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Abstract: Interest in electromagnetic field (EMF) treatments has increased rapidly in recent years due to its advantages over other
treatments for tissue healing and infection. Benefits include low-cost, ready availability, ease of localized application, few if any side-
effects, and indefinite shelf life. Immunological studies show that low-intensity EMF can interact with cells and tissues, providing a large
number of anti-inflammatory and wound healing applications. The effect of EMF on the immune system in phagocytic cells alone has
attracted attention because of the role that extremely low-frequency electromagnetic field (ELF-EMF) plays in decreasing the growth rate
of bacteria. With today’s antibiotic-resistant bacteria, medicine is in need of a mechanism to aid in the control of inflammatory response,
greatly benefitting the fields of disease pathology, tissue engineering and regenerative medicine.
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1. A brief history of energy medicine and
electromagnetic field therapy

The earliest recorded use of energy medicine (EM)
dates back to 2750 BC, when patients were exposed to
shocks produced by electric eels in order to heal
different maladies [1]. The next recorded use was
around 400 BC, when a Greek philosopher named
Thales of Miletus rubbed amber and obtained static
electricity believed to cure afflictions [2]. In 1929,
Yale University anatomy professor Harold Saxton
Burr began studying the role of electricity in disease.
In his book Blueprint for Immortality: the Electric
Patterns of Life, he explains how he was able to
measure human energy fields with standard detectors.
Modern research has confirmed the observations of
Burr by concluding that both healthy and unhealthy
people produce electrical charges and changes in
magnetic fields (MFs) around their body [3]. In the
1960s electrical engineers Gerhard Baule and Richard
McFee used a pair of run coils to detect a magnetic
field (MF) produced by the electrical activity of heart
muscle [4]. Shortly afterward Willem Einthoven
discovered that heart electricity could be recorded with
a galvanometer, and electrocardiograms (EKGs) and
began using it as a standard tool for medical diagnosis.
Shortly after Einthoven received the Nobel Prize for

his discovery of heart electricity, Hans Berger showed
that much smaller electrical fields could be recorded
coming from the brain using electrodes attached to the
scalp. This device is used to categorize health and
disease of the brain and is known as the
electroencephalograph (EEG) [5]. Today EEGs record
electrical activity along the scalp and measure voltage
fluctuations resulting from ionic current flows in
neuronal brain cells [6]. In the 1970s and 80s,
orthopedic surgeon Robert O. Becker conducted
research in electrophysiology when he observed that
properties of connective tissue (cells, fibers, and
extracellular matrix) surrounding the nervous system
were operating on a direct current [7, 8]. Like Burr,
Becker thought some sort of field surrounded the body,
stimulating regeneration. He discovered that an
electrostatic field could enable regeneration of a frog
limb [8]. He also reported that direct current (about 1
nanoampere) through a broken bone radically
improves the growth and repair of bones [9]. Becker
showed the part of the connective tissue layer called
the perineurium (sheath surrounding nerve fibers) sets
up a low-voltage current that controls injury repair.
One of Becker’s most important discoveries is that the
perineurium is sensitive to energy fields [10, 11]. Once
it was discovered the body produces electrical and
MFs, it was then comprehensible how EMF devices
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could measure and modulate them. Becker’s work has
been substantiated by current research from
Hannemann et al. [12] and Saliev et al. [13].

Pulsed electromagnetic field (PEMF) therapy has
been FDA-approved to fuse bones and reduce swelling
and joint pain [14]. PEMF has been used to treat pain
and edema in soft tissue for over sixty years [15]. It
has been firmly established that tissues such as blood,
muscle, ligaments, bone and cartilage respond to
biophysical  input including electrical  and
electromagnetic fields (EMFs) [12, 15-20]. Research
shows that certain field strengths and frequencies of
PEMF appear to be disease modifying. For example,
treatments of 10-25 Hz frequency decreased pain and
improved range of motion for osteoarthritis patients
[21], improvement of cognitive development reversal
of brain amyloid-f (AP) deposition in Alzheimer’s
patients using 25-50 transcranial electromagnetic field
treatment (TEMT) [22], improved function, pain and
fatigue in fibromyalgia patients using 25-50 Hz field
[23], and a 27.12MHz field tuned to tissues specific
field strengths has been shown to block tumor growth
in cancer patients [24]. PEMF devices can be attuned
to certain vibrational frequencies and field strengths in
order to stimulate hormones [25], growth factors [26]
and interleukins [27]. PEMF has also been reported to
reduce pain and inflammation after traumatic brain
injury [28], decrease osteoarthritic inflammation [18],
and reduce neuropathic pain [29], as well as control
the growth of lymphocytes [30].

