
Heliyon 9 (2023) e18317

Available online 19 July 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Effects on cell cycle progression and cytoskeleton organization of 
five Bothrops spp. venoms in cell culture-based assays 

Bianca Sayuri Takayasu a,b, Sheila Silva Rodrigues c, 
Carlos Eduardo Madureira Trufen d, Glaucia Maria Machado-Santelli b, 
Janice Onuki a,c,* 

a Laboratory of Structural Biology, Butantan Institute, São Paulo, Brazil 
b Department of Cell and Developmental Biology, Institute of Biomedical Sciences, University of São Paulo, São Paulo, Brazil 
c Laboratory of Herpetology, Butantan Institute, São Paulo, Brazil 
d Czech Centre for Phenogenomics, Institute of Molecular Genetics of the Czech Academy of Sciences, Vestec, Czech Republic   

A R T I C L E  I N F O   

Keywords: 
Bothrops 
Venom 
Cell culture 
Cytotoxicity 
Cytoskeleton 
Cell cycle 
3R principle 

A B S T R A C T   

Snake envenomation is a neglected tropical disease. In Brazil, the Bothrops genus is responsible for 
about 86% of snakebite accidents. Despite extensive evidence of the cytotoxicity of snake venoms, 
the cellular and molecular mechanisms involved are not fully understood, especially regarding 
the effects on cell cycle progression and cytoskeleton organization. Traditionally, the effective
ness and quality control tests of venoms and antivenoms are assessed by in vivo assays. Despite 
this, there is a rising effort to develop surrogate in vitro models according to the 3R principle 
(Replacement, Reduction, and Refinement). In this study, we treated rat liver cells (BRL-3A) with 
venoms from five Bothrops species (B. jararaca, B. jararacussu, B. moojeni, B. alternatus, and 
B. neuwiedi) and analyzed cell viability and IC50 by MTT assay, cell cycle phases distribution by 
flow cytometry, and morphology and cytoskeleton alterations by immunofluorescence. In addi
tion, we evaluated the correlation between IC50 and the enzymatic and biological activities of 
each venom. Our results indicated that Bothrops spp. venoms decreased the cell viability of rat 
liver BRL-3A cells. The rank order of potency was B. jararacussu > B. moojeni > B. alternatus >
B. jararaca > B. neuwiedi. The mechanisms of cytotoxicity were related to microtubules and actin 
network disruption, but not to cell cycle arrest. No clear correlation was found between the IC50 
and retrieved literature data of in vitro enzymatic and in vivo biological activities. This work 
contributed to understanding cellular and molecular mechanisms underlying the Bothrops spp. 
venom cytotoxicity, which can help to improve envenomation treatment, as well as disclose 
potential therapeutic properties of snake venoms.   

1. Introduction 

Snakebites are a problem of global concern, especially in tropical and developing countries [1], due to their potential for lethality. 
According to the World Health Organization (WHO), about 4.5–5.4 million people are bitten by snakes annually: with 1.8–2.7 million 
developing clinical illnesses and 81,000 to 138,000 dying from complications resulting from snakebite envenoming [2]. Based on this, 
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the WHO classified snakebites as a neglected tropical disease in 2017 and established a plan to reduce 50% of envenomation-related 
deaths and disabilities by 2030 [3]. 

Envenomation by the Bothrops genus is of utmost medical importance in Brazil, accounting for nearly 86% of snakebites [4]. Local 
symptoms include edema, hemorrhage, inflammation, and necrosis, while systemic effects include pain, coagulopathy shock, and 
acute renal failure [5]. The most abundant components of Bothrops venoms comprise snake venom metalloproteinases (SVMPs), snake 
venom serine proteases (SVSPs), phospholipases (PLAs), L-amino acid oxidases (LAAOs), and lectins (LECs) [6,7]. 

Nevertheless, the diversity of bothropic venom composition implies distinct toxic activities [7,8] associated with local and systemic 
envenomation effects, which are not neutralized efficiently by current serum therapy [9]. Despite the extensive evidence of snake 
venom’s cytotoxicity [10], the underlying cellular and molecular mechanisms are not fully understood, especially regarding the effects 
on cell cycle progression and cytoskeleton organization. 

The cell cycle progression, regulated by checkpoint proteins, consists of five phases, designated G0 (gap 0), G1 (gap 1), S (DNA 
synthesis), G2 (gap 2), and M (mitosis). The checkpoint proteins monitor not only the integrity of cellular components but also the 
fidelity of DNA synthesis [11]. The dysregulation of these checkpoints is an effective way to induce cell cycle arrest and prevent cell 
proliferation used by several cytotoxic agents [12]. Arresting in the G0/G1 or G2/M phases could lead to cell inhibition, ultimately 
resulting in cell death [13]. 

The cytoskeleton, composed of microtubules, actin microfilaments, and intermediate filaments, plays a crucial role in various 
cellular functions. Microtubules, made of α and β-tubulin dimers, are involved in mitotic spindle assembly, intracellular transport, 
organelle positioning, cell-cell signaling, motility, and cell morphology maintenance [14]. Actin microfilaments are F-actin-based 
linear double helical structures that participate in cell morphogenesis, membrane dynamics, cell mechanics, gene transcription, and 
protein translation [14]. Many cytotoxic compounds can bind to microtubules, modifying their polymerization and dynamics, leading 
to mitosis blocking and cell death [15]; a disorganized actin network is related to loss of cell adhesion, migration, and metastasis [16], 
actin machinery is closely involved in the programmed cell death [17], and actin cytoskeleton also plays an essential role in virus 
infection [18] and immune response [19]. 

