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Abstract
Tumor cells (murine melanoma) and human fibroblasts were simultaneously exposed to the chemotherapeutic agent etoposide (VP-16) and a static electric field 
(SEF) in a single or combinatory therapy. Single exposure to a SEF showed no significant differences in cell viability, whereas the combination with VP-16 induced 
apoptosis increases in both cell lines. Single VP-16 treatment induced apoptosis for up to 6 h, while the combination of both VP-16 and SEF extended apoptotic 
activity throughout for up to 24 h of exposure. The combined results of SEF with VP-16 induced a substantial increase of cell deaths, reducing VP-16 IC50 from 
13 µM to 5.1 µM in melanoma cells, and from 12.6 µM to 3.2 µM in the fibroblast cells. Detection of apoptosis via Anexina V/PI and caspase 3 showed a 100% 
marks increase. Taken all together, the present results strongly indicate that SEF dramatically increases VP-16 apoptosis, which makes this physical agent a strong 
chemotherapeutic sensitizer.
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Introduction
In many biological systems of multicellular organisms, fundamental 

processes depend on electrical activities interacting with biochemical 
and molecular signaling pathways for various physiological functions 
[1-3]. The flow of ions generated by cells gives rise to electric fields 
which drive the following processes: cell division [4-6], migration 
[7-10], intracellular and genetic processes [11-17]. For practical 
application as its use for tumor treating fields [18], the effective anti-
neoplastic treatment modality is delivered via noninvasive application of 
low intensity, intermediate frequency, and alternating electric fields [19-22]. 

In this study, we tested the possibility of electrically interfering in 
cellular activity with the use of an exogenous static electric field (SEF), 
which as a result should promote favor the process of cell death. To 
test this hypothesis, we induced cytotoxicity in cells (normal fibroblasts 
and melanoma cell lines) by treatment with the topoisomerase II 
(Top2) inhibitor etoposide [23,24] (VP-16), under the concomitant 
effect of a SEF. This combination was effective in increasing the rates 
of apoptosis, duplicating the number of cells in apoptosis by etoposide.

Materials and Methods
Cell lines and Culture Conditions

The B16F10 murine melanoma cell line was purchased from 
the American Type Culture Collection (Manassas, VA). Primary 
cultures of human skin cells (fibroblasts, FN1) were obtained from 
patient foreskins at a university hospital (Hospital Universitário–HU-
USP). The project was financed by the CAPES, a Brazilian research 
foundation, and approved by the ethical committee (report HCFMUSP 
n°921/06). These cells were grown in 75 cm2 flasks in culture medium 
DMEM (Cultilab, São Paulo, Brazil) supplemented with 10% heat-
inactivated fetal bovine serum (Cultilab), 2 mML-glutamine (Sigma 

Chemical Company, USA), and 0.1 g/mL streptomycin (Fontoura-
Wyeth AS, USA).

Static Electric Field (SEF) 

Treatment with Static Electric Field (SEF) was achieved using an 
adjustable high voltage source with standardized intensity at 1000 
V/cm. Two electrodes were connected to an aluminum capacitor 
composed of parallel circular plates (chemically sterilized by 
immersion in 70% ethanol) arranged vertically to the culture plates 
inside the growth chamber under standard environmental conditions, 
partly isolated by a plastic bracket. All experiments were performed 
on four experimental groups: no treatment group cells, cells treated 
only with VP-16 (control), cells only exposed to SEF and cells exposed 
concomitantly to VP-16 and SEF.

Cell viability assay (MTT assay)

The B16F10 melanoma cells and FN1 fibroblasts used in the MTT 
assay [25] were cultivated in 96-well plates at a density of 105 cells/
mL and then incubated for 24 h. They were then treated with different 
concentrations of etoposide (VP-16) or paclitaxel (PTX; semi synthetic 
5ml Evotaxel 30 and 16.7 ml Evotaxel 100) diluted in 0.9 % NaCl at 
concentrations ranging from 1.75 to 20 μM for VP-16 and 0.5 to 10 
μM for PTX for 24 h. No treatment group was treated with the diluent 
only. After 24 h of treatment with SEF, VP-16 or VP-16 and SEF, 10 
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μM MTT (Sigma Chemical Company, USA) was added to each well for 
an additional 4 h. The blue MTT formazan precipitate was dissolved in 
100 μL DMSO. The absorbance at 540 nm was measured with a multi-
well plate reader. Cell viability was expressed as a percentage of no 
treatment cells, and the data are shown as the mean value ± standard 
deviation (SD) of the six independent experiments.

