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1. Introduction
Around 385 million years ago, when aquatic vertebrates migrated from the sea to

the mainland, the skeletal system evolved. To avoid the DNA damage caused by

ultraviolet (UV) light, hematopoietic stem cells (HSCs) gradually moved into the

cortical bone (Tsukasaki and Takayanagi, 2019). Since then, our skeletal system and

immune system have not been isolated, but are rather highly interrelated with each

other in the bone marrow. The bone marrow is the main location for the generation

and maintenance of HSCs and immune cells, and it provides a microenvironment for

both systems to share a variety of molecules and cytokines to affect signaling

pathways in the resident cells (Takayanagi, 2007). This microenvironment is more

than an immune cell niche that unilaterally affects osteogenesis (Chen et al., 2016).

Instead, both the skeletal system and the immune system mutually regulate each

other to reach a homeostatic steady state. For example, the depletion of

CXC-chemokine ligand 12 (CXCL12) in osteoblasts affects the differentiation of

B-lymphocytes (Greenbaum et al., 2013) and increases levels of Notch ligand

delta-like 4 (DLL4) in osteoblasts, which affects the differentiation of T-lymphocytes

(Yu et al., 2015). In turn, activating the immune response also affect osteoblasts

(Chen et al., 2021) and osteoclasts (Sato and Takayanagi, 2006), thereby indirectly

influencing the skeletal system. Thus, a stable and harmonious osteoimmune

microenvironment is important for the maintenance of bone homeostasis.

1.1 Bone and Bone Fracture
The human skeletal system has been under selection pressure throughout the

long evolutionary journey (Medina-Gomez et al., 2015). To maintain a healthy

metabolic homeostasis of the skeletal system, there are 206 bones of very different

shapes and sizes in adult human. They not only play a key role in consolidating our

body (Brasinika et al., 2020), protecting internal organs (Lee et al., 2021), and

supporting muscle attachment (Labusca et al., 2015), the skeleton also acts as local

storage depot of calcium, phosphate, and growth factors (Delany and Hankenson,

2009). These valuable merits originate from the structural features of bones. The bone

structure is very compact and sophisticated; for instance, a long bone can be

subdivided into five distinct regions:
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1) Bone marrow: a semi-solid tissue in the trabecular bone that contains

myelopoietic cells, erythropoietic cells, and stromal cells (e.g., mesenchymal stromal

cells (MSCs), osteoblasts, osteoclasts, and macrophages) (Fracchiolla et al., 2017);

2) Trabecular bone: the central part of cancellous bone that functions as a

distributor of the mechanical load (He et al., 2019);

3) Cortical bone: the dense outer layer of bone. Both the cortical bone and

trabecular bone determine the bone strength and bone mineral density (BMD) (Furst

et al., 2008);

4) Periosteum: a connective tissue covering the surface of cortical bone, which

consists of both a fibrous layer and a cambial layer, and contains periosteal progenitor

cells (Wang et al., 2013); and

5) Cartilage: a highly specialized tissue at the end of the bone, which contributes

to smooth and frictionless joint mobility (Muttigi et al., 2016).

The sophisticated architecture and finely tuned function are of vital importance

and can be affected in many diseases, e.g., osteoarthritis (Belsue et al., 2021) and

osteoporosis (Pignolo et al., 2021). If the structural continuity of a bone is partially or

completely broken after a direct force or indirect stress, a bone fracture happens.

Notably, bone fractures are a global health issue and present a serious economic

burden around the world. It has been reported that the global average cost in

hospitals for the treatment of a hip fracture is around $ 10,075, and the total cost over

a period of 12 months can reach up to $ 43,669 (Williamson et al., 2017). In Europe

(data from 27 EU countries + Switzerland and the UK), 4.3 million patients suffered

from different types of fragility fractures in 2019, i.e., hip fractures (826,708; 19%),

vertebral fractures (662,544; 16%), forearm fractures (636,705; 15%), and other

fractures (2,149,591; 50%) (Kanis et al., 2021). The total direct costs were estimated

to be € 56.9 billion (Kanis et al., 2021). Along with the increase in disabilities and the

prolonged recovery time, bone fractures impose heavy socioeconomic and health

care burdens (Victoria et al., 2009). Moreover, bone defects caused by injury, cancer,

or other systemic diseases are one of the most serious diseases in our society (De

Mattos et al., 2012). Therefore, an effective, low cost, and integrated therapeutic

option for bone fractures is an urgent clinical and social need.
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1.2 The Healing Process of Bone Fracture
Although nature has endowed living beings with self-healing abilities, allowing

them to repair damage when injured (Lai et al., 2018), this ability is sometimes not

sufficient to meet the demands of human life in modern society where people seek a

high quality of life, attractive appearance, and sophisticated work, rather than simply

surviving the harsh environment as other creatures do. To develop a satisfactory

therapeutic option for fracture healing, it is important to understand the

pathophysiologic fracture healing process. A fracture heals in a sophisticated and

finely tuned way; a good outcome of fracture healing is the full reconstitution of bone

continuity and function. To achieve this goal, intercellular communications between

different cell types (e.g., osteoblasts, osteoclasts, and macrophages) (Kaku and

Komatsu, 2017), and interactions between cytokines and growth factors at the

fracture site should proceed in a coordinated and ordered manner (Martin and Rodan,