Traditionally, the effectiveness and quality control tests of venoms and antivenoms are assessed by in vivo assays [20]. Despite this, 
there is a rising effort to develop surrogate in vitro models [21] according to the 3R principle (Replacement, Reduction, and Refine
ment) [22,23]. The Replacement principle encourages the development of alternative methods, such as in vitro or in silico tests, to 
reduce reliance on animal testing. The Reduction principle aims to minimize the number of animals in the experimental designs, 
enhancing techniques to avoid waste and integrating in vivo with in vitro and ex vivo techniques at different research stages. The 
Refinement principle values the animal’s welfare, seeking to avoid unnecessary risks and reduce suffering during experimental con
ditions [24]. 

In this study, we investigated the effects of five Bothrops spp. venoms on cell viability, distribution of cell cycle phases, cell 
morphology, and cytoskeleton organization. Besides, we evaluated the correlation between the venom concentration able to reduce 
50% of cell viability (IC50) and in vitro enzymatic or in vivo biological activities to propose this cell culture model as an alternative 
method that complies with the principle of the 3Rs. 

Our results indicated that Bothrops spp. venoms decreased the cell viability of rat liver BRL-3A cells. The rank order of potency was 
B. jararacussu > B. moojeni > B. alternatus > B. jararaca > B. neuwiedi. The mechanisms of cytotoxicity seem to be related to micro
tubules and actin network disruption, but not to cell cycle arrest. No clear correlation was found between the IC50 and enzymatic or 
biological activities. 

2. Methods 

2.1. Bothrops spp. venoms 

We used the venoms from five Bothrops species (B. jararaca, B. jararacussu, B. moojeni, B. alternatus, and B. neuwiedi). Each venom 
was collected separately from specimens maintained at the Laboratory of Herpetology of Butantan Institute, pooled, snap-frozen, 
lyophilized, and stored at − 20 ◦C. Before use, each venom was reconstituted in sterile phosphate saline buffer at 1 mg/mL, steril
ized by 0.22 μm syringe filtration, and stored at − 20 ◦C in aliquots, which were thawed and diluted just before use. The same venom lot 
(01/19-1) was used for all the experiments. 

2.2. Cell culture 

Human retinal pigment epithelial cells (RPE-1, CRL-4000 ATCC, USA) and rat immortalized liver cells (BRL-3A, BCRJ, Brazil) were 
cultivated in DMEM-F12 culture medium (GIBCO, USA) with fetal bovine serum supplementation (10%) and antibiotics penicillin (100 
IU/mL) and streptomycin (0.1 mg/mL) at 37 ◦C with 5% CO2. 

2.3. Treatment of cells with Bothrops spp. venoms 

2.3.1. Cell viability and calculation of IC50 
For cell viability assay and calculation of the IC50, 1.5 × 104 cells of RPE-1 or 5 × 103 cells of BRL-3A were seeded in a 96-well plate 

and incubated at 37 ◦C with 5% CO2 for 16 h before treatment with Bothrops spp. venoms in a DMEM-F12 medium without fetal bovine 
serum supplementation for 24 h at 37 ◦C with 5% CO2. Each venom (1 mg/mL) was diluted to concentrations from 0.5 to 10 μg/mL in 
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DMEM-F12 medium, and 100 μL was added to each well. DMEM-F12 alone was used as a control sample. After treatment, the medium 
was removed, 100 μL of the MTT solution (1.0 mg/mL) was transferred to each well and the plate was incubated at 37 ◦C for 4 h. The 
MTT solution was removed and 100 μL of DMSO was added to each well, placed at 37 ◦C for 5 min, and absorbance at 570 nm and 630 
nm were read in BioTek’s Gen5™ Data Analysis software [25]. The absorbance values at 630 nm were subtracted from the values at 
570 nm and the percentage of cell viability was calculated relative to the control (set as 100%) by the mean ± SD or SEM of three 
independent experiments with six replicates for each sample [25]. The IC50 values were calculated using the functions drm and ED 
from the R package for “Analysis of Dose-Response Curves”, dcr [26]. The corresponding figure was plotted using ggplot2 [27]. 
Statistical analysis was performed using Dunnett’s test - ANOVA. 

2.3.2. Correlation of IC50 and enzymatic and biological activities of Bothrops spp. venoms 
To evaluate the correlation between IC50 and the enzymatic and biological activities of each venom, we retrieved data on phos

pholipase A2, hyaluronidase, and proteolytic activities from Queiroz et al. (2008) [7] and hemorrhagic, necrotizing, edematogenic, 
coagulant, and myotoxic activities from Ferreira et al. (1992) [8]. Both works used venoms from specimens maintained at the Lab
oratory of Herpetology of Butantan Institute. The medium values of the lethal dose (LD50) stipulated for each venom were obtained 
from the technical control reports of the same venoms’ lot (01/19-1) used in the experiments. In the linear regression analysis, IC50 was 
the dependent variable, and the venom activities were the independent variables. The correlation coefficient was calculated by 
Pearson’s product-moment, using the cor.test function from the stats package in R base [28]. The strength of the correlation coefficient 
(R) was classified according to the correlation coefficient range: [0.0, 0.19] very weak; [0.20, 0.39] weak; [0.40, 0.59] moderate; 
[0.60, 0.79] strong; and [0.80–1] extraordinarily strong, considering significant a p-value <0.05. 

