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Abstract: Background/Objectives: Angiogenesis is the multistep process of the formation
of new blood vessels. It is beneficial in scenarios that require tissue repair and regeneration,
such as wound healing, bone fracture repair, and recovery from ischemic injuries like
stroke, where new blood vessel formation restores oxygen and nutrient supply to damaged
areas. Extremely low-frequency electromagnetic stimulation (ELF-EMS), which involves
electromagnetic fields in the frequency range of 0–300 Hz, have been shown to reduce
ischemic stroke volume by improving cerebral blood flow and recovery effects that are
dependent on eNOS. Based on previous results, we herein explore the effects of ELF-EMS
treatment (13.5 mT/10 and 60 Hz) on the activation of angiogenic processes in vitro in
homeostatic conditions. Methods: Using human microvascular endothelial cells (HMEC-1),
we studied cell proliferation, migration, and tube formation in vitro, as well as nitric oxide
production and the effect of calcium and nitric oxide (NO) on these processes. Moreover,
blood vessel formation was studied using a chicken chorioallantoic membrane (CAM) assay.
Results: Our results showed that ELF-EMS increases proliferation, tube formation, and both
the migration and transmigration of these cells, the latter of which was mediated via NO.
In turn, calcium inhibition decreased ELF-EMF-induced NO production. Furthermore, ELF-
EMS significantly increased blood vessel formation in the CAM assay. Conclusions: Our
results indicated that ELF-EMS exposure (13.5 mT/10 and 60 Hz) significantly induces
angiogenesis in vitro and in ovo, underscoring its potential application in the treatment of
conditions characterized by insufficient blood supply.

Keywords: extremely low-frequency electromagnetic stimulation; angiogenesis; nitric
oxide; endothelial cell

1. Introduction
Angiogenesis—the growth of new vascular structures from existing blood vessels—is

a multistep process that involves the activation, proliferation, migration, and tube forma-
tion of endothelial cells (ECs) [1]. It is a complex process wherein various growth factors,
cytokines, enzymes, compounds of the extracellular matrix, and intracellular signaling
molecules such as nitric oxide (NO) play an important role. NO, produced by endothelial
nitric oxide synthase (eNOS), activates soluble guanylate cyclase (sGC) to generate cyclic
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guanosine monophosphate (cGMP), a second messenger that regulates downstream signal-
ing. This pathway is tightly linked to the vascular endothelial growth factor (VEGF), as the
VEGF stimulates eNOS to produce NO, creating a positive feedback loop that amplifies
angiogenesis [2].

Impaired angiogenesis contributes to the pathogenesis of several diseases, such as
neurodegenerative disorders, hypertensive vascular dysfunction, and cardiovascular and
cerebrovascular ischemia. During ischemic stroke, angiogenesis plays an important role in
promoting nerve regeneration and functional recovery; therefore, promoting angiogenesis
is a useful strategy to enhance stroke recovery [3,4].

Nowadays, therapeutic approaches include growth factor-based therapies including
the use of the vascular endothelial growth factor (VEGF) [5]. Recent studies have shown that
the VEGF not only increases angiogenesis but also enhances vascular permeability, which
is associated with edema formation and increased hemorrhagic risk, which may have fatal
consequences [6]. Other therapeutic approaches include stem cell transplantation [1,7,8],
nanoparticle-based approaches with a proven ability to boost angiogenesis and decrease
vascular permeability [9], gene therapy with the multi-isoform VEGF [10], other growth
factors like the fibroblast growth factor (FGF) [11], erythropoietin (EPO) [12], microRNA
therapy involving miR-126 and miR-221-3p, the effects of which promote angiogenesis via
VEGF and AKT/eNOS signaling, respectively [13,14], and extremely low-frequency elec-
tromagnetic stimulation (ELF-EMS) [15,16]. The effectiveness of proangiogenic therapies
is often limited by issues related to the appropriate dosing and retention of therapeutic
agents at the target site [17]. ELF-EMS, however, has emerged as a promising alternative
or adjunct to traditional proangiogenic therapies with the potential to enhance vascular
perfusion and promote angiogenesis through several mechanisms [18,19].

