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Abstract

 Each material consisting of charged particles can be influenced by a magnetic field. Polarized par-
ticles play an essential role in almost all physiological processes. Locally generated electromag-
netic fields several physiological processes within the human body, for example: stimulation of 
nerves, muscles, and cardiac electrical activity. This phenomenon is used today in many medical 
applications. In this article, we discuss ways in which electromagnetic field affects the physiologi-
cal and pathological processes in cells and tissues. This knowledge will help to better understand 
the electrophysiological phenomenon in connective tissue diseases and can bring new therapeu-
tic strategies (in the form of “invisible drugs”) for the treatment of rheumatic diseases?
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Introduction

Although short-term exposure to an electromagnetic 
field (EMF) does not cause any apparent detrimental ef-
fects, exposure to higher levels of EMF causes acute and 
chronic effects in living organisms [1]. The mechanism of 
the EMF’s influence on the body remains unclear. On the 
one hand, it is accepted that an EMF does not lead to 
genotoxic effects by direct transfer of energy to cells. But 
on the other, it seems that the effect of EMF exposure on 
living cells is indirectly mediated by increased halftime 
of reactive oxygen intermediates (ROI) [1, 2]. According 
to Varani et al. [3], from a clinical point of view, a clari-
fication of the potential biological effect of electromag-
netic exposure could facilitate the development of alter-
native treatments or the elaboration of novel promising 
therapeutic tools.

Reactive oxygen intermediates  
and redox potential

Numerous processes handle the generation of 
ROI in the body. The major source of ROI in the cells 
is mitochondria. These organelles accomplish cellular 
respiration and energy production (ATP) by the “elec-
tron transfer chain” mechanism. Since some electrons 
“leak” from the “electron transfer chain”, those elec-
trons interact with oxygen to produce ROI. It seems 
that 1–5% of the oxygen molecules may be convert-
ed to ROI [2]. Further sources of ROI are immune cells 
such as monocytes, macrophages and neutrophils. In 
phagocytic cells, ROI formation is part of the cascade 
of events in their antimicrobial action known as “the 
oxidative burst”, which results from the assembly of 
a complex electron transport system in the cell mem-

 * The first part of the paper is published in Reumatologia 2013; 51, 3: 195-201, and the second part in Reumatologia 2015; 53, 
1: 40-45.
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brane. In these cells, the most important enzyme is 
the multimeric enzymatic complex of NADPH (nicotin-
amide adenine dinucleotide phosphate) oxidase com-
plex and cytochrome b, which catalyses the univalent 
reduction of molecular oxygen to generate the ROI. The 
isoform of NADPH oxidase, localized in the membrane 
of non-phagocytic cells such as fibroblasts, endothelial 
cells and vascular smooth muscle cells, leads to much 
smaller quantities of ROI (one-third of that of neutro-
phils) and is mainly associated with cellular mecha-
nisms involved in signal transduction cascades and 
regulatory processes [1, 2].

Since ROI can donate an electron to an appropriate 
acceptor (reduction reaction) or pair their unpaired elec-
tron by taking one from an appropriate donor (oxidation 
reaction), the living cells are in a stable state. This bal-
ance can be disturbed by increased ROI production, by 
decreased scavenging capacity of antioxidants or both. 
ROI have a significant influence on the redox state (re-
duction-oxidation) of the cells [1, 2, 4].

Redox potential in regulation of life cycle

It is commonly accepted that the redox potential in 
the extracellular environment can dialog with the intra-
cellular compartments of living cells. These observations 
suggested a novel role for the extracellular redox milieu 
in cell signaling and viability. The redox environment of 
the cells might determine whether cells will proliferate, 
differentiate, or die [5].

The reduction/oxidation state of living cells or 
tissues is a consequence of the continuous balance 
between the levels of oxidizing and reducing equiva-
lents. The three most important redox-regulating sys-
tems within the cells are (NADPH/NADP+), thioredoxin 
(TRXred/TRXox) and glutathione (GSH/GSSG) [2, 5].

The most important system in regulating redox po-
tential is GSH/GSSG, since the concentrations are about 
500–1000 higher than TRX and NADPH. It was observed 
that under physiological conditions, the concentration 
of the reduced form of glutathione (GSH) was 10–100-
fold higher than the oxidized form (GSSG). Persistent 
production of ROI during oxidative stress and imbal-
ance in the redox homeostasis leads to the formation 
of GSSG at the expense of GSH. This shift in the ratio 
of GSH/GSSG concentration changes the redox state to 
a more positive potential [4].

The changes in this ratio may govern several cellu-
lar reactions involved in signal transductions, cell cy-
cle regulation and many other cellular processes. The 
changes in redox potently affect the cell proliferation 
rate and apoptosis. Upon the effects of oxidative stim-
uli, the GSH/GSSG ratio tends to decrease by raising 

the concentrations of glutathione disulfide or reducing 
the glutathione amount. For example, pro-oxidants in-
crease the intracellular concentration of ROI, which can 
induce apoptosis. In contrast, antioxidants that serve 
as reducing agents have been shown to prevent apop-
tosis [4, 5].