2. How is an EMF generated?

Faraday’s Law of Induction and Maxwell’s
equations explain how electromagnetic field (EMF) is
generated. A static electric field (EF) is generated by a
static charged particle. The EF (or E component of an
EMF) exists whenever charge is present. Its strength is
measured in volts per meter [V/m]. An EF of 1 V/m is
represented by a potential difference of 1 V existing
between two points that are 1 m apart. The V/m is
primarily used to express the intensity of the EMF. MF
(or M component of an EM field) arises from current
flow. Its flux density is measured in tesla (T) in the
International System (SI), and in gauss (G) which is
the former CGS system of units (1 G=10*Tor 1 T=
10 milligauss). A flux density of 1 G represents 1
Maxwell/cm®. The tesla (or Gauss) is mainly used to
denote the flux density (intensity) produced by MFs.
Both electric fields (EFs) and magnetic fields (MFs)

are generated if a charged particle moves at a constant
velocity. EMFs are generated when a charged particle
is accelerated. Most often this acceleration takes place
in the form of an oscillation, therefore electric and
MFs often oscillate. Change in the electric field (EF)
creates a MF, and any change in the MF creates an EF.
This interaction suggests the higher the frequency of
oscillation, the more the electric and MFs are mutually
coupled. EMF devices include solenoids,
transcutaneous electrical nerve stimulation (TENS),
and Helmholtz coils.

3. EMFs effect on biosystems

The biological effects of low-frequency EMF have
been the subject of numerous studies since they can
penetrate deep into tissues [31-38]. It has been shown
that low-frequency EMF can act at the cellular level
affecting various cell functions, including cell
proliferation and differentiation [39-42], apoptosis
[43-45], DNA synthesis [46, 47], RNA transcription
[48], protein expression [49], protein phosphorylation
[50], re-dox mediated rises in the inflammatory
transcription nuclear factor kappa B (NFkB) [51, 52],
microvesicle motility [53], ATP synthesis [54],
hormone production [55], antioxidant enzyme activity
[56], metabolic activity [57], and the inhibition of
adherence [58]. The regulation of binding activity and
signal amplification to a biological response has
traditionally been thought to be driven solely by
chemical messengers and receptors, but now research
shows that molecular mechanisms may not be the only
factors involved in biological communication.
Chemical messengers are perhaps the particle
components modulated by governing energy fields
underlying signal transduction. This theory would
answer such critical questions as: 1)What coordinates
biological processes? 2) What directs the correct
number of molecules at specific times to perform
specific functions? 3) How does coupling to the
receptor trigger the response? Cells are able to
recognize each other and their surroundings in order to
find their proper destinations in an organism, even
when the conventional routes are blocked [59, 60].
Cells of the same type tend to aggregate and actively
preserve this activation in situ and in vitro. There are
indications that the speed of the EMF signal clearly
exceeds the speed range of molecular transmission
[61]. Electrical properties such as membrane surface
charge and potential are especially influenced by ELF-
EMF [62-64]. EMFs are usually not represented in the
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processes taking place in living cells which is
dominated by microscopic morphology, biochemistry
and molecular genetics. The biochemical model of cell
communication and signal transduction clearly needs a
biophysical component.

