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ABSTRACT

In the present study the effect of low-frequency, low-energy pulsed electromagnetic fields
(PEMFs) has been investigated by using different cell lines derived from neuron-like cells and
microglial cells. In particular, the primary aim was to evaluate the effect of PEMF exposure in
inflammation- and hypoxia-induced injury in two different neuronal cell models, the human
neuroblastoma-derived SH-SY5Y cells and rat pheochromocytoma PC12 cells and in N9
microglial cells. In neuron-like cells, live/dead and apoptosis assays were performed in hypoxia
conditions from 2 to 48 h. Interestingly, PEMF exposure counteracted hypoxia damage
significantly reducing cell death and apoptosis. In the same cell lines, PEMFs inhibited the
activation of the hypoxia-inducible factor 1o (HIF-1a), the master transcriptional regulator of
cellular response to hypoxia. The effect of PEMF exposure on reactive oxygen species (ROS)
production in both neuron-like and microglial cells was investigated considering their key role in
ischemic injury. PEMFs significantly decreased hypoxia-induced ROS generation in PC12, SH-
SY5Y and N9 cells after 24 or 48 h of incubation. Moreover, PEMFs were able to reduce some of
the most well-known pro-inflammatory cytokines such as tumor necrosis factor -a (TNF-a),
interleukin (IL)-1B, IL-6 and IL-8 release in N9 microglial cells stimulated with different
concentrations of LPS for 24 or 48 h of incubation time. These results show a protective effect of
PEMFs on hypoxia damage in neuron-like cells and an anti-inflammatory effect in microglial cells
suggesting that PEMFs could represent a potential therapeutic approach in cerebral ischemic

conditions. This article is protected by copyright. All rights reserved
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Introduction

Many studies have aimed to find efficient molecules and drugs to treat ischemic stroke which is
one of the most frequent causes of death and disability worldwide and has significant clinical and
socioeconomic impact (Bustamante et al., 2016; Arnao et al., 2016). The pathophysiology of
cerebral ischemia is complex, involving energy failure, disruption of ion homeostasis, glutamate
release, calcium channel dysfunction, free radical release, mitochondrial dysfunction and
membrane disruption (Maestrini et al., 2016; Chen et al., 2011). Moreover, pro-inflammatory
cytokines up-regulate cell adhesion molecules and exert an important role in promoting blood cell
infiltration and accumulation in ischemic tissue (Wang et al., 2007). The main risk factors for
stroke are high blood pressure, tobacco smoking, obesity, high blood cholesterol, diabetes
mellitus, previous transient ischemic attack and atrial fibrillation (Dyakova et al., 2016;
Prabhakaran et al., 2015). Prevention includes decreasing risk factors as well as possibly aspirin,
statins, surgery to open up the arteries to the brain in those with problematic narrowing, and
warfarin in those with atrial fibrillation (Hahne et al., 2016; Barclay et al., 2015). Currently there
IS no promising pharmacotherapy for stroke aside from intravenous or intra-arterial thrombolysis
or a mechanical embolus removal (Holodinsky et al., 2016).

Electromagnetic fields are emerging as a potential alternative to the pharmacological
treatments in several inflammatory related pathologies. Previous studies have tried to clarify the
mechanisms of interaction between low frequency electromagnetic fields and biological systems
(Hardell et al., 2008; Capone et al., 2009; Di Lazzaro et al., 2013a). In vitro experiments in
various types of cells and tissues have suggested that physiological systems can be influenced by
electromagnetic field exposure (Massot et al., 2000; Varani et a., 2012). It has been reported a
protective effect of electromagnetic field exposure in animal models of neurodegenerative diseases
as Alzheimer’s and Parkinson’s diseases (Arendash et al., 2010; Wang et al., 2010). In addition,

several papers are present in literature on the in vitro and/or in vivo effects of the low-frequency,
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low energy pulsed electromagnetic fields (PEMFs). In particular, various studies on cancer have
shown that electromagnetic fields reduce the tumor growth and proliferation (Cameron et al.,
2005; Barbault et al., 2009; Jiménez-Garcia et al., 2010). It has been also reported that PEMFs in
various tumor cells are able to reduce NF-kB stimulation, cell proliferation and to increase p53
activation, cytotoxicity and apoptosis (Vincenzi et al., 2012). Moreover, PEMF therapy
significantly reduced post-operative pain and narcotic use in the immediate post-operative period
by a mechanism that involve endogenous interleukin-1p (IL-1p) in the wound bed (Rohde et al.,
2010). Several papers have demonstrated the anti-inflammatory effect of PEMF exposure in
human synoviocytes, chondrocytes and osteoblasts with a significant reduction of some of the
most relevant pro-inflammatory cytokines (Varani et al., 2008; Ongaro et al., 2012; Vincenzi et
al., 2013). According to recent literature, it has been reported a beneficial effect of
electromagnetic fields on hypoxia-related conditions. The PEMF exposure inhibited
hypoxia/reoxygenation-induced death of human renal proximal tubular cells via suppression of
intracellular reactive oxygen species (ROS) production (Lim et al., 2015). Moreover, it has been
demonstrated that electromagnetic fields when applied prior to, during, and after the ischemic
insult, protects the heart against ischemia/reperfusion-induced cardiac contractile dysfunction and
heart injury (Bialy et al., 2015). In a murine model of hindlimb ischemia, PEMF exposure
improved ischemia-induced angiogenesis through enhancing endothelial proliferation, migration,
survival and secretion via acting on the Akt-eNOS-VEGF pathway of endothelial cells (Li et al.,
2015). In addition, the protective effects of PEMFs have been demonstrated in cardiomyocytes
against hypoxia-induced injury ameliorating intracellular Ca** homeostasis via heat shock protein
70 activation (Wei et al., 2016). In vivo studies have demonstrated that electromagnetic
stimulation may accelerate the healing of tissue damage following ischemia suggesting that the
exposure to a PEMF of short duration may have implications for the treatment of acute stroke
(Grant et al., 1994). In a distal middle cerebral artery occlusion in mice, PEMF significantly

influenced expression profile of pro- and anti-inflammatory factors in the hemisphere ipsilateral to
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ischemic damage (Pena-Philippides et al., 2014). In the same experimental model of cerebral
ischemia it has been also observed a significant reduction of infarct size mediated by a chronic
treatment of PEMFs as compared to controls (Pena-Philippides et al., 2014).