Cell activation and proliferation are strongly depen-
dent not only on levels of redox potential inside the 
cells, but also on the redox potential of the extracellular 
microenvironment. It was shown that the T cell differ-
entiation into Th1, Th2, Th17 and/or Treg cells crucially 
depends on the activation of redox-sensitive signaling 
cascades. The oxidative conditions support Th1 cell de-
velopment (proinflammatory), while reductive stress 
leads a shift to the Th2 type immune response. Final-
ly, when the human organism is more oxidized, there is 
a change in the balance of Th cells in the immune sys-
tem, which favors the Th1 arm of the immune system 
over the Th2 system [6].

However, as was shown by Jones et al. [7], human 
plasma GSH/GSSG levels within the body are controlled 
at a relatively constant redox state of –137 mV. This bal-
ance is also related to aging. After age 50, an oxidative 
shift of about 7 mV/decade occurs over the next two de-
cades, followed by a further decline to –110 mV in 70 to 
85-year-olds [7]. Moreover, the changes of the half-cell 
reduction potential (Ehc) of GSSG/2GSH correlate with 
the biological status of the cell:
•	 proliferation is shown with a reduction potential  

of the glutathione half-cell in the range of Ehc –260 
to –221 mV,

•	 the differentiation is associated with a more positive 
potential from –221 to –180 mV,

•	 apoptosis is triggered if Ehc rises in living cells from 
–180 to –160 mV,

•	 necrosis occurs if Ehc rises above approximately  
–160 mV,

•	 around –160 to –150 mV the redox buffering capacity 
of the GSH/GSSG system is permanently lost, as was 
summarized by Schafer and Buettner [4].

Effects of electromagnetic field  
on the living cell

From the biological point of view, the influence of 
EMF exposure depends on cell type and their homeo-
static state. Moreover, it appears that EMF enhances the 
physiological functions of certain cell types including 
cell activation and proliferation. It is important to note 
that there are studies performed without observing any 
changes in the generation of ROI using other than im-
mune relevant cells [1].
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It is not known why various immune cell types re-
spond to EMF with different efficacy, but it seems to 
be clear that several cell types are responsive to EMF 
by diverse mechanisms [1]. In a general view, the var-
ious cell types react differently to the same stimulus, 
and these cell type effects are redox status depen-
dent [1, 2].

The responsiveness of the cells towards EMF may be 
correlated with the cell shape. For example, fibroblast 
cells (“stationary cells”) are spindle-shaped, whereas 
blood cells (“inflammatory cells”) are round in shape, 
and as was shown the “inflammatory cells” are more 
sensitive to EMF than “stationary cells” [1]. 

It was demonstrated that magnetic fields increase 
the halftime of ROI, and in consequence, the increased 
ROI concentration and dispersion increase the probabili-
ty of cellular damage [1, 2]. In general, reactions in which 
ROI are involved become more frequent, increasing the 
possibility of cell and tissue damage. Some cellular com-
ponents, processes, and systems may be affected by 
EMF exposure. Exposure to EMF alters certain cellular 
processes such as ROI production or extra- and intra-cel-
lular emission. The influence of EMF may indirectly re-
sult in changes in DNA structure (strand breaks, chromo-
somal aberrations) and DNA repair processes leading to 
cytotoxic effects inducing cell death [1, 2, 8].

Activation of immune cells (such as neutrophils) by 
short-term exposure to an EMF leads to phagocytosis 
and ROI emission. This pathway may be useful for spe-
cific therapeutic applications. An increase in the lifetime 
of ROI by EMF leads to persistently elevated ROI concen-
trations. The long-term EMF exposure leads to a chron-
ically increased level of ROI, subsequently causing inhi-
bition of the effects of the antioxidants. These processes 
results in an imbalance in redox state and enhance oxi-
dative stress [1].

Lack of phagocytic activity and increased superoxide 
production after exposure to an EMF was detected in 
mouse macrophages and human monocytes [1]. These 
investigations demonstrated induction of ROI produc-
tion, without a parallel increase of phagocytic machin-
ery, indicating a specific activation of the NADPH oxi-
dase after EMF exposure [1, 2]. Similar observations of 
activated rat peritoneal neutrophils were made by Roy 
et al. [9]. Exposure to an EMF resulted in an increased 
oxidative burst; however, the authors proposed an in-
creased lifetime of ROI due to the EMF exposure as 
a possible mechanism [9].

Contrary to neutrophils or macrophages, lymphocytes 
do not respond to an EMF. Several studies have confirmed 
that an EMF does not induce DNA damage effects in hu-
man lymphocytes. This observation may be explained by 
the high homeostatic activity of these cells [10].