Most of the models explaining how weak EMFs
interact with biological systems suggest a sub-cellular
organelle or single molecule as the target [65-72].
Fritz-Albert Popp was one of the first pioneers to
research delocalized cellular EMFs and their
interference [73]. Based on his theories every
biological system displays a complex wave pattern that
is most likely tissue specific. Disruption of these
complex patterns can occur through interference of
both inter- and intra-cellular communication [74]. If
cells can communicate with each other through fields,
then it is possible that an EMF can alter the
information being exchanged [75]. Studies in
developmental biology have identified key regulators
of developmental properties, and have indicated where
endogenous EMF are located in the action potentials
of nerves and heart tissue, and in skeletal muscle
vibrations, with frequencies elicited by rhythmic
activities throughout the human organism [76].
Endogenous EMF frequencies are normally in the
range of extremely-low (5-60 Hz) [77]. It is these
endogenous frequencies which can be entrained to
follow exogenous EMF of the same frequencies. This
entrainment (via harmonic resonance) is what
influences the modulatory effects of EMF on cells and
tissues. While there are a multitude of research articles
investigating this phenomena, the methods for
gathering these data include an overwhelming array of
experimental models, EMF devices, waveforms, and
clinical applications; therefore a consensus of
standardized methods for experimentation is greatly
needed to determine which responses directly result
from the EMF exposure. Effective EMF stimuli are
coherent, presenting a series of recurring signals that
must be present for a minimum amount of time [78].
Therefore, the precise time points during which
differentiation occurs under EMF stimuli need to be
elucidated. Uncertainty still exists as to the
mechanisms by which extra-low frequency and high-
frequency levels of EMF act at the cell and molecular
level. While high frequency (900-1800 MHz) EMF
such as that derived from microwave and mobile
phone communication, act through mixtures of
modulated and carrier frequencies, research to-date has
focused primarily on the thermal effects of radiation at
a tissue-specific absorption rate known as SAR.

4. How does EMF therapy work?

The mechanism for action of EMF on cells and
tissues is based on how cells can both generate EMF
endogenously and detect EMF exogenously.
Biological systems such as cells communicate not only
with each other but also interact with their
environment [79, 80]. This is done through several
mechanisms at many levels depending on the type of
cell tissue and nature of the information being
communicated. Most known mechanisms in the
literature address cell-cell interaction as chemical or
electrical signaling, but intercellular interaction can
also be attributed to EMFs [76, 81, 82]. In 1935, Burr
et al. published a report on stable voltage gradients in
various biological systems [83]. Since then researchers
have discovered that these stable gradients can be
altered when the whole organism undergoes biological
processes such as growth, localized injury, and
microbial invasion. Because EMF radiates, it behaves
in a wave-like manner. It has been suggested that the
initial interaction occurs outside the plasma membrane,
but could also involve interactions  with
transmembrane proteins [84, 85]. For example,
NIH3T3 cells exposed to a 50 Hz PEMF for over 2 h
significantly increased the clustering of intermembrane
proteins compared with controls [86]. Investigators
concluded that the signal was likely being propagated
and amplified through intracellular signal transduction
pathways [87]. An example of this is when the calcium
stored in the intracellular compartment prompting
mitochondria to produce free radicals (which increase
DNA response) [88] can be controlled by PEMF [89],
providing a first order effect in preventing the onset of
inflammatory responses. The impact of EMF on
calcium channel protein has been reported many times
[90-93]. The genes that encode ion channels are
important because they produce the gradients that
determine downstream cell behavior. Increased
understanding of how these mechanisms work will
lead to devices that stimulate cell treatment directly to
the damaged region producing the bioelectromagnetic
changes needed to repair and regenerate tissues.