Previous research has demonstrated that ELF-EMS may promote angiogenesis by en-
hancing tube formation and increasing the proliferation of endothelial cells (ECs). Yet, the
underlying molecular mechanisms involved and the effect of different ELF-EMS doses on in-
ducing these angiogenic processes are unknown [20–22]. ELF-EMS has been shown to improve
tissue repair in chronic wounds via protease matrix rearrangement, neo-angiogenesis, epithe-
lialization, and VEGF signaling pathway activation, stimulating regenerative processes [23,24].

Other authors have reported the adverse effects of ELF-EMS on blood vessel forma-
tion, for example, a reduction in the expression of key angiogenic factors like the VEGF
and transforming growth factor β1 (TGF-β1) in metastatic cell lines [25,26], as well as a
reduction in blood vessel density in a murine model of angiogenic growth [27]. In contrast,
we previously demonstrated that ELF-EMS enhances vascular perfusion by stimulating
NO production via Akt-/endothelial nitric oxide synthase (eNOS) signaling and reduces
the ischemic stroke volume in different permanent stroke models by increasing cerebral
blood flow. Moreover, the beneficial effects of ELF-EMS after permanent stroke were lost
after NO inhibition, indicating the indispensable role of ELF-EMS in modulating ECs
responses [18,19]. Based on these results, we wanted to explore the effects of ELF-EMS
specifically on angiogenesis, using normoxic conditions as a starting point. Consider-
ing also the contradictory results found within the literature, there is a need to deepen
the understanding of the cellular response and the molecular mechanisms involved in
ELF-EMS-induced ECs responses.

The impact of sinusoidal ELF-EMS on crucial steps of the angiogenic cascade (ECs
proliferation, migration, and tube formation) was assessed in homeostatic conditions, as
well as the involvement of the NO/eNOS signaling pathway. Finally, we evaluated the
ability of ELF-EMS to induce the formation of fully functional blood vessels in the chicken
chorioallantoic membrane (CAM) assay.
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2. Materials and Methods
2.1. Specifications of ELF-EMS Exposure System

The application system to generate sinusoidal ELF-EMS was previously described
in [12]. Briefly, ELF-EMS was generated using a coil (ferromagnetic core radius 16 mm; wire
diameter 0.20 mm; 950 turns) connected to a Magnetic Stimulator NaK-02 manufactured
by our collaborator from the Centro Nacional de Electromagnetismo Aplicado, Cuba. The
resulting magnetic field showed a sinusoidal distribution as a function of time with an
electromagnetic field strength of 13.5 mT and a non-pulsed sinusoidal frequency of 10 and
60 Hz (Figure 1A). Cell cultures were either stimulated or sham-stimulated (control) with
the coil positioned below the targeted well (Figure 1B). For every plate size, the treated
wells were positioned in the center of the coil. For the control group, the cell cultures were
located above the coil without exposure to the electromagnetic field. For each experiment
(n) with exposure of 60 Hz and 10 Hz, a control culture was sham-exposed (placed above
the inductor with the device turned off).

 

Figure 1. An illustration of the applied sinusoidal ELF-EMS. (A) Sinusoidal magnetic waves were
generated continuously at either 10 or 60 Hz during the entire exposure time. (B) A schematic
representation of the experimental setup for cell culture experiments: the plastic-enclosed coil is
positioned beneath the culture plate, with the well(s) to be treated positioned over the center of the
coil. The image was created using Servier Medical Art (https://smart.servier.com/), licensed under a
Creative Commons Attribution 4.0 Unported License.

2.2. In Vitro Angiogenic Assays
2.2.1. Proliferation Assay

Human immortalized microvascular endothelial cells (HMEC-1) were used for all
in vitro experiments and were cultured as previously described in [13]. To assess the
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effect of ELF-EMS on ECs proliferation, HMEC-1 cells were seeded in a 96-well plate
(10,000 cells/well), and 24 h later, ELF-EMS or sham treatment was applied for 4 sub-
sequent days, for 20 min per day. Cell viability was determined after the last treat-
ment using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma,
St. Louis, MO, USA) assay as described in [28], which is commonly used as a cell prolif-
eration assay [29,30]. Two wells were seeded each time per condition, and the results
were averaged.

