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Wound healing is a complex, staged process. It involves extensive communication between the different cellular

constituents of various compartments of the skin and its extracellular matrix (ECM). Different signaling pathways are

determined by a mutual influence on each other, resulting in a dynamic and complex crosstalk. It consists of various

dynamic processes including a series of overlapping phases: hemostasis, inflammation response, new tissue formation,

and tissue remodeling. Interruption or deregulation of one or more of these phases may lead to non-healing (chronic)

wounds. The most important factor among local and systemic exogenous factors leading to a chronic wound is infection

with a biofilm presence. In the last few years, an increasing number of reports have evaluated the effects of extremely low

frequency (ELF) electromagnetic fields (EMFs) on tissue repair. Each experimental result comes from a single element of

this complex process. An interaction between ELF-EMFs and healing has shown to effectively modulate inflammation,

protease matrix rearrangement, neo-angiogenesis, senescence, stem-cell proliferation, and epithelialization.
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1. Introduction

Wound healing is a complex and well-regulated process controlled by extensive communication between cells, with a

dynamic and complex crosstalk between different signaling pathways .

This process is composed of many phases, which include, consecutively, the hemostasis, inflammation response, new

tissue formation, and tissue remodeling phases . The hemostatic phase results from the immediate activation of

platelets. These cells release molecules, such as a growth factor and cytokines, that prevent bleeding and initiate wound

repair. The second step is inflammation, which is characterized by the afflux 24 to 48 h after injury of different immune

cells, such as neutrophils, monocytes, and lymphocytes. These cells work together and in close coordination to prevent

infection and to remove dead tissue . Two to ten days following tissue injury, cellular proliferation, and migration of

different cell types, such as fibroblasts, keratinocytes, and endothelial cells, new tissue formation occurs . Fibroblasts

are known as the main actors regulating the wound repair process and, in the presence of the wound microenvironment,

migration, proliferation  and synthesis, and secretion of many factors, such as Matrix metalloproteinase-14 (MMP-

14), basic fibroblast growth factor (bFGF), and fibroblast growth factor-9 (FGF-9), collagen homeostasis and angiogenesis

increase .

Finally, in the re-modelling phase, two to three weeks after injury, fibroblasts differentiate into myofibroblasts , which

produces an extracellular matrix leading to a mature scar . The tissue remodeling process may last for a year or more.

At this stage, all the processes started by injury will turn off through apoptosis of involved cells, fibroblasts, macrophages,

and endothelial cells . The wound will be repaired only if all these classic healing steps work correctly and in

close coordination.

The process is highly efficient, but sometimes it can deviate from its physiological course, resulting in an ulcerative skin

defect (chronic wound) or an excessive scar formation (hypertrophic scar or keloid). Chronic wound development may be

common in various conditions including pressure, diabetes, venous pathology (venous, arterial, mixed, and vasculitis),

trauma, and surgery, with significant morbidity and mortality risk  as well as impact for a healthy economy .

ELF-EMFs are non-ionizing, low-energy, electromagnetic fields capable of inducing several biological effects. Frequencies

considered to be ELFs range from 3 Hz to 300 Hz. The study of the interaction between ELF-EMFs and the tissue is not

always easy since different biological effects are related to EMFs’ time of exposure, waveform, frequency, amplitude, cell

type, and cell status .

The ELF-EMFs are commonly produced by electrical devices, high tension electrical distribution networks, from residential

and occupational sources, and by power lines. Low-frequency electric fields influence all systems characterized by
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charged particles as the human body. In fact, tiny electrical currents exist in the human body due to the chemical reactions

that occur as part of normal bodily functions, even in the absence of external electric fields.

The interest in the biological interaction of ELF-EMFs with tissues has, nevertheless, increased due to their possible effect

on human health as well as their potential therapeutic use. ELF-EMFs with frequencies less than 300 Hz do not have

enough energy to break molecular bonds, nor cause DNA damage, ionization, or even to have thermal effects on cells

and tissues . Biological effects modulated by EMFs are very wide and include cell migration, proliferation and

differentiation, cytokine and growth factors expression, and nitric oxide signaling alteration . ELF-EMFs

can interact with the chemical and biological processes modulating the physiological homeostasis, and, thus, can interact

in wound healing.

