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I

Abstract: The currently available anti-cancer therapies, such as gamma-radiation and chemotherapeutic
agents, induce cell death and cellular senescence not only in cancer cells but also in the adjacent normal tissue.
New anti-tumor approaches focus on limiting the side effects on normal cells. In this frame, the potential anti-
tumor properties of Pulsed Electromagnetic Fields (PEMFs) through irradiation of breast cancer epithelial cells
(MCEF-7 and MDA-MB-231) and normal fibroblasts (FF95) were investigated. PEMFs had a frequency of 8 Hz,
full-square wave type, magnetic flux density of 0.011 T and applied twice daily for 5 days. Data collected
showcases that PEMF application decreases the proliferation rate and viability of breast cancer cells while
having the opposite effect on normal fibroblasts. Moreover, PEMF irradiation induced cell death and cellular
senescence only in breast cancer cells without any effect in the non-cancerous cells. These findings suggest
PEMF irradiation as a novel, non-invasive anti-cancer strategy in combination with senolytic drugs, to
eliminate both cancer and the remaining senescent cells while simultaneously avoiding the side effects of the
current treatments.

Keywords: pulsed electromagnetic fields (PEMFs); cancer therapeutics; cell viability; cell death;
senescence

1. Introduction

Cancer is one of the most prevalent causes of death worldwide. This entity represents a
multifaceted disorder commonly characterized by heterogeneity [1]. Thus, complex treatments are
required while the continuous development of novel approaches that either eliminate or delay the
growth of cancer cells, comprises an imperative therapeutic goal [2].

Chemotherapy, radiation therapy [3], radionuclide therapy [4], immunotherapy, hormone
therapies along with surgery are traditionally applied, solely or in combination, and are considered
as powerful tools in our arsenal against cancer. As far as radiation therapy is concerned, ionizing
irradiation [characterized by very low wavelength, high frequency, low linear energy transmission
(LET)] [5] is conventionally utilized as the treatment of choice, resulting in the shrinkage or remission
of tumors [6]. However, following this intervention, serious side effects usually occur at the local and
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systematic level, e.g., secondary cancer, Radiation-Induced Coronary Artery Disease (RICAD) [7],
etc. Locally, adjacent tissues are also affected, given that this type of irradiation is harmful not
exclusively to cancer cells but also normal ones. Furthermore, radiation therapy is not indicated for
all patients, due to several endogenous vulnerabilities of some patients” categories [8].

Compared to normal cells, cancer cells harbor a variety of structural abnormalities [9,10]. Such
defects are associated with alterations in the genome (genomic instability) and a plethora of altered
domains/organelles such as the nuclear envelope, the cytoskeleton, mitochondria, centrosomes and
the cell membrane. Collectively, they reflect the architectural “anarchy” that cancer cells exhibit,
rendering them susceptible to mild interventions that would putatively not harm normal cells [9-15].
Various studies have previously focused on the use of Photodynamic Therapy (PDT) [16] and
Photothermal Therapy (PTT) [17] in parallel with the conventional treatments, applying Infrared (IR)
or Ultraviolet (UV) light in order to target cancer cells, avoiding any harmful effect on the normal
ones. In this context, we hypothesized whether low-intensity radiation might be applied for effective
cancer therapeutic purposes, exploiting the specific characteristics of the cancer cells, while at the
same time leaving normal, adjacent to the tumor, cells and tissues unaffected.