2.2.2. Wound Healing Assay

Migration was measured first via the wound healing assay using a special culture
Ibidi insert (Ibidi, Planegg/Martinsried, Germany). HMEC-1 (20,000 cells per well) were
seeded, and 24 h later, the insert was removed, the medium was refreshed, and the cells
were subjected to ELF-EMS with different levels of magnetic flux (2.5 mT, 4 mT, 13.5 mT,
and 20 mT) and frequency (10 Hz and 60 Hz) for 20 min. After 24 h, the cells were fixed,
stained with 0.1% cresyl violet (Sigma-Aldrich, Dorset, UK), and the area occupied in the
wound by migrated cells was quantified. The values are presented in relative units that
represent the fold change migration of the treated groups regarding the control group [31].

2.2.3. Transwell Migration Assay

Transwell migration assay was performed using an 8 µm pore-size membrane separat-
ing the two chambers (Greiner Bio-One, Vilvoorde, Belgium). A total of 100,000 HMEC-1
cells were seeded in the upper compartment, while the lower compartment contained α-
MEM complemented with 10% fetal bovine serum (FBS) as a chemoattractant. Three hours
after seeding, the cells were subjected to ELF-EMS for 20 min. After 24 h, the cells that
had transmigrated towards the lower chamber were fixed and stained with crystal violet
for quantification. To analyze the implications of NO in ELF-EMS-induced ECs migration,
HMEC-1 cells were preincubated for 15 min with the NOS inhibitor L-NMMA (1.5 mM,
Tocris Bioscience, Bristol, UK) or the inducible NOS (iNOS) inhibitor 1400W (1.5 mM, Cay-
man Chemical, Ann Arbor, MI, USA). Lipopolysaccharide (LPS, 1 ng/mL, Sigma-Aldrich,
St. Louis, MO, USA), a stimulator of iNOS production, was added as a positive control.
Four images were taken for quantification with a Jenoptik ProgRes C3 (Jenoptik, Jena, AL,
USA) camera coupled to an inverted microscope (Nikon Eclipse TS100, Tokyo, Japan) with
a 100× magnification.

2.2.4. Tube Formation Assay

In the tube formation assay, wells of an angiogenesis µ-slide (Ibidi, Martinsried, Germany)
were coated with Matrigel (Corning, Bedford, MA, USA). After the solidification of the matrix,
HMEC-1 were seeded (10,000 cells/well) and 1 h later, ELF-EMS (10 and 60 Hz) was applied for
20 min. After 6 h, pictures were taken and the number of nodes and total branching length were
independently determined with the Angiogenesis Analyzer plugin (Image J v1.54m) [32,33] by
a researcher blinded to the experimental conditions.

2.3. Quantification of Nitrite Production

Nitrite levels, as an indirect measure for NO production, were quantified using the
Griess reaction system (Promega, Leiden, The Netherlands) according to the manufacturer’s
instructions. HMEC-1 cells were preincubated or not with inhibitors L-NMMA (1.5 nM),
1400 W (1.5 mM), and intracellular Ca2+ chelator BAPTA-AM (Tocris Bioscience, Bristol,
UK) (1 mM, 100 µM, 10 µM). Next, the cells were submitted to ELF-EMS (13.5 mT/10 Hz
and 60 Hz, 20 min), and the medium was collected after 24 h for nitrite quantification.
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2.4. Chorioallantoic Membrane Assay (CAM)

The angiogenic potential of ELF-EMS was measured with the CAM assay based
on [28]. The CAM assay is a well-established angiogenesis model due to its abundant
capillary network. It serves as a substitute for animal models and offers a natural setting for
developing blood vessels [34]. Briefly, fertilized chicken eggs (Gallus gallus) were incubated
for 3 days at 37 ◦C and constant humidity. On day 3 of embryonic development (E3),
3–4 mL of albumina was removed to detach the egg shell from the developing CAM,
and a 1 cm2 window was opened in the shell, exposing the CAM. The window was
covered with cellophane tape, and the eggs were returned to the incubator. At E4, the
eggs were submitted to ELF-EMS (13.5 mT/10 and 60 Hz/20 min) for 4 days by placing
the inductor on top of the window with the exposed CAM. Seven days after the first
ELF-EMS exposure (E11), the CAM was removed, and the number of blood vessels (BVs)
was assessed independently by two double-blinded researchers.