Despite some studies reporting potential negative effects of ELF-EMFs, such as increased risk of childhood cancer, breast

cancer, neoplastic development, neurodegenerative diseases, and in fertility, cardiovascular disorders, disease promotion,

and progression , no convincing evidence was ever provided for a direct relationship between ELF-

EMFs and disease development. In the last few years, an increasing number of reports have evaluated the effects of ELF-

EMFs on tissue repair.

2. EMF-ELF and Wound-Repair: Mechanism of Action

Despite the high ability of the innate reparative process, multiple cellular aspects of an individual’s injury response can be

disturbed, compromising wound closure, and leading to chronic wound development. Recent studies have shed light on

bioeffects induced by the EMF and how they might control tissue regeneration and wound healing, suggesting that EMF

has a positive impact on all the different stages of healing. In fact, a promising novel strategy for treating the chronic

wound may be the local delivery of ELF-EMFs to target resident cells to improve their ability in modulating immune

responses and tissue healing.

2.1. ELF-EMFs and Hemostatic Phase

The initial phase of wound repair after injury is characterized by blood vessel damage and formation of a blood clot. The

relationship between ELF-EMFs and platelets, as principal contributors to haemostasias and coagulation, has recently

drawn interest. Platelets represent the inducers for the bleeding prevention mechanism and for the initiation of repair

systems, supporting the recruitment of immune cells, cytokines, and growth factors necessary for early wound repair. A

previous in vivo study reported contrasting results. Lai et al. observed no significant variation in platelet count after 100-μT

ELF-EMFs exposure , while Liu et al. reported that exposure to ELF-EMFs increases the number of white blood cells

(WBCs) and lymphocytes but decreases the mean platelet volume (MPV) levels at a bandwidth of 5 Hz to 32 KHz . The

mechanism of platelet activation is complex and required the increase of calcium levels, protein kinase C stimulation, and

free oxygen radical generation.

ELF-EMFs may be generated with frequencies close to the resonant patterns of calcium (Ca ), sodium (Na ), and other

ions. Numerous studies reported that Ca  ions are the main target of ELF-EMFs . Many studies have shown that

voltage-dependent calcium channels may account for the biological effects of ELF-EMFs exposure. As an indirect proof of

calcium role, it has also been shown that calcium channel blockers can greatly reduce the effects of 1 mT and 50-Hz

exposure, and cause interference in cell differentiation and neurogenesis . It is well documented that Ca  ions affect

activity-dependent gene expression  and this effect is mediated by signaling pathways activating Ca  -responsive DNA

regulatory elements. Due to this direct cellular interaction, electromagnetic fields have been demonstrated to increase

healing rates much faster than other therapies, as they may reach the deep tissue more quickly immediately after the

insult  (Figure 1).
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Figure 1. Molecular mechanisms of ELF-EMFs’ effects on cell function. ELF-EMFs open voltage-dependent calcium

channels, causing interference in cell differentiation with Ca  influx into cells. It is well documented that Ca  ions affect

activity-dependent gene expression, and this effect is mediated by signaling pathways activating Ca -responsive DNA

regulatory elements. Decreasing antioxidants concentration has a defense mechanism against free radicals. The ELF-

EMFs could also induce the production of oxygen (O ) in the cellular environment, which plays a major role in oxidative

damage that, subsequently, led to biomolecular damage, DNA double strand breaks, DNA/RNA damage, and cell death.

EMF quickly restores the balance between free radicals and antioxidants to stop the cascade of inflammatory progression

and biochemical degradation in traumatized tissue . Free radicals can be mitogenic or cytotoxic depending on levels,

antioxidant system efficiency, and cell types. Previous studies have shown that reactive oxygen species (ROS), generated

after brief exposure to ELF-EMFs, play a key role in cell proliferation as a possible initial cell event. Conversely, the

continuous generation of ROS by long-term 50-60 Hz ELF-EMFs exposures can induce the accumulation of DNA damage

and slow cell cycle progression . ELF-EMFs have also been reported to up-regulate clusters of protective and

restorative gene loci as well as down-regulate deregulatory and apoptotic gene loci .

2.2. ELF-EMFs and Inflammatory Phase

A large body of evidence on chronic wound tissue and fluids demonstrates an unstable competition between pro-

inflammatory and anti-inflammatory signals that lead to the misbalanced environment favoring the development of chronic

wounds .