Pulsed Electromagnetic Fields (PEMFs) is a type of low-intensity irradiation. According to the
general categorization of these electromagnetic frequencies by the IEEE (Institute of Electrical and
Electronics Engineers), ULF are Ultra Low electromagnetic Frequencies (<3 Hz), ELF are Extremely
Low electromagnetic Frequencies (3 Hz-30 kHz), and VLF (Very Low electromagnetic Frequencies
(30 kHz-300 kHz) [18]. In the past few years, PEMFs have been a point of interest for the medical
community, since they appear to have a wide range of applications. Importantly, they have been used
as a supporting therapy, improving the healing rate, and accelerating the recovery period in post-
surgery patients [19], since PEMFs facilitate biophysical interactions. It is established that PEMFs
might be beneficial at a cellular/organismal level, such as recharging of the Trans- Membrane
Potential (TMP), increase of adenosine triphosphate (ATP) production in the mitochondria,
enhancement of the sodium-potassium pump, increase of cellular pH, improvement of oxygen
uptake and its assimilation into the cells, reduction of blood viscosity and improved circulation [20].
In this context, radiation of low energy and frequency might carry various beneficial effects in
treating different pathologies. Focusing on the ELF-PEMFs, as a pathology treatment approach, it
seems that they have mainly been used as a complementary type of therapy, coupled with chemo-
/radiotherapy etc., and rarely on its own, as a monotherapy. There are sparse indications in the
literature regarding their putative promising role in cancer treatment [21]. Consequently, considering
the fragile profile of cancer cells, and the beneficial potential of PEMFs acting as an anticancer agent,
traditional radiation therapy might also incorporate PEMF treatment sessions, in order to decrease
the resistance of the cancer cells to other therapies, strengthening the killing effect on cancer cells,
while also nullifying potentially side effects on normal cells. In the current work, we examined the
aforementioned working hypothesis applying ELF-PEMFs on breast cancer epithelial cells as well as
normal fibroblasts.

2. Materials and Methods

2.1. Cell Cultures

FF95 normal dermal fibroblasts, MDA-MB-231 and MCF-7 breast cancer cell lines, purchased
from ATCC (MDA-MB-231: HTB-26™, MCF7: HTB-22™) (LGC Standards GmbH, ATCC, Wesel,
Germany), were used for the in vitro experiments of this study. MDA-MB-231 is a human breast
cancer cell line with absent estrogen, progesterone and glucocorticoid receptors while MCF-7 is a less
aggressive and invasive than MDA-MB-231 breast cancer line. Cells were cultured in Dulbecco’s
modified Eagle’s high glucose medium (DMEM) (Gibco BRL, Life Technologies, ThermoScientific,
Paisley, UK), 10% FBS with antibiotics (1% penicillin/streptomycin) (Gibco BRL, Life Technologies,
Thermo Scientific, Paisley, UK), at 37°C, 5% CO: and were grown up to 70% confluence [22].
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2.2. In vitro PEMF irradiation device

Multi Pulse Magnetic Field Therapy Device Alphatron 4100-MW

The device for cell treatments was manufactured by JCD Technology GmbH (Hamburg,
Germany) and offers eight different preset programs as well as the ability to create custom ones
through various different parameters. More precisely, it is possible to manually adjust the desired
treatment by selecting the suitable pulse wave form, desired frequency, treatment time, and the
intensity of the treatment. This device at first was programmed with the preset program C4 in order
to test the effect of PEMFs and some other manual programs (Table 1). These programs were applied
to the tested cells twice per day (8 hours gap between treatments) for 30 minutes. After applying
these programs in all cell lines, a manual program with the following parameters was investigated:
frequency 8Hz, wave type Full Square, treatment time 30 min (2 times per day, for 5 days) and
magnetic flux density of 0.011 T. These settings were used for all following experiments. A parallel
plate platform was inserted perpendicularly to a coil ring. The ring was the source of PEMF
irradiation. Treated cells were placed on the designed platform for irradiation while at the same time
the control samples were placed in a culture cell hood.

Table 1. Settings of the different tested PEMFs programs that applied in the experimental

procedure.
Pre-set Program C4 Manual Program 1 Manual Program 2 Manual Program 3
Frequency 8-31 Hz 8 Hz 8 Hz 8 Hz
Wave Type Sinus-Rechteck Full square Full square Full square
Intensity 0.0033-0.0055 T 0.0088 T 0.0044 T 0.011T
. 30 min 1h 30 min 30 min
Duration

