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Abstract

Background: Non-small cell lung cancers (NSCLC) represent the primary cause of
cancer-related deaths worldwide. Rhopalurus junceus venom has been shown to exert
cytotoxic effects against a panel of epithelial cancer cells in vitro and suggested that
NSCLC was the subtype most susceptible to the treatment.

Methods: This study evaluated the effect of Rhopalurus junceus scorpion venom on
cell viability, in non-cancerous (MRC-5, lung; CHO-K1, ovary) and NSCLC (A549;
NCI-H460) cell lines. The effects on cell cycle, apoptosis, and cell signaling-related
proteins were determined by flow cytometry and WB. Protein fractions responsible
for the observed effect were identified using HPLC.

Results: Scorpion venom was more effective against NSCLC than non-cancerous cells.
E_, values were 20.0 + 5.8% and 22.47 + 6.02% in A549 and NCI-H460 cancer cells,
respectively, as compared to 50 + 8.1% in MRC-5 and 54.99 + 7.39% in CHO-KI1 cells.
It arrested NSCLC cells in the G2/M phase, while non-cancerous cells were arrested in
the S (MRC-5) or G0/G1 (CHO-K1) phases. No changes were observed in the Bax/Bcl-2
or the cleaved-caspase 3/Total caspase 3 ratios in cells treated with venom. Likewise, the
scorpion venom treatment did not affect p-ERK, p-AKT, or p-38MAPK protein levels.
In contrast, scorpion venom treatment increased the cytosolic apoptosis-inducing
factor (AIF) in A549 cells, indicating caspase-independent apoptosis. Additionally,
combined etoposide/venom exposure provoked G2/M arrest and apoptosis in NSCLC
more strongly than either substance alone. Furthermore, upon crude venom fractioning
through RP-HPLC, we found two soluble fractions with high cytotoxic effects.
Conclusion: The present study concludes that a specific fraction of Rhopalurus junceus
venom reduces cell viability of NSCLC cells. The AIF protein plays a key role in mediating
caspase-independent apoptotic cell death. These findings suggest that Rhopalurus junceus
venom enhances the anticancer effect of etoposide in vitro by causing cell cycle arrest
and caspase-independent apoptosis.
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Background

Lung cancers are the second-most aggressive and common
malignancy worldwide, with an estimated 2.2 million new
cases and 1.8 million deaths per year. This cancer is responsible
for 18% of all malignancies [1]. Approximately 85% of total
pulmonary cancer diagnoses belong to one of the non-small cell
lung cancers (NSCLC) histological subtypes [1, 2]. The 5-year
survival rate for NSCLC is only 15% due to frequent recurrence
and progression after surgery and treatment with chemo- and
radiation therapies [1, 2]. This highlights the critical need for
new treatment strategies against NSCLC [3-5].

Scorpion venoms have been tested as anticancer agents against
epithelial cancer cells [6-11]. Promising results suggest that these
arthropods are a natural source of new compounds for NSCLC
therapy. The mechanisms underlying the anticancer properties
of scorpion venoms seem to involve cell cycle arrest, leading to
apoptotic cancer cell death [7, 8, 10].

Scorpion venom is a rich, highly complex, and heterogeneous
source of biomolecules, including small-molecule peptides and
enzymes such as hyaluronidase and phospholipase. Peptides
are the most studied components due to their key roles in the
toxicological and pharmacological effects of scorpion venoms
[12].

Rhopalurus junceus (R. junceus) is one of Cuba’s most
widespread endemic scorpion species, and its venom has long
been used in popular Cuban traditional medicine. R. junceus
venom has been shown to exert cytotoxic effects against epithelial
cancer cells in vitro and inhibit cancer progression in a murine
breast cancer model [13, 14]. Interestingly, an in vitro evaluation
of R. junceus against a panel of cancer cell lines suggested that
NSCLC was the subtype most susceptible to the treatment [13].
Preliminary results analyzing mRNA expression in the human
breast cancer cell line MDA-MB-231 suggest that apoptosis may
be the preferred mechanism of cell death for this natural extract
[15] in general. However, the process underlying cancer cell death
after R. junceus treatment is yet to be investigated in NSCLC.

Cell proliferation is based on the progression of the cell cycle
through four phases: gap 1 (G1), DNA synthesis (S), gap 2 (G2),
and mitosis (M) [16]. Due to dysregulation or loss of checkpoint
integrity, cancer cells typically fail to stop at the normal cell
cycle checkpoints, leading to uncontrolled proliferation [17, 18].
Thus, arresting the cells at some point in the cycle is sometimes
a successful therapeutic strategy. In these cases, sustained cell
cycle arrest due to the severity of DNA damage leads to an
irreversible exit from the cycle, causing cancer cell death [16-18].

Certain types of anticancer treatments, such as topotecan
[19], doxorubicin [20], vincristine [21], or etoposide [22], induce
cell cycle arrest due to DNA damage. This damage impairs cell
cycle progression across Gl1, S, or G2/M checkpoints, ultimately
preventing the completion of mitosis. However, some therapeutic
properties are usually limited and accompanied by unwanted

collateral effects. Etoposide, a semi-synthetic derivative of
podophyllotoxin, is usually employed in NSCLC treatment.
This agent, inhibits topoisomerase I leading to the formation of
single- and double-strand DNA breaks [22], inducing cell cycle
arrest at S and G2/M phases, followed by apoptotic cell death.
However, like other chemotherapeutic strategies, the therapeutic
potential of etoposide-based treatment is limited by serious side
effects and resistance [22, 23]. Therefore, it is crucial to research
new combinations of drugs that might enhance the efficacy of
etoposide and other conventional chemotherapeutics. R. junceus
venom is a promising natural therapeutic strategy emerging as
an anticancer treatment.