From this background it is evident that limited results are present in literature on the PEMF effect
in neuronal cells following hypoxia injury. A cellular model represented by a human neuroblastoma
cell line, SH-SY5Y appears to be an attractive system for studying neuron-like cells (Vekrellis et
al., 2009). Another cellular line well used as a model of neuronal cells is represented by rat
pheochromocytoma PC12 cells (Vincenzi et al., 2012). Inflammation plays a critical role in
mediating post-ischemic injury and the activation of microglia, the major resident immune cells in
the brain, is a key element in triggering the innate immune response. N9 cell line is a commonly
used model to study inflammatory responses of microglial cells (Corradin et al., 1993). In the
current study the effect of PEMFs has been investigated by using different cell lines derived from
neuron-like cells such as SH-SY5Y and PC12 cells. In particular, the protective effect of PEMFs on
cell viability and on apoptosis in normoxic or hypoxic conditions has been found. To investigate the
cellular mechanism of PEMFs, hypoxia inducible factor 1a (HIF-10) activation and ROS
production has been studied in normoxic or hypoxic conditions suggesting their partial restore after
PEMF treatment. Moreover, in N9 microglial cells, PEMF exposure mediates a significant

reduction of ROS production and of some of the most relevant pro-inflammatory cytokines.

Materials and Methods

Cell cultures

Rat pheochromocytoma (PC12) cells were purchased from American Type Culture Collection
(Manassas, VA, USA) and were maintained in DMEM F12 medium (Invitrogen, Grand Island,
NY, USA) supplemented with 5% FBS (Thermo Scientific, Waltham, MA, USA), 10% horse
serum, L-glutamine (2 mM), penicillin (100 U/ml) and streptomycin (100 pg/ml) in a humidified

atmosphere (5% CO,) at 37°C. Cells were subcultured three times a week at a density of
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500000/ml and the differentiation was achieved by treatment with 50 ng/ml nerve growth factor
(NGF, Sigma, St Louis, MO, USA) for one week (Barbault et al., 2009). Cells were cultured in
DMEM medium (Invitrogen, USA) supplemented with 10% FBS (Thermo Scientific, USA) and
the cultures were maintained at 37°C in a humidified atmosphere with 5% CO, (Reale et al.,
2014). The N9 murine microglial cell lines were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% heat inactivated FBS, penicillin (100 U/ml) and streptomycin
(100 pg/ml) (Corradin et al., 1993). Cells were grown in a humidified environment containing 5%
CO; at a constant temperature of 37°C.

Before the experiments, the cell culture medium was replaced with fresh serum-free medium for

another 24 h to minimize the interference of growth factors in the serum with signal transduction.

Electromagnetic Field Exposure System

The neuronal-like and microglial cells were exposed to PEMFs generated by a pair of rectangular
horizontal coils (14 cm x 23 cm), each made of 1400 turns of copper wire placed opposite to each
other. The complete exposure system has been previously described in detail (Cadossi et al., 1992;
Varani et al., 2012). The culture was placed between this pair of coils so that the plane of the coils
was perpendicular to the culture flasks. The coils were powered by the PEMF generator system
(IGEA, Carpi, Italy) used in previous studies (Massot et al., 2000; Barbault et al., 2009; Varani et
al., 2008; Ongaro et al., 2012; Vincenzi et al., 2013; Varani et al., 2002; Varani et al., 2003; De
Mattei et al., 2009; Fini et al., 2013), which produced a pulsed signal with the following
parameters: pulse duration of 1.3 ms and frequency of 75 Hz, yielding a 0.1 duty cycle. The peak
intensity of the magnetic field and peak intensity of the induced electric voltage were detected in
air between two coils from one side to the other, at the level of the culture flasks. The peak values
measured between two coils in air had a maximum variation of 1% in the whole area in which the
culture flasks were placed. The dimensions of the flasks were 9.2 cm x 8.2 cm with 10 ml of

medium. The peak intensity of the magnetic field was 1.5+ 0.2 mT and it was detected using the
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Hall probe (HTD61-0608-05-T, F.W. Bell, Sypris Solutions, Louisville, KY) of a gaussmeter
(DG500, Laboratorio Elettrofisico, Milan, Italy) with a reading sensitivity of 0.2%. The
corresponding peak amplitude of the induced electric voltage was 2.0 £ 0.5 mV. It was detected
using a standard coil probe (50 turns, 0.5 cm internal diameter of the coil probe, 0.2 mm copper
diameter) and the temporal pattern of the signal was displayed using a digital oscilloscope (Le
Croy, Chestnut Ridge, NY). The shape of the induced electric voltage and its impulse length were
kept constant. A photograph of the PEMF exposure system used in the experimental assays is

depicted in Fig.1.

Analysis of cell viability

Cell viability was investigated by using the Live and Dead Cell Assay (Abcam, Cambridge, UK).
Live cells were identified on the basis of intracellular esterase activity (generating green
fluorescence) and exclusion of the red dye. Dead cells were identified by the lack esterase activity
and non-intact plasma membrane which allows red dye staining. Cells were labelled with the Live
and Dead Dye and analysed by using a Nikon fluorescent microscope (Eclipse 50i) with emission
of 495 nm and excitation of 515 nm for live cells or emission of 528 nM and excitation of 617 nm

for dead cells (Sun et al., 2014).