Fig. 1. Cell viability measured by MTT assay of BRL-3A cells treated with B. jararacussu (A), B. moojeni (B), B. alternatus (C), B. jararaca (D), or 
B. neuwiedi (E) venoms from 0.5 μg/mL to 10 μg/mL for 24 h. Data were expressed by mean ± SEM of the relative percentage of the control of three 
independent experiments with four replicates for each sample. The Dunnett - ANOVA test performed statistical analysis for multiple comparisons vs. 
control. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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2.3.3. Cell cycle phases distribution 
For analysis of the cell cycle phases distribution, BRL-3A cells (3.1 × 104 cells/well) were plated in 6-well plates, incubated for 48 h, 

and treated with B. jararacussu 3 μg/mL, B. moojeni 4 μg/mL, B. alternatus 5 μg/mL, B. jararaca 5.5 μg/mL or B. neuwiedi 7.5 μg/mL 
venoms in DMEM-F12 medium without fetal bovine serum supplementation for 24 h at 37 ◦C with 5% CO2. DMEM-F12 alone was used 
as a control sample. Then, cells were fixed with cold 75% methanol at room temperature for 1 h, followed by washing with phosphate- 
buffered saline (PBSA). DNA was stained with propidium iodide (10 μg/mL) diluted in PBSA containing RNase (1 mg/mL) and 
incubated at 4 ◦C for 1 h. Analysis was performed on a flow cytometer (GUAVA EasyCyte Plus, MA, USA). Because the number of cells 
available after treatment with IC50 of each venom was not sufficient to obtain reliable results, we set to decrease 1 μg/mL from IC50 
values of each venom for the cell cycle and cell morphology assays. 

2.3.4. Cell morphology and nuclear and cytoskeleton analyses 
Nuclear and cell morphology were analyzed by photographed images in bright field microscopy with a 20x objective (Life 

Technologies EVOS XL Digital Imaging System) and by immunofluorescent staining. BRL-3A cells were cultured on coverslips in 35 
mm plates and treated with each Bothrops spp. venoms for 24 h, as described before. Cells were fixed with formaldehyde (3.7%) for 30 
min and permeabilized with Triton X-100 (0.5%) for 30 min [29]. The samples were washed with PBSA, immunostained with primary 
monoclonal antibodies produced in mice, anti-α-tubulin (1:50) and anti-β-tubulin (1:50) (Sigma-Aldrich, MO, USA), and incubated 
overnight at room temperature in the dark. Corresponding secondary antibody anti-mouse IgG (H + L), F(ab’)2 Fragment (Alexa 
Fluor® 488 Conjugate) (1:50) (Cell Signaling Technology®, MA, USA), was incubated for 2 h. Actin microfilaments were labeled with 
phalloidin conjugated to Alexa Fluor® 555 (1:20) (Sigma-Aldrich, MO, USA) for 2 h. Nuclei were labeled with DAPI (1:100) (Sig
ma-Aldrich, MO, USA), and the coverslips were mounted with Vecta-Shield (Vector Laboratories, CA, USA). Analyses were performed 
on the LionHeart FX fluorescence microscope (Biotek, VT, USA). 

3. Results 

3.1. Cell viability and IC50 

At first, we compared the effect of B. jararaca venom on the cell viability in two immortalized cell lines: human retinal pigment 
epithelial cells (RPE-1) and rat liver cells (BRL-3A). B. jararaca crude venom caused morphological alterations and cytotoxicity in both 
cell lines (Figs. 1 and 4, S1, and S2 - Supplementary Material). The cell density of the RPE-1 line gradually decreased, forming clusters 
above 75 μg/mL (Fig. S1). These results were supported by a concentration-dependent decrease in cell viability, with 20 μg/mL of 
venom causing a significant reduction of RPE-1 cell viability (58.7 ± 6.2%), which smoothly diminished to 28.1 ± 9.1% at 75 μg/mL 
until 9.3 ± 2.2% at 150 μg/mL (Fig. S2). In comparison, BRL-3A cells presented morphological alterations from 5 μg/mL (Fig. 4E), with 
a drastic decrease in cell viability at 10 μg/mL (5.2 ± 0.3%) (Fig. 1D). The IC50 for RPE-1 cells was 31.7 ± 14.1 μg/mL, and the IC50 for 
BRL-3A cells was 6.6 ± 0.4 μg/mL (Fig. 2). 

Given that the IC50 of RPE-1 cells was much higher than BRL-3A cells and most of the in vivo tests were first conducted in rats or 
mice, we selected BRL-3A rat liver cells for further investigation. Treatment of BRL-3A cells with 0.5–10 μg/mL of five Bothrops spp. 
venoms affected cell viability. In the MTT assay, all five venoms presented less than 10% of cell viability at 10 μg/mL. B. jararacussu 
and B. alternatus venoms induced a concentration-dependent decrease starting from 2.5 μg/mL (Fig. 1A, C), while for B moojeni and 
B. neuwiedi, the decrease in cell viability started from 4.5 μg/mL and 8 μg/mL respectively (Fig. 1B, E). B. jararaca venom presented an 
abrupt decrease in cell viability from 92.0 ± 4.5% with 5 μg/mL to 5.2 ± 0.3% with 10 μg/mL (Fig. 1D). 