(2 times)/ 5 days (2 times)/ 5 days (2 times)/ 5 days (2 times)/ 5 days

2.3. Cytotoxicity Test (MTT assay)

In order to investigate the possible cytotoxic effect of PEMFs in cells, MTT colorimetric assay (3-
(4,5-dimethylthiazol-2-yl1)-2,5-diphenyl-tetrazolium bromide) was performed (Thiazolyl Blue
Tetrazolium Bromide Mb5655, Sigma-Aldrich, Darmstadt, Germany). A multi-well scanning
spectrophotometer (enzyme-linked immunosorbent assay reader) was used to quantify cell viability
based on the MTT Assay. Briefly, the higher the number of viable cells in each well the higher the
optical density value [23]. MCF-7, MDA-MB-231 and FF95 cells were seeded at approximately 10.000
cells/well in 96-well plates. On the day of the MTT assay, culture medium in each well was replaced
with 100 ul of fresh medium. 10 pl of 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyl-terazolium bromide
(MTT) solution [5 mg/ml in Phosphate-buffered saline (PBS) (Gibco BRL, Life Technologies,
ThermoScientific, Paisley, UK)] were added to each well. Samples were incubated at 37 °C for 2 h.
Afterwards, all supernatant was removed from each well and 100 ul of dimethyl sulfoxide (DMSO)
were gradually supplemented and incubated on a shaker for 30 minutes in room temperature (RT).
For background regularization, the optical density was measured at 570 nm and 650 nm respectively
[24]. The percentage of the PEMF-treated cells” viability was calculated and compared to the viability
of the untreated control.

2.4. Immunocytochemistry for anti-biotin, p21WAFICirl, and Ki67 staining

Cells from each cell line were seeded on coverslips, in 100 mm Petri dishes at 50% confluence,
hence keeping the cultures at approximately 70-85% confluence by the end of the 5-day PEMF
treatment. Cells were then fixed using 4% Paraformaldehyde (PFA) for 10 minutes, in 4 °C, washed
with PBS for a total of three times. For the Immunocytochemistry (ICC) process cell membranes were
permeabilized using Triton-X 0.3%/PBS for 15 minutes in RT, followed by blocking of non-specific
binding sites with goat serum (Abcam ab138478, in 1:40) for 1 h in RT. Cells were then incubated with
one of the following primary antibodies: anti-biotin (Cat.no: ab201341, dilution 1:300, Hyb-8, Abcam,
Cambridge, UK), p21WAFI/Gipl (Cat.no: 2947S, dilution 1:400, 12D1, Cell Signaling, Danvers, US), Ki67
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(Cat.no: ab16667, dilution 1:250, SP-6, Abcam, Cambridge, UK), respectively, for 1 hour in RT.
Development of the staining was accomplished using the Dako REAL EnVision Detection System kit,
(Cat.no: K5007, Santa Clara, US) according to the manufacturer’s instructions using 3,3'-
Diaminobenzidine (DAB) (brown color). Coverslips were counterstained with hematoxylin and
positive cells were counted. Finally, coverslips were sealed and observed under a ZEISS Axiolab5
(Munich, Germany) optical microscope at 20x or 40x objectives [25].

2.5. GL13 (SenTraGor™) staining

For SenTraGor™ staining, as defined previously, after the step of blocking of non- specific
binding sites, the coverslips were incubated in 50% and 70% ethanol for 5 minutes, respectively [26].
After applying GL13 on each coverslip, the samples were incubated at 37°C for 10 minutes. At the
end of this step, the coverslips were washed with 50% ethanol for 30-60 seconds, with PBS and then
Triton-X 0.3%/PBS was applied for 5 minutes in order to remove any reagent precipitates. Cells were
washed again with PBS and anti-biotin antibody (Cat.no: K5007, in dilution 1:300, Hyb-8, ab201341,
Abcam, Cambridge, UK) was applied and incubated for 1 hour in RT [25]. The mean percentage of
GL13-positive cells in > 5 high-power fields (Objection 40x) per sample was quantified.

2.6. Estimation of cell proliferation rate

The effect of PEMFs on the proliferation rate of the cultured cells was studied. To facilitate cell
counting, approximately 400,000 cells/ petri dish were seeded for MCF-7 and FF95, while for MDA-
MB-231 the number of the cells was 250.000. For each cell line two different groups of samples were
tested, the PEMF-treated cells and the control group that included cells that remained in the laminar
hood (during PEMF application). Following every day treatment cells of both groups were daily
counted. Trypan Blue staining and cell counting through a hemocytometer (Neubauer, Corning, The
Netherlands) using optical microscope (OLYMPUS IM, Olympus Deutschland GmbH, Hamburg,
Germany) were performed every 24 hours to generate proliferation rate graphs [27].