2008). The healing process of bone fracture is subdivided into the 1) primary type and

2) secondary type. During primary fracture healing, there is only a small fracture gap

and the ends of the fracture are closely repositioned, such that the bone is

reestablished without callus formation. During primary fracture healing, neither

resorption of the fracture end nor callus formation happens. Instead, osteoblasts

synthesize and deposit new bone to fill the gap. However, primary fracture healing is

rare, and the majority of fractures heal as the secondary (spontaneous) type (Cottrell

et al., 2016). Secondary fracture healing usually happens when bone fragments

undergo motion without rigid fixation. This process is so complex that it requires the

involvement of the periosteum, soft tissues, and various cell types at the fracture site

(Bigham-Sadegh and Oryan, 2015). The process of secondary healing is divided into

four overlapping phases (Fig. 1):

1) Inflammatory phase: immediately after the fracture happens, a hematoma forms

and the inflammatory phase starts. The cells from interrupted peripheral and

intramedullar blood, as well as the bone marrow, form a hematoma at the fracture

site (Gerstenfeld et al., 2003). The hematoma at the fracture site provides a

hypoxic environment, thereby inducing cell activation, migration, and differentiation

(Annamalai et al., 2018). The hematoma not only forms a 3D platform for the cells

involved in the repair process, but also releases various cytokines and growth

factors to regulate angiogenesis and new bone formation at the fracture site

(Street et al., 2000). This phase takes 3 to 4 days until the initiation of soft callus
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formation. The timeframe of the inflammatory phase may be altered in many

pathological situations, e.g., type 2 diabetes mellitus (T2DM) (Singh et al., 2016),

or cigarette smoking (Hao et al., 2021), thus impairing fracture healing.

2) Soft callus formation: within a few days, the fracture site is populated with

fibroblasts and MSCs, and the hematoma is gradually replaced by fibrin-rich

granulation tissue (Marsell and Einhorn, 2011). On the one hand, granulation

tissue provides a microenvironment for angiogenesis (Carano and Filvaroff, 2003)

and chondrogenesis (Claes et al., 2012), which are required to form the soft callus

at the fracture ends. On the other hand, it provides a platform for the upcoming

endochondral ossification (Loi et al., 2016).

3) Hard callus formation: with the formation of a soft callus, chondrocytes gradually

transform into hypertrophic chondrocytes and then undergo apoptosis (Marsell

and Einhorn, 2011). Meanwhile, MSCs differentiate into osteoblasts to start

intramembranous ossification and mineralization at the fracture ends to form a

hard callus (Gerstenfeld et al., 2006). Different from the soft callus, the formation

of a hard callus tightly bridges the fracture ends with a certain degree of

biomechanical stability, therefore, it usually marks the late stage of the repair

phase (Lafuente-Gracia et al., 2021).

4) Bone remodeling: After the formation of a hard callus, both resorption and

formation are activated to sustain the bone mass and provide adequate

mechanical strength. The process of bone remodeling follows Wolff’s law, i.e., the

bone will be remodeled to be able to resist loading (Remedios, 1999, Wolf, 1995).

Bone remodeling is initiated from 3 to 4 weeks after the fracture and takes several

years to eventually achieve full biomechanical stability (Daish et al., 2018). After

this final phase of fracture healing, the continuity and stability of the bone will be

completely restored.
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Figure 1: The healing process of a fractured bone is subdivided into four phases: 1) inflammatory
phase, 2) soft callus formation, 3) hard callus formation, and 4) bone remodeling. Immediately
after a bone fracture occurs, many immune cells, e.g., neutrophils, lymphocytes, monocytes, and
platelets, are attracted to the fracture site and form a hematoma. Immune cells in the hypoxic
environment of the hematoma are activated and secrete many growth factors, cytokines, and
chemokines. Subsequently, the hematoma is gradually replaced by granulation tissue. In this
phase, fibroblasts and MSCs migrate to the fracture site, and angiogenesis and chondrogenesis
are initiated, thus forming the soft callus. When the chondrocytes in the soft callus exhibit a
hypertrophic morphology, they gradually undergo apoptosis. Then, mineral deposition increases,
and the soft callus turns into a hard callus with limited biomechanical properties. In the end, the
hard callus is degraded, and both osteoblastic mineralization and osteoclastic resorption are
activated to remodel the new bone to form lamellar bone, which further enhances the
biomechanical stability. Graphic elements were provided by Servier (smart.servier.com). This
schematic diagram was graphically processed based on a previous study (Einhorn and
Gerstenfeld, 2015).