5. EMF and Inflammation

EMF has many well documented physiological
effects on anti-inflammatory mechanisms. EMF
therapies can provide noninvasive, safe and easy to
apply methods to directly treat the source of pain,
injury, inflammation and dysfunction [94, 95]. Low-
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frequency EMF has a long record of safety, backed by
tissue culture, animal and clinical studies which have
been conducted for over four decades [96]. Although
the exact mechanism of action is unclear, the cell
membrane is most often considered the main target for
EMF signals [94]. It has been reported that EMF
affects membrane mediated signal transduction
processes, especially the Ca2+ transport system [97-
99]. Early events in signal transduction play a critical
role in calcium influx in the lymphocyte. Because
calcium is an important second messenger for a wide
variety of important cellular processes such as RNA,
DNA and protein synthesis; modulation of calcium
signaling by EMFs has the potential to influence these
cell functions [100]. Studies have demonstrated that
EMF can stabilize the cell membrane by restoring
membrane protein activity (Ca®* -ATPase) and
maintain intracellular Ca** levels [101, 102].
Biological systems in transition have been shown to be
more sensitive to EMF exposure than in stationary
systems. In one study immune compromised animals
constituting systems in transition state were shown to
be more sensitive to EMF exposure; whereas healthy
animals, considered to be in relatively stable systems,
exhibiting no sensitivity to the same field parameters
[103]. Low-frequency, low-intensity EMF can be
beneficial in reducing inflammation without potential
side effects indicating its value as a viable alternative
for treating inflammatory responses.

Inflammation involves the activation of the immune
system in response to infection, irritation or injury. It
is characterized by an influx of white blood cells,
redness, swelling, heat, pain, and the dysfunction of
organs involved. Inflammation is the first response to
healing wounds and fighting infection. Without an
acute inflammatory response the body would not be
able to repair itself and regenerate tissue; however
when the immune system is always activated, acute
inflammation becomes chronic, which can lead to
chronic disease states [104]. Inflammation plays a key
role in the development of diseases such as arthritis
[105], diabetes [106], heart disease [107], Alzheimer’s
disease [108], obesity [109], irritable bowel
syndrome[110], Parkinson’s disease [111], cancer
[112], HIV/AIDS [113] and every type of autoimmune
disease [114]. Disorders in which inflammation plays
an important pathogenetic role include: anaphylaxis,
Ankylosing spondylitis (spinal arthritis), asthma,
atherosclerosis, atopic dermatitis, chronic obstructive
pulmonary  disease, Crohn’s  disease, gout,
Hashimoto’s thyroiditis, Ischaemia-reperfusion injury,

multiple sclerosis, osteoarthritis, pemphigus (skin
blistering), periodic fever syndromes, psoriasis,
rheumatoid arthritis, sarcoidosis (chronic lung disease),
systemic lupus erythematosus, Type 1 diabetes
melilitus, ulcerative colitis, and xenograft rejection
[115]. Inflammation can contribute as much to
pathology as microbial toxicity in diseases such as
cystic fibrosis pneumonitis, Hepatitis C, influenza
virus pneumonia, leprosy, sepsis and tuberculosis.

For decades researchers have realized that
inflammation is the same in different diseases, and a
better understanding of inflammation may lead to
better treatments for numerous diseases. Neurologists
have studied the effect of inflammation on brain injury
and irritation discovering that glial cells emit chemical
signals known as cytokines which begin the
inflammatory process [116]. In diseases like
Alzheimer’s, these glial cells are too highly activated,
creating a chronic inflammatory response in the brain.
Inflammation also plays a role in heart disease because
the immune system attacks low-density lipoprotein
(LDL) cholesterol embedded in arterial walls. Chronic
inflammation will damage arteries causing them to
burst [117]. Inflammation has also been linked to
diabetes [114]. In type-1 diabetes, the immune system
attacks beta cells that make insulin. There is also
strong evidence that chronic inflammation can
promote cancer growth [118]. While acute
inflammation is necessary for normal development of
the immune system and the organs involved, chronic
inflammation can be detrimental to the entire organism.
To be able to treat this condition with a non-invasive,
low-cost, easy-to-use complement or alternative to
currently  prescribed treatments, without the
debilitating side-effects of pharmaceuticals and
surgery would advance the field of pathology, and also
improve regenerative medicine techniques during
surgery and after implantation.