2.7. Statistical analysis

Wilcoxon signed-ranks test (non-parametric equivalent of the paired t-test) was applied for the
statistical analysis of the results (MTT cytotoxicity assay, immunohistochemical stainings). Also, Two
Way RM (repeated measures) ANOVA test was applied for the evaluation of proliferation rate. p <
0.05 was considered statistically significant.

3. Results and Discussion

3.1. Experimental Design

Cancer’s complexity restricts therapeutics to a handful of generalized non-invasive approaches.
Chemo-/radiotherapy are two of the most established strategies in the anti- cancer arsenal, they are,
however, far from flawless. Their mercurial nature, although effective against cancer cells, has proven
equally harmful towards the normal, surrounding tissue. In spite of cancer’s unpredictable character,
what the pathology gains in numbers through enhanced proliferating rates it lacks in stability and
cellular component integrity. This key characteristic could be utilized in order to identify the break-
point at which a therapeutic approach could be as detrimental against cancer as it is harmless towards
non- pathological cells. Since high energy/short wavelength radiation (radiotherapy) has deleterious
effects on normal cells, it was only logical to investigate the effect of low energy/high-wavelength
radiation. Hence, various pre-set programs of the Alphatron machine were put to the test. Data
gathered from these experiments led to the development of a manual PEMF irradiation program that
consists of frequency: 8Hz, wave type: full square, magnetic flux density of 0.011 T and duration: 30
min two times per day for 5 consecutive days (Table 1) (Figure 1A). Since, breast cancer is the most
common cancer type in women overall [28], the corresponding low grade (MCF-7) and high grade
(MDA-MB-231) cell lines, along with normal fibroblast cells (FF95) were selected in the current study.
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For each cellular group, PEMFs were applied in cells or remained in laminar flow hood as non-treated
control (Figure 1B). With the aforementioned aim in mind, the experiment was conceptualized
around the investigation of the in vitro PEMFs’ effects on cell viability, proliferation rate and
induction of cellular senescence in breast cancer and normal fibroblasts (Figure 1C).

Wave type: Square
Frequency: 8 Hz

Intensity: 11x103 T

Time per treatment: 30 min
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Figure 1. Experimental design. (A) Settings of applied manual program 3 for cells’ treatment. (B)
Schematic representation of PEMF treatment. Cells irradiated with PEMFs or not remaining in the
laminar flow cabinet (control) (C) Treated cells and corresponding controls evaluated for cell viability,
proliferation rate and cellular senescence following PEMF treatment by the MTT assay, Trypan blue

staining and immunocytochemical staining for Ki67, p21WAF/Spl and GL13, respectively.

3.2. Pulse Electromagnetic Fields (PEMFs) trigger cell death and cellular senescence

Effect on cell proliferation rate
In order to investigate the potential effects of PEMF application as an anti-tumor strategy, we

estimated the proliferation rate of breast cancer cells as well as normal fibroblasts. Cells were stained
with Trypan Blue and counted following PEMF treatment or in the absence of it. MCF-7 and MDA-
MB-231 cells displayed a statistically significant decrease in their proliferation capacity compared to
controls (Figure 2A, B). Interestingly, the irradiated FF95 cells showed an increased proliferation rate
(Figure 2 C). Collectively, these data indicate that PEMF irradiation exhibited not only anti-cancer

properties but also beneficial effects for the normal cells.
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Figure 2. Effect of PEMF irradiation on cell proliferation. Trypan blue staining and cell counting was
performed to estimate the proliferation rate of PEMF-treated and control cells. (A) MDA-MB-231 and
(B) MCF-7 cells exhibited decreased proliferation capacity following PEMF application in comparison
with untreated. (C) PEMF irradiation in FF95 cells was accompanied by a statistically significant
increase in proliferation in contrast to unirradiated controls. Statistical analysis was performed
through the Kruskal-Wallis nonparametric test. The obtained data represent means + standard
deviation from three experiments. *p < 0.05, **p < 0.005.