2.5. Statistical Analysis

Statistical analysis was performed with the GraphPad Prism 10 software (GraphPad,
San Diego, CA, USA). The normal distribution was analyzed with a D’Agostino and
Pearson normality test. For the wound healing assay, a repeated measurement ANOVA
with a Bonferroni post-hoc test was used. When multiple groups were compared, a one-way
ANOVA test with a Bonferroni Multiple Comparison post-hoc test was used for Gaussian
distributed data or a Kruskall–Wallis test with Dune Multiple Comparison was otherwise
used. The results are presented as means ± standard error of the mean (SEM). Differences
were considered statistically significant when p < 0.05.

3. Results
3.1. ELF-EMS Stimulates Proliferation, Migration, and Tube Formation of HMEC-1 Cells

Since ECs proliferation represents one of the key steps in angiogenesis, the effect
of ELF-EMS on the rate of HMEC-1 cell growth was assessed. Four stimulations of
13.5 mT/60 Hz ELF-EMS treatment significantly increased the proliferation rate of HMEC-1
compared to the control group. There were no statistically significant differences between
the 10 and 60 Hz, nor between the control group and 10 Hz (Figure 2A).

Besides proliferation, cell migration is a crucial step in blood vessel formation. Because
differences in ELF-EMS-induced effects have been described depending on the magnetic
induction [27,35], several values were included in this experiment to make a dose–response
curve. The motility of HMEC-1 cells improved with the increasing intensity of the magnetic
flux for both treated groups (10 and 60 Hz) compared to the control, with no evident
effect for the lower inductions (2.5 and 4 mT). For both frequencies, a statistically signif-
icantly increased migration was observed for 13.5 and 20 mT. The maximal migration
was reached at 13.5 mT, and the EC50 was estimated at ± 5.58 mT for both 10 and 60 Hz
(Figure 2B). Based on these results, 13.5 mT was chosen as the magnetic flux value for the
following experiments.

The effect of ELF-EMS on HMEC-1 migration was further assessed via the transwell
migration assay. Cell migration showed a statistically significant increase by 3.0-fold
and 2.4-fold when submitted to 10 Hz and 60 Hz stimulation, respectively (Figure 2C).
Interestingly, treatment with 13.5 mT/60 Hz significantly induced HMEC-1 tube formation
(Figure 2D). The total number of nodes increased 2.32 times, while the total branching
length increased 2.9-fold compared to the control, with no effect observed for 10 Hz.
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Figure 2. ELF-EMS exerts angiogenic properties both in vitro and in ovo. (A) The quantification of
HMEC-1 proliferation. HMEC-1 were seeded and stimulated for 4 consecutive days with 13.5 mT
at 10 or 60 Hz. Proliferation was assessed with the MTT assay (n = 4) on day 4 and normalized
towards control conditions (dashed line). (B) Quantification and representative images showing
HMEC-1 cell migration in the wound healing assay (4, 13.5, and 20 mT). The cells were seeded
in an Ibidi insert, and the next day, after insert removal, the cells were stimulated with different
doses of magnetic flux (2.5, 4, 13.5, and 20 mT) for 20 min. After 24 h, the number of cells that
migrated into the cell-free space (as shown in the pictures) was measured (n = 4–5). Values were
normalized towards control conditions (dashed line). Scale bars = 200 µm. (C) Quantification and
representative images showing migrated cells in the transwell migration assay. HMEC-1 cells were
seeded onto an 8 µm insert that was placed onto a well containing medium with 10% FBS. After 4 h,
ELF-EMS was applied, and at 24 h, the number of migrated cells was assessed (n = 5). Values were
normalized towards control conditions (dashed line). Scale bars = 200 µm. (D) The quantification of
nodes and branching length and representative images showing HMEC-1 tube formation. Cells were
seeded onto Matrigel. After 1 h, ELF-EMS was applied, and the number of formed nodes and the
total branching length were assessed (n = 12) after 6 h. Scale bars = 200 µm (E) Quantification and
representative images of the effect of ELF-EMS on the number of blood vessels in the CAM assay of
the control and ELF-EMS conditions. The arrows indicate various blood capillaries. At E4, fertilized
chicken eggs were subjected for 20 min to ELF-EMS (13.5 mT/10 or 60 Hz) for 4 days, and the number
of capillary blood vessels was assessed seven days after the first ELF-EMS exposure (n = 6/group).
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Scale bars = 1 mm. Control groups were sham-exposed to the ELF-EMS equipment in all experiments
for 20 min. Values are expressed as the mean ± SEM. (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 as
calculated by a Kruskall–Wallis test with Dune Multiple Comparisons for proliferation and transwell
assay, one-way ANOVA with a Bonferroni Multiple Comparison Test for the tube formation and
CAM assay, and repeated measurement ANOVA with Bonferroni a post-hoc test for the wound
healing experiment.