In this work, we evaluate the effects of R. junceus venom
on cell viability in non-cancerous and cancerous NSCLC cell
lines using cell viability assays, flow cytometry, and Western
blot. Moreover, we assess the combined effects of venom and
etoposide on cell cycle phase distribution and cancer cell death
mechanisms.

Methods

Reagents

Dulbecco’s modified Eagle’s medium was purchased from
GIBCO/BRL (Gaithersburg, MD). Fetal bovine serum (FBS) was
purchased from Biological Industries. The 3-[4,5-dimethylth-
iazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) reagents
were obtained from Merck (Merck, USA). Propidium iodide,
RNase A, and Micro BCA Protein Assay Kit were obtained from
Thermo Fisher. Annexin V FITC Early Apoptosis Detection Assay
Kit was obtained from Cell Signaling Technology. Etoposide was
obtained from Cayman Chemical.

Venom source

Venom was obtained from LifEscozul company. Briefly, scorpion
venom was obtained from adult R. junceus scorpions by electrical
stimulation, centrifuged at 13,000 rpm for 15 min, and soluble
protein supernatant filtered through a 0.2-pum syringe filter.
Scorpion venom protein content was determined using the
Micro BCA Protein Assay Kit. The protein concentration of
the scorpion venom was 5.3 mg/mL and was used to prepare
the venom dilutions tested against the cell lines.

Cell lines

The NSCLC A549 (CCL-185™) and NCI-H460 (HTB-177™)
cell lines were obtained from ATCC. Non-cancerous MRC-5
(T0016002) and CHO-K1 (P0017001) cells were obtained from
AddexBio. All cells were maintained in Dulbecco’s modified
Eagle’s medium, 90% (w/v) with heat-inactivated fetal bovine
serum (FBS), 10% (v/v), penicillin (100 U/mL), streptomycin
(100 pg/mL), and fungizone (100 pg/mL).
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Cell viability (MTT assay)
Cell viability was assessed using MTT assay [24]. The cell lines

were seeded into a 96-well plate at a density of 5 x 10° cells/
well, and various scorpion venom concentrations were added
(0,0.125,0.25,0.5,0.75, 1, 1.5, 2 mg/mL). The 96-well plate was
incubated for 72 h at 37 °C, 5% CO,. Then, 10 uL MTT solution

(5 mg/mL) (Merck, USA) was added to the 96-well culture plates,
and cells were incubated for 3 h at 37 °C, 5% CO,. The culture
medium was decanted, and 150 uL DMSO (100 %) was added to
each well. A, nm values were obtained with the Synergy™ HTX
Multi-Mode Microplate Reader (Agilent BioTek, USA).E__ and
IC,, values were obtained from concentration-effect curves as
follows:

Absolute cell viability for negative control -

Absolute cell viability for treated wells

X 100

(% inhibition of viability) =

Absolute cell viability for negative control

Experiments were repeated three times, and five technical
replicates were used. The culture medium was used as the
negative control.

Cell cycle analysis

Each cellline was cultured in 60-mm dishes at a density of 5 x 10°
cells/plate. After incubation at 37 °C, 5% CO, overnight, cells
were treated with the corresponding %2IC, , IC,_ , and 2xIC_ doses
for 48 h. The 48-h incubation period was chosen to minimize
the confounding effects of primary cell death, especially at the
highest venom doses. Cells were harvested by trypsinization
and washed twice with ice-cold phosphate-buffered saline (PBS,
pH 7.4). For the cell cycle analysis, cells were fixed in ice-cold
methanol (100%) for 1 h at -20 °C. Cells were washed twice
with ice-cold PBS, centrifuged at 1500 rpm for 5 min at 4 °C,
re-suspended in ice-cold PBS with 100 pg/mL RNase A (Thermo
Scientific, USA), and incubated at 37 °C for 1 h. Finally, 50 pg/
mL propidium iodide solution (Merck, USA) was added, and
cells incubated at room temperature for 15 min in darkness. Cell
cycle phase was determined by flow cytometry and analyzed
with Flow]Jo software. For each experiment, 10,000 events were
recorded, assays were carried out in duplicate, and experiments
were repeated three times.

Cell synchronization

A metabolic strategy was used to perform cell synchronization.
For the cell cycle synchronization at the GO/GI1 phase, A549
cells were seeded in 60-mm dishes at 5x10° cells/plate density
and incubated at 37 °C, 5% CO, overnight. The culture medium
was discarded, and the cells were washed twice with PBS. Cells
were exposed to fetal bovine serum-free culture medium for 3
days. Finally, cells were washed twice with PBS and separated
into four groups. The first group of cells was washed twice with
PBS and processed for flow cytometry. This group served as the
cell synchronization control. In the second group, cells were
washed twice with PBS and released into a complete culture
medium for 48 h. The third group of cells was washed twice with
PBS and treated with 2xIC, for 24 h. In the fourth group, cells
were washed twice with PBS and treated with 2xIC, for 48 h.

Cell death determination

The apoptosis event was identified by flow cytometry with the
Annexin V-FITC/PI kit (Cell Signaling Technologies, USA).
Cancer cells were seeded in 60-mm dishes (5 x 10° cells/well)
and cultured at 37 °C, 5% CO, overnight. After this period, cells
were treated with 21C, , IC, and 2xIC,  doses of scorpion venom
and incubated at 37 °C, 5% CO,, for 48 h. Each treatment group
was individually harvested by trypsinization, washed twice with
ice-cold PBS, and centrifuged at 1500 rpm for 5 min at 4 °C.
The pellets were suspended in a binding buffer (250 pL) and
stained with Annexin V-FITC/PI following the manufacturer’s
recommendations. Cells were incubated for 10 min at 4 °C in
the dark, and apoptosis was detected by flow cytometry and
analyzed with FlowJo software. For each experiment, 10 000
events were recorded, assays were carried out in duplicate, and
experiments were repeated three times.