3.3. Effect on Cytotoxicity

Cell viability was measured by MTT colorimetric assay in all PEMF-treated and control cellular
systems. Notably, we found decreased levels in the viability of breast cancer cells, particularly a 10%
and 16% reduction were observed in MDA-MB-231 and MCF-7, respectively (Figure 3A, B).
Interestingly, the corresponding results in FF95 cells indicated not only a non-cytotoxic effect in cell
viability but also a 20% significantly increase of it (Figure 3C). The latter finding in combination with
the decreased proliferation rate of FF95 cells revealed another aspect of PEMFs that could be
advantageous in the field of surgery regarding the tissue repair and wound healing [29]. Particularly,
the observed increased cell viability of fibroblasts induced by PEMFs could prove useful for post-
operation due to the boost in their regenerative capacity.
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Figure 3. Evaluation of cytotoxic effect after PEMF treatment in breast cancer cells and normal
fibroblasts. MTT colorimetric assay was employed to estimate the percentage of cell viability of MDA-
MB-231, MCF-7 and FF95 cells in the presence or absence of PEMF irradiation. PEMF treatment
gradually decreased the cell viability of (A) MDA-MB-231 and (B) MCF-7 compared to the
corresponding controls, while this phenomenon was opposite in FF95 cell (C). Statistical analysis was
performed through the Wilcoxon nonparametric test. The obtained data represent means + standard
deviation from four experiments. *p < 0.05, **p < 0.005.

3.4. Detection of cellular senescence

Subsequently, we evaluated the proliferation rate and cellular senescence of PEMF-irradiated
cells compared to unirradiated one. In more detail, proliferation rates results were confirmed through
Ki67 immunostaining and cellular senescence by the presence of lipofuscin (by GL13 staining) and
the overexpression of p21WAF/Cipl, Cellular senescence is a stress response mechanism characterized
by a state of generally irreversible cell cycle arrest. Apart from absence of proliferation, senescent
cells exhibit distinct morphological and molecular characteristics, including macromolecular
damage, disrupted metabolism, and the secretion of a unique set of molecules collectively known as
the senescence-associated secretory phenotype (SASP) [30]. Cellular senescence plays a crucial role
in preventing proliferation of stressed, damaged and potentially harmful cells, such as those with
extensive DNA damage. While senescence contributes to maintaining tissue homeostasis and
suppressing the development of cancer, it also plays an important role in development, aging and
age-related diseases. The accumulation of senescent cells over time contributes to tissue dysfunction
and various age-related pathologies [30,31]. Lipofuscin is a pigment of oxidized proteins, lipids and
metals that accumulates within the lysosomes and cytoplasm of senescent cells. Lipofuscin is
considered as a hallmark of senescence and is recognized by GL13 (SenTraGor™) reagent [32].
Additionally, GL13 staining is the first step of the proposed algorithm from senescence community
for the accurate detection of senescent cells. The second step includes co-detection of other markers
that imply cell cycle arresting such as p16!NK44 and p21WAF/Cipl or the absence of proliferation markers
such as Ki67 [26].

In this report, PEMF application demonstrated a decrease of proliferation, as indicated by Ki67
expression, in MCF-7 and MDA-MB-231 cells compared to controls (Figure 4A-B). Quantification
analysis revealed a statistically significant equal decrease of Ki67 in both cancer cell lines (Figure 4C).
Moreover, this treatment increased senescence assessed by GL13 and p21WAF/Cir! staining in MCEF-7
and MDA-MB-231 cells opposite to the corresponding untreated cells (Figure 4D-I). Results showed
statistically increased levels of cellular senescence following PEMF irradiation only in irradiated cells.
As expected according to the proposed algorithm, GL13 overlapped with p21WAF/Cipl staining, but
exhibited a mutually exclusive pattern with Ki67.
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Figure 4. Evaluation of proliferation and cellular senescence in breast cancer cells following PEMF
treatment. Representative images of Ki67 (A-B), GL13 (D-E) and p21WAFVCPl (G-H)
immunocytochemical staining. Positive cells were calculated by strong brown nuclear signal for Ki67
and p21WAFI/Cipl. GL13 staining developed a strong brown perinucleus and/or cytoplasmic signal.
Graphs depicted the percentage of positive cells (%) for Ki67 (C), GL13 (F) and p21WAf/Cip1 (T) in PEMF-
treated and control cells. Approximately 100 cells per optical field were counted and >5 high-power
fields per sample were used for the quantification. Statistical analysis was performed through the
Wilcoxon nonparametric test. The obtained data represent means + standard deviation from four
experiments. *p < 0.05, **p < 0.005. Objective 20x, 40x. Scale bars: (A,B,G,H) 30 pm, (D,E) 60 pm.