1.3 Immune Cells in Bone Healing
As mentioned above, the immune system and skeletal system share an

evolutionary homology. Especially macrophages are actively involved in all stages of

the healing process (Loffler et al., 2019). Immediately after the fracture happens,

macrophages (Mφ) migrate to the fracture site and initiate the inflammatory phase,

participating in the formation of soft callus and hard callus, and subsequently regulate

the bone remodeling phase (Munoz et al., 2020, Ehnert et al., 2021). Mφ is a so-called

versatile multifunctional cell type; which displays different phenotypes and activities

depending on the surrounding microenvironment (Chen et al., 2020). Following

induction by interferon-γ (IFN-γ) (Orecchioni et al., 2020), granulocyte

macrophage-colony stimulating factor (GM-CSF) (Mily et al., 2020), or

lipopolysaccharide (LPS) (Porta et al., 2009), Mφ exhibit pro-inflammatory activities

(classically activated, M1 Mφ). Following induction by interleukin-4 (IL-4) (He et al.,

2020), interleukin-10 (IL-10) (Lopes et al., 2016), or TGF-β (Zhang et al., 2016), Mφ
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also exhibit strong anti-inflammatory activities (alternatively activated, M2 Mφ)

(Murray, 2017). The versatile and polarizable capability of Mφ multi-directionally

affects fracture healing (Gibon et al., 2016). In detail, Mφ with pro-inflammatory

activity can secrete high amounts of pro-inflammatory cytokines (e.g., IL-1β, IL-6, and

IL-23), reactive oxygen species (ROS), inducible nitric oxide synthase (iNOS), and

tumor necrosis factor (TNF-α) (Shapouri-Moghaddam et al., 2018). As a result, the

pro-inflammatory microenvironment created by M1 Mφ supports the clearance of

pathogens (Makowski et al., 2019), chemoattracts MSCs (Ishikawa et al., 2014), and

initiates MSC proliferation (Liao et al., 2020). However, a prolonged and excessive

inflammatory response could suppress MSC activity and impair fracture healing

(Maruyama et al., 2020). In contrast, Mφ with anti-inflammatory activity can secrete

many anti-inflammatory cytokines and a variety of growth factors, e.g., TGF-β (Liu et

al., 2018), IL-10 (Viola et al., 2019), vascular endothelial growth factor (VEGF) (Lai et

al., 2019), platelet-derived growth factor (PDGF) (Glim et al., 2013), osteopontin (OPN)

(Raggi et al., 2017), 1,25-dihydroxyvitamin D3 (1,25D) (Small et al., 2021), and bone

morphogenetic proteins (BMPs) (Huang et al., 2021). As a result, Mφ with

anti-inflammatory activity suppress excessive inflammation, and thus may induce

extracellular matrix (ECM) deposition, and promote fracture healing (Zhang et al.,

2018). The active interaction between pro-inflammatory Mφ and anti-inflammatory Mφ

are important to promote fracture healing and achieve a satisfactory medical outcome

(Fig. 2).

Figure 2: The important roles of monocytes in fracture healing: Immediately after a fracture occurs,
monocytes from the peripheral blood migrate into the hematoma at the fracture site. Monocytes
are activated by cytokines in the microenvironment and then polarize into Mφ with
pro-inflammatory activity (M1 Mφ) or Mφ with anti-inflammatory activity (M2 Mφ). In detail, Mφ with
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pro-inflammatory activity are induced by IFN-γ, GM-CSF, or LPS, then create an inflammatory
microenvironment by secreting IL-1β, IL-6, IL-23, ROS, iNOS, and TNF-α. An excessive
inflammatory response impairs cell viability and the differentiation capacity of osteoblasts and can
induce apoptosis of osteoblasts. In contrast, Mφ with anti-inflammatory activity are induced by IL-4,
IL-10, or TGF-β, then create an anti-inflammatory microenvironment by secreting various growth
factors and anti-inflammatory mediators, e.g., IL-10, TGF-β, VEGF, PDGF, OPN, BMP, and 1,25D.
This microenvironment eliminates excessive inflammation and oxidative stress and thereby
promotes cell viability and the osteogenic differentiation of osteoblasts, and enhances mineral
deposition. Graphic elements were provided by Servier (smart.servier.com). This schematic
diagram was graphically processed based on a previous study (Shen et al., 2021).

1.4 Fracture Delayed Union and Non-union
Almost 2,500 years have passed since the earliest records of conservative

fracture treatment from Hippocrates (Biz et al., 2022). Since the industrial revolution of

the 18th century, and the discovery of antibiotics in the early 20th century, fracture

treatment has been greatly improved. However, the debate on the best therapy for

fractures is far from being over (Biz et al., 2022). In recent decades, although

tremendous amounts of research have been conducted to promote fracture healing,

fracture delayed union and non-union still occurs in approximately 5% to 10% of all

cases. According to the American Food and Drug Administration (FDA), delayed

fracture healing is defined as a fracture process that takes longer than 9 months and

has no progressive signs of healing for more than 3 months (Nicholson et al., 2021).