It has also been shown that increased pro-inflammatory cellular infiltrates, composed largely of neutrophils and

macrophages, contribute to delayed healing in chronic ulcers . As a result, deregulation of several key pro-

inflammatory cytokines, such as interleukin (IL)-1β and tumor necrosis factor-α (TNF-α), prolong the inflammatory phase

and delay healing . IL-1β and TNFα are increased in chronic wounds, and this increase has been shown to cause

elevated levels of metalloproteinases that excessively degrade the local ECM and, thus, impair cell migration .

EMFs effects on the expression of cytokines have been mostly investigated with ex vivo and in vitro experiments on

different cell types involved in tissue repair. Several reports have supported the anti-inflammatory effects of EMFs on

tissue repair. Vianale et al. demonstrate that 50 Hz ELF-EMFs exposure may inhibit inflammatory processes by producing

Regulated upon Activation, Normal T Cell Expressed and Presumably Secreted (RANTES), Macrophage chemotactic

protein-1 (MCP-1), macrophage inflammatory protein (MIP)-1α and IL-8, and activation of nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-kB) inflammatory signaling pathways in keratinocytes in vitro .

The effect of ELF-EMFs on transition from a chronic pro-inflammatory to an anti-inflammatory state of the healing process

was also reviewed by Pesce et al. . In the epidermal wound healing process, ELF-EMFs exposure is reported to

mediate keratinocyte proliferation, up-regulation of the Nitric Oxide Synthase (NOS) activities, and down-regulation of

Cyclooxygenase-2 (COX-2) expression and Prostaglandin E2 (PGE-2) production, involved in the inflammatory response

modulation .

The effects of ELF-EMFs on the inflammatory molecules are timing and cell type dependent. In fact, 50 Hz of exposure

induced an early increase of IL-1β, IL-18, and TNFα production and secretion by keratinocytes and fibroblasts, while a

later inhibition of inflammatory mediators led to healing, mirroring the physiological process of wound repair . In

accordance, in vivo and in vitro studies reported the influence of ELF-EMFs exposure on inflammatory state promotion,

with increased production of pro-inflammatory cytokines, such as IL-6, IL-9, and TNF-α, and increased levels of ROS 
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. Furthermore, ex vivo studies reported the ability of ELF-EMFs exposure in activating the anti-inflammatory response

by down-modulating pro-inflammatory cytokines, inducing IL-10, and transforming growth factor β (TGFβ), as a key

antagonist of pro-inflammatory mediators , which enhanced the immune system response in the damaged areas and

favored early wound healing. A clinical and experimental investigation showed that ELF-EMF speed up the switch from an

inflammatory phase to a proliferative phase in the wound healing.

2.3. ELF-EMFs and Proliferative Phase

In the healing process, the proliferative phase is characterized by the activation of a wide array of cells: keratinocytes,

fibroblasts, macrophages, and endothelial cells. This leads to complete wound healing, through matrix deposition and

angiogenesis. This phase starts 12 h after the damage, with release of MMPs and migration stimulation, while new ECM

proteins reconstitute the basement membrane.

MMPs, such as collagenase and gelatinases A and B, are more elevated in chronic wounds as compared to acute wounds

. ELF-EMFs were shown to upregulate MMP-9 release early with a physiologically late decrease . Also, Wang et al.,

in a study on scleral fibroblasts, report that 0.2 mT of ELF-EMFs might act by increasing the expression of MMP-2 and

reducing collagen I synthesis, which can be involved in pathological matrix remodeling .

This early up-regulation of MMPs activity and/or expression may represent a mechanism to promote the migration of

keratinocytes and induce phagocytosis to eliminate cell debris during the inflammatory phase of wound repair .

To support the metabolic needs of the highly proliferative healing phase, blood vessels are essential, supporting cells with

nutrition and oxygen. Both angiogenesis (sprouting of capillaries from existing blood vessels) and vasculogenesis

(mobilization of bone marrow—derived endothelial progenitors) are essential to tissue repair .