Notably, any significant change in the proliferation rate and cellular senescence was not
observed in the FF95 cells (Figure 5A-D). This comparative study shows that exposure of different
cells to a low intensity and frequency (8 Hz) electromagnetic field, which is the exact frequency of the
earth’s magnetic field, could have a potential therapeutic window between the normal and the cancer
cells. Numerous investigations have demonstrated that symmetrical, low- intensity electromagnetic
fields (PEMFs) can inhibit cancer cells” proliferation [33-35]. Our findings are in accordance with a
previous study that used low-intensity, frequency-modulated (25-6 Hz) Thomas-Electromagnetic
field (EMF) pattern [26]. Thomas-EMF was able to inhibit the growth of cancer cell lines including
B16-BL6, MCF-7, MDA-MB-231, and HeLa via increased Ca? uptake through T-type Ca? channels
but did not affect the growth of normal cells. Additionally, Crocetti and colleagues showed similar
results in an in vitro PEMF treatment study using cancer and non-cancer breast cell lines. Importantly,
the novelty of this study is that apart from the decreased proliferation rate as well as the reduction of
cell viability, we revealed for the first time the induction of senescence in breast cancer PEMF-treated
cells [34].
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Figure 5. Evaluation of proliferation and cellular senescence in normal fibroblasts (FF95) following
PEMF treatment. Representative images of Ki67 (A), GL13 (B) and p2l1WAR/Grl (C)
immunocytochemical staining. Ki67 and p21WAF/Cipl positivity was determined by strong brown
nuclear signal. GL13 staining developed a strong brown perinuclear and/or cytoplasmic signal. (D)
Graph depicting the percentage of positive cells (%) for Ki67, GL13 and p21WAF/Cipl in PEMF-treated
and control cells. Approximately 100 cells per optical field were counted and > 5 high-power fields
per sample were used for the quantification. Statistical analysis was performed through the Wilcoxon
nonparametric test. The obtained data represent means + standard deviation from four experiments.

ns: non-significant. Objective 20x. Scale bar: 30 pm.

The multiple ways that PEMFs apply their effects include the transmission of electric signals on
the different ions of the cells, the activation of specific pathways, the monitoring of the expression of
molecules, the compromise of the plasma membrane integrity, the changes in the mitochondrial
pathways of energy and the inhibition or the activation of specific cell receptors [35-38]. Numerous
theories including variations in temperature, flux density, or energy input have been examined to
explain these changes in cellular responses (5). Alphatron 4100-MW used in our experimental
procedure, is a complex time, frequency, intensity and wave type modulated instrument which could
change during exposure. We propose that the aforementioned pattern (8Hz, full square, magnetic
flux density of 0.011 T) is critical for its effects on cells. Since the energy profiles of these exposures
are equal, the effect of the PEMFs was not provokes by an augmentation in energy exposure and was
more consistent with models of stochastic resonance.

