specific dietary niches of these viperids appear to strongly 
shape their interspecific venom variations. V. a. meridionalis 
preys mainly on agile lizards and small mammals in its 
mountainous habitat, which has been associated with venoms 
enriched in PLA₂ and SVSPs in proteomic studies. Some of 
these constituents have neurotoxic potential and exhibit 
potent procoagulant activity (Georgieva et al. 2008, Qiao et al. 
2024). In contrast, M. xanthina exploits a broader 
opportunistic diet including rodents, birds, and arthropods 
(Jablonski et al. 2015). Its venom is dominated by SVMPs, 
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which promote tissue degradation and hemorrhage to 
support effective predation across diverse environments 
(Damm et al. 2024). While reflecting ecological adaptation, 
these compositional variations manifest as differential 
cellular responses, particularly in the modulation of ROS 
production and apoptotic signaling (Bradshaw et al. 2016, 
Bittenbinder et al. 2024, Barlow et al. 2009) 

Notably, our findings reveal a clear discrepancy between 
overall cytotoxic potency and the dominant mode of cell 
death. While V. a. meridionalis exhibited higher cytotoxicity 
and induced greater oxidative stress and DNA damage, M. 
xanthina was more effective in triggering apoptosis. This 
divergence is consistent with reported proteomic differences 
between the two venoms, particularly the higher relative 
abundance of SVMPs in M. xanthina venom (Damm et al. 
2024). While the high relative abundance of oxidative 
enzymes (such as PLA₂ and LAAO) in V. a. meridionalis 
venom is more often associated with elevated ROS 
production and direct cytolytic stress (Georgieva et al. 2008, 
Hiu & Yap 2020, Qiao et al. 2024), the SVMP-rich profile of M. 
xanthina venom is known to disrupt extracellular matrix 
components and interfere with integrin-mediated survival 
signaling (Fox & Serrano 2005, Gutiérrez et al. 2016, Olaoba et 
al. 2020) which may partially overcome the intrinsic anoikis 
resistance of A549 cells and increase their susceptibility to 
apoptosis (Tanjoni et al. 2005, Díaz et al. 2005, Bustillo et al. 
2017). Since crude venoms contain complex mixtures of 
interacting toxins, definitive attribution of the observed 
effects to individual components is not possible at this stage. 
Nevertheless, our findings indicate that the two venoms 
engage different cellular stress and death programs, 
warranting future studies using purified toxins and selective 
inhibitors to clarify their precise mechanistic contributions. 

In conclusion, the present findings demonstrate that the 
crude venoms of M. xanthina and V. a. meridionalis exert 
multifaceted and interconnected cellular effects in A549 
human lung adenocarcinoma cells. The convergence of 
reduced cell viability, elevated ROS production, oxidative 
DNA damage, and apoptosis indicates a mechanistically 
linked stress-response cascade underlying venom-induced 
cytotoxicity. While this study provides a broad phenotypic 
characterization of venom toxicity, the use of crude venoms 
limits definitive attribution of these effects to specific 
molecular triggers. Nevertheless, established proteomic 
profiles of these species provide a biologically plausible 
framework for interpreting our observations, suggesting that 
the collective bioactivity arises from interactions among 
diverse toxin families that may mask or potentiate individual 
effects. Future studies employing venom fractionation, 
compositional analysis, and purified or recombinant toxins 
will therefore be essential to validate these mechanistic 
pathways and to delineate the precise contributions of 
individual venom constituents. Collectively, our results 
provide robust screening-level evidence that viperid venoms 
represent mechanistically diverse and promising sources of 
bioactive molecules for anticancer research. 
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