Apoptotic cell death was analyzed in serum-starved
synchronized cells. After 72 h of serum starvation, cells were
washed twice with PBS and separated into four groups. The first
group of cells was washed twice with PBS; this group served
as the control. In the second group, cells were washed twice
with PBS and released into a complete culture medium for 48
h. The third group of cells were washed twice with PBS and
treated with 2xIC, for 24 h, and in the fourth group, cells were
washed twice with PBS and treated with 2xIC_, for 48 h. All
groups were individually harvested by trypsinization, washed
twice with ice-cold PBS, centrifuged at 1500 rpm for 5 min at
4 °C, and assayed for apoptotic cell death as above, following
the manufacturer’s recommendations.

Combined etoposide plus R. junceus scorpion venom
treatment

The cytotoxicity of etoposide alone and combined with scorpion
venom was evaluated through the MTT assay. A549 cells
were seeded in a 96-well microplate at 5 x 10° cells/well and
incubated overnight at 37 °C, 5% CO,. The IC,  value for etoposide
was obtained from the concentration-response curve, with
concentrations ranging from 0-20 uM. For the combined
treatment analysis, cells were treated with scorpion venom
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concentrations (2IC, , IC, , 2xIC_)) combined with etoposide
(IC,) for 72 h at 37 °C, 5% CO,. The culture medium was
used as the negative control. The drug interaction analysis
was performed using the combination index (CI). The CI was
generated automatically using CompuSyn software (version 1.0;
ComboSyn, Inc., Paramus, NJ, USA), as previously described
by Chou [25]. CI < 1 indicates synergism; CI = 1 or close to 1
indicates additive effects, and CI > 1 indicates antagonism.
Cancer cell cycle and cell death results for IC,  doses of scorpion
venom alone, etoposide alone, and combined venom/etoposide
were determined through flow cytometry as described above.

Western blot analysis

Cell proteins were extracted from the cell pellets of A549 cells
using RIPA lysis buffer (25 mM Tris-HCI, pH 7.6, 150 mM NaCl,
1 mM EDTA, 1% Triton, 0.1% SDS, sodium deoxycholate) for
30 min. The proteins were separated by denaturing sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE;
10-15%) then transferred onto a nitrocellulose blotting membrane
(Amersham, Cytiva, Germany). The membrane was blocked with
5% non-fat milk for 1 h, followed by overnight incubation at 4 °C
with the primary antibodies against p44/42 MAPK (Erk1/2)
[Cell Signaling Technology (CST), Cat. No. 9102, 1:1000],
phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (CST, Cat.
No. 9101, 1:1000), caspase-3 (D3R6Y) (CST, Cat. No. 14220,
1:1000), alpha tubulin (DM1A) (Novus Biologicals, Cat. No.
nb100-690, 1:5000), Bcl-2 (114) (CST, Cat. No. 15071, 1:1000), Bax
(CST, Cat. No. 2772, 1:1000), p38 MAPK (CST, Cat. No. 9212,
1:1000), phospho-p38 MAPK (Thr180/Tyr182) (CST, Cat. No.
9211, 1:1000), Akt (pan) (C67E7) (CST, Cat. No. 4691, 1:1000),
phospho-Akt (Ser473) (D9E) XP (CST, Cat. No. 4060, 1:2000)
and anti-ATF (1:1000, sc-13116; Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA). Following incubation with peroxidase-
conjugated goat anti-rabbit IgG at room temperature for 1 h,
proteins were visualized using the SuperSignal West Pico PLUS
Chemiluminescent substrate kit (Thermo Scientific, USA) and
detected using a chemiluminescence analyzer. All signals from
proteins of interest were normalized based on the a-tubulin or
B-actin signals. WB raw data are included as supplementary
material (Additional files 1 to 3).

Scorpion venom fractionation by reversed-phase
chromatography

The R. junceus scorpion venom was analyzed by reversed-phase
high-performance liquid chromatography (HPLC) using a
C18-phase reverse column (Intersustain C18, pore size 5 um,
column size 4.6 mm I.D. x 250 mm., GL Science Inc. Japan).
The mobile phases were as follows: phase A - 0.1% TFA in
HPLC grade water; phase B - 0,1% TFA in acetonitrile. The
fractionation procedure was performed by injecting 6 mg of the
venom dissolved in water and was eluted at 1 mL/min flow rate
using a linear gradient of 0-45% of solvent B for 45 min, then
increased linearly to 100% solvent. The column temperature

was set at 26 °C, and the UV absorbance was monitored at 230
nm. Various runs were performed, and fractions were collected
and evaluated for cell viability effect against A549 cancer cells.

The chromatographic profile at 3-28 min retention times was
subdivided into five fractions collected individually. All collected
fractions with similar retention times were pooled and dried
overnight at 4 °C in a concentrator (Centrivap concentrator
system, Labconco, United States). Finally, the concentrated
fractions were stored at -20 °C until use.

A549 cancer cells and MRC-5 were treated individually
with each fraction at 0.5 mg/mL for 72 h at 37 °C, 5% CO,,and
the effect was observed through the MTT assay as described
above. Afterward, different concentrations from the most active
fractions were applied (15.1, 31.25, 62.5, 125, 250, 500, 1000 pg/
mL) to A549 cells and treated for 72 h at 37 °C, 5% CO, and the
effect was observed through the MTT assay. Finally, 150 puL
DMSO was added to each well to dissolve the formazan crystals
and the absorbance was detected at 560 nm. IC, values were
determined as above. The experiments were performed three
times with three technical replicates each time.

Statistical analysis

The IC_ values for scorpion venom and fractions were determined
using non-linear regression curves. Normality tests were carried
out for all data. ANOVA or Kruskal-Wallis tests were used for
multigroup comparisons of IC, and E___values, as well as cell
cycle distribution, cell death events, and combined treatment
results. The Mann-Whitney U test was used for two-group
comparisons. GraphPad Prism version 5.01 for Windows,
(GraphPad Software, San Diego California, USA) was used for
all analyses. The level of significance was set at p < 0.05.