The windows effect – fluctuations  
in electromagnetic field susceptibility 

It was found that the cytosolic concentration of  
NADPH fluctuated in a periodic manner in neutrophils 
and macrophages [11]. It was demonstrated that mag-
netic pulses may, on the one hand, increase the ampli-
tude of the NADPH oscillations and production of ROI or, 
on the other hand, reduce the metabolic oscillations and 
diminish production of ROI [11, 12]. It was observed that 
NADPH oscillates in an approximate sinusoidal pattern 
with a period of 3-4 min. It was found that the produc-
tion of ROI and NO was directly linked to NADPH oscil-
lations [11].

Poniedziałek et al. [12] reported that the incubation 
of the unstimulated neutrophils in EMF decreases ROI 
production. The moderate decline of ROI level in unstim-
ulated neutrophils may be attributed to the fall in bi-
ological activity of some enzymes catalyzing reactions 
connected with ROI production. Opposite results were 
obtained in stimulated neutrophils. Production of H2O2 
in stimulated neutrophils increased after incubation in 
a low frequency EMF (compared to stimulated neutro-
phils not exposed to the field), whereas no such effect 
was observed after exposure of unstimulated neutro-
phils to low frequency EMF. These results suggested 
that a low-frequency EMF does not act as a direct stimu-
lator of respiratory burst in neutrophils. This observation 
may be correlated with increased activity of one of the 
enzymes catalyzing the reaction cascade during the re-
spiratory burst, the most likely candidate being NADPH 
oxidase [12]. 

Studies on the effect of pulsed magnetic fields on 
nitric oxide synthase (NOS) activity performed by Noda 
et al. [13] showed that the effect of EMF field depends on 
the magnetic induction. A substantial increase in NOS 
activity was observed for 0.1 mT induction, whereas an 
induction value of 0.3 or 0.6 mT showed no significant 
effect.

Experiments performed by Khadir et al. [14] demon-
strated that the frequency of EMF may also differentially 
influence cell functions. The exposure of unstimulated 
neutrophils to a 60 Hz magnetic field did not affect the 
examined functions. In contrast, exposure of stimulated 
neutrophils to the magnetic field induced significant-
ly increased ROI production. The mechanism by which 
EMF modifies cell functions is not yet precisely deter-
mined [14].

The fact that the effect of EMF on ROI production 
was observed only with some parameters of applied 
field indicates the existence of a “window effect”, which 
was first described by Noda et al. [13]. Because magnet-
ic fields easily penetrate tissue, these experiments sug-
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gested that ultra-low frequency pulsed magnetic fields 
may be useful to control cellular and tissue metabolism 
in vivo, and finally could have potential therapeutic val-
ue [11, 12, 14].

Possible role of electromagnetic field  
in regulating immune cell life cycle

Several reports have suggested that the cell mem-
brane is one of the most likely target sites of EMF-cell 
interaction. Calcium transport is a strong candidate for 
mediating the effect of EMF, due to its essential role in 
signal transduction and enzyme regulation [15–17].

Stimulation of neutrophils may induce a membrane 
potential change and translocation of proteins to the 
cell membrane. These events could be affected by EMF 
exposure. As was suggested by Walleczek [15], Ca2+ plays 
a significant role in signal transduction and the control 
of immune cell functions such as ROI production and 
emission. It was concluded that modulation of intracel-
lular Ca2+ concentrations is possible only in stimulated 
immune cells [15].

It seems that voltage-gated calcium channels (VG-
CCs) play an essential role in cell response to an ex-
tremely low frequency EMF (50/60 Hz). Pall et al. [16] 
reported that VGCCs handle EMF effects. It was shown 
that the L-type or other VGCC blockers block or greatly 
lower diverse EMF effects. Voltage-gated properties of 
these channels may provide a biophysically plausible 
mechanism for the EMF biological effects. Moreover, the 
downstream responses to EMF exposures may be medi-
ated through Ca2+/calmodulin (CaM) stimulation of nitric 
oxide (NO) synthesis. This interpretation is supported by 
two well-documented examples of EMF effects. Firstly, 
the electromagnetic field stimulation of bone growth, 
modulated by the stimulation of osteoblasts, appears to 
involve an elevation the NO/protein kinase G pathway. 
Secondly, recent modeling has suggested that electrical 
effects may be very substantial and therefore may act to 
stimulate VGCCs directly [16]. 