6. Mechanisms initializing inflammatory
response

Mechanisms initializing inflammation focus on the
recruitment of leukocytes in the blood [119]. Rapid
response requires sentinel cells, such as mast cells
(first responders) and macrophages (phagocytes), to
position themselves at the site of injury. Perivascular
mast cells release histamine, eicosanoids, pre-formed
tumor necrosis factor (TNF), newly synthesized
cytokines, tryptases, proteases, and chemokines.
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Histamine, eicosanoids and tryptases cause
vasodilation (responsible for the heat and redness) and
extravasation of fluid (causing swelling) [115]. TNF
partially activates the neutrophils (along with mast
cells) as well as chemokines and cytokines. Oxidants
activate matrix metalloproteinases (MMPs) and
inactivate protease inhibitors causing tissue breakdown
[120]. MMPs cleave TNF from tissue macrophages as
well as monocytes which are attracted from the
bloodstream, through the vessels, and into the tissue
by azurocidin, a cationic anti-microbial protein [121].
Activated macrophages secrete proteases, eicosanoids,
cytokines, reactive oxygen species (ROS), and reactive
nitrogen intermediates (RNIs). The inflammatory
system is designed for lag-free acceleration, but
requires on-going verification of an emergency to
avoid defaulting to the resting state [115]. Each newly
recruited cell releases pro-inflammatory signals after
integrating the origin of both the host and microbe. As
long as the host and microbial pro-inflammatory
stimuli predominate, macrophage derived chemokines
continue to attract neutrophils; and reactive oxygen
intermediator (ROI) and hyaluronidase from
macrophages and neutrophils break down hyaluronic
acid in the extracellular matrix into low molecular
weight fragments. Macrophages then ingest apoptotic
neutrophils and  degrade residual elastase.
Macrophages and T-lymphocytes work together to
produce various cytokines that have both pro- and
anti-inflammatory effects [122]. Pro-inflammatory
cytokines such as interleukins promote chronic
vascular inflammation. Interleukin 1 (IL-1) is a
prototypic pro-inflammatory cytokine that expresses as
both IL-1a and IL-1pB, which are mediated through the
IL-1 receptor (IL-1R). After binding to IL-1R, IL-1
produces a broad spectrum of cytokines and
chemokines, as well as producing adhesion molecules
on endothelial cells (EC), which recruit inflammatory
cells [123]. Interleukin-6 (IL-6) is a multifunctional
cytokine that regulates various aspects of the immune
response, acute-phase reaction, and haematopoiesis
[124]. IL-10 is an anti-inflammatory cytokine that
plays an active part in the adaptive immune responses.
Dysregulation of IL-10 is linked to numerous
infectious and autoimmune diseases [125]. IL-10
contributes to the delicate balance between
inflammation and immunoregulation. Members of the
TNF and TNF-receptor super family are
instrumentally involved in the maintenance of
homeostasis in the immune system [126]. TNF not
only provides beneficial and protective effects in

inflammation and host defense, it can also be
responsible for damaging effects in sepsis, cachexia,
and autoimmune diseases.

Understanding the role of inflammation in disease

involves studying the activation of endogenous
molecules in response to injury or infection.
Promoting an inflammatory response involves

focusing on a combination of signals that mimic injury
of the host and the presence of infectious agents. Anti-
inflammatory therapies must interrupt signals that
cause acute phase inflammatory responses to become
chronic. Unfortunately the redundancy of multiple
signals complicates this goal; but the recognition of
down regulatory signals offers opportunities to stop
inflammation before it wreaks havoc on the immune
system. However there is still the dilemma that the
more extensively a therapy suppresses inflammation,
the more likely it will exacerbate infection.
Experimental therapies are uncovering a wealth of
biomolecular detail as systems biology is beginning to
understand the complexity and dynamics of the
inflammatory process. A collaboration between
experimental and systems biology would be a
powerful alliance to identifying points of control
amendable to relatively safe and effective
interventions.