Apoptosis Assay

Apoptosis assay was performed evaluating active caspase-3 levels after different times of
incubation in normoxia or hypoxia in the absence or in the presence of PEMF exposure. At the
end of each incubation time, the cells were treated with biotin-ZVKD-fmk inhibitor (10 uM) for 1
h at room temperature. After discarding the culture media, cells were rinsed with PBS and the
extraction buffer containing protease inhibitors was added to prepare cell extracts. After 2 h of
incubation at room temperature 100 pl of samples were transferred into a microplate pre-coated

with a monoclonal antibody specific for caspase-3. After washing, 100 pl of streptavidin caspase-
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3 conjugated to horseradish peroxidases that binds to the biotin of the inhibitor were added.
Following the wash, the substrate solution was added to the wells for 30 min and stop solution was
used to block the reaction. The optical density was determined using a microplate reader set to 450

nm (Varani et al., 2011).

HIF-1a analysis

For HIF-1a detection, the cells were put under normoxia or hypoxia. Nuclear extracts from PC12
and SH-SY5Y cells were obtained by using a nuclear extract kit (Abcam, Cambridge, UK)
according to the manufacturer instructions. HIF-1a activation was evaluated by using HIF-1a
Transcription Factor Assay (Abcam, Cambridge, UK). HIF-1a specifically binds to the
immobilized double stranded DNA (dsDNA) sequence containing the HIF-1o response element
(5’-ACGTG-3"). The HIF-1a transcription factor complex was detected by addition of a specific
primary antibody. A horseradish peroxidase (HRP)-conjugated secondary antibody was added to
provide a sensitive colorimetric readout that was quantified by spectrophotometry at 450 nm

wavelength (Merighi et al., 2015).

ROS production

The production of ROS was evaluated with a DCFDA cellular ROS detection assay (Abcam,
Cambridge, UK). Cells were seeded in a 96 well plate and, after stimulation with hypoxia or LPS
in the absence or in the presence of PEMFs, a solution of DCFDA was added. Fluorescence was
measured in a EnSight Multimode Plate Reader (Perkin Elmer, Boston, MA, USA) with an

excitation at 485 nm and an emission at 535 nm (Lunov et al., 2014).

Pro-inflammatory cytokine release
The cells were suspended at a density of 10° cells/ml and seeded into 24-well plates. Cells were

incubated for 24 or 48 h in the absence or in the presence of lipopolysaccharide (LPS, 0.1, 0.50r 1
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pg/ml). At the end of incubation, the cell suspension was collected and centrifuged at 1000 x g for
10 min at 4°C. The pro-inflammatory cytokines TNF-a, IL-1p, IL-6 and 1L-8 levels were
determined with specific quantitative sandwich ELISA kit (R&D Systems, Minneapolis, MN,
USA) according to the manufacturer instructions. The reaction was developed with streptavidin-

horseradish peroxidase and optical density was read at 450 nm wavelength (Vincenzi et al., 2013).

Data and statistical analysis

Analysis of data was performed by one-way analysis of variance followed by Bonferroni post-hoc
comparisons test to test inter-group differences. Differences between the groups were considered
significant at a value of P<0.01 by using Graph Pad Prism software (version 6.0 GraphPad
Software, Inc, San Diego, CA). All experimental data are reported as mean + SEM from at least 6

independent experiments.

Results
PEMF exposure decreases hypoxia-induced neuron-like cell death

The incubation of PC12 and SH-SY5Y cells in hypoxic conditions (2% O;) from 2to 48 h
determined a time-dependent increase in the number of dead cells in comparison to normoxic
condition (Fig. 2). The simultaneous exposure of PC12 cells to PEMFs in hypoxic condition
resulted in a significant reduction of the percentage dead cells after 6, 12, 24 and 48 h of
incubation (Fig. 2). Similar results were also obtained in SH-SY5Y cells where the presence of
PEMFs significantly counteracted the hypoxia-induced cell death from 6 to 48 h of incubation
(Fig. 2). A representative microphotograph of PC12 and SH-SY5Y cells after 24 h of normoxia,
hypoxia and hypoxia in the presence of PEMFs where it is evident a reduction of dead cells (red
stained) after PEMF exposure in comparison to hypoxic condition (Fig. 3).

Moreover the effect of PEMFs on apoptotic signals was evaluated by using the levels of active

caspase-3 from 2 to 48 h of incubation (Fig. 4). Among the different treatment conditions, only
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hypoxia after 12 h mediated a significant increase of the levels of active caspase-3 in both the cells
examined (Fig. 4). Furthermore, PEMF exposure reduced the pro-apoptotic effect of hypoxia after

12, 24 and 48 h of incubation (Fig. 4).

PEMFs reduces hypoxia-stimulated HIF-1a levels in PC12 and SH-SY5Y cells

To shed some light on the mechanism of action of PEMFs in the surviving of neuron-like cells, the
modulation of the transcription factor HIF-1a was investigated. HIF-1a is a key regulator in
hypoxia and an important player in neurological outcomes following ischemic stroke due to the
functions of its downstream genes. Fig. 5 reports HIF-1a activation after 2, 4 or 6 h of incubation
with PEMFs in normoxic or hypoxic conditions. As expected, under hypoxic conditions a 4-fold
increase of HIF-1a levels has been found respect to control condition. The PEMF treatment (4 h)
mediated a significant reduction of HIF-1a expression (25% respect to hypoxia) suggesting a

partial recovery versus the normoxic condition.

PEMFs reduces hypoxia-stimulated ROS levels in neuron-like and microglial cells

The effect of PEMFs in PC12 and in SH-SY5Y cells was also investigated on ROS production as
an important mediator of ischemic damage (Fig. 6A and 6B, respectively). In both examined cells,
as reported in Fig. 6, hypoxia mediated an increase of ROS production whilst PEMF exposure
resulted in a significant reduction of hypoxia-stimulated ROS formation. Similarly, in N9 cells,
PEMFs were able to significantly reduce ROS production after 24 h and 48 h of incubation (Fig.