The majority of fracture non-unions occur after long bone fractures, e.g., forearm

fracture, humerus fracture, femur fracture, and tibia fracture, in working-age males or

elderly women (Mills et al., 2017, Zura et al., 2016, Mills and Simpson, 2013). The

average costs for treating a long bone fracture non-union is approximately

CN$ 11,800 (Busse et al., 2005), US$ 11,333 (Beaver et al., 1997), or £ 29,204 (Patil

and Montgomery, 2006). Thus, the treatment of fracture delayed union and non-union

poses a tremendous financial burden on health care systems (Hak et al., 2014).

Generally, risk factors for developing fracture non-union include both local and

general factors. Among the local factors, open fractures with surrounding soft tissue

injury are considered one of the most critical local risk factors of non-union

(Schemitsch et al., 2012). Other local risk factors such as bone loss (Keating et al.,

2005), bone displacement and comminution (Zura et al., 2016), multiple fractures with

polytrauma (Metsemakers et al., 2015), or implant-related infection rarely occur (Mills

et al., 2016). However, to prevent fracture non-union by surgical intervention,

surgeons should place more attention on general and often modifiable risk factors

(Nicholson et al., 2021). Most studies report that cigarette smoking is a major general
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risk factor for fracture healing, e.g., it impairs endochondral ossification, exacerbates

peripheral arterial disease, and induces perioperative complications (Hernigou and

Schuind, 2019). In a systematic review that included 1,221 fractures, it was reported

that the average healing time of non-smokers and smokers was 24.1 weeks and 30.2

weeks, respectively, with the overall ratio of non-union in smokers being 12% higher

than in nonsmokers (Scolaro et al., 2014). Other general risk factors that may delay

fracture healing and lead to fracture non-unions are increased age (Bhandari et al.,

2012), T2DM (Zura et al., 2016), obesity (Zura et al., 2016), and the long-term

application of non-steroidal anti-inflammatory drugs (NSAID) (Hernandez et al., 2012).

Considering that fracture delayed union or non-union is often accompanied by many

risk factors and disorders, novel therapies aiming to promote fracture healing while

ameliorating risk factors are urgently required.

1.5 A Promising Treatment for Fracture Non-union: Extremely
Low-Frequency Pulsed Electromagnetic Field (ELF-PEMF)

To develop a promising treatment for fracture non-union, we focused on magnetic

fields (MF), which exist everywhere in our daily life, e.g., microwaves, radio waves,

visible lights, and x-rays (Fig. 3). There is a wide variety of classifications for MF, such

as the origin (permanent magnets or electromagnetic fields), production (natural fields

or artificial fields), status (static field or dynamic field), and ionization ability (ionizing or

non-ionizing radiation) (Wang and Zhang, 2017). Of these, extremely low-frequency

pulsed electromagnetic fields (ELF-PEMF, frequency <300 Hz) have received

substantial attention in regenerative medicine (Yuan et al., 2018). The reasons can be

mainly described as:

1) ELF-PEMF has many advantages as a clinical treatment, e.g., its safety

(non-invasive and non-ionizing) and convenience (low cost and home implementation)

(Bassett, 1993). As early as 1978, Bassett et al. first reported the therapeutic effects

of ELF-PEMF exposure in treating bone fractures (Bassett et al., 1978). Subsequently,

increasing evidence demonstrated the therapeutic effects of ELF-PEMF exposure on

fracture healing (Shi et al., 2013, Ziegler et al., 2019), osteoporosis (Li et al., 2018),

spinal fusion (Foley et al., 2008), and osteoarthritis (Dundar et al., 2016, Ehnert et al.,

2019). Nevertheless, the mechanisms behind have not yet been fully investigated.

2) The physical properties of ELF-PEMF provide many possibilities to treat different

diseases in a tuned and multidimensional way. In detail, the generation of ELF-PEMF
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follows Faraday’s Law, which states that EMF are generated when electrons move at

an accelerated velocity, and a change in EF or MF can generate each other mutually

(Ross et al., 2015). Therefore, ELF-PEMF have many physical parameters that can

be modulated, e.g., waveform, frequency, amplitude, burst width, pulse width, and

duration (Ehnert et al., 2019). Thus, the controllable properties of an ELF-PEMF could

be a target for precise regulation to be used to treat specific diseases.

3) EMF combine the merits of both EF and MF. In detail, EF are easy to modulate

and can directly exert electric forces on charged molecules and organelles (Ross et

al., 2015) to mediate cell migration by directly regulating the dynamics of

microfilaments and microtubules (Finkelstein et al., 2004). MF have a strong

penetrating ability that can easily be transferred into cells and tissues to influence

biochemical reactions (Funk et al., 2009). Therefore, a modulable exogenous EMF is

theoretically feasible to penetrate the tissue at the fracture site to regulate

endogenous EMF and thus support healing of the fractured bone (Ross et al., 2015).