Fig. 2. Venom concentrations able to reduce 50% of cell viability (IC50) of BRL-3A cells treated with B. jararacussu, B. moojeni, B. alternatus, 
B. jararaca, or B. neuwiedi, from 0.5 μg/mL to 10 μg/mL, for 24 h. Cell viability was measured by MTT assay. Data are expressed by the mean of three 
independent experiments with six replicates for each sample [25]. The IC50 values were calculated using the functions drm and ED from the dcr 
package [26] and were plotted using ggplot2 [27]. 
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BRL-3A cell line presented the following IC50 for each venom: B. jararacussu (3.9 ± 0.1 μg/mL), B. moojeni (4.7 ± 0.05 μg/mL), B. 
alternatus (5.4 ± 0.1 μg/mL), B. jararaca (6.6 ± 0.4 μg/mL), and B. neuwiedi (8.4 ± 0.1 μg/mL) (Fig. 2). 

One of the limitations of this experiment is that the cell viability evaluated by MTT assay is an indirect measurement of an inte
grated set of enzyme activities that are related in many ways to cell metabolism rather than a direct cell count [30]. 

3.2. Correlation of IC50 and enzymatic and biological activities of Bothrops spp. venoms 

To evaluate if toxicity analysis in BRL-3A cell culture might be eligible as a surrogate in vitro model according to the 3R principle, 
we calculated the correlation coefficient R of the IC50 obtained in cell viability assay with previous in vitro enzymatic activities, the 
medium lethal dose (LD50), and biological activities in mice [7]. We plotted the linear regression of each comparison and calculated the 

Fig. 3. Flow cytometry distribution of cell cycle phases of BRL-3A cells treated with B. jararacussu 3 μg/mL, B. moojeni 4 μg/mL, B. alternatus 5 μg/ 
mL, B. jararaca 5.5 μg/mL or B. neuwiedi 7.5 μg/mL for 24 h. Hypertetraploid cells were not included in the construction of the histogram. Data were 
expressed by mean ± SEM of the relative percentage of the control of three independent experiments with two replicates for each sample. 
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correlation coefficient R (Table 1). 
No clear correlation could be calculated between the IC50 values and LD50 values retrieved from the Lot report (− 0.73) and Queiroz 

et al., 2008 (− 0.78). Regarding enzymatic activities, a moderate correlation between IC50 and hyaluronidase activity (0.27), or 

Fig. 4. Cell morphology after treatment of BRL-3A cells with Control (A), B. jararacussu 3.5 μg/mL (B), B. moojeni 4 μg/mL (C), B. alternatus 5 μg/mL 
(D), B. jararaca 5 μg/mL (E), or B. neuwiedi 7 μg/mL (F) for 24 h. Bar = 200 μm. 

Table 1 
Results of Pearson’s product-moment correlation coefficient between IC50 X enzymatic activities and biological activities of five Bothrops spp. venoms.  

Venom activity R statistic p.value conf.low conf.high 

Lethal 
LD50 a (mg/kg) − 0.78 − 2.13 0.12 − 0.98 0.34 
LD50-Lot (μg/animal) − 0.73 − 1.84 0.16 − 0.98 0.43 
Enzymatic 
PLA2 a (nmol/min/mg) − 0.31 − 0.56 0.61 − 0.94 0.79 
Hyal a (UTR/mg) 0.27 0.49 0.66 − 0.80 0.93 
Prot a (U/μg) 0.27 0.48 0.66 − 0.80 0.93 
Biological 
Hemo b (mm2/μg) 0.22 0.39 0.72 − 0.82 0.92 
Edema b (mg/μg) 0.41 0.78 0.49 − 0.74 0.95 
Necro b (mm2/μg) 0.84 2.70 0.07 − 0.16 0.99 
Myo b (U/mg) − 0.34 − 0.54 0.63 − 0.94 0.77 
Coag b (mg-1) 0.75 1.97 0.14 − 0.39 0.98 

LD50: medium lethal dose. LD50 Lot: Data from quality control report of extracted venoms (lot Bja 01/19-1) Butantan Institute. PLA2: phospholipase 
A2, HYAL: hyaluronidase, Prot: proteolytic, Hemo: hemorrhagic, Edema: edematogenic, Necro: necrotizing, Myo: myotoxic, Coag: coagulant. R: 
correlation coefficient; conf.low: low limit of the confidence interval; conf.high: high limit of the confidence interval. a Data from Queiroz et al., 2008 
[7] b Data from Ferreira et al., 1992 [8]. 

B.S. Takayasu et al.                                                                                                                                                                                                   



Heliyon 9 (2023) e18317

7

proteolytic activity (0.27) was found. The correlation of IC50 values with biological activity values was very weak for hemorrhagic 
(0.22), myotoxic (− 0.34), edematogenic (0.41), and coagulant (0.75) activities considering the p-value >0.05. The correlation co
efficient R for necrotizing activity was 0.84 (p-value = 0.07), which suggests a potential correlation with IC50. However, further 

Fig. 5. Fluorescence microscopy images of BRL-3A cytoskeleton. Images of control (A) and after 24 h treatment of BRL-3A with B. jararacussu 3 μg/ 
mL (B), B. moojeni 4 μg/mL (C), B. alternatus 5 μg/mL (D), B. jararaca 5.5 μg/mL (E) or B. neuwiedi 7.5 μg/mL (F), submitted to immunofluorescence 
reaction with antibodies against α and β-tubulin (microtubules) plus anti-mouse secondary antibodies conjugated to Alexa Fluor 488 (green). 
Microfilaments of F-actin were stained by phalloidin - Alexa Fluor 555 (red) and nuclei by DAPI (blue). Bar = 30 μm. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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standardized experiments with a higher number of replicates are required for the establishment of a statistically significant correlation. 