Results

Effects of R. junceus scorpion venom on cell viability
in cancer and non-cancerous cell lines

Cells incubated for 72 h with various doses of scorpion venom
showed morphological changes, including dose-dependent
increases in cell monolayer rupture, cellular debris, and detached
cells. Moreover, treated cells appeared more rounded, with cell
membrane blebbing and axon-like protrusions. These changes
were evident in the cancerous vs. non-cancerous cells incubated
with R. junceus venom, as shown in Figure 1A.

To confirm that the observed changes were due to a decrease
in cell viability, we evaluated the effects of various concentrations
of scorpion venom using MTT assay. As seen in Figure 1B, the
cells incubated with scorpion venom displayed a concentration-
dependent decrease in cell viability after 72 hours of treatment.
There were no significant differences in apparent IC, values
among the cell lines tested, with observed values of 0.71 +
0.04 mg/mL, 0.57 + 0.09 mg/mL, 0.68 + 0.14 mg/mL, and 0.67
+ 0.15 mg/mL for MRC-5, CHO-K1, A549, and NCH-H460,
respectively (Figure 1C). The maximal effects (E_ ) at the highest
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Figure 1. (A) Morphological effects in cancerous (A549, NCI-H460) and non-cancerous (MRC-5, CHO-K1) cells treated with R. junceus scorpion venom. (B)
Cells were seeded in 96-well plates and treated for 72 h with increasing concentrations from 0.062 to 2 mg/mL. Dose-response curves were determined by MTT
assay. The culture media was used as negative control. Results are expressed as the percentage of control. (C) IC, values obtained from dose-response curves
fitted to the Hill equation. (D) Maximum cell viability inhibition was obtained from the fit to the Hill equation (E__) in all cell lines at the highest scorpion venom

ax

concentration. *p < 0.05 compared to non-cancerous cells from Kruskal-Wallis non-parametric test. The experiments were performed three times with five

technical replicates. Data values are expressed as mean * SE. Scale bar: 100 ym.

venom concentration tested (2 mg/mL) reached 52.39 + 5.91%
and 53.86 £ 7.52% cell viability for non-cancerous MRC-5 and
CHO-K1 cells, compared to 23.02 + 7.25% and 27.03 + 5.15%
for A549 and NCI-H460 cancer cells, indicating that R junceus
venom displayed a higher potency against the cancer cell lines
(Figure 1D).

Effects of R. junceus scorpion venom on cell cycle
arrest in non-cancerous and cancerous cells

To study the effects of R. junceus venom on the cell cycle, cells
were incubated for 48 h (to minimize the confounding effects
of primary cell death, especially at the highest doses) with the

»IC, ,
previg)usly established and shown in Figure 1. Flow cytometry
cell cycle analysis using propidium iodide DNA staining was then
performed. As expected, scorpion venom treatment modified
the cell cycle distribution in a dose-dependent manner in all
cell lines tested. Besides, there were differences in the cell cycle
distribution between non-cancerous and cancerous cell lines
(Figure 2).

The cell cycle profiles of non-cancerous MRC-5 and CHO-K1
cells after scorpion venom treatment are shown in Figures 2A

IC,, and 2xIC_ concentrations for each cell line, as

and 2B. Incubation of non-cancerous cells with scorpion venom
increased significantly the percentage of cells in the S phase.
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Figure 2. Effect of R. junceus scorpion venom on the cell cycle in non-cancerous and cancerous cells. (A) Representative histograms of the cell cycle in the MRC-5 cell line, after scorpion venom treatment for 48

h. Bar graph summary representing the percentage of cells in GO/G1, S, and G2/M in MRC-5 cells. (B) Representative histograms of the cell cycle in the CHO-K1 cell line, after scorpion venom treatment for 48 h.

Bar graph summary representing the percentage of cells in GO/G1, S, and G2/M in CHO-K1cells. (C) Representative histograms of the cell cycle in the A549 cell line, after scorpion venom treatment for 48 h. Bar
graph summary representing the percentage of cells in GO/G1, S, and G2/M in A549 cells. (D) Representative histograms of the cell cycle in the NCI-H460 cell line, after scorpion venom treatment for 48 h. Bar graph
summary representing the percentage of cells in GO/G1, S, and G2/M in NCI-H460 cells. Cells (5 x 10°) were plated in 60 mm dishes and treated with 2IC,, IC or 2xIC_; venom for 48 h. The cells were stained with
propidium iodide, and the cell cycle was analyzed by flow cytometry. Each bar represents mean * SE (n = 6). *p < 0.05 compared to control (the culture media in absence of scorpion venom) from Kruskal-Wallis non-
parametric test.
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In MRC-5 cells, the proportion of cells in the S phase increased
from 13.6% + 2.22% to 23.8% + 2.32% (1.42 mg/mL venom
concentration), with a concomitant decrease of cells in the G0/
G1 phase (Figure 2A). Similarly, the percentage of CHO-K1 cells
in the S phase increased significantly, from 13.62% * 2.41% to
22.12% *2.8% (1.14 mg/mL venom concentration) (Figure 2B).

In contrast, both NSCLC cell lines showed a significant
accumulation of cells in the G2/M phase after incubation with
1.36 mg/mL of scorpion venom, from 13.62 + 3.3% to 29.29 +

4.54% for A549 and from 13.41 + 4.22% to 25.81 + 9.03% for
NCIH460 cells (Figures 2C and 2D).