3.2. ELF-EMS Enhances In Ovo Angiogenesis

The CAM assay was performed to provide more insights into the angiogenic prop-
erties of ELF-EMS to induce the formation of new functional blood vessels in an in vivo
model (Figure 2E). The number of BVs in both 10 and 60 Hz ELF-EMS-treated groups was
statistically significantly higher (2.6- and 2.5-fold increase, respectively) than the control
group, indicating that ELF-EMS can induce blood vessel development. No difference
between the two treatment groups was found.

3.3. ELF-EMS-Induced HMEC-1 Migration Is Mediated by NOS

We previously demonstrated that ELF-EMS increases endothelial NO levels by stimu-
lating eNOS signaling [18,19]. To study whether ELF-EMS-induced migration in vitro is
eNOS dependent, we analyzed the effect of different NOS inhibitors on ELF-EMS-induced
ECs migration in the transwell migration assay. ELF-EMS at 13.5 mT/60 Hz stimulated the
migration of HMEC-1 cells. The addition of the pan-NOS inhibitor (L-NMMA, 1.5 mM)
to the ELF-EMS-treated endothelial cells showed a statistically significant decrease in
migration in comparison with the group that only received ELF-EMS (27.69% ± 6.52 vs.
60.01% ± 15.41, respectively, ** p ≤ 0.01) (Figure 3A,B). This indicates that ELF-EMS-
induced ECs migration is mediated via NOS signaling. In contrast, there was no statisti-
cally significant decrease observed in the migration of HMEC-1 cells treated with ELF-EMS
and the iNOS inhibitor (1400 W) compared to ELF-EMS treatment alone. Considering
that neuronal NOS is not expressed by ECs and that ELF-EMS-induced migration was
inhibited by the general NOS inhibitor L-NMMA but not by the specific iNOS inhibitor
1400 W, our results strongly suggest that ELF-EMS-induced ECs migration is mediated by
eNOS-dependent NO signaling.

3.4. Increased NO Production Induced by ELF-EMS Is Mediated via Calcium

Since Ca2+ acts as a second messenger that modulates the activity of many mediators,
including eNOS, we analyzed the involvement of this cation in ELF-EMS-induced NO pro-
duction. The nitrite levels of HMEC-1 cells, incubated with the intracellular Ca2+ chelator
BAPTA-AM, were similar to thecontrol cells that did not receive any treatment. When this
chelator was added to the samples stimulated with 60 Hz, a dose-dependent decrease in NO
concentration was observed. In the presence of 10 µM BAPTA-AM, ELF-EMF-induced NO
production slightly decreased. The addition of 100 µM and 1 mM of BAPTA-AM resulted
in a statistically significant decrease in ELF-EMS-induced NO production compared to
ELF-EMS-treated HMEC-1 alone (1.99 ± 0.67 µM and 1.03 ± 0.67 µM vs. 7.50 ± 0.95 µM,
respectively). These results suggest that the increase in NO by ELF-EMS (13.5 mT/60 Hz)
is Ca2+-dependent.
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Figure 3. ELF-EMS-induced ECs migration is NOS-dependent, and calcium is involved in ELF-EMS-
induced NO production. (A) Quantification and representative images of the effect of general NOS
and iNOS inhibitors on the ELF-EMS-induced HMEC-1 cell migration. HMEC-1 cells were transferred
onto transwell inserts and treated with NOS, iNOS inhibitors, and/or ELF-EMS (13.5 mT, 60 Hz).
After 24 h, the number of migrated cells was assessed (n = 5). Scale bars = 200 µm. (B) Quantification
of the effect of the Ca2+ chelator BAPTA-AM (BAPTA) on NO production of HMEC-1 in the presence
or absence of ELF-EMS. HMEC-1 cells were treated with ELF-EMS in combination with various
concentrations of BAPTA-AM. After 24 h, NO production was assessed with the Griess assay (n = 3).
Legend: L-NMMA: NG-Monomethyl-L-arginine acetate (Inhibitor of all NOS isoforms); 1400 W:
N-[3-(aminomethyl) benzyl] acetamidine (inhibitor of the iNOS isoform); BAPTA-AM: 1,2-Bis(2-
aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis(acetoxymethyl ester). Values are expressed
as the mean ± SEM. * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001 as calculated with one-way ANOVA
with a Bonferroni post-hoc test.