Chronic wounds exhibit a higher expression of proteins with anti-angiogenic properties, such as myeloperoxidase, while

angiogenic stimulators, such as extracellular superoxide dismutase, are generally decreased . Overall, proteolytic

degradation of pro-angiogenic factors, such as members of the vascular endothelial growth factor (VEGF) family, and a

subsequent decrease of their bioactivity in the chronic wound microenvironment, has been suggested to be responsible

for impaired tissue healing . ELF-EMFs have been shown to influence cell migration and proliferation, and regulate

mitogen activated protein kinase (MAPK) and extracellular signal-regulated kinase (ERK), promoting the following

angiogenic process. In vitro and in vivo experiments revealed that ELF-EMFs impact the modulation of VEGF-dependent

signal transduction pathways and increase the number of angiogenesis factors . Furthermore, Fan et al.

showed that ELF-EMFs may increase the proliferation of Human Bone Marrow Stromal Osteoprogenitor Cells (hBM-SCs),

promoting DNA synthesis and increasing the proportion of cells in the S phase, and up-regulating the expressions of

hematopoietic growth factors both in hBM-SCs and mesenchymal stem cells (MSC) . The regulation of the

differentiation and proliferation processes, necessary for optimal healing of bone fractures, is linked to the production of

cytokines and growth factors. ELF-EMFs are capable of up-regulate the expressions of growth factors involved in the

regenerative process, such as the macrophage colony-stimulating factor (M-CSF), stem cell factor (SCF), thrombopoietin

(TPO), fibroblast growth factor 2 (FGF2), and VEGF . Overall, changes in the wound microenvironment, with the

production of several growth factors, are increased by ELF-EMF exposure, as reported by several results. These data

support that the ELF-EMF exposure can be a valuable insight for angiogenesis during normal tissue repair.

2.4. ELF-EMFs and Remodeling Phase

Wound closure is considered the tissue injury endpoint. However, remodeling or tissue maturation can last several months

or even years. This last phase of wound healing consists of a regression of the neovasculature, accompanied by

deposition to the ECM and subsequent granulation tissue modification into scar tissue. In the physiological remodeling

phase, collagen I synthesis, collagen III lysis, and reorganization of the ECM all take place . The effect of ELF-EMFs

exposure in the re-modelling phase is responsible for a change in the biological needs of the tissue. The EMF effects on

collagen synthesis depend on factors including frequency, level of magnetic induction, cell density, and type. Studies

reported how the application of 50 or 60 Hz ranges can modulate collagen synthesis, according to the type of skin

damage and the cells involved in the remodeling mechanism . As reported in animal models, ELF-EMFs were

capable to promote healing of skin ulcers through the increase of skin collagen synthesis, but not in heat-damaged skin

tissue or after skin fibroblasts activation . The overview of experimental studies provided rational support of ELF-

EMF involvement in all wound healing steps. Several studies have addressed that the ELF-EMF is differently efficient

within the frequency and the intensity window, as well as the exposure time and clinical conditions, such as soft and hard

tissue injury.
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3. ELF-EMFs and Non-Healing Conditions

The onset of chronic inflammatory processes in pathological conditions, such as diabetes, hypertension, and

arteriosclerosis, which may favor the onset of arterial and venous ulcers of the lower limbs. Pathological conditions may

act through the induction of an insufficient blood supply, anoxia, edema, cell death, and infection, resulting in an alteration

of the balance between the structural components of the affected tissues and the immune cells, which prevents wound

healing . Infection and alteration in biofilm composition and cellular senescence are commonly considered as an

exogenous and endogenous factor that can act detrimentally in the physiological process of wound healing, leading to

chronic wound development  (Figure 2).

Figure 2. The chronic wound shows the presence of infection and biofilm formation, a hyperproliferative and nonmigratory

epidermis, and an inflammatory state with an increase in inflammatory cells (neutrophils and macrophages) not properly

functioning. Fibroblasts and keratinocytes become senescent while there is a reduction of angiogenesis, stem cell

recruitment and activation, and ECM remodeling. ELF-EMFs has been shown to regulate the inflammatory response,

induce senescence of fibroblasts, and keratinocytes through increased proliferation and migration. The regulation of MMP

and collagen synthesis improves the ECM microenvironment. Proangiogenic and vasculogenic activity support cells with

nutrition and oxygen. The role on biofilm and infection is still controversial.
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