Detection of apoptotic cell death by flow cytometry
in cancer cells

To investigate the type of cell death caused by R. junceus venom
treatment, annexin V-FITC, and PI double-stained A549 and
NCI-H460 cancer cells were analyzed with flow cytometry. As
shown in Figure 3, incubation with scorpion venom triggered

Figure 3. Analysis of apoptotic cell death in NSCLC A549 and NCI-H460 cells treated with R. junceus scorpion venom. Cells (5 x 10°) were plated in 60 mm
dishes and treated with V2IC, IC, or 2xIC,  venom for 48 h. Cells were stained with FITC-conjugated Annexin V and P! for flow cytometric analysis. (A)
Representative scatter plot of Pl (y-axis) and Annexin-V (x-axis) as measurements of apoptotic cell death. (B) Bar graph of the percentage of total apoptosis
determined by flow cytometry (n = 6). *p < 0.05 compared to the control (the culture media in absence of scorpion venom) from the ANOVA test. Cells in the
lower right (Annexin V*/PI') represent early apoptosis and the upper right (Annexin V*/PI*) represent late apoptosis.
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a significant increase in apoptosis in A549 cells, from 9.75 +
2.50% in the control group to 31.0 + 4.3% and 38.9 + 2.4% for
0.68 mg/mL and 1.36 mg/mL respectively (Figure 3A).

Similarly, in NCI-H460 cells, the percentage of apoptotic cell
death increased from 3.92 + 1.56% in the control group to 36.1
+5.71% and 42.36 + 6.09% for 0.67 mg/mL and 1.34 mg/mL,
respectively (Figure 3B).

Cell synchronization in A549 cancer cells

Next, we decided to corroborate the relationship between cell
cycle arrest and apoptotic cell death after scorpion venom
treatment. To this end, A549 cells were synchronized in GO0/
G1 phase by serum starvation for 72 h then incubated with
scorpion venom (1.36 mg/mL) and 10% FBS for 24 or 48 hours.
The proportion of cells in each cell cycle phase and the type of
cell death was determined by flow cytometry (Figure 4); serum
was reintroduced to allow the cell to re-enter the cell cycle.

Histograms of PI incorporation show a time-dependent
increase in the proportion of cells arrested in the G2/M phase
after scorpion venom treatment, from 5.80 +1.03% (0 hours) to
25.27+3.85% at 24 h and 40.87 + 3.31% after 48 h of incubation
(Figure 4A and 4B). Similarly, the proportion of cells undergoing
apoptosis showed a significant increase, with a concomitant
increase in necrotic cell death (Figures 4C-4E).

Western blot protein expression analysis after
R. junceus scorpion venom treatment

To determine the apoptotic pathway involved in the effect of
the scorpion venom, the relative expression levels of apoptosis-
related proteins in A549 were determined by Western blot.
Treatment of A549 cancer cells with the scorpion venom does
not induce significant changes in Bax or Bcl-2 expression levels
as shown in Figure 5 (Figures 5A, 5D, 5E).

Accordingly, the ratio of Bax/Bcl-2 proteins was similar
in untreated and scorpion venom-treated cells (Figure 5F).
Furthermore, cleaved caspase-3 levels in cells treated with
venom did not differ significantly from those in untreated cells
(Figures 5B and 5G). In contrast, the analysis of AIF expression
levels revealed a dose-dependent increase in the AIF-cleaved
form (see Figures 5C and 5H, p < 0.05), while the total level of
AITF protein remained unchanged (not shown).

We next analyzed the cell signaling-associated proteins P38
MAPK, ERK, and AKT following scorpion venom treatment.
The scorpion venom showed no effect on p-P38 MAPK or
p-ERK expression (Figures 6A and 6B). Likewise, no changes
were observed on p-AKT (Figure 6C).

Combined R. junceus scorpion venom and etoposide
treatment

The above results suggest that the scorpion venom induced cell
cyclearrestin G2/M phase in NSCLC; therefore, we hypothesized
that the scorpion venom should potentiate the cytotoxic effect
of other G2/M phase-arresting drugs. To examine this idea, we
tested the combined effect of scorpion venom and etoposide, a
well-known topoisomerase II inhibitor.

Asshownin Figure 7A, the A549 cells incubated with etoposide
showed a dose-dependent decrease in cell viability after 72 h
of treatment. The apparent IC_ value for this cell line was 2.53
+0.48 pM.

Thus, A549 cells were incubated with the etoposide (IC,))
combined with various scorpion venom concentrations (%21C, ,
IC,, 2xIC, ). Etoposide treatment reduced cell viability to 45.11 +
4.91%. Meanwhile, the combined treatment (etoposide/scorpion
venom) induced greater cytotoxicity than either drug alone (cell
viability results of 33.16 £ 6.89%, 10.72 + 1.91%, and 8.87 + 2.45%
respectively) (Figure 7B). The combination index analysis was
used to confirm the type of interaction between the two drugs.
From all three combined treatments, cytotoxicity ranged from
67-95%, reflecting a synergistic effect (C < 1), as illustrated in
the isobologram in Figure 7C.

The effects of single and combined treatments on cell cycle
phases in the A549 line were also analyzed. The apparent IC,|
value of each drug was used. Single treatments produced a
significant accumulation of cells arrested at the G2/M phase
for both scorpion venom (28.76 + 3.40%) and etoposide (38.96
+ 1.95%) alone compared to the control (13.05 £ 1.94%) (p <
0.05). Moreover, the combined treatment provoked a significant
increase of cells arrested at the G2/M phase (72.29 + 7.34%)
compared to control and single-treatment groups (p < 0.05)
(Figure 7D).

Next, the synergistic effect of scorpion venom and etoposide on
cell death was studied. As previously shown, apoptotic cell death
increased after incubation with scorpion venom (28.97 + 4.89%)
as well as etoposide (37.78 £ 6.4%) as single agents. However,
when the two treatments were combined, the percentage of cells
undergoing apoptosis was higher (71.88 + 7.80%) (Figure 7E).