4. Discussion
In this study, we presented an analysis of the angiogenic effect of sinusoidal ELF-EMS

(13.5 mT/10 or 60 Hz/20 min) in vitro and in ovo under homeostatic conditions. We
previously demonstrated that this ELF-EMS treatment regime improved the neurological
outcome and decreased the infarct size in a permanent global ischemic stroke model, of
which the beneficial effects reverted with NO inhibition [12]. ELF-EMS at 13.5 mT/60 Hz
also increased NO production in vitro via eNOS signaling in endothelial cells, and the
activation of this pathway was responsible for ELF-EMS-induced vasodilation [19]. Based
on these results, we wanted to explore whether these beneficial effects of ELF-EMS on
stroke outcome can also be attributed to stimulation of angiogenesis. Therefore, we in-
vestigated the effect of ELF-EMS on crucial angiogenic processes, including proliferation,
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migration, and tube formation of HMEC-1 cells, but under homeostatic conditions as a
preliminary approach.

Four applications for 20 min with 60 Hz favored the growth of ECs in vitro, indicating
a direct activation of one of the first steps in the angiogenic cascade. Similar effects
on proliferation have been reported by Katsir et al. [35], who observed an increase in
the number of chicken embryo fibroblasts exposed to ELF-EMS (0.7 mT/100 Hz) for
24 h. McKay et al. described the activation of ECs proliferation and changes in human
microvascular perfusion (increase and decrease) in the range of 0.5 mT to 20 mT with
frequencies from 1 Hz to 72 Hz [36]. It is not specified whether the specified doses are
measured on the inductor or in the working volume, and sometimes the wave type used
and the time of the application are omitted, making it impossible to conduct an accurate
comparison. In these studies, there were no dose–response curves provided, but all studies
concurred in stating that ELF-EMS induced ECs proliferation [37].

Monache et al. [27] reported an increase in the proliferation and expression of vascular
endothelial growth factor receptor 2 (VEGFR2) in human umbilical vein endothelial cells
(HUVECs) after applying sinusoidal ELF-EMS (1 mT/50 Hz) for 6 and 12 h. Conversely,
prolonging the duration of ELF-EMS treatment to 24 h resulted in the inhibition of HUVEC
growth. This is in contrast with our results, where ELF-EMS was only applied for 20 min
at 13.5 mT in 10 or 60 Hz. Moreover, pulsed EMF (PEMF) (15 Hz 1.8 mT) accelerated the
proliferation and migration of rat cardiac microvascular ECs [38], while treatment with
PEMF (2.25 mT/50 Hz/15 min) for 3 consecutive days increased HUVEC proliferation, but
did not affect their migration [39].

However, our treatment significantly increased HMEC-1 migration as observed in the
transwell migration and wound healing assays with a single application of ELF-EMS for
both tested doses (13.5 mT/10 and 60 Hz). For the wound healing assay, other doses were
applied to define the best response regarding migration and to assess the dose-dependent
correlation. In comparison with other tested intensities, 13.5 mT induced the strongest
endothelial response. It was even observed that by increasing the intensity up to 20 mT,
there was a discrete decrease in migration compared to the 13.5 mT condition.