3.3. Cell cycle phases distribution 

To deeply investigate the mechanism of action of cytotoxicity induced by each venom, we analyzed the cell cycle phases distri
bution of treated BRL-3A cells (Fig. 3). All the venoms’ treatments resulted in quite a similar cell distribution. Compared with the 
control, the hypodiploid, S, and G2/M phases presented a slight increase with a decrease in the G1 phase. The frequency of hyper
tetraploid corresponds to cells with a DNA ploidy of more than 4 N, which do not belong to any specific cell cycle phase. Therefore, 
they were not considered to calculate the frequencies of the G1, S, and G2/M populations (Fig. 3). However, the inclusion of 
hypertetraploid cells in the calculation resulted in a frequency ranging from 3.52 ± 0.55% to 3.86 ± 0.70% (Fig. S4). Since this assay is 
based on the DNA staining according to the different cell ploidy along the cell cycle phases, it was not possible to determine if the cells 
continue cycling or can proliferate. 

3.4. Cell morphology and nuclear and cytoskeleton analyses 

Analysis of bright field images of BRL-3A cells acquired in the cell viability assay showed that all the venoms caused a decrease in 
cell density and altered cell morphology (Fig. 4A–F). These results prompted us to verify the presence of alterations in the nucleus and 
cytoskeleton by immunofluorescent staining of microtubules and actin microfilaments (Figs. S3 and 5A–F). 

In the panel of Fig. 5A–F, we showed representative fluorescent images with the nucleus in blue, α and β-tubulins of the micro
tubules in green, and F-actin microfilaments in red. No significant alteration in the nucleus morphology was observed (Fig. S3). The 
effect of cell shrinkage induced by B. moojeni (Fig. 5C, C1, C2) and B. neuwiedi (Fig. 5F, F1, F2) venoms was similar. B. jararacussu′s 
venom induced spindle-shaped cells (Fig. 5B, B1, B2). On the contrary, B alternatus venom presented the least affected cell morphology 
(Fig. 5D, D1, D2). Oddly, B. jararaca venom induced the formation of giant cells (Fig. 5E, E1, E2). 

4. Discussion 

The cytotoxicity of snake venoms has long been known [31]. However, different cell lines exhibit significant variations in venom 
susceptibility. We selected the BRL-3A cell line from rat liver to assess the toxicities of Bothrops spp. venoms because it is well 
characterized in vitro [32]. Our results showed that BRL-3A cells were more susceptible to B. jararaca venom than RPE-1 cells, with an 
IC50 of 6.6 ± 0.4 μg/mL, compared to RPE-1 (31.7 ± 14.1 μg/mL). Other studies showed an IC50 of 11.79 μg/mL in Vero cells [33] and 
an IC50 of 9.96 μg/mL in MGSO-3 cells [34], suggesting that the BRL-3A cell line, a non-tumoral rat liver cell, is more susceptible than 
the human mammary tumor cell line MGSO-3 and the Vero monkey kidney cell line. 

In MGSO-3 cells, the rank order of potency of bothropic venoms and IC50 (μg/mL) are B. neuwiedi (4.07) > B. jararacussu (4.24) > B. 
moojeni (4.66) > B. jararaca (9.96)> B. alternatus (12.42) [34]. Our results showed the following rank order of potency and IC50 
(μg/mL) for BRL-3A cells: B. jararacussu (3.9 ± 0.1 μg/mL), B. moojeni (4.7 ± 0.05 μg/mL), B. alternatus (5.4 ± 0.1 μg/mL), B. jararaca 
(6.6 ± 0.4 μg/mL), and B. neuwiedi (8.4 ± 0.1 μg/mL) (Fig. 2). Comparing the rank order of IC50 of the MGSO-3 and BRL-3A cell lines, it 
is interesting to note that the IC50 of B. neuwiedi was the lowest for the MGSO-3 but highest for the BRL-3A line. For other venoms, the 
order of IC50 was almost the same. However, comparisons of IC50 and LD50 values of each venom from the same lot used in all the 
experiments showed a different susceptibility pattern. The rank order of potency and LD50 (μg/animal) was B. neuwiedi (31.26) >
B. jararaca (48.71) > B. jararacussu (82.38) > B. alternatus (126.38) > B. moojeni (131.08). 

Even if in vivo testing cannot be completely replaced, cell culture offers an alternative to the widespread use of animal models. 
Although BRL-3A cell culture is a well-characterized model for in vitro toxicity assays [35], the liver is not an organ usually affected by 
envenomation, which could explain the lack of correlation between IC50 and enzymatic or biological activities of Bothrops spp. venoms, 
especially with LD50 (Table 1). Despite this, other cell lines and viability assays have already been proposed as a surrogate in vitro 
model to assess the toxic effect of venoms and antivenoms [36]. In the human primary breast cancer MGSO-3 cell line, the IC50 of 
Bothrops spp. venoms, measured by neutral red incorporation, showed no correlation with LD50 but presented positive correlations with 
LAAO activity, necrosis, and edema [34]. On the other hand, a positive correlation was found in Vero cells between IC50 and LD50 of 
some species of the Bothrops genus [37]. Vero cells and AlamarBlue® reagent have been proposed as viable alternatives for deter
mining bothropic antivenom potency [33]. In addition to cell culture, alternative in vitro assays have also been under development, 
such as the Artemia salina bioassay as a potential surrogate test of dermonecrosis in mice [38] and embryonated eggs to assess anti
venom potency [39]. 