6C).

PEMFs reduces pro-inflammatory cytokines in N9 microglial cells
As expected LPS stimulation at different concentrations (from 0.1 to 1 pg/ml) was able to activate
N9 microglial cells mediating a significant increase of TNF-a, IL-1p, IL-6 and IL-8 production in

the absence or in the presence of PEMFs after 24 or 48 h of incubation (Fig. 7 and 8). Interestingly
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PEMF exposure was able to significantly reduce the LPS-stimulated TNF-a production (Fig. 7A,
7B). In N9 cells, the presence of PEMFs also mediated a significant reduction of IL-1p
production (Fig. 7C, 7D). The effect of LPS stimulation on IL-6 and IL-8 production was also
investigated showing a dose-dependent release of these pro-inflammatory cytokines (Fig. 8). In
N9 cells, PEMF exposure was able to significantly reduce the LPS-stimulated IL-6 and 1L-8

production after 24 or 48 h of incubation suggesting a direct anti-inflammatory effect (Fig. 8).

Discussion

Previous studies show that PEMFs could be considered a viable therapeutic approach used to
control inflammation that is associated with different diseases (Massari et al., 2006; Zorzi et al.,
2007; Benazzo et al., 2008; Cadossi, 2011; Ongaro et al., 2011; Di Lazzaro et al., 2013b; Di
Lazzaro et al., 2016). It has been well reported that the cellular effects of PEMFs depend on their
intensity and exposure time as well as on the cellular phenotype and interaction with intracellular
structures (Massot et al., 2000; Barbault et al., 2009; Varani et al., 2008; Ongaro et al., 2012;
Vincenzi et al., 2013; Varani et al., 2002; Varani et al., 2003; De Mattei et al., 2009; Fini et al.,
2013). Several papers are present in the literature reporting a frequency of 75 Hz as a standard
condition to evaluate the in vitro and in vivo effects of PEMFs (Varani et al., 2012, Veronesi et al.,
2014, Massari et al., 2006). On the other hand, it has been showed that the use of PEMFs at
different frequencies (from 2 to 110 Hz) induced similar cellular responses (De Mattei et al.,
2007). From the clinical point of view the evaluation of PEMF effect on ischemic stroke as
potential effective tool to promote recovery in acute ischemic stroke patients is currently in
progress (Di Lazzaro et al., 2013b; Di Lazzaro et al., 2016).

In this paper we have investigated the potential effect of PEMFs in hypoxic condition by using
PC12 and SH-SY5Y cells. Both these cell lines are able to proliferate in vitro for long periods and
represent generally accepted experimental models for neurological studies involving neuronal
metabolism and neuroadaptive processes (Xie et al., 2010). In PC12 and SH-SY5Y cells, PEMF

exposure significantly reduced hypoxia-induced cell death. In order to evaluate if the observed
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effect of death also involved apoptotic events, active caspase-3 levels were investigated in the cell
line examined following the hypoxia treatment in the presence or in the absence of PEMF
exposure.

Interestingly, the hypoxic conditions were able to increase both cell death and the caspase-3
levels, effects that were significantly decreased by PEMF exposure, suggesting the important role
of the PEMFs in the induction of cell death and apoptosis. This protective effect was evident
incubating the cells with PEMFs simultaneously to hypoxia as well as exposing the cells to
PEMFs after 6 h of hypoxic condition. These data are in agreement with those obtained in vivo
where PEMF exposure attenuated cortical ischemia edema and reduced ischemic neuronal damage
in a rabbit model of transient focal ischemia (Grant et al., 1994). Moreover, in a distal middle
cerebral artery occlusion model in mice, the infarct size was significantly smaller in PEMF-treated
animals as compared to controls (Pena-Philippides et al., 2014). A direct effect of electromagnetic
fields has been also reported in neuronal cell models where they increased differentiation, neurite
outgrowth and survival (Podda et al., 2014; Lekhraj et al., 2014; Ma et al., 2016).

To better understand the mechanisms underlying their protective effect, we evaluated whether
PEMFs could affect the expression of HIF-1a, a master regulator of the cellular response to
hypoxia. Hypoxia-inducible factors mediate adaptive responses to ischemia by induction of anti-
and pro-survival genes (Semenza, 2012). Recently, it has been reported that neuronal HIF-1a and
HIF-2a deficiency improves neuronal survival in the early acute phase after ischemic stroke
(Barteczek et al., 2016). Moreover, excessive HIF-1a activation has been associated to neuronal
apoptosis in different cellular models of brain injury (Long et al., 2014; Huang et al., 2016; Cheng
et al., 2014). In the present paper we have found that PEMFs exposure in PC12 and SH-SY5Y
cells partially reduced hypoxia-induced HIF-1a activation. From these data, we can speculate that
PEMFs are able to counteract the excessive activation of HIF-1a without completely block its

expression that could be considered protective for the cell survival. As a matter of fact, it is well
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recognised that under hypoxic condition HIF-1a subunit is involved in different cellular responses
that promote cell survival (Semenza, 2011a; Semenza, 2011b).

It is becoming clear that a common denominator in diverse pathogenic mechanisms is oxidative
stress accompanied by redox dysregulation which have a role in metabolic and mitochondrial
dysfunction and excitoxicity (Espinosa-Diez, et al., 2015). In ischemic condition, ROS production
is a critical event that damage cellular proteins, lipids and nucleic acids leading to neuronal death
(Sanderson et al., 2013). In our experiments, the exposure of PC12 and SH-SY5Y cells to PEMFs
improved cellular response against a noxious insult such as hypoxia mainly through a ROS level
reduction. These data are in agreement with those found in human neuroblastoma cell line where
PEMFs prevents H,O,-induced ROS production by increasing superoxide dismutase activity
(Osera et al., 2015). These data might suggest that ROS-targeting defence mechanisms are
activated by PEMFs and that this activation could counteract the hypoxic insult. The significant
reduction on HIF-1a activation and ROS production by PEMF exposure in PC12 and SH-SY5Y
cells could explain the protective effect of PEMFs on hypoxia-induced cell death.