Figure 3: Schematic illustration of the EMF spectrum: EMF are divided into many types based on
their physical characteristics e.g., frequency, wavelength, or photon energy. According to the EMF
frequency, EMF are subclassified into extremely low-frequency EM waves, very low-frequency EM
waves, low-frequency EM waves, radio waves, microwaves, UV/visible/infrared light, X-ray, and
γ-rays. Among the variety of EMF, extremely low-frequency EMF have been used as a promising
treatment for fracture healing because of their safety, low energy, and penetrance. This schematic
diagram was graphically processed based on our previous study (Ehnert et al., 2019).

1.6.1 ELF-PEMF Directly Promote Fracture Healing
In the human body, especially in the musculoskeletal system, physiological EMF

are omnipresent because of the piezoelectric phenomenon. During movement of the

musculoskeletal system, the frequency of local physiological EMF ranges from 5 Hz to

30 Hz (Antonsson and Mann, 1985). In the case of trauma, the endogenous electric

potential has been reported to be lower at the wound site and higher in healthy tissue,

which generates a transepithelial potential difference (TEP) (Song et al., 2002).
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During the healing process, TEPs around the wound would stimulate the healing

process and then gradually disappear after the wound is completely healed (Becker et

al., 1962). Inspired by this pathophysiological phenomenon, we intended to apply

EMF to support the piezoelectric phenomenon during the healing process to achieve

a satisfactory outcome.

The role of ELF-PEMF in fracture healing has received lots of attention in recent

decades. It has been reported that ELF-PEMF exposure with specific parameters and

strategies exhibited different biological effects. For instance, 75 Hz PEMF can activate

Notch signaling to upregulate the levels of runt-related transcription factor 2 (Runx2),

osterix (OSX), and distal-less homeobox 5 (DLX5), to induce osteogenic

differentiation of human MSCs (Bagheri et al., 2018); 15 Hz sinusoidal EMF exposure

increases the activity of extracellular signal-regulated kinase (ERK), cyclic adenosine

monophosphate (cAMP), and cAMP-dependent protein kinase A (PKA) (Yong et al.,

2016); 15 Hz PEMF exposure has been reported to rescue glucocorticoid

induced-anabolic activity in bone by upregulating Wnt1, Wnt3a, and Wnt10b (Cai et al.,

2020). Moreover, in a clinical trial including 43 women with postmenopausal

osteoporosis, ELF-PEMF exposure significantly increased the levels of bone-specific

alkaline phosphatase and β-catenin, while decreasing collagen degradation (type I

collagen C-terminal telopeptide (CTX)) and the receptor activator of NF-κB ligand/

osteoprotegerin (RANKL/OPG) ratio (Catalano et al., 2018).

The therapeutic effects of ELF-PEMF on fracture healing have been proven by

many researchers; however, there has been little solid evidence to explain how MSCs

perceive and transfer EMF signals into biological signals. Theoretically, several

prerequisites should be reached in terms of ELF-PEMF therapy: 1) a specific

organelle should function as a receptor to perceive these EMF signals, 2) a critical

transduction event that can convert an EMF signal into a biochemical signal at the

molecular level, 3) an effective and fast signaling pathway that can transmit this

molecular signal to the nucleus (Temiyasathit and Jacobs, 2010). Therefore, we aim

to provide a clear and systematic investigation of the mechanisms in this project, not

only regarding the biological significance, but also to improve the therapeutic effects

of ELF-PEMF on fracture healing.
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1.6.2 ELF-PEMF May Promote Fracture Healing Through Indirectly Modulating
the Immune Response

As mentioned above, the healing process of a fracture requires the involvement of

many different cell types. Immediately after the fracture, various immune cells are

recruited to the fracture site, where they regulate the activities of MSCs and

osteoblasts during fracture healing (Baht et al., 2018). Thus, controlling immune cell

function at the fracture site may provide us with an alternative option to promote

fracture healing and prevent fracture non-union.

There are many methods to regulate the immune system, but many treatments for

immune dysregulation usually have systemic side effects, e.g., infections caused by

infliximab (Aringer et al., 2009) or hypertension caused by cyclosporine

(Bascones-Martinez et al., 2014). Such systemic side-effects may be prevented using

a treatment that can modulate immune cell function locally at the site of fracture. One

option could be exposure to ELF-PEMF. Considering the versatile activities of Mφ

during fracture healing, it is promising to modulate the Mφ (Fig. 4). For instance, a

specific ELF-PEMF that can induce pro-inflammatory activity in Mφ could be applied

to create an inflammatory microenvironment in the early stage of fracture healing to

help clear pathogens and cellular debris; another ELF-PEMF that can induce

anti-inflammatory activity in Mφ could be used reduce inflammation and promote

tissue regeneration.

However, evidence about the immunomodulatory functions of ELF-PEMF are still

missing.