Analysis of apoptosis by flow cytometry

After treatment (3.5 μM for VP-16 and SEF), cells were pelleted 
by centrifugation at 1800 rpm for 10 min and incubated with 1 mg of 
specific anti-caspase-3 PE antibody (Santa Cruz, USA)26 and 10 mL of 
Triton X-100 (0.1%) for 1 h at 4°C. After that, the cells were resuspended 
in Facs flow buffer. The samples were analyzed for fluorescence (FL-2H 
detector) on a Becton Dickinson Facscan flow cytometer using a Cell 
Quest software.

Analysis of Annexin V -FACS and propidium iodide by flow 
cytometry

Annexin V staining detects the translocation of phosphatidylserine 
from inner to outer cell membrane during early apoptosis and 
propidium iodide (PI) can enter the cell during late-stage apoptosis 
and also stains dead cells. After treatment (3.5 μM for VP-16 and SEF) 
the cells in the supernatant and adherent cells were washed with PBS 
and binding buffer (10 mM HEPES pH 7.5 containing 140 mM NaCl 
and 2.5 mM CaCl2) and then stained with 1 µg of annexin V-FITC 
(Santa Cruz Biotechnology, USA) and 18 µg/mL of propidium iodide 
(Sigma-Aldrich Corp.). Each sample was analyzed by flow cytometry 
using the FL-1 and FL-2 channels to distinguish apoptotic, necrotic, 
and viable cell populations [26]. The analysis for both markers was 
performed on a FACSCalibur flow cytometer using the CellQuest 
software (FACSCalibur; Becton Dickinson). Samples were collected 
after 2-24 h of treatment in order to observe their behavior.

Statistical analysis 

The values are expressed as mean ± SD. Data were analyzed using a 
one-way analysis of variance. Significant differences in the means were 
determined using multiple comparisons with the (ANOVA) test at a 
significance level of p ≤ 0.05 alone.

Results 
The two different cell lines analyzed, B16F10 melanoma and FN1 

fibroblast showing similar results in IC50 for chemotherapeutic drug 
VP-16 after 24 h (Figures 1A and 1B, respectively). Metabolic activity 
and resistance to apoptosis in tumor cells in relation to the normal cells 
there is no significant difference in the results of the combined electric 
field with chemotherapeutic activity. The results showed selective 
cytotoxic effects or difference that could be attributed to the inherent 
differences in the cell lines. Quantitative results in the viability assay 
for both cell lines were very similar, with slight differences found in the 
behavior of cellular viability in relation to time (Figures 3 and 4).

In this study, we showed that stand-alone exposure to SEF has 
no measurable effect in cell death in both, melanoma and fibroblasts 
(Figures 3 and 4 below the left). The SEF was tested in different 
intensities where 1000 V/cm had the most effective result in cytotoxic 
potentiation of etoposide among the tested intensities in 24 h. Values 
50% higher than 1000 V/cm did not show an increase in VP-16 
cytotoxicity (not shown to avoid redundancy).

The graphs in Figure 1A and 1B show the viability (using the 
MTT assay) of cells exposed to the SEF as a function of the VP-16 

concentration. An inspection of these figures reveals that, consistently, 
the viability responds linearly to the VP-16 concentration interval 
in this experiment (that is, from 1.75 to 20 µM). From this line, we 
observe that the 50% inhibitory concentration (IC50) for VP-16 is equal 
to 13µM and 12.6µM, for fibroblasts and melanoma cells, respectively 
(Figures 1A and 1B).

As seen in Figures 1A and 1B, exposure to the SEF promoted an 
additional decrease in viability also responding linearly to the VP-16 
concentration, but with a steeper slope. Equally, as for the experiment 
with VP-16 only, a straight line was obtained by best-fit providing 50% 
inhibitory concentrations (IC50) of (5.1 ± 2.4) µM in B16F10 melanoma 
cells (Figure 1A) and (3.2 ± 2.1) µM in FN1 fibroblasts (Figure 1B).