Finally, we determined the relative expression of apoptosis-
related proteins in A549 cells from combined treatment. Figure 8
shows a marked increase in Bax expression levels in etoposide-
treated A549 cells (p < 0.05), whereas the Bcl-2 proteins remained
unchanged compared to the control (Figures 8A, 8C, 8D).

Consequently, compared to control cells, the Bax/Bcl-2
ratio increased almost four times after etoposide treatment
(IC,,) (Figure 8E). Cleaved caspase-3 levels were similar to the
control across all three treatments (Figure 8B, 8F). Importantly,
the venom/etoposide treatment increased Bax expression
concomitant with decreased Bcl-2 expression (Figure 8C, 8D),
inducing a significant increase in the Bax/Bcl-2 ratio compared
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Figure 4. Analysis of cell cycle and apoptosis in serum-starved A549 cells treated with R. junceus scorpion venom (2xIC, ) for 24 h, and 48 h after 10% FBS
release. (A) Representative histograms of the cell cycle in A549 cells, after scorpion venom treatment. (B) Bar graph summary representing the percentage
of cells in GO/G1, S, and G2/M. Bars represent an average of six measurements. (C) Representative scatter plot of Pl (y-axis) and Annexin-V (x-axis) as
measurements of apoptotic cell death. (D) Bar graph of the percentage of total apoptosis determined by flow cytometry (n = 6). (E) Bar graph of the
percentage of necrosis determined by flow cytometry (n = 6). *p < 0.05 compared to control (the culture media in absence of scorpion venom) from the
ANOVA test. Cells in the lower right (Annexin V*/PI") represent early apoptosis and the upper right (Annexin V*/PI*) represent late apoptosis.
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Figure 5. Relative protein expression of target proteins in A549 cells following R. junceus scorpion venom treatment at 2lC, , IC,, 2xIC, for 48 h. Total cell lysates were obtained and then subjected to western blot
analysis to measure the expression levels of proteins. (A) Western blot of apoptosis-related proteins Bax and Bcl-2. (B) Western blot of apoptosis-related protein caspase 3. (C) Western blot of cleaved-AlF protein.
(D) Bar graph from Bax. (E) Bar graph from Bcl-2. (F) Bar graph from Bax/Bcl-2 ratio. (G) Bar graph from cleaved caspase 3/total caspase 3 ratio. Each bar represents mean + SE (n = 3). (H) Bar graph of mean fold
change from cleaved AIF protein. The mean fold change was plotted for each sample on a bar graph. *p < 0.05 compared to the control (the culture media in absence of scorpion venom) from Kruskal-Wallis non-

parametric test. Bax and Bcl-2 signals were individually normalized to a-tubulin. AIF signal was normalized to 3-Actin.
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Figure 6. Relative protein expression of cell signaling-related proteins in A549 cells following R. junceus scorpion venom treatment at V2IC,, IC,, 2xIC, for 48 h. (A) Western blot and bar graph from phosphorylated
p38/total p38 ratio. (B) Western blot and bar graph from phosphorylated p42/44/total p42/44 ratio. (C) Western blot and Bar graph from phosphorylated pAKT/total AKT ratio. Each bar represents mean * SE (n = 3).
*p < 0.05 compared to control (the culture media in absence of scorpion venom) from Kruskal-Wallis non-parametric test.
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Figure 7. (A) Concentration-response curve from etoposide treatment in A549 cells. (B) Bar graph showing the cell viability determined by MTT assay in A549 cells at different concentrations of R. junceus venom
(V2ICy,, IC,, 2xIC, ) combined with etoposide (IC,). Untreated cells represent 100% cell viability. The culture medium was used as the negative control. *p < 0.05 respect to etoposide as a single treatment. The
experiments were performed three times with five technical replicates. (C) Normalized isobologram of in vitro drug-to-drug interaction between R. junceus venom (RjSV) and etoposide (Eto) in A549 cancer cell
line based on CompuSyn analysis from MTT data. (D) Representative cell cycle histogram and bar graph summary representing the percentage of cells in GO/G1, S, and G2/M after 48-h treatment. Bars represent
an average of six measurements. (E) Representative scatter plot of Pl (y-axis) and Annexin-V (x-axis) as measurements of apoptotic cell death and bar graph of the percentage of total apoptosis determined by flow

cytometry (n = 6). *p < 0.05 compared to the control (the culture media in absence of scorpion venom) from the ANOVA test.
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Figure 8. Relative protein expression of target proteins in A549 cells following R. junceus scorpion venom (IC, ), etoposide (Eto, IC, ), and combined treatment. (A) Western blot of apoptosis-related proteins Bax
and Bcl-2. (B) Western blot of apoptosis-related protein caspase 3. (C) Bar graph from Bax. (D) Bar graph from Bcl-2. (E) Bar graph from Bax/Bcl-2 ratio. (F) Bar graph from cleaved caspase 3/total caspase 3 ratio.
Each bar represents mean * SE (n = 3). *p < 0.05 compared to control (the culture media in absence of scorpion venom) from Kruskal-WVallis non-parametric test. Bax and Bcl-2 signals were individually normalized to

a-tubulin.
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to the control and single-treatment groups (p < 0.05) (Figure 8E).
Cleaved caspase-3 levels were not significantly affected by the
combined treatments (Figure 8F).

RP-HPLC separation and MTT assay in A549 cancer
cell of isolated fractions

We utilized high-performance liquid chromatography with
a C18 reverse-phase column to pinpoint the soluble venom
components affecting cell viability. The chromatographic profile,
depicted in Figure 9, indicates that the crude venom contains
23 significant peaks that eluted between 3 and 42 minutes. The
peptides eluting between 3-28 min retention times were separated

into five fractions (Figure 9A) and the impact of each fraction
on cell viability was studied in the lung cancer cell line A549
and the non-cancerous MRC-5 cells.