Figure 4: To achieve the temporal regulation of the immune environment, we intend to use one
field in the early stage of fracture healing, to differentiate monocytes into Mφ with pro-inflammatory
activity, which chemoattract more immune cells to secrete inflammatory cytokines and ROS to kill
bacteria, initiate signaling pathways, and clear cell debris. At a late stage of fracture healing, we
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use another field to differentiate monocytes into Mφ with anti-inflammatory activity, which can
secrete many anti-inflammatory cytokines, and a variety of growth factors to reduce inflammation
and promote healing. Graphic elements were provided by Servier (smart.servier.com). This
schematic diagram was graphically processed based on a previous study (Lv et al., 2021).

1.6 The Molecular Mechanism Behind the Therapeutic Effects of ELF-PEMF
Even though ELF-PEMF have considerable potential to promote fracture healing,

the molecular mechanisms responsible for this are still largely unknown. This work

focused on the effects of ELF-PEMF on different pathways involved in fracture

healing.

1.6.1 TGF-β and BMP Signaling Pathway
Transforming growth factor-β isoforms (TGF-βs), as well as the bone

morphogenic proteins (BMPs), belong to the TGF-β superfamily. The members of this

superfamily and the related cellular signaling pathways are important in the fracture

healing process and can be modulated by specific mechanical stimuli (Hiepen et al.,

2020).

In the TGF-β signaling pathway, the TGF-β receptor is a heterotetrameric

complex of serine/threonine kinases, i.e., TGF-β RI/ALK5 and TGF-β RII, which is

located on the surface of the plasma membrane (Clement et al., 2013). The ligands of

the TGF-β receptor are subclassified into three highly homologous subtypes TGF-β1,

TGF-β2, and TGF-β3 (Yue and Mulder, 2001). In canonical TGF-β signaling, binding

of the ligand will activate TGF-β RII to phosphorylate TGF-β RI, which then

phosphorylates Smad2/3. The phospho-Smad2/3 can then form a complex with

Smad4 and pass through the nuclear membrane to modulate the expression of genes

involved in cell proliferation, migration, and differentiation (Wu et al., 2016). In addition

to canonical or Smad-dependent TGF-β signaling, TGF-βs may also induce

non-canonical signaling pathways, such as NFκB signaling (Luo, 2017) and

ERK/MAPK signaling (Clement et al., 2013). The related BMPs can be subclassified

into more than 20 subtypes; this is the largest subfamily of the TGF-β superfamily

(Hong et al., 2009). In canonical BMP signaling, binding of a ligand activates BMPRII

(i.e., ACVR2A and ACVR2B) to phosphorylate BMPRI (i.e., ALK1, 2, 3, and 6) (Dituri

et al., 2019). Then, phospho-BMPRI will phosphorylate relevant effector proteins of

the BMP signaling pathway, e.g., Smad1/5/8. Phosphorylated Smad1/5/8 can then
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bind to Smad4, and pass through the nuclear membrane, where it exerts complex

functions as a transcription factor (Rahman et al., 2015).

Immediately after a bone is fractured, or the balance of the bone homeostasis is

broken under certain stimuli, e.g., matrix metalloproteinases (MMPs) (Lu et al., 2011),

glucocorticoid treatment (Hartmann et al., 2016), reactive oxygen species (ROS)

(Eble and de Rezende, 2014), or cigarette smoke extract (CSE) (Aspera-Werz et al.,

2019), the ECM will be degraded. ECM linked-inactive TGF-β will be released and

thus activated, leading to a local increase in active TGF-β (Horiguchi et al., 2012).

This high concentration of TGF-β strongly enhances the recruitment and proliferation

of MSCs and osteoprogenitor cells (Li et al., 2013). As a result, TGF-β provides the

fracture site with a fundamental and essential premise for initiating healing, i.e.,

sufficient cell numbers. However, prolonged and excessive TGF-β may also block the

activity of BMPs (Li et al., 2012, Ehnert et al., 2012, Xu et al., 2020), which are

required at later stages of the fracture healing process. With decreasing

concentrations of TGF-β, BMP signaling is activated (Martini et al., 2020), which

induces the expression of molecules that favor osteogenesis and matrix

mineralization, e.g., OSX (Liu et al., 2020) or OCN (Wei et al., 2020). It has been

reported that TGF-β at a low concentration enhances BMP2 expression in a

Smad3-dependent manner (Xu et al., 2020), prolongs the effective period of BMPs

(Asparuhova et al., 2018), and increases BMP osteogenic activity (Li et al., 2012).

This led to the hypothesis that patients with bone fractures that show disordered

interactions between TGF-βs and BMPs may eventually suffer from delayed union or

non-union (Li et al., 2012, Ehnert et al., 2012). Interestingly, ELF-PEMF exposure has

been reported to upregulate the gene expression of BMP2 and BMP9 (Bodamyali et

al., 1998), to increase the expression of BMPRI and BMPRII (Xie et al., 2016), and to

activate the BMP signaling pathway (Yan et al., 2015). However, few studies have

investigated the influence of ELF-PEMF on the TGF-β signaling pathway during the

early stage of fracture healing.