It is well recognized that excessive ROS generation not only is detrimental for neuronal
survival during ischemia, but could also activate inflammatory cascade in microglial cells.
Endogenous microglia represent a network of immunocompetent cells highly responsive to
environmental stress and immunological challenges (Salter and Beggs, 2014). Microglial cells are
activated following cerebral ischemia playing a crucial role in neuroinflammation mainly releasing
proinflammatory cytokines such as TNF-a and IL-1B (Amantea et al., 2015). We used N9 cells to
investigate the influence of PEMF exposure on oxidative and inflammatory responses in
microglial cells. The results clearly indicated that PEMFs were able to significantly decrease
hypoxia-induced ROS production in N9 microglial cells. In the same cell line PEMF exposure
reduced some of the most important pro-inflammatory cytokine such as TNF-a, IL-1p, IL-6 and
IL-8. For the studies on cytokine release, we have stimulated N9 microglial cells with LPS, that

represent a commonly used inflammatory factor. Since inflammation is a consequent response to
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ischemic injury, the evaluation of the effect of PEMFs on the release of LPS-stimulated cytokines
from microglial cells strengthen the potential therapeutic of PEMFs for hypoxic damage. It is well
known that the cytokines are upregulated in the brain after a variety of insults including stroke and
are expressed not only in cells of the immune system but in resident brain cells including
microglia (Wang et al., 2007). Among these cytokines, IL-1p and TNF-a appear to exacerbate
cerebral injury and their inhibition reduced ischemic brain damage (Allan and Rothwell, 2001).

In conclusion, these data showed a direct protective effect of PEMF exposure in PC12 and SH-
SY5Y subjected to hypoxic insult. In these neuron-like cells, PEMFs were able to partially restore
HIF-1a activation and to inhibit ROS production following hypoxic incubation. In N9 microglial
cells PEMFs exposure significantly reduced ROS generation and pro-inflammatory cytokine
release, crucial events in the exacerbation of ischemic condition. These results indicate the
possibility that a non-invasive stimulus represented by PEMFs could have a potentially important
positive impact on the post-stroke recovery process, implicating PEMF as a possible adjunctive

therapy for stroke patients.

Acknowledgements

This work has been supported by internal funding of the University of Ferrara.

This article is protected by copyright. All rights reserved 14



Literature cited

Allan SM, Rothwell NJ. 2001. Cytokines and acute neurodegeneration. Nat Rev Neurosci 2:734-
744,

Amantea D, Micieli G, Tassorelli C, Cuartero MI, Ballesteros I, Certo M, Moro MA, Lizasoain I,
Bagetta G. 2015. Rational modulation of the innate immune system for neuroprotection in
ischemic stroke. Front Neurosci 9:147.

Arendash GW, Sanchez-Ramos J, Mori T, Mamcarz M, Lin X, Runfeldt M, Wang L, Zhang G,
Sava V, Tan J, Cao C. 2010. Electromagnetic field treatment protects against and reverses
cognitive impairment in Alzheimer's disease mice. J Alzheimers Dis 19:191-210.

Arnao V, Acciarresi M, Cittadini E, Caso V. 2016. Stroke incidence, prevalence and mortality in
women worldwide. Int J Stroke 11:287-301.

Barbault A, Costa FP, Bottger B, Munden RF, Bomholt F, Kuster N, Pasche B. 2009. Amplitude-
modulated electromagnetic fields for the treatment of cancer: discovery of tumor-specific
frequencies and assessment of a novel therapeutic approach. J Exp Clin Cancer Res 28:51.

Barclay RE, Stevenson TJ, Poluha W, Ripat J, Nett C, Srikesavan CS, 2015. Interventions for
improving community ambulation in individuals with stroke. Cochrane Database Syst Rev 3:
CD010200.

Barteczek P, Li, L, Ernst, AS, Bohler LI, Marti HH, Kunze R. 2016. Neuronal HIF-1a and HIF-2a
deficiency improves neuronal survival and sensorimotor function in the early acute phase
after ischemic stroke. J Cereb Blood Flow Metab 0271678X15624933.

Benazzo F, Cadossi M, Cavani F, Fini M, Giavaresi G, Setti S, Cadossi R, Giardino R. 2008.
Cartilage repair with osteochondral autografts in sheep: effect of biophysical stimulation with
pulsed electromagnetic fields. J Orthop Res 26:631-642.

Bialy D, Wawrzynska M, Bil-Lula I, Krzywonos-Zawadzka A, Wozniak M, Cadete VJ, Sawicki
G. 2015. Low frequency electromagnetic field conditioning protects against I/R Injury and
contractile dysfunction in the isolated rat heart. Biomed Res Int 2015:396593.

Bustamante A, Garcia-Berrocoso T, Rodriguez N, Llombart V, Ribé M, Molina C, Montaner J.
2016. Ischemic stroke outcome: a review of the influence of post-stroke complications within
the different scenarios of stroke care. Eur J Intern Med 29:9-21.

Cadossi R, Bersani F, Cossarizza A, Zucchini P, Emilia G, Torelli G, Franceschi C. 1992.
Lymphocytes and low-frequency electromagnetic fields. FASEB J 6:2667-2674.

Cadossi R. 2011. The role of physical forces in the management of bone and cartilage diseases and
bone consolidation. Aging Clin Exp Res 23:49-51.

Cameron IL, Sun LZ, Short N, Hardman WE, Williams CD. 2005. Therapeutic Electromagnetic
Field (TEMF) and gamma irradiation on human breast cancer xenograft growth, angiogenesis
and metastasis. Cancer Cell Int 5:23.

Corradin SB, Mauel J, Donini SD, Quattrocchi E, Castagnoli PR. 1993. Inducible nitric oxide
synthase activity of cloned murine microglial cells. Glia 7:255-262.