7. Model for studying the effect of EMF on
inflammation

Acute or chronic inflammation is a multi-step
process mediated by immune cells, of which
macrophages play a central role in regulating many
different immunopathological aspects of the
inflammatory response. Immunological cellular events
are managed by surface receptors such as toll-like
receptors (TLR-4 for example) [127]. Activation of
these molecules by inflammatory stimuli such as
lipopolysaccharide (LPS) in macrophages can
upregulate intracellular signaling and gene expression
through the activation of transcription factors such as
the nuclear factor kappa light-chain-enhancer B(NFkB)
[128]. Primary macrophages and cancerous
macrophage-like cells (e.g. RAW 264.7 cell lines)
induced by LPS are now regarded as a useful tool for
evaluating anti-inflammatory mechanisms and the
potency of anti-inflammatory drugs, due to their
ability to display similar inflammatory responses [129].
LPS is a component of the outer membrane of the cell
wall of Gram-negative bacteria. It is the main
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component of Gram-negative bacteria that activates
the host immune system and is crucial in fighting
pathogens as well as in the induction of sepsis.
Macrophages are cells of the innate immune system
that react rapidly to a variety of microbes. To shorten
their reaction time, they store messenger ribonucleic
acid (mRNA), a molecule of RNA that encodes a
chemical “blueprint” for a protein product of
proinflammatory cytokines, in their cytoplasm.
Macrophages release pre-synthesized tumor necrosis
factor (TNF) from secretory granules immediately in
response to bacteria [130]. Macrophages ingest
bacteria via phagocytosis, destroying them within their
phagolysosomes, and present the components of the
bacteria to T-cells. TNF release from the secretory
granules occurs in sync with phagocytosis of the
microbes. This happens rapidly and does not require
fresh mRNA and protein synthesis. TNF is detectable
within 15 minutes of LPS exposure in the supernatant
of stimulated immune cells [131]. Both bacteria and
LPS trigger the NFkB pathway in macrophages. In
order to simulate this inflammatory reaction LPS was
used to initiate an inflammatory response in RAW
264.7 murine macrophages. Different dosage levels
and time points were tested to determine best
outcomes. LPS dosage was optimized at 3 h after
induction to 8ul/ml using NFkB assay. Newly
synthesized TNF also appeared in the supernatant of
macrophages later on, which was tested using TNF

Negative
Feedback
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enzyme-linked immunosorbent assay (ELISA) for
murine model. LPS activation of TLR-4 is mainly
responsible for the activation of the NFkB pathway
when macrophages are exposed to Gram-negative
bacteria. NFkB is a protein complex that controls the
transcription of DNA. NFkB is found in almost all
animal cell types and is involved in cellular responses
to stimuli such as stress, cytokines, free-radicals,
ultraviolet radiation, oxidized LDL, and bacterial or
viral antigens [132]. NFkB is used by cells to regulate
genes that control cell proliferation and cell survival.
Active NFkB turns on the expression of genes that
keep the cell proliferating and protect it from
situations that would cause it to die through apoptosis.
Defects in NFkB result in increased susceptibility to
apoptosis which leads to increased cell death. This is
because NFkB regulates anti-apoptotic genes and
checks the activity of caspase enzymes which are
central to apoptotic processes [133]. NFkB contributes
to the induction of four classes of genes: 1) genes that
have products involved in the negative-feedback
control of NFkB activity; 2) genes that have products
that serve various immunoregulatory functions; 3)
genes that have products that inhibit caspase activation
and apoptosis; and 4) genes that promote cell
proliferation (see Fig. 1).

NFkB activation leads to the transcription of genes
of inducible NO-synthase, and pro-inflammatory
cytokines such as TNF-a, IL-1b, IL-6, and IL-10.

Anti-apoptosis Proliferation

Fig. 1. How NFkB contributes to the induction of four classes of genes.
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8. Effect of EMF on cytokine production

It is now well established that exogenous applied
EMF affects cell signaling and cytokine production. In
a model studying osteoarthritis, EMF showed
statistically significant improvement in stimulating
transforming growth factor beta (TGF-B) [134]. Since
TGF-B is understood to upregulate gene expression for
aggrecan (a  cartilage-specific core  protein),
downregulate matrix metalloprotease (MMP) and IL-1
activity, and upregulate inhibitors of MMP, the
stimulation of TGF-f could be considered a
mechanism by which EMF favorably affects cartilage
homeostasis.