In addition to the use of VP-16 as a DSB-inducing chemotherapy 
(DSB stands for Double Strand Break), PTX was used in these studies 
as a chemotherapeutic agent with distinctive properties in cell death, to 
compare with VP-16. The results presented in Figure 1C (melanoma) 
and Figure 1D (fibroblast) showed a superposition of control trend 
lines (with only PTX) and those combined with the SEF. It is notable 
that there was no influence of the SEF in an increase in cell death by 
PTX after 24 h of treatment.

Values represent reduction percentages of viability comparatively 
to averaged viability from the VP-16 group (set as 0%) from for the 0, 
1 and 2 h between the application of VP-16 and the SEF in Figure 2, 
shows results for reduction in cell viability by the action of the SEF, as a 
function of the time interval (t) following application of VP-16 (t=0 h). 
These values represent reduction percentages of viability comparatively 
to averaged viability from the VP-16 group (set as 0%) from for the 0, 
1 and 2 h between the application of VP-16 and the SEF. The values 
shown were measured with 50% inhibitory concentration (IC50) in 
cell viability. determined by the MTT test results, where a significant 
reduction in the ability of the SEF to decrease cell viability was found 
within an increasing period after VP-16 application, indicating a fall 
in the mitigation of effect of the SEF effect on the viability in the at 
conditions of one hour or more in the combined treatment. The 
viability values within a 2-h interval of application have no statistical 
significance in relation to the results of cytotoxic effects of VP-16 alone.

The flow cytometry results at a concentration of 3µM of VP-16 for 
annexin/PI and caspase-3 (Figures 3 to 5). The PI intercalates between 
DNA bases, indicating necrosis, but when combined with annexin V 
staining indicates late or early apoptosis of the respective cell cultures 
after 6 h of exposure are shown above the graphs for annexin V/PI. The 
effect of the SEF in combination with the chemotherapeutic drug VP-
16 increased the number of cells in early apoptosis (EA) in the 4-6 h of 
time interval treatment in melanoma cells (for significance levels of p 
≤ 0.01 for fibroblast and p ≤ 0.05 for melanoma). However, fibroblasts 
(Figure 4) showed an increase of early (EA) and late apoptosis (LA) 
within 4 h of SEF treatment, Indicating a distinct but equivalent 
metabolic behavior. There was no evidence of apoptosis or necrosis 
induced by isolated exposure to the SEF for 24 h, providing values 
close to the control group for both markers annexin V/PI, which is in 
agreement with data showing that caspase-3 protein expression was 
unchanged. On the other hand, the induction of necrosis by VP-16 
in fibroblast cells (figure 4) hasn’t changed during the exposure time 
(6 h) in the combined effect with VP-16, excluding the possibility of 
a necrosis increase by the combined action of the SEF and VP-16, as 
observed with apoptosis.

Figure 5 shows the levels of caspase-3 expression after VP-16 alone 
and combined with exposure to the SEF in melanoma and fibroblast 
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Figure 1. Cellular viability as a function of the chemotherapeutic drug concentration. Stand-alone exposure to etoposide ( VP-16) and combined exposure to etoposide and SEF ( VP-
16 and SEF). The straight line fitted to the experimental results makes salient the linear decreasing tendency of cellular viability for melanoma cells (A) and fibroblasts (B). Panels C and D 
indicate cellular viability in response to paclitaxel exposure. The overlapping data points correspond to: exposure to PTX alone (gray ) and simultaneous exposure to both PTX and SEF 
(black ) in melanoma cells (panel C) and fibroblasts (panel D)

Figure 2. The increased efficiency on the reduction in cell viability by the action of a SEF as a function of the time interval (t) following application of VP-16 (t = 0h). These values represent 
reduction percentages of viability comparatively to averaged viability from the VP-16 alone group (set as 100%) taken at 0, 1and 2 h between the application of VP-16 and SEF, based on 
the Inhibitory Concentration of 50% obtained through the MTT test in melanoma cells (black) and fibroblasts (white)
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Figure 3. Above: Density plot of Annexin V -FITC and PI expression in murine melanoma cells after 6 h of treatment. Below the left: Bar graphs representing the number of cells that are 
viable under control conditions, with the application of etoposide (VP-16), an electric field (SEF) or combined treatment (VP-16 and SEF) after 2, 4 and 6 hours of treatment. Below the 
right: Cell death separated by: necrosis, initial apoptosis and late apoptosis by bar of overlapping graphs for treatments and periods equivalent to that of cell viability