Fractions F4 and F5 at 0.5 mg/mL concentration reduced
cell viability in the A549 cancer cell line (p < 0.05) but did not
affect MRC-5 cells (Figure 9B). Nevertheless, fractions F1-3
did not affect cell viability in either cell line (Figure 9B). A549
cells incubation with increasing concentrations of the two most
active fractions separately confirms that both fractions affect
cell viability in a dose-dependent manner (Figure 9C). The IC, |
values were 0.378+0.068 mg/mL and 0.373 + 0.047 mg/mL for
F4 and F5 respectively.

Figure 9. Reverse phase-HPLC chromatogram and MTT assay of Rhopalurus junceus scorpion venom fractions. (A) Reverse phase-HPLC chromatogram o

R. junceus venom. Venom was injected into the C18-reverse phase column and run in HPLC. The run conditions were as follows: phase A — 0.1% TFA in HPLC
grade water; phase B — 0.1% TFA in acetonitrile. Scorpion venom was eluted at 1 mL/min flow rate using a linear gradient of 0-45% of solvent B for 45 min.
Fractions indicated with an arrow were collected individually from each run. (B) Evaluation of selected fractions at a unique concentration of 500 pg/mL, against
MRC-5 and A549 cells. Cells were seeded in 96-well plates, treated for 72 h, and analyzed by MTT assay. (C) Dose-response curves of cells seeded in 96-well
plates, treated for 72 h with increasing concentrations (15.1, 31.25, 62.5, 125, 250, 500, 1000 pg/mL) of fractions F4 and F5 and determined by MTT assay. IC,;
values were obtained from dose-response curves fitted to the Hill equation. The culture medium was used as the negative control. Results were expressed as the
percentage of control. *p < 0.05 compared to non-cancerous cells from Kruskal-Wallis non-parametric test. The experiments were performed three times with

three technical replicates. Data values were expressed as mean + SE.
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Discussion

In the present study, by comparing the effect of R. junceus
scorpion venom against non-small cell lung cancer (A549,
NCI-H460) and non-cancerous (MRC-5, CHO-K1) cell lines,
we show that cancerous cells are more sensitive to the venom
than non-cancerous cells in terms of monolayer integrity,
morphology, and cytotoxicity. Dose-response curves indicate
differences in the maximal effect reached despite similar IC,
values for all cell types (Figure 1), confirming a previous report
demonstrating the selectivity of scorpion venom against lung
cancer cells over the normal counterpart [13].

The Chinese hamster fibroblast cell line (CHO) is one of the
most widely used to identify the toxicity of compounds [26, 27].
This cellline has several advantages, including a low chromosome
number and large chromosome size, making it more sensitive to
cytotoxic compounds in chromosome aberration tests compared
to other mammalian cells [28]. Recently, tests using CHO cells
have shown a strong correlation with in vivo toxicological mouse
models and have been successful in predicting the initial dose
for in vivo oral toxicity studies [29].

The MRC-5 fetal human fibroblast [30] is a widely used lung
fibroblast cell line for studying the effects of cytotoxic drugs.
MRC-5 has helped to determine safe concentration ranges for
these drugs and their combination [31]. In lung cancer, the
structural proteins known as cytokeratin serve as measurable
markers due to their different expression compared to normal
counterparts [32, 33]. These proteins are present in both fetal
and adult lung tissues to the same extent [32].

Another commonly used cell line for cytotoxicity assays is
human adult foreskin fibroblasts [34, 35]. According to gene
expression analysis [36], MRC-5 and foreskin fibroblasts showed
similar expression of most genes, with only a few being specific
to each cell line [36]. This evidence suggests that there are no
significant differences compared to adult tissue. Thus, all the
evidence confirms that the cell lines used in this study are suitable
models for identifying the potential toxicity of compounds.

To date, various studies have revealed the cytotoxic effects
of scorpion venoms against some cancer cell lines, including
colorectal, breast, leukemia, and cervical cancers [9, 37, 38].
However, only a few have compared the cancer cell phenotype
with its normal cell counterpart. In human lung cancer,
Androctonus australis venom and its toxic fraction exerted
a greater effect against NCI-H358 cancer cells than normal
MRC-5 fibroblasts [39]. As observed in the experiments, R.
Jjunceus venom can arrest cancer and non-cancerous cell lines
at different cell cycle stages (Figure 2). To our knowledge, this
is the first report detecting cancerous and non-cancerous cell
lines arrested at distinct phases.

Venoms from poisoning animals usually induce cancer cell
cycle arrest by upregulating various CDK inhibitors such as
p16, p21, and p27. For example, Buthus martensii Karsch venom
treatment in cancer cells upregulates p27, inducing cell cycle

arrest at the GO/GI phase [40]. Meanwhile, Macrothele raveni
venom activates p21, arresting the cells at G2/M in the human
hepatocellular carcinoma cell line HepG2 [41]. In both cases, cell
cycle arrest precedes apoptotic cell death. In R. junceus venom,
a previous study demonstrated an increase in p53 mRNA levels
in MDA-MB-231 cells [15] with a concomitant increase in p21
mRNA, which could explain the arrest at G2/M observed in the
present study (Figure 2) and the apoptotic cell death induced
(Figure 3). However, the elevated levels of arrest at the S phase
in non-cancerous cells (Figure 2) suggest that this venom
contains other active peptides targeting proteins involved in
the S checkpoint, an idea that needs further study.

We also examined the type of cell death incurred in the
NSCLC cell lines after incubation with R. junceus scorpion
venom. The early increase of phosphatidylserine exposure on
the outer plasma membrane in cells (Figure 3) [42] and the
absence of Bax/Bcl-2 ratio upregulation (Figure 5) suggest a
mitochondria-dependent apoptosis [43-45].