Capone F, Dileone M, Profice P, Pilato F, Musumeci G, Minicuci G, Ranieri F, Cadossi R, Setti S,
Tonali PA, Di Lazzaro V. 2009. Does exposure to extremely low frequency magnetic fields
produce functional changes in human brain? J Neural Transm (Vienna) 116:257-265.

Chen SD, Yang DI, Lin TK, Shaw FZ, Liou CW, Chuang YC. 2011. Roles of oxidative stress,
apoptosis, PGC-1a and mitochondrial biogenesis in cerebral ischemia. Int J Mol Sci 12:7199-
7215.

Cheng YL, Park JS, Manzanero S, Choi Y, Baik SH, Okun E, Gelderblom M, Fann D, Magnus T,
Launikonis BS, Mattson MP, Sobey CG, Jo DG, Arumugam TV. 2014. Evidence that
collaboration between HIF-1a and Notch-1 promotes neuronal cell death in ischemic stroke.
Neurobiol Dis 62:286-295.

This article is protected by copyright. All rights reserved 15



De Mattei M, Fini M, Setti S, Ongaro A, Gemmati D, Stabellini G, Pellati A, Caruso A. 2007.
Proteoglycan synthesis in bovine articular cartilage explants exposed to different low-
frequency low-energy pulsed electromagnetic fields. Osteoarthritis Cartilage 15:163-168.

De Mattei M, Varani K, Masieri FF, Pellati A, Ongaro A, Fini M, Cadossi R, Vincenzi F, Borea
PA, Caruso A. 2009. Adenosine analogs and electromagnetic fields inhibit prostaglandin E,
release in bovine synovial fibroblasts. Osteoarthritis Cartilage 17:252-262.

Di Lazzaro V, Capone F, Apollonio F, Borea PA, Cadossi R, Fassina L, Grassi C, Liberti M, Paffi,
A, Parazzini M, Varani K, Ravazzani P. 2013a. A consensus panel review of central nervous
system effects of the exposure to low-intensity extremely low-frequency magnetic fields.
Brain Stimul 6:469-476.

Di Lazzaro V. 2013b. Extremely Low Frequency Magnetic Fields in Acute Ischemic Stroke,
clinicaltrials.gov, NCT01941147.

Di Lazzaro V. 2016. Low-frequency Pulsed Electromagnetic Fields (ELF-MF) as Treatment for
Acute Ischemic Stroke (I-NIC), clinicaltrials.gov, NCT02767778.

Dyakova M, Shantikumar S, Colquitt JL, Drew CM, Sime M, Maclver J, Wright N, Clarke A,
Rees K. 2016. Systematic versus opportunistic risk assessment for the primary prevention of
cardiovascular disease. Cochrane Database Syst Rev 1: CD010411.

Espinosa-Diez C, Miguel V, Mennerich D, Kietzmann T, Sanchez-Pérez P, Cadenas S, Lamas S.
2015. Antioxidant responses and cellular adjustments to oxidative stress. Redox Biol 6:183-
197.

Fini M, Pagani S, Giavaresi G, De Mattei M, Ongaro A, Varani K, Vincenzi F, Massari L, Cadossi
M. 2013. Functional tissue engineering in articular cartilage repair: is there a role for
electromagnetic biophysical stimulation? Tissue Eng Part B Rev 19:353-367.

Grant G, Cadossi R, Steinberg G. 1994. Protection against focal cerebral ischemia following
exposure to a pulsed electromagnetic field. Bioelectromagnetics 15:205-216.

Hahne K, Moénnig G, Samol A. 2016. Atrial fibrillation and silent stroke: links, risks, and
challenges. Vasc Health Risk Manag 12:65-74.

Hardell L, Sage C. 2008. Biological effects from electromagnetic field exposure and public
exposure standards. Biomed Pharmacother 62:104-109.

Holodinsky JK, Yu AY, Assis ZA, Al Sultan AS, Menon BK, Demchuk AM, Goyal M, Hill MD.
2016. History, evolution, and importance of emergency endovascular treatment of acute
ischemic stroke. Curr Neurol Neurosci Rep16:42.

Huang X, Yang K, Zhang Y, Wang Q, Li Y. 2016. Quinolinic acid induces cell apoptosis in PC12
cells through HIF-1-dependent RTP801 activation. Metab Brain Dis 31:435-444.

Jiménez-Garcia MN, Arellanes-Robledom J, Aparicio-Bautista DI, Rodriguez-Segura MA, Villa-
Trevifio S, Godina-Nava JJ. 2010. Anti-proliferative effect of extremely low frequency
electromagnetic field on preneoplastic lesions formation in the rat liver. BMC Cancer 10:159.

Lekhraj R, Cynamon DE, DelLuca SE, Taub ES, Pilla AA, Casper D. 2014. Pulsed
electromagnetic fields potentiate neurite outgrowth in the dopaminergic MN9D cell line. J
Neurosci Res 92:761-771.

Li RL, Huang JJ, Shi YQ, Hu A, Lu ZY, Weng L, Wang SQ, Han YP, Zhang L, Hao CN, Duan
JL. 2015. Pulsed electromagnetic field improves postnatal neovascularization in response to
hindlimb ischemia. Am J Transl Res 7:430-444.

Lim S, Kim SC, Kim JY. 2015. Protective Effect of 10-Hz, 1-mT electromagnetic field exposure
against hypoxia/reoxygenation injury in HK-2 Cells. Biomed Environ Sci 28:231-234.

Long Q, Fan C, Kai W, Luo Q, Xin W, Wang P, Wang A, Wang Z, Han R, Fei Z, Qiu B, Liu W.
2014. Hypoxia inducible factor-lo. expression is associated with hippocampal apoptosis
during epileptogenesis. Brain Res 1590:20-30.