For an effective establishment of any surrogate model for in vivo assays, the inherent complexity of venoms should be considered, 
their inter and intraspecies differences [40], the need for a strong correlation between in vitro and in vivo tests, and the intrinsic 
variation of each in vitro model. Even considering the requirement of systematic correlation analysis with a high number of replicates, 
cell culture with viability assays still represents a valuable alternative to pursue the reduction and refinement of animal use according 
to the 3R principle. 

Snake venoms are a complex mixture of molecules, including snake venom metalloproteinases (SVMPs), snake venom serine 
proteases (SVSPs), hyaluronidases (HYALs), phospholipases (PLAs), L-amino acid oxidases (LAAOs), lectins (LECs), and others [41], 
each with a unique mechanism of action that reflects the diversity of biological effects related to the envenomation clinical mani
festations [7,8]. 

In general, SVMPs are associated with hemorrhage due to direct action on specific components of the microvasculature [42], which 
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contributes significantly to envenomation lethality [5]. SVSPs are toxins that affect platelet aggregation, several factors of the 
coagulation cascade, and fibrinolytic and kallikrein-kinin systems activity, which have been associated with the hemostatic disorders 
of envenomation [43]. PLAs hydrolyze membrane phospholipids, generating arachidonic acid, the precursor of leukotrienes and 
prostaglandins, involved in numerous homeostatic biological functions, vascular permeability, and inflammation [44]. LAAOs exert 
actions on platelet aggregation, induction of apoptosis, hemorrhage, and cytotoxicity [45]. LECs are haemotoxic, and can be anti
coagulant, platelet aggregation inhibitors, or platelet aggregation agonists [46]. 

Besides systemic effects, envenomation by bothropic venoms induces several local damages, such as edema, pain, and tissue ne
crosis [47]. SVMPs and PLAs are central in edema [48,49] and hyperalgesic effects [50]. Myonecrosis resulted from a direct action of 
PLAs on the cell membrane, vascular alterations caused by SVMPs, LAAOs interaction with the cell surface and internalization, or ionic 
status disturbances controlled by other proteins [47,51]. 

Analyzing the venom’s effects on cell cycle progression, we observed that the cell cycle phases distribution showed a slight increase 
in the number of cells in hypodiploid, S, and G2/M phases with a decrease in the G1 phase, suggesting that modulation of the cell cycle 
may not be the leading mechanism of action of none of the Bothrops spp. venoms. 

The observed reduction of cell density (Fig. 4A–F) upon incubation with the bothropic venoms might be due to a loss of cell 
adhesion and probably to some type of cell death, such as necrosis, apoptosis, autophagia or others [52], which have already been 
proposed as mechanisms of cell death of some Bothrops spp. venoms and toxins [51,53,54]. BthTX-II, a PLA2 from B. jararacussu venom, 
causes no alteration in the cell cycle phase distribution of MCF10A breast epithelial cells but inhibits cell proliferation and promotes 
G2/M cell cycle arrest in MDA-MB-231 breast cancer cells [55]. Treatment of tumoral cell lines with BthTX-I, another PLA2 from 
B. jararacussu venom, promotes G0/G1 cell cycle arrest and apoptosis [56,57]. B. jararaca and B. erythromelas snake venoms promote 
G0/G1 cell cycle arrest, nuclear condensation, fragmentation, and induce apoptosis via mitochondrial depolarization in cervical 
cancer cells [53]. LAAO from B. atrox snake venom triggers apoptosis, necrosis, and autophagy in normal human keratinocytes [51]. 

Each venom caused remarkable but distinct morphological changes through cytoskeleton disruption (Fig. 5A–F). B. jararacussu′s 
venom induced spindle-shaped cells with thin protrusions (Fig. 5B, B1, B2). Microtubules were more affected than actin microfila
ments with B. moojeni (Fig. 5C, C1, C2) and B. neuwiedi (Fig. 5F, F1, F2) venoms, which induced cell shrinkage, microfilament ag
gregates and loss of cell adhesion. B. alternatus venom had a lesser impact on cell morphology (Fig. 5D, D1, D2), displaying a 
cytoskeleton network similar to the control cells (Fig. 5A, A1, A2). Notably, B. jararaca venom induced an abnormal microtubule 
organization, leading to the formation of mononucleated giant cells (Fig. 5E, E1, E2). 

Histopathological analysis of muscle from chick biventer cervicis treated with different bothropic venoms shows myonecrosis, 
characterized by the disorganization of myofibrils with subsequent digestion of the myofilaments, condensation of nuclear chromatin 
with a decrease in volume and dislocation from its original position. Among the venoms tested, B. jararacussu venom caused the 
greatest extent of myonecrosis, followed by B. moojeni, B. neuwiedi, and B. jararaca [58]. Comparative analysis of local effects caused by 
B. alternatus and B. moojeni snake venoms demonstrated that the myotoxicity caused by B. moojeni venom is more prominent than 
B. alternatus venom [48]. Consistent with these findings, our results indicated that B. jararacussu, B. moojeni, and B. neuwiedi venoms 
induced a high extent of cytoskeleton alterations, followed by B. jararaca and B. alternatus (Fig. 5A–F). 