Migration entails fast membrane-to-cytoskeleton signaling, actin cytoskeleton remod-
eling, and adhesion dynamics, which involve integrin–extracellular matrix interactions and
metalloproteinases (MPP secretion) [40]. ELF-EMF stimulation (50 Hz, 1 mT) promoted
keratinocyte migration during wound healing by accelerating the early expression of IL-1β
and MMP-9 production. Moreover, Akt and ERK pathways seem to mediate this effect [41],
and we have previously demonstrated that our 60 Hz treatment scheme enhanced Akt
activation [19]. On the other hand, proliferation is a slower process that depends on tran-
scriptional regulation and the cell cycle [42]. Multiple sessions of 60 Hz-ELF-EMS may
induce cumulative ERK activation and accelerate G1/S transition, as observed in endothe-
lial cells under similar conditions but with longer exposures [43]. Considering that the
energy of electromagnetic waves depends, among other things, on their frequency [44], it is
possible that 60 Hz carries more energy compared to lower frequencies like 10 Hz, which
may explain why the 60 Hz treatment may be sufficient to trigger cellular responses that
promote proliferation. However, more insights into the effect of short-term ELF-EMS on
cell cycle distribution are needed to fully comprehend its effect on proliferation.

Tube formation was also stimulated by ELF-EMS treatment: 60 Hz significantly in-
duced the number of tubes, while 10 Hz was not statistically significant compared to the
control. Previous studies reported that ELF-EMS of 1 mT intensity for 1, 6, and 12 h pro-
moted HUVECs proliferation, motility, and tubule formation and that VEGFR2 (KDR/Flk-1)
was involved in the angiogenic response of HUVECs to ELF-EMS [35], whereas the same
author reported that 2 mT with the same experimental conditions induced a contrary effect.
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This apparent controversy is not surprising because it has been extensively demonstrated
that the amplitude, frequency, and exposure pattern of ELF-EMS can significantly influence
its biological effects [45].

To verify the angiogenic potential of ELF-EMS in an in vivo set-up, we quantified
ELF-EMS-induced angiogenesis in the CAM model. Similar to the tubulogenic process, the
60 Hz treatment produced the largest angiogenic response. In this CAM assay, some studies
reported the inhibitory effect of ELF-EMS [46–48], or even no effect at all [49]. Different
settings are described, with none of them near the intensity and frequency proposed in
this paper, and using longer exposure times. In some of these studies, the combined effect
of ELF-EMS with an antiangiogenic agent enhances the overall antiangiogenic effect [48],
indicating that the use of ELF-EMS in situations where homeostasis is compromised should
be further explored. The different effects that ELF-EMS can possess are not only dependent
on its parameters (frequency, duration, and magnetic flux density), but also the studied
cell type [46]: for example, the same ELF-EMS settings have inhibitory effects on microglia
migration [50]. Moreover, studies by Berg et al. have found different effects on angiogenesis
using the same PEMF settings in normal cells compared to cancer cells, indicating that the
effect of the PEMF is also related to the physiological state of cells [15,51].

In vivo, it has been reported that ELF-EMS augmented CD31hii Endomucinhi endothe-
lial cells in a mouse model of postmenopausal osteoporosis [52], significantly increased
wound healing in a hindlimb ischemia model [53], and enhanced the number and func-
tion of circulating endothelial precursors in rats with ischemia/reperfusion injury [54].
Interestingly, the protective effect of ELF-EMS in a focal permanent ischemic stroke model
was related to the augmentation of cerebral collateral blood flow towards the infarcted
area [19]. Since the effect on cerebral blood flow was only studied 1 and 24 h after stroke
induction, the potential role of blood vessel formation in ELF-EMS-mediated effects on the
cerebral vasculature should be explored at later time points, since angiogenesis can only be
observed 14 to 28 days after stroke onset [55].