Lunov O, Zablotskii V, Churpita O. Chanova E, Sykova E, Dejneka A, Kubinova S. 2014. Cell
death induced by ozone and various non-thermal plasmas: therapeutic perspectives and
limitations. Sci Rep 4:7129.

This article is protected by copyright. All rights reserved 16



Ma Q, Chen C, Deng P, Zhu G, Lin M, Zhang L, Xu S, He M, Lu Y, Duan W, Pi H, Cao Z, Pei L,
Li M, Liu C, Zhang Y, Zhong M, Zhou Z, Yu Z. 2016. Extremely low-frequency
electromagnetic fields promote in vitro neuronal differentiation and neurite outgrowth of
embryonic neural stem cells via up-regulating TRPC1. PLoS One 11:e0150923.

Maestrini I, Ducroquet A, Moulin S, Leys D, Cordonnier C, Bordet R. 2016. Blood biomarkers in
the early stage of cerebral ischemia. Rev Neurol (Paris) S0035-3787.

Massari L, Fini M, Cadossi R, Setti S, Traina GC. 2006. Biophysical stimulation with pulsed
electromagnetic fields in osteonecrosis of the femoral head. J Bone Joint Surg Am 88:56-60.

Massot O, Grimaldi B, Bailly JM, Kochanck M, Deschamps F, Lambrozo J, Fillion G. 2000.
Magnetic field desensitizes 5-HT1B receptor in brain: pharmacological and functional studies.
Brain Res 858:143-150.

Merighi S, Borea PA, Stefanelli A, Bencivenni S, Castillo CA, Varani K, Gessi S. 2015. A,a and
Aog adenosine receptors affect HIF-1a signaling in activated primary microglial cells. Glia
doi: 10.1002/glia.22861.

Ongaro A, Pellati A, Masieri FF, Caruso A, Setti S, Cadossi R, Borea PA. 2011.
Chondroprotective effects of pulsed electromagnetic fields on human cartilage explants.
Bioelectromagnetics 32:543-551.

Ongaro A, Varani K, Masieri FF, Pellati A, Massari L, Cadossi R, Borea PA. 2012.
Electromagnetic fields (EMFs) and adenosine receptors modulate prostaglandin E(2) and
cytokine release in human osteoarthritic synovial fibroblasts. J Cell Physiol. 227:2461-24609.

Osera C, Amadio M, Falone S, Fassina L, Magenes G, Amicarelli F, Ricevuti G, Govoni S,
Pascale A. 2015. Pre-exposure of neuroblastoma cell line to pulsed electromagnetic field
prevents H,O,-induced ROS production by increasing MnSOD activity. Bioelectromagnetics
36:219-232.

Pena-Philippides JC, Yang Y, Bragina O, Hagberg S, Nemoto E, Roitbak T. 2014. Effect of
pulsed electromagnetic field (PEMF) on infarct size and inflammation after cerebral ischemia
in mice. Transl Stroke Res 5:491-500.

Podda MV, Leone L, Barbati SA, Mastrodonato A, Li Puma DD, Piacentini R, Grassi C. 2014.
Extremely low-frequency electromagnetic fields enhance the survival of newborn neurons in
the mouse hippocampus. Eur J Neurosci 39:893-903.

Prabhakaran S, Ruff I, Bernstein RA. 2015. Acute stroke intervention: a systematic review. JAMA
313:1451-1462.

Reale M, Kamal MA, Patruno A, Costantini E, D'Angelo C, Pesce M, Greig NH. 2014. Neuronal
cellular responses to extremely low frequency electromagnetic field exposure: implications
regarding oxidative stress and neurodegeneration. PLoS One 9:e104973.

Rohde C, Chiang A, Adipoju O, Casper D, Pilla AA. 2010. Effects of pulsed electromagnetic
fields on interleukin-1 beta and postoperative pain: a double-blind, placebo-controlled, pilot
study in breast reduction patients. Plast Reconstr Surg 125:1620-1629.

Salter MW, Beggs S. 2014. Sublime microglia: expanding roles for the guardians of the CNS. Cell
158:15-24.

Sanderson TH, Reynolds CA, Kumar R, Przyklenk K, Huttemann M. 2013. Molecular
mechanisms of ischemia-reperfusion injury in brain: pivotal role of the mitochondrial
membrane potential in reactive oxygen species generation. Mol Neurobiol 47:9-23.

Semenza GL. 2011a. Regulation of metabolism by hypoxia-inducible factor 1. Cold Spring Harb
Symp Quant Biol 76:347-353.

Semenza GL. 2011b. Hypoxia. Cross talk between oxygen sensing and the cell cycle machinery.
Am. J. Physiol. Cell Physiol 301:C550-552.

Semenza GL. 2012. Hypoxia-inducible factors in physiology and medicine. Cell 148:399-408.

Sun W, Zhang K, Liu G, Ding W, Zhao C, Xie Y, Yuan J, Sun X, Li H, Liu C, Tang T, Zhao J.
2014. Sox9 gene transfer enhanced regenerative effect of bone marrow mesenchymal stem
cells on the degenerated intervertebral disc in a rabbit model. PLoS One 9:€93570.

This article is protected by copyright. All rights reserved 17



Varani K, Gessi S, Merighi S, lannotta V, Cattabriga E, Spisani S, Cadossi R, Borea PA. 2002.
Effect of low frequency electromagnetic fields on A,a adenosine receptors in human
neutrophils. Br J Pharmacol 136:57-66.

Varani K, Gessi S, Merighi S, lannotta V, Cattabriga E, Pancaldi C, Cadossi R, Borea, PA. 2003.
Alteration of Az adenosine receptors in human neutrophils and low frequency electromagnetic
fields. Biochem Pharmacol 66:1897-1906.

Varani K, De Mattei M, Vincenzi F, Gessi S, Merighi S, Pellati A, Masieri F, Ongaro A, Borea
PA. 2008. Characterization of adenosine receptors in bovine chondrocytes and fibroblast-like
synoviocytes exposed to low frequency low energy pulsed electromagnetic fields.
Osteoarthritis Cartilage 16:292-304.