Application of EMF does not appear to alter the cell
immunophenotype of fibroblast-like cell populations,
but does appear to decrease the production of
inflammatory cytokines IL-1p and TNF-a. EMF also
appears to increase anti-inflammatory cytokine IL-10
[135]. Both IL-1 and TNF-o concentration in the
synovial fluid were significantly lowered while TGF-3
was significantly higher compared with controls.
Large bone formation was also observed one month
after osteochondral graft implantation using EMF
treated grafts which favor early graft stabilization
[136]. EMF exposure at 75 Hz, 45 mT limited bone
resorption in the subchondral bone while cytokine
assessment in the synovial fluid indicated a more
favorable articular environment for the graft.

9. Effect of EMF on NFkB

Effect of EMF on NFkB has been shown to be both
promising as an inflammatory inhibitor and as a
minimal effecter of downstream effects on gene
expression. Human keratinocytes exposed to 50 Hz at
1 mT for different lengths of time and compared with
unexposed control cell [137]. Cell growth and viability
were evaluated along with chemokine production and
expression and real-time polymerase chain reaction
(RT-PCR). Significantly increased growth rates were
observed in cells after 48 h of EMF exposure as
compared with control. NFkB levels became almost
undetectable after only 1 h of EMF exposure, and were
inversely correlated with cell density. Results showed
that extra-low frequency electromagnetic field (ELF-
EMF) modulates chemokine production and
keratinocyte growth through the inhibition of NFkB
signaling pathways thereby inhibiting inflammatory
processes. ELF-EMF as low as 5 Hz and 1.5 mT has

been shown to modulate chemokine production and
keratinocyte growth through inhibition of the NFkB
signaling pathway, thereby decreasing inflammatory
processes [138, 139]. Natarajan et al. investigated
whether monocytes exposed to a PEMF of 1 kV/cm
triggers a signaling pathway responsible for the
transcriptional regulation of NFkB-dependent gene
expression [140]. The authors reported that PEMF
exposure did not induce NFkB-driven luciferase
activity in these cells, indicating that the activation of
NFkB at 24 h after the EMF exposure is functionally
inactive. From these results, they postulated that the
EMF-induced NFkB activation was only a transient
response, with no minimal or no downstream effect;
however, they did not take into consideration that long
term molecular effects could be frequency dependent,
and this particular frequency only effected the cellular
response in a limiting manner.

10. Conclusion

The inflammatory response is a well-organized
system of signals that control and maintain
homeostasis in the immune system. An imbalance in
the up- or down-regulation of these signals can leave
inflammation unchecked, resulting in cell and tissue
damage. EMF has been shown to be clinically
beneficial in the repair of many types of cells and
tissues  through ~membrane and cytoskeletal
organization in receptor and kinase activity [141-144].
Because the cell membrane has been proposed as the
primary site of transduction for EMF effects, relevant
mechanisms of action may include changes in cell
membrane  binding and transport  processes,
displacement or deformation of polarized molecules,
and modifications in the conformation of biological
water [145, 146]. Although it is not well understood
how an extremely low-frequency MF affects cytokine
production, studies have shown that the outcome of
EMF interactions significantly depends on the
metabolic states of the cells during exposure [147-150].
Cells in a metabolically stable state can counteract
weak cellular changes so that no significant biological
alterations occur, but when homeostatic changes such
as inflammation overwhelm a regulatory system, the
organism will move into an imbalanced state. Cells in
unstable homeostatic states, where they have been
invaded with stressors like traumatic injury or
pathogens, are more susceptible to EMF resonances
because of their instability. This theory would account
for the lack of effect of EMF on healthy cells, such as
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in Zimmerman’s work with EMF on tumor growth
[151]. Homeostasis in the immune system is
dependent on a balance between responses that control
infection and tumors, and the reciprocal responses
which prevent inflammation and autoimmune diseases
[152]. It is possible that an EMF is able to affect
cytokine production due to the imbalance caused by
inflammatory response in cells and tissues. To be able
to use this mechanism to control inflammatory
response of disease, and during regenerated tissue and
organ transplantation, would greatly benefit the fields
of disease pathology, tissue engineering and
regenerative medicine.
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