Moreover, our study demonstrates that NO, an important signaling molecule in
activating ECs during angiogenesis, is a key player in the ELF-EMS-induced effects of
ECs in vitro. More specifically, the NOS inhibitor L-NMMA inhibited ELF-EMS-induced
ECs migration. These findings are in line with our previous results, where the addition
of this inhibitor suppressed the NO production of HMEC-1 cells [19]. Other studies have
demonstrated that the administration of pan-NOS inhibitor L-NAME prevents blood flow
induced by the PEMF in healthy rat brains [56], and reduces ELF-EMS-induced blood flow
enhancements in both the hind limb and brain of healthy mice [19]. In stroke models,
NOS inhibition increases lesion size, preventing the beneficial effects of the ELF-EMS [18].
In previous studies, we have also shown that ELF-EMS activates eNOS by inducing the
phosphorylation of Ser1177 [19]. This phosphorylation site is the target of many signaling
molecules such as phosphoinositide 3-kinase, adenylate cyclase pathways, and shear stress.
The phosphorylation of eNOS and Akt has been detected after EMF in a mouse hind limb
ischemia [53,54]. Moreover, our treatment proved to increase cGMP, downstream signaling
molecules in the NO cascade, which is directly related to migration, proliferation, and tube
formation [19].

One of the most studied activation proteins of eNOS is Ca2+-dependent calmodulin
(CaM). An increase in cytoplasmic calcium levels activates CaM, which binds to eNOS to
promote the alignment of the oxygenase and reductase domains of eNOS, leading to more
efficient NO synthesis. In addition, CaM can activate CaM kinase II, which phosphorylates
eNOS on Ser1177. Based on this, we investigated whether Ca2+ is a mediator of ELF-EMS-
induced NO production. Both nNOS and eNOS isozymes can be activated by CaM, whose
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activity depends on Ca2+. Our results showed that the addition of the Ca2+ chelator BAPTA-
AM dose-dependently inhibited ELF-EMS-induced NO secretion in HMEC-1 cells [57].

The interaction of Ca2+ with EMFs has been previously addressed by other authors.
In this sense, Blackman et al. [58] demonstrated that ELF-EMS (1–120 Hz) altered the
influx and efflux (from intracellular stores) of Ca2+ ions in brain tissue ex vivo. Also,
Santoro et al. [59] showed in lymphoid cells that exposure to ELF-EMS of 2 mT/50 Hz
changes the plasma membrane and induces reorganization of the cytoskeleton. Moreover,
ELF-EMS has been shown to enhance the activity of voltage-gated calcium channels [15,60].
It is generally accepted that the plasma membrane surface is the site of interaction of ELF-
EMS and that some of the effects are dependent on Ca2+ regulation. In addition, Ca2+ is
considered to be one of the main factors involved in the conversion of ELF-EMS signals into
biological signals [61]. In this study, we observed that ELF-EMS-induced NO production is
Ca2+ dependent, suggesting a direct effect of ELF-EMS on intracellular Ca2+, which could
be linked to increased eNOS/NO signaling and, consequently, angiogenesis processes.

5. Conclusions
In this study, we proved that sinusoidal ELF-EMS at the doses tested (13.5 mT/10 and

60 Hz) induces several steps in the angiogenic process, namely proliferation, migration,
and tube formation in vitro and blood vessel formation in ovo. Moreover, we found that
the inhibition of NO decreases ELF-EMS-induced ECs migration and that the effect of
ELF-EMS on NO production is linked to intracellular Ca2+. Our results shed some light on
the mechanisms involved in the angiogenic effects of ELF-EMS. However, further research
is essential to fully elucidate its mode of action in promoting angiogenesis, paving the
way for its therapeutic application. It is important to highlight that this study did not
investigate the effects of ELF-EMS on angiogenesis during ischemic conditions, which
should be further explored in future investigations.
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Abbreviations
The following abbreviations are used in this manuscript:

ELF-EMS extremely low-frequency electromagnetic stimulation
HMEC-1 human microvascular endothelial cells
NO nitric oxide
CAM chorioallantois membrane
VEGF vascular endothelial growth factor
ECs endothelial cells
eNOS endothelial nitric oxide synthase
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
FBS fetal bovine serum
iNOS inducible nitric oxide synthase
nNOS neural nitric oxide synthase
L-NMMA NG-Monomethyl-L-arginine acetate
LPS lipopolysaccharide
BAPTA-AM 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis(acetoxymethyl ester)
SEM standard error of the mean
BVs blood vessels
PEMF pulsed electromagnetic field
VEGFR2 vascular endothelial growth factor receptor 2
HUVECs human umbilical vein endothelial cells
L-NAME LN G-Nitro arginine methyl ester
CaM calmodulin
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