Varani K, Maniero S, Vincenzi F, Targa M, Stefanelli A, Maniscalco P, Martini F, Tognon M,
Borea PA. 2011. A; receptors are overexpressed in pleura from patients with mesothelioma
and reduce cell growth via Akt/nuclear factor-xB pathway. Am J Respir Crit Care Med 183:
522-530.

Varani K, Vincenzi F, Targa M, Corciulo C, Fini M, Setti S, Cadossi Borea PA. 2012. Effect of
pulsed electromagnetic field exposure on adenosine receptors in rat brain,
Bioelectromagnetics 33:279-287.

Veronesi F, Torricelli P, Giavaresi G, Sartori M, Cavani F, Setti S, Cadossi M, Ongaro A, Fini M.
2014. In vivo effect of two different pulsed electromagnetic field frequencies on
osteoarthritis. J Orthop Res 32:677-685.

Vekrellis K, Xilouri M, Emmanouilidou E, Stefanis L, 2009. Inducible over-expression of wild
type alpha-synuclein in human neuronal cells leads to caspase-dependent non-apoptotic death.
J Neurochem 109:1348-1362.

Vincenzi F, Targa M, Corciulo C, Gessi S, Merighi S, Setti S, Cadossi R, Borea PA, Varani K.
2012. The anti-tumor effect of Az adenosine receptors is potentiated by pulsed
electromagnetic fields in cultured neural cancer cells. PLoS One 7:e39317.

Vincenzi F, Targa M, Corciulo C, Gessi S, Merighi S, Setti S, Cadossi R, Goldring MB, Borea
PA, Varani K. 2013. Pulsed electromagnetic fields increased the anti-inflammatory effect of
Aza and Az adenosine receptors in human T/C-28a2 chondrocytes and hFOB 1.19 osteoblasts.
PL0S One 8:e65561.

Wang Q, Tang XN, Yenari MA. 2007. The inflammatory response in stroke. J of
Neuroimmunology 184:53-68.

Wang X, Michaelis ML, Michaelis EK, 2010. Static magnetic field exposure reproduces cellular
effects of the Parkinson’s disease drug candidate ZM241385. Plos One 5:e13883.

Wei J, Tong J, Yu L, Zhang J. 2016. EMF protects cardiomyocytes against hypoxia-induced
injury via heat shock protein 70 activation. Chem Biol Interact 248:8-17.

Xie HR, Hu LS, Li GY. 2010. SH-SY5Y human neuroblastoma cell line: in vitro cell model of
dopaminergic neurons in Parkinson's disease. Chin Med J (Engl)123:1086-1092.

Zorzi C, Dall'Oca C, Cadossi R, Setti S. 2007. Effects of pulsed electromagnetic fields on patients'
recovery after arthroscopic surgery: prospective, randomized and double-blind study. Knee
Surg Sports Traumatol Arthrosc 15:830-834.

This article is protected by copyright. All rights reserved 18


http://www.ncbi.nlm.nih.gov/pubmed/19476547
http://www.ncbi.nlm.nih.gov/pubmed/19476547

Figure Legends

Fig. 1. Photograph of the PEMF exposure system used.

Fig. 2. PEMF exposure reduced hypoxia-induced cell death in PC12 cells (A) and SH-SY5Y cells
(B). Histogram relative to the Live/Dead assay after 2, 4, 6, 12, 24 and 48 h of incubation in
normoxia, hypoxia and hypoxia in the presence of PEMFs. n = 6 for each condition. *, P<0.01 vs
normoxia, **, P<0.01 vs hypoxia.

Fig. 3. Protective effect of PEMFs in neuron-like cells. Representative microphotograph of PC12
(A,B,C) and SH-SY5Y (D,E,F) cells after 24 h of incubation in normoxia (A,D), hypoxia (B,E) and
hypoxia in the presence of PEMFs (C,F).

Fig. 4. PEMF exposure reduced hypoxia-induced apoptosis in PC12 cells (A) and SH-SY5Y cells
(B). Histogram relative to the active caspase-3 levels after 2, 4, 6, 12, 24 and 48 h of incubation in
normoxia, hypoxia and hypoxia in the presence of PEMFs. n = 8 for each condition. *, P<0.01 vs
normoxia, **, P<0.01 vs hypoxia.

Fig. 5. PEMFs partially decreased hypoxia-stimulated HIF-1a activation. HIF-1a activation in
PC12 (A) and SH-SY5Y (B) cells after 2, 4 and 6 h of incubation in hypoxia in the absence or in the
presence of PEMFs. n = 8 for each condition. *, P<0.01 vs normoxia; **, P<0.01 vs hypoxia.

Fig. 6. PEMF exposure reduced hypoxia-stimulated ROS production in PC 12 (A), SH-SY5Y (B)
and N9 (C) cells. ROS production was evaluated after 24 or 48 h of hypoxia in the absence or in the
presence of PEMFs. n = 6 for each condition. *, P<0.01 vs normoxia; **, P<0.01 vs hypoxia.

Fig. 7. PEMF exposure reduced LPS-induced TNF-a or IL-1f release in N9 microglial cells. TNF-
a (A,B) or IL-1p (C,D) levels were measured after 24 (A,C) or 48 (B,D) h of LPS stimulation in the
absence or in the presence of PEMFs. n = 8 for each condition. *, P<0.01 vs control; **, P<0.01 vs
LPS.

Fig. 8. PEMF exposure reduced LPS-induced IL-6 or IL-8 release in N9 microglial cells. IL-6

(A,B) or IL-8 (C,D) levels were measured after 24 (A,C) or 48 (B,D) h of LPS stimulation in the
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absence or in the presence of PEMFs. n = 8 for each condition. *, P<0.01 vs control; **, P<0.01 vs

LPS.
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