Comparing the venom composition of Bothrops spp., SVMPs are found to be the most abundant component [7]. In B. jararacussu 
venom, PLAs equally contribute to venom composition as SVMPs followed by LAAOs, SVSPs, and LECs. In B. moojeni venom, PLAs and 
SVSPs are the second most abundant components, followed by LAAOs/LECs. B. neuwiedi venom presents LAAOs as the second most 
abundant component, followed by equal contributions of PLAs, SVSPs, and LECs. SVMPs contribute to almost 50% of the venom 
composition of B. alternatus, followed by LAAOs/LECs, and PLAs/SVSPs. SVMPs and SVSPs contribute equally to B. jararaca venom, 
followed by PLAs and LAAOs/LECs, reviewed by Mamede et al., 2020 [5]. 

PLA2 and its active phosphorylated form were shown to relocate at protrusions of the cell membrane involved in actin and 
membrane dynamics [59]. Arachidonic acid produced by PLAs induces actin polymerization and bundling, affecting cytoskeleton and 
cell morphology [60]. PLA2 can hydrolyze phospholipids, altering plasma membrane microviscosity, which disturbs actin dynamics 
and cell motility [61]. Furthermore, the permeabilization and disruption of the cell membrane integrity catalyzed by PLA2 result in an 
uncontrolled influx of extracellular molecules, such as Ca2+ ions, which trigger a set of events that lead to cell death [62,63]. In 
addition, the reaction catalyzed by PLA2s releases free fatty acids, such as arachidonic acid and lysophospholipids, which are pre
cursors for several signaling molecules involved in inflammatory processes and pain [64–67]. 

BJcuL, a lectin derived from B. jararacussu venom, induces apoptosis and actin cytoskeleton disassembly in gastric tumoral cells 
[54] and affects the adhesion and growth of the tumor and endothelial cells [68]. In lung cancer cells, Daboialectin, a lectin from 
Daboia russelli venom, produces morphological changes, including a spindle-like shape leading to loss of cell-cell contact [69]. 
B. moojeni crude venom disrupts the integrity of F-actin-rings in osteoclasts, which can affect their bone resorption capacity [70]. 

Therefore, the interspecific variation in the venom composition and toxins properties of Bothrops species [7,8] might be associated 
with the cytotoxicity and diverse morphological alterations observed in BRL-3A cells. 

Considering the complexity of the pathogenesis of envenomation, we hypothesized further putative cellular and molecular 
mechanisms of action, which might be synergistically associated with the venom-induced biological effects. 

The mononucleated giant cells induced by B. jararaca venom could be originated from endoreduplication of DNA, endomitosis and 
nuclear fusion, failures in cytokinesis [71,72], and hepatocyte hypertrophy [73]. During development, life, and aging, hepatocytes can 
be mononucleated or binucleated cells. However, binuclear hepatocytes assemble all condensed chromosomes from two nuclei during 
mitosis, producing two mononuclear hepatocytes leading to fewer binuclear hepatocytes during liver regeneration in contrast to liver 
development [73]. Although it is established that proliferation is an essential process in liver regeneration, it has been shown that the 
liver regenerates from 30% hepatectomy by hypertrophy without proliferation, and in a 70% hepatectomy, both processes equally 
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account for liver regeneration [73]. It is hypothesized that hypertrophy might respond more efficiently to the immediate requirement 
to maintain homeostasis during regeneration and may be a general mechanism to compensate for the partial loss of the organ [73]. 

Besides, alterations in the cytoskeletal organization can also suggest that the activities of the Rho family of guanosine triphos
phatases (RhoGTPases) may be altered by bothropic venoms, especially by B. jararacussu and B. neuwiedi venoms (Fig. 5B2 and 5F2). 

RhoGTPases act as molecular switches that coordinate cytoskeletal organization and rearrangements by cycling between an active 
GTP-bound state, regulated by guanine nucleotide exchange factors (GEFs) [74] and an inactive GDP-bound state, stimulated by 
GTPase-activating proteins (GAPs) [75]. In addition, guanine nucleotide dissociation inhibitors (GDIs) may block spontaneous acti
vation [76]. 

The activation or inhibition of RhoGTPases (Rho, Rac, and Cdc42) by different stimuli affects signal transduction pathways that 
promote formation (actin polymerization) and organization (filament bundling) of actin filaments leading to protrusions and re
tractions, forming lamellipodia, filopodia, and membrane ruffling [77,78]. In addition, RhoGTPases can affect microtubule dynamics, 
regulating the assembly and disassembly of microtubule plus end-binding proteins [79]. Therefore, RhoGTPases play a significant role 
in several cellular processes, such as cell morphology, motility, mitosis, proliferation, adhesion, spreading, polarity, and migration 
[80]. 

B. jararacussu impaired retracting cell rear while making a large lamellipodium in the front (Fig. 5B2). This phenotype is commonly 
observed upon reduced Rho activity and/or increased relative Rac activity [80]. Cellular adhesion properties seemed to be more 
affected by B. neuwiedi venom (Fig. 5F2). 