Potentially therapeutic effects may be mediated 
through the Ca2+/NO/cGMP (cyclic guanosine mono-
phosphate)/protein kinase G pathway, as was suggest-
ed by Pilla et al. [17] They proposed that an EMF can act 
as a first messenger in the CaM-dependent signaling 
pathways that orchestrate the release of cytokines in 
cellular responses to physiological stimuli. It seems that 
the EMF signals modulated CaM-dependent enzyme ki-
netics, produced several-fold increases in principal sec-
ond messengers including NO and cGMP in chondrocyte 
and endothelial cell culture and, contrary to that, cyclic 
adenosine monophosphate (AMP) in neuronal cultures. 

CaM antagonists blocked these effects, providing visible 
support for this mechanism [17].

It should be noted that this pathway is usually ac-
tivated by increases in cytosolic concentrations of free 
Ca2+ in response to inflammation or oxidative stress. It 
appears that the CaM/NO/cGMP signaling pathway is 
a rapid response cascade that can significantly modu-
late cellular metabolism both in normal physiological 
conditions and in inflammation [18].

Contrary to that, Selvan et al. [19] demonstrated 
that pulsating EMF (PEMF) has a well-documented an-
ti-inflammatory effect. They observed an elevated level 
of lipid peroxidation (LPO) and depletion of antioxidant 
enzymes in an adjuvant-induced arthritis model in rats. 
Also, plasma membrane Ca2+ ATPase (PMCA) activity was 
inhibited, while intracellular Ca2+ level, as well as prosta-
glandin E2 (PGE2) levels, were noted to be significantly 
elevated in blood lymphocytes of arthritic rats. Exposure 
of arthritic rats to PEMF at 5 Hz × 4 μT × 90 min signifi-
cantly reduces exudation. It was shown that this effect 
was a result of stabilization of cell membrane by PEMF, 
which restores activity of PMCA that handles the regu-
lation of intracellular Ca2+ concentration. Restoration of 
PMCA keeps intracellular Ca2+ to an extremely low level, 
which results in inhibition of PGE2 biosynthesis [19]. 

In studies on antioxidant enzymes in mice, PEMF did 
not cause any changes [20]. It seems that the biologi-
cal systems in a transition state were more sensitive to 
PEMF exposure than stationary regimes. It seems that 
arthritic animals are more sensitive to PEMF exposure. It 
is important to note that low-frequency and low-inten-
sity PEMF is indeed beneficial in reducing inflammation 
without potential side effects [19].

Moreover, experiments performed by Juszczak et al. 
[21] showed that low-frequency PEMF (50 Hz, 45+/–mT, 
three times for 4 hours) stimulates induction of apop-
tosis and diminished necrosis of rat urothelial cells in 
culture. It seems that with EMF and/or PEMF it is possi-
ble to regulate redox balance of inflammatory cells and 
in this way control the physiological/pathophysiology 
state of other cells. Taken together, these observations 
suggested that EMF and/or PEMF could be developed as 
a real therapy for rheumatoid arthritis [19]. 

Conclusions

Reasons why the acute inflammatory phase does 
not convert into the reconstruction process, but be-
comes chronic inflammation instead, are complex. One 
of the factors responsible for that is impaired energy 
flow to the immune system and disturbed parasympa-
thetic nervous balance [23]. This results in disturbance 
in redox homeostasis and depletion of available energy 
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stores [24]. May the better understanding of electro-
physiological processes of diseased tissue bring new 
therapeutic strategies? 

It is commonly accepted that changes in the redox 
state determine whether cells die as well as the kind 
of death: necrosis or apoptosis. Ultimate “survival” or 
“death” signals depend on the redox signaling, tran-
scription regulation of several redox-sensing genes and 
DNA repair processes [25].

Apoptosis occurs with low or moderate oxidative 
stress and redox potential changes, whereas necrosis 
results from severe oxidative challenges that overcome 
the cellular antioxidant defenses and energy-transduc-
ing pathways [26]. Common inducers of apoptosis in-
clude ROI and Ca2+. These factors give rise to signals to 
cells resulting in apoptotic or necrotic cell death [25].

It may be assumed that cells, during the cell life, 
transform from the proliferation and differentiation 
stage to autophagy (auto-phagocytosis intracellular 
components), apoptosis (controlled death, without in-
flammatory events), and finally to necrosis (uncontrolled 
death with inflammatory events). Extracellular signals 
induced by EMF or PEMF may influence (Fig. 1) such ge-
netic-dependent phenomena as autophagy (“survival 
signals”), apoptosis (“safety death signals”) or necrosis 
(“death signals”).

We can hypothesize that if it was possible to regu-
late the production of ROI and Ca2+ metabolism by EMF 
and/or PEMF in inflammatory cells, it might be possible 
to inhibit the “conversion” and “transition” of the sig-
nals from the signal “survival” to the signal “death” by 
the redox regulating system. It could be suggested that 
such changes in redox potential, mediated by the mag-
netic field, may be partially detox of surrounding tissues 
and cells. It can be concluded that EMF and PEMF influ-

ence of genetically-dependent phenomena fits into the 
problems of molecular oncology.
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