Thus, by knowing the ELF-PEMF parameters for specific signaling pathways,

TGF-β signaling or BMP signaling may be actively targeted. In the case of fracture

healing, an ELF-PEMF specifically activating TGF-β signaling may be beneficial at

early stages of the healing process, while an ELF-PEMF promoting BMP signaling

may be beneficial at late stages of the healing process (Fig. 5).
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Figure 5: Overview of the working hypothesis. Cigarette smoke extract (CSE) can impair cell
viability and osteogenic differentiation of MSCs by inhibiting both TGF-β signaling and BMP
signaling. In contrast, ELF-PEMF can be used to restore both TGF-β and BMP signaling pathways,
thus rescuing MSC viability and differentiation capacity. Graphic elements were provided by
Servier (smart.servier.com).

1.6.2 Piezo1: The Mechanosensitive and Voltage-sensitive Calcium Ion
(Ca2+) Channel

In 2010, piezo1 and piezo2 were first described in a neuroblastoma cell line,

where they functioned as mechanically activated cation channels (Coste et al., 2010).

These two members of the piezo family are expressed across a variety of cell types

and tissues. Piezo1 is mainly located at the plasma membrane of many cell types, e.g.,

vascular endothelial cells (Douguet et al., 2019), monocytes/macrophages (Walmsley,

2019), and chondrocytes (Zhao et al., 2020). In contrast, piezo2 is mainly expressed

in sensory neurons; therefore, it is beyond the scope of the current project (Jiang et al.,

2021). Piezo1 is a non-selective calcium ion (Ca2+) channel. It can be activated by

many mechanical stimuli, e.g., shear stress or compression (Ranade et al., 2014, Cox

et al., 2016). It was recently reported that piezo1 is also voltage-sensitive (Moroni et

al., 2018). Since piezo1 is a Ca2+ channel, the activation of piezo1 can induce Ca2+
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influx into the cell. As a secondary messenger, increased intracellular Ca2+ ([Ca2+]i)

affects many signaling pathways and biological activities (Monteith et al., 2017).

Deficiency of piezo1 may result in a wide range of diseases, e.g., developmental

defects of blood vessels (Ranade et al., 2014), generalized lymphatic dysplasia

(Fotiou et al., 2015), or dehydrated stomatocytosis (Alper, 2017). In the skeletal

system, piezo1 deficiency may lead to osteoporosis (Zhou et al., 2020), and the

deletion of piezo1 in MSCs (piezo1Prx1) severely impairs mouse skeletal growth and

development (Wang et al., 2020). Deletion of piezo1 in Runx2-expressing cells

(piezo1Runx2) impairs long bone growth in mice (Hendrickx et al., 2021). Therefore,

piezo1 is considered as an essential skeletal mechanosensor that mediates force

detection in the skeletal system (Liu et al., 2022), inducing physiological processes,

e.g., skeletal growth and development (Fig. 6). Taken together, piezo1 is an important

protein on the plasma membrane to perceive and translate mechanical stimuli into

biological signals by altering the [Ca2+]i concentration.
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Figure 6: Piezo1 is located on the cellular membrane of SCP-1 cells and modulates the influx of
calcium ions (Ca2+). (A) Without proper extracellular mechanical stimuli, Ca2+ cannot influx into
cells through piezo1. Ca2+ is a critical second messenger in cells. The lack of Ca2+ influx blocks
signal transduction, thus impairing maturation of osteoprogenitors, and accelerating bone loss. In
turn, the limited mobility caused by the poor skeletal condition will further block the mechanical
stimuli on piezo1, thus aggravating osteoporosis. (B) To solve this challenge, physiotherapy, e.g.,
ELF-PEMF, could be applied to simulate the mechanical stimuli from performing exercise.
Therefore, we intended to explore if ELF-PEMF could activate piezo1, induce Ca2+ influx, regulate
signaling pathways, and increase cell viability and mineralization. As a result, the bone mineral
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intensity may increase disuse osteoporosis patients. Graphic elements were provided by Servier
(smart.servier.com). This schematic diagram was graphically processed based on a previous
study (Peng et al., 2021).

1.6.3 Primary Cilium: The Mechanosensory Organelle
The primary cilium is a microtubule-based non-motile organelle that exists in

nearly all eukaryotic cells (Tonna and Lampen, 1972). The primary cilium provides

mechanosensitive ability to many tissues and organs, e.g., the kidney (Yoder et al.,

2002), endothelium (Zaragoza et al., 2012), liver (Masyuk et al., 2008), and tumors

(Menzl et al., 2014). Moreover, the primary cilium functions as a critical

mechanosensor and plays a pivotal role during the healing process in the

musculoskeletal system, e.g., bone (Temiyasathit et al., 2012, Sreekumar et al., 2018)

and cartilage (McGlashan et al., 2006, Aspera-Werz et al., 2019). The primary cilium

protrudes from the plasma membrane like an antenna. This special shape allows the

detection of extracellular physicochemical signals (Prevo et al., 2017). The primary

cilium is assembled with nine outer microtubules, which is different from motile cilia,

which contain an additional pair of central microtubules. The absence of the two inner

microtubules and other axonemal components provides the primary cilium with a

greater movement range and chemotactic ability than motile cilia (Schwartz et al.,

1997, Higgins et al., 2019).