Figure 4. Above: Density plot of Annexin V and PI expression in normal human fibroblasts after 6 h of treatment under the same conditions as in Figure 3. Below: Comparative treatment 
effect in cells are viable (left) and death cell (right) of overlapping graphs undergoing necrosis, early apoptosis and late apoptosis, after 2, 4 and 6 h of treatment
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Figure 5. Above: Density plot figures for the 6-hour period, indicating molecular markers for caspase-3 activity, under control conditions, with the application of etoposide (VP-16), an 
electric field (SEF) or combined treatment (VP-16 and SEF) in melanoma and fibroblasts cell cultures. Below: Percentage of apoptotic cells with etoposide treatment alone (VP-16--) and 
combined with exposure to SEF (--). Stand-alone exposure to SEF () led to no death by apoptosis, with values close to those of control cells () after the 24 h

cells (A and B, respectively). Caspase-3 is used as a marker of apoptotic 
activity, since it is present in different activated forms [27,28]. It was 
not possible to detect any statistically significant differences between 
samples obtained for no treatment conditions and those submitted 
to the SEF alone. In melanoma cell line, the cleavage of caspase-3 was 
decreased by the action of VP-16 within the first 4 h, in contrast to the 
increase induced by the SEF thereafter. The effect of the SEF increased 
apoptosis significantly, by approximately 30% for melanoma(A) and 
35% for fibroblast (B), which continued up to the 24 h for time point. 
This result indicates an increase in the pro-apoptotic action of VP-
16 during exposure to the SEF, supporting the increase of apoptosis 
indicated in the annexin V/PI trial and apoptosis markers.

Discussion
Previous experimental results from our research group have shown 

that organisms submitted to gamma radiation and immediately after 
exposed exposure to a SEF demonstrate the persistence of the γH2AX 

histone [29], thus revealing the ability of SEFs to inhibit repair, while 
since the persistence of γH2AX reflects the presence of unrepaired 
DNA damage [30-32]. As with ionizing radiation, cells treated with 
VP-16 also show a response in the MRN complex which works in the 
ATR pathway, in response to various DNA damaging agents [31,33], 
revealing a connection with the response factors of repair via ATM and 
ATR which, similarly to γH2AX, work within a few minutes after the 
application of VP-16 [33,34].

The VP-16 action inhibits the DNA rebinding ability of 
Topoisomerase II enzymes, which acts in response to DNA damage 
[35], compromising cellular viability by creating structural lesions [36] 
causing damage accumulation of Double Strand Break (DSB) in cells 
[37]. These damages cannot be repaired and persists into the G2 phase, 
leading to cellular death by apoptosis [36,38,39]. This action of VP-16 
effectively activates apoptosis [40], even in cells weakly affected by this 
mechanism, such as melanoma cells [38].
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The sensitization is directly related to the concomitant application 
of VP-16 with SEF (Figure 2), suggesting that the SEF-mediated 
chemosensitizer effect has a direct action on non-repaired DSB, losing 
efficacy as the repair mechanism operates in the cell.

The VP-16 may cause damage which leads leading to a persistent 
DSB response [33], promoting the recruitment of the machinery for 
DNA fragment rebinding. The action of the SEF probably interferes with 
the polarization of polar molecules [41] and specially DNA fragments, 
by altering and redirecting small and large fragments within the field 
lines. Since a SEF is able to induce inflict torque in polar fragments, 
it is expected that this effect may interfere with the recruitment of 
molecules and proteins linked directly or indirectly with cellular repair 
[34]. This induces persistent non-repairable DSB, a condition which in 
turn activates the G2 checkpoint, induces apoptosis [42], and is likely 
responsible for the chemosensitizer effect between the SEF and VP-16. 

The aforementioned evidence is consistent with the results shown 
in Figures 1A and 1B, where the inhibition of cell viability increased 
with the combination of the SEF and a DSB generating agent. The effect 
of this combined treatment allowed the use of a lower concentration of 
VP-16 to generate a higher index rate of cell death. These results are 
distinct from what happened with PTX, shown in Figures 1C and 1D, 
which promoted the inhibition of mitosis [43] by acting as a negative 
control for the effects of the SEF and another cytotoxic agent that does 
not generate DSB. In this case, the SEF did not show a chemotherapy 
sensitization effect regarding cell viability.