Classical p53-dependent apoptosis is directly linked to p53
activation and increased expression of the proapoptotic proteins
Bax, p21, and others. However, our experiments did not reveal
an upregulation of mitochondrial apoptosis-related proteins
such as cleaved caspase-3. The A549 cell line is a wild-type p53
cell line that lacks the CDKN2A locus [46], which contains
the ARF gene responsible for P144*F expression. This protein
sequesters MDM2 in the nucleolus, preventing p53 degradation
and promoting its activation [47, 48]. Thus, it is feasible that the
absence of the P144%F protein in A549 cells reduces the functional
activity of p53, resulting in a mildly resistant phenotype for
p53-dependent apoptosis stimuli. The same phenotype should
be expected for most NSCLCs where the CDKN2A locus is
absent (approximately 85% of such cancers) [46, 49].

We also found that combined treatment (R. junceus venom
plus etoposide) did not increase cleaved caspase-3 levels in A549
cells, which is congruent with the absence of p53 activation.
This result is consistent with previous reports of cancer
cells treated with low doses of etoposide (0.5 uM), inducing
apoptosis without altering cleaved caspase-3, -9, or -8 levels [50].
Etoposide can cause either caspase-dependent or -independent
apoptotic cell death depending on the dose, with caspase-
independent apoptosis occurring at low doses [50, 51]. The
caspase-independent apoptosis induced by etoposide is believed
to be mediated by DNA damage response signaling, given the
anti-topoisomerase II activity of this drug [22]. In addition,
the mitochondria play a crucial role in regulating caspase-
independent apoptotic cell death by activating certain calpains
and cathepsins. This activation results in the translocation of Bax
from the cytoplasm to the mitochondria. The presence of Bax
and the cleaved Bid proteins on the mitochondrial membrane
causes a loss of mitochondrial membrane potential, which leads
to increased membrane permeability and the release of cleaved
ATF (apoptosis-inducing factor) [52].
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Therefore, the release of cleaved AIF results from mitochondrial
membrane potential destabilization, leading to mitochondrial
outer membrane permeabilization, loss of mitochondrial
function, and ultimately causing DNA degradation during
apoptotic cell death.

In this study, we found that scorpion venom increases
the cleaved form of AIF, indicating the release of AIF from
mitochondria to the cytosol. This result suggests that the scorpion
venom induces apoptosis by promoting cell cycle arrest (Figure 3),
aknown mechanism upon AIF release [52-54]. As expected, for
AIF-dependent apoptosis, no changes in the phosphorylation
levels of P38 MAPK, ERK, or AKT were found upon venom
treatment in the A549 cells (Figure 6). However, the precise
mechanism that led to AIF release requires further study.

Our findings support a model in which scorpion venom
causes caspase-independent apoptotic cell death, likely due to
a p53-resistant phenotype and mitochondrial-dependent. In
this situation, the drug etoposide would increase the venom’s
cytotoxic effect by impeding DNA repair. The combination of R.
junceus venom and etoposide induces a significant decrease in the
proportion of viable A549 cancer cells when compared to either
individual treatment. This result suggests a synergistic effect,
as illustrated in Figure 8. Additionally, there was a significant
increase in apoptosis and cell cycle arrest at G2/M with the
combined treatment (Figure 8), supporting the advantage of
the combination therapy.

Other natural products have been shown to heighten the
effectiveness of etoposide [55]. For instance, some polyphenols
disrupt the ATM-Chk1 pathway, inhibiting DNA damage
checkpoints and repair pathways [56], while curcumin reduces
glucose uptake and lactate production (Warburg effect) [57]. The
combination of curcumin and etoposide promotes apoptosis
in gastric cancer cells by deregulating the NF-xB and HIF-1
pathways [55]. Additionally, combining resveratrol with etoposide
has been found to downregulate the expression of cyclin D1,
cyclin D2, and cyclin E, inhibiting CDK2, CDK4, and CDK6
activities and expression while upregulating p21 expression [58,
59] and increasing apoptotic activities [55, 60]. Therefore, natural
products show varying synergistic mechanisms to enhance the
anticancer effects of etoposide.

Cell viability studies were conducted using fractions of
scorpion venom eluting between 3-28 minutes. According to prior
research [61], these fractions typically contain low molecular
weight peptides [62-64]; including ion channels-interacting
peptides that recognize K+ channels, a type of ion channel with
demonstrated roles in cancer [4]. Moreover, previous evidence
suggests that most scorpion venom peptides with anticancer
activity are found within this retention time frame [65, 66].

It is interesting to note that only F4 and F5 fractions showed
a different effect on cell viability between A549, and MRC-5
cell lines when different soluble protein fractions were used.
The reason for this difference is currently unclear, but previous

studies have indicated that MRC-5 cells have lower expression
of certain membrane proteins compared to A549 cells [67].
A comprehensive comparative proteomic analysis has previously
shown that these cells express different membrane and non-
membrane proteins, including some potassium channels [68].
Therefore, it is likely that the peptides in these fractions include
some ion channel-interacting proteins, which may explain the
in vitro cytotoxic effect of R. junceus scorpion venom described
in this study.

Conclusion

Here we show that venom from R. junceus scorpion is more
effective at reducing cell viability of non-small cell lung cancer
(NSCLC) cells compared to the non-cancerous counterparts.
The mechanism of action seems to involve AIF release from
mitochondria, cell cycle arrest, and apoptosis in a caspase-
independent manner. When the scorpion venom is combined
with etoposide, a well-known chemotherapeutic agent, it
enhances the effect of both treatments. Initial findings indicate
that specific venom fractions are responsible for the observed
effect. However, further experiments are necessary to identify
the specific compounds targeting NSCLC cells and to understand
their relationship with the cell cycle arrest and mitochondrial-
dependent apoptosis induction caused by the scorpion venom
treatment.
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