In addition to the morphological advantages, the perceptive ability of the primary

cilium also benefits from the receptors and channels located on the ciliary membrane

(Seeger-Nukpezah and Golemis, 2012). As the scheme shows (Fig. 7), Hedgehog

(Hh) receptors (He et al., 2014), G protein-coupled receptors (GPCRs) (Mykytyn and

Askwith, 2017), calcium channels (Saternos et al., 2020), Wnt receptors (Zhang et al.,

2015), receptor tyrosine kinases (RTKs) (Lemmon and Schlessinger, 2010),

transforming growth factor-β (TGF-β) receptors (Nickel et al., 2018), and bone

morphogenetic protein (BMP) receptors (Heldin and Moustakas, 2016) are constantly

or temporally located on the ciliary membrane (Anvarian et al., 2019).
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Figure 7: Schematic illustration of the important role that the primary cilium plays in receiving
extracellular physiochemical stimuli and transducing them by various signaling pathways. Graphic
elements were provided by Servier (smart.servier.com). This schematic diagram was graphically
processed based on a previous review (Anvarian et al., 2019).

Therefore, the presence of a primary cilium facilitates osteogenesis by

‘translating’ mechanical stimuli into biochemical signals. For example, fluid flow has

been shown to induce osteogenesis in osteocytic MLO-Y4 cells with intact primary

cilia. However, damaging the primary cilia structure with chloral hydrate (CH) or IFT88

siRNA significantly decreased the OPG/RANKL ratio and inhibited osteogenesis

(Malone et al., 2007). Furthermore, the knockdown of polycystin-1 (PC1), which is a

component of primary cilia, reduced the gene expression of Runx2, osteocalcin

(OCN), and OSX (Wang et al., 2014). In turn, mechanical stimulation significantly

increased alkaline phosphatase (AP) activity and the mineralization of osteoblasts

with intact primary cilia (Ehnert et al., 2017). Moreover, the critical role of the primary

cilium in osteogenic differentiation results from its high correlation with the cell cycle
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(Fig. 8). Even though it has been recognized that the synthesis and morphology of the

primary cilium are essential factors involved in the therapeutic effects of ELF-PEMF

on fracture healing (Chen et al., 2021), the molecular mechanism is poorly

understood.

Figure 8: The process of ciliogenesis in osteocytes strongly correlates with the cell cycle. During
the G0/G1 phase, the centrosome moves beneath the cell membrane, and the mother centriole
that was used for axoneme nucleation transforms into the basal body (BB) and initiates
ciliogenesis.(Kobayashi and Dynlacht, 2011) Then, primary cilia start to be degraded in the G2
phase and S phase. This phenomenon occurs because the centrioles are duplicating and
preparing to form the mitotic spindle pole in the M phase (Ford et al., 2018). Most osteocytes stay
in G0/G1 with matured primary cilia (Kaku and Komatsu, 2017). The primary cilium of osteocytes
touches the lacuna tightly because the length of the primary cilia (2-9 μm) is much longer than the
lacunar space (0.1-3 μm) (Jacobs et al., 2010). Moreover, when the primary cilium receives
ELF-PEMF signals, osteocytes can communicate with surrounding cells through gap junctions
(Jacobs et al., 2010). Hence, the length of the primary cilium is most important for its function as 1)
if the length of the primary cilium is too short to touch the wall of the lacuna, osteocytes cannot
perceive mechanical forces, and 2) longer primary cilia have a larger surface area, more receptors,
and ion channels, and are thus more sensitive to extracellular signals (Yuan and Yang, 2016).
Graphic elements were provided by Servier (smart.servier.com). This schematic diagram was
graphically processed based on a previous review (Avidor-Reiss and Gopalakrishnan, 2013).
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1.7 Aims and Objectives
As described above, ELF-PEMF may have considerable potential to support

fracture healing and prevent fracture non-union. However, there are still many

challenges to be handled before the efforts in this research field can bring benefits to

patients. These challenges can be generally categorized into three parts: 1) to figure

out the effective parameters and strategies of ELF-PEMF exposure; 2) to evaluate the

biological effects of specific ELF-PEMF; 3) to clarify the molecular mechanism. This

project targets the above challenges by fulfilling the objectives below:

 Screening of parameters and strategies:

Aim 1: Identification of suitable ELF-PEMF parameters and exposure
strategies. In order to identify suitable ELF-PEMF parameters, all experiments

will first be performed in a blinded manner. The ELF-PEMF with blinded

parameters will be used to stimulate the target cells (macrophages and SCP-1

cells) and cellular activities will be evaluated. Afterward, the effect of the four

most effective ELF-PEMF on target cell function will be further analyzed to

obtain one or two representative ELF