Evidently, a clear window of vulnerability of cancer cells to PEMFs exists. The validity of the
described window effect is implicitly substantiated within the context of our data presented herein,
not only due to the fact that the measuring of cell viability gave the identical result, but also because
there is a reduction in the proliferation rate of all the malignant cell lines. Though they have been
documented and widely debated in the literature, similar window phenomena in electromagnetics
have not been satisfactorily explained by any established model [39]. The interpretation of several
observed biological effects of AM (amplitude modulated) electromagnetic fields is further
complicated by the apparent existence of window of response in both power density and the
frequency domains, according to the Protection Guidelines Report of the International Commission
on Non-Ionizing Radiation. No established theories can fully account for this occurrence and that’s
the reason why we count this scientific work as a first step to approach this phenomenon, but there
will be more investigations in the future about the biochemical and molecular events that take place
in cells after the PEMF irradiation [40].
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The cardinal outcomes of the current study include the non-cytotoxity effect of PEMFs in non-
cancer cells and the PEMF-treated cancer cells exhibited high levels of cellular death and senescence.
Both of these processes are considered as anti-tumor barriers as cellular senescence has been recently
characterized as a hallmark of cancer [41,42]. The ultimate goal of the current anti-cancer strategies is
the elimination of cell proliferation of cancer cells or the delay of carcinogenesis progress. In that
context, Therapy Induced Senescence (TIS) is among the main scopes of the standard anti-cancer
treatments and can be activated by different chemicals, chemotherapeutic drugs or gamma-
irradiation [42]. However, these approaches lead to a plethora of side effects on adjacent normal cells
[43,44]. According to our findings, PEMFs could be a useful tool to precondition the cancer tissue by
inducing senescence in cancer cells without interrupting the homeostasis of non cancer ones. The last
stage of TIS, includes the treatment of senescent cells with senolytics drugs that interfere with the
anti-apoptotic pathways of senescent cells, allowing them to undergo apoptosis [45]. Our team has
revealed the crucial role of senescent cells in different pathological entities including cancer, marking
them as therapeutic targets [40,46]. Cellular senescence is an anti-tumor barrier nevertheless
senescent cells exhibit a dual nature, since it could support the progress of malignancy by the
expression of SASP molecules or due to their ability to escape from senescence. SASP molecules
contribute to neo-angiogenesis; promote metastases by inducing changes in the tissue
microenvironment via production of metalloproteinases (MMPs) and create an immunosuppressive
tissue microenvironment supporting the cancer progression in vivo and in vitro [47]. Senescent cells
are associated with a generally permanent cell cycle arrest but under certain conditions re-entry in a
proliferative status can occur, this phenomenon termed escape- from senescence [48]. Apart from the
SASP, escaped cells have been associated with tumor relapse because they acquire highly aggressive
features. In this context, application of senolytic drugs at the proper time not only can selectively
remove them preventing the phenomenon of escape, but also reduce the SASP factors avoiding their
harmful effects. In order to achieve that, we need to have in our arsenal reliable tools for the detection
and visualization of senescent cells. Recently, our team created a new reagent termed GLF16 enables
for the in vitro and in vivo detection, isolation and live tracking of senescent cells [49]. GLF16
embedded in a nanocarrier (m-GLF16) permits the detection of living senescent cells. m-GLF16
linking with senolytic drugs suggests an innovative and appealing strategy in the field of theranostics
reducing the undesirable side effects of the traditional therapeutic approaches. Collectively, PEMF
treatment in cancer cells/ tissues following the application of senolytics and ideally with tools such
as m-GLF16 could be a novel, prominent and efficient non-invasive strategy for tumor elimination.

4. Conclusions

Although our recommended approach based on PEMEF irradiation exhibited obviously
advantages, needs improvement. Regarding the optimization of the whole process, in order to
establish a possible therapeutic protocol based on PEMF irradiation, further investigation of the effect
of the associated parameters, such as time of exposure, time interval between two consecutive
exposures, intensity, wave type, other cellular models, etc. should be implemented to ensure the
effectiveness on cancer cells.

In conclusion, PEMF irradiation is a promising pre-conditioning non-invasive strategy for tumor
elimination limiting the side effects of traditional radiotherapy (Figure 6A) as revealed by our
findings. PEMF-treated cancer cells not only displayed cell death but also senescence. On the
contrary, normal fibroblasts were not affected by the possible harmful effects of PEMFs but increased
their cellular viability (Figure 3C). These findings suggested that PEMFs reduced the viability of
cancer cells without having side effects in the adjacent normal tissue (Figure 6B), a fact that is
observed during the traditional radiation therapy. Finally, a two-step treatment consists of PEMF
irradiation following the targeted administration of a senolytic drug could alter the route of cancer
therapeutics (Figure 6C).
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Figure 6. Proposed model for the anti-tumor combined therapy applying PEMFs and senolytic drugs.
(A) Traditional radiotherapy inducing cell death and/or cellular senesce in both cancer and adjacent
normal tissue. (B) PEMF irradiation enhancing proliferation of normal cells while simultaneously pre-
conditioning cancer tissue, through induction of senescence and apoptosis. (C) Administration of
senolytic drugs eliminates the remaining senescent cancer cells following PEMF treatment.
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