In At the higher concentration range (5–50 μM) PTX blocked the 
entry into S phase, which led to inhibition of cell proliferation and the 
induction of necrosis [44]. The result indicates that ion and molecule 
polarization by the SEF don’t interfere directly in the processes of 
cell death and, by considering the applied levels of concentration of 
PTX, that the electric field also doesn’t act directly in the cell death 
(by either necrosis or apoptosis). This result is supported by the stable 
levels of necrosis induced by VP-16 and measured via annexin V/IP 
in fibroblasts in (Figure 4) that which, in contrast to the apoptosis 
values, didn’t result in led to an increase when exposed to the SEF. 
As an example of damage formation, VP-16 in tumor cells (HL60 
cells) induces an increase in apoptosis between 3-4 h during the 
exponential growth phase [38] at the same time that an increase in of 
DNA fragmentation takes place [37,40]. Caspase-3 is an effector of the 
apoptotic cascade (both intrinsic and extrinsic pathways) and works 
actively to generate nuclear fragmentation and DNA degradation. 
Moreover, as previously mentioned, previously apoptosis and DNA 
fragments are directly linked to unrepaired DNA [42], and the results 
of this study are consistent with apoptosis based on supported by the 
increase in caspase-3 expression and the annexin-PI assay. However, 
normal fibroblasts did not show significant changes in apoptosis after 
2 h of treatment with VP-16. This result is consistent with the behavior 
of these cells, which in the presence of DSB inhibit the cell cycle [36]. 
The chemotherapy sensitizer effect of the SEF led to a significant 
increase in mortality (for both lineages, i.e. melanoma cells and normal 
fibroblasts), particularly after 2 h; this circumstance persisted for a 
period of 24 h, during which the analyses were performed. Regarding 
apoptosis in melanoma cells and fibroblasts, the results of this work are 
consistent with the accumulation of damage that has not been properly 
repaired. In fibroblasts, the expression of caspase-3 (Figure 5B) showed 
a continuous plateau of expression after 4 h in cells treated with VP-16 
only or with the SEF, as well. However, the values of apoptosis were 
almost doubled with the combined treatment. The increase in caspase-3 
expression after 2 h suggests the inhibition of mitosis and, as result, 
biochemical mechanisms are triggered, and so cells stop their cycling 

to repair. Although the periods of cell arrest were similar, the combined 
treatment led to higher values of caspase-3, indicating a higher index 
rate of apoptosis; thus, a smaller number of repaired cells is achieved. 
Melanoma cells showed similar results (Figure 5A) with the combined 
treatment, in which where an increase of apoptosis was observed. On 
the other hand, there was no plateau; such evidence is expected in a cell 
line that has not undergone cell arrest.

Unlike alternating electric fields, the use of a SEF leads to no energy 
transfer and no heat generation; such features allow for extended 
exposure of biological tissues in vivo. The results found in this study 
promote the use of Static Electric Fields the SEF to intensify the actions 
of chemotherapeutic treatments such as VP-16, due to enhanced 
apoptosis-like programmed cell death processes. The concomitant use 
of a SEF can be used as a basis to increase the efficiency of treatment 
in neoplastic tumors, in which the use of VP-16 and radiotherapy are 
indicated. The major advantages of this chemosensitizer are restricted 
to the application area of the electric field, thus directing increased 
mortality to only to the target and surrounding cells. This allows for 
intensifying the effects these drugs effects without major damage 
to other cells outside the tumor, thereby reducing the side effects 
associated with chemotherapy and radiation.

Final Remarks and Conclusions
It was dramatically demonstrated in this work that exposing cells to 

a SEF, following treatment with VP-16, nearly duplicates the apoptosis 
rate while not showing a induction of necrosis. Exposure to a SEF 
extends the apoptotic period up to 24h. 

Educated guesses

1. The action of a SEF interferes with repair processes (those inhibiting 
apoptosis) by inducing apoptosis for extended periods of time. 

According to previous studies in our laboratory, repair interference 
by means of a SEF is driven by the reorientation of protein pathways 
to damaged sites.
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