Actually, Jararhagin, a metalloproteinase isolated from the venom of B. jararaca [81], stimulates spreading, actin dynamics, and 
neurite outgrowth in neuroblastoma cells through the translocation of the Rac1 to the membrane fraction, suggesting its activation 
[82]. Russell’s viper venom (RVV) induces morphological changes in human lung cancer cells A549 through modulation of Rac, Rho, 
and Cdc42 expression, which affects cellular-nuclear architecture related to cell proliferation, migration, and apoptosis [83]. 
Furthermore, a snake c-type lectin isolated from RVV, Daboialectin, alters the morphology of A549 cells via regulation of the cyto
skeleton through RhoGTPases [69]. C. durissus terrificus venom and its main toxin, crotoxin, cause reorganization of the actin cyto
skeleton in macrophages, and crotoxin significantly reduces membrane-associated RhoA and Rac1, negatively regulating the activity 
of RhoGTPases [84]. 

In addition to actin cytoskeleton modulation, RhoGTPases regulate cell cycle progression by acting in G1/S transition, progression 
of mitosis, and during cytokinesis [85]. 

It is tempting to suggest a potential involvement of reactive oxygen species (ROS) in the observed cytoskeleton alterations. Snake 
venoms PLA2 and LAAOs can generate ROS (for review see Ref. [86]), which have been associated with reduction/oxidation modi
fications of cysteine and methionine residues of actin, actin-binding proteins, adhesion molecules, and signaling proteins involved in 
regulation dynamics [87]. 

Furthermore, the cytoskeletal disruption without cell cycle arrest induced by Bothrops spp. venoms could raise a question about 
how actin cytoskeleton dynamics relate to cell cycle progression control [85]. 

Along with growth factors and adhesion to extracellular matrix (ECM), the organization of the actin cytoskeleton has been 
implicated in cell cycle progression since disruption of the actin network by several drugs can lead to G1 arrest in a variety of cell lines 
[85,88]. 

In normal human fibroblasts, an organized cytoskeleton rather than cell adhesion per se is required to promote cell cycle pro
gression through G1 [89]. Disruption of the actin network, inhibition of cell spreading, as well as signals provided by ECM, can block 
the cell cycle in the G1/S transition [89]. 

However, other studies demonstrated that inhibition of actin assembly can result in G1 arrest without interference in cell spreading, 
formation of focal adhesions, or normal cellular cleavage [90]. In addition, post-mitotic disruption of the actin cytoskeleton allows cell 
cycle progression independently of focal adhesion signaling, cytoskeletal organization, and cell shape, presumably because 
pre-existing cyclin D level is sufficient to drive cell cycle progression at the M-G1 border [91]. Cell cycle progression of cycling cells 
with disrupted cytoskeleton depends on MAPK activity, which allows cell proliferation independently of actin stress fibers, focal 
adhesions, or cell spreading [92]. Therefore, it is suggested that the integrity of the actin cytoskeleton and cell spreading is required for 
the cell cycle progression of quiescent cells (G0), but not for cells that are already in the cycle (M-G1 cells) [92]. Likewise, the lack of 
alteration in the cell cycle phases distribution in our results might suggest that the cells could be able to cycle and proliferate, even if 
cell spreading and actin organization were strongly perturbed. 

In conclusion, our results indicated that Bothrops spp. venoms decreased cell viability of rat liver BRL-3A cells, without cell cycle 
arrest. No clear correlation was found between the IC50 and enzymatic or biological activities. Each venom induced remarkable but 
distinct morphological changes through microtubules and actin network disruption, reflecting the diversity of venom composition and 
related physiopathological effects. 

This work contributed to understanding cellular and molecular mechanisms underlying the Bothrops spp. venom cytotoxicity, 
which can help to improve envenomation treatment, as well as disclose potential therapeutic properties of snake venoms. 
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[55] F.V.P. de Vasconcelos Azevedo, M.A.P. Zóia, D.S. Lopes, S.N. Gimenes, L. Vecchi, P.T. Alves, R.S. Rodrigues, A.C.A. Silva, K.A.G. Yoneyama, L.R. Goulart, V. de 
Melo Rodrigues, Antitumor and antimetastatic effects of PLA2-BthTX-II from Bothrops jararacussu venom on human breast cancer cells, Int. J. Biol. Macromol. 
135 (2019) 261–273, https://doi.org/10.1016/J.IJBIOMAC.2019.05.164. 

[56] C.P. da Silva, T.R. Costa, R.M.A. Paiva, A.C.O. Cintra, D.L. Menaldo, L.M.G. Antunes, S. V Sampaio, Antitumor potential of the myotoxin BthTX-I from Bothrops 
jararacussu snake venom: evaluation of cell cycle alterations and death mechanisms induced in tumor cell lines, J. Venom. Anim. Toxins Incl. Trop. Dis. 21 
(2015) 44, https://doi.org/10.1186/s40409-015-0044-5. 

[57] P.H.A. Bezerra, I.M. Ferreira, B.T. Franceschi, F. Bianchini, L. Ambrósio, A.C.O. Cintra, S.V. Sampaio, F.A. De Castro, M.R. Torqueti, BthTX-I from Bothrops 
jararacussu induces apoptosis in human breast cancer cell lines and decreases cancer stem cell subpopulation, J. Venom. Anim. Toxins Incl. Trop. Dis. 25 (2019), 
https://doi.org/10.1590/1678-9199-jvatitd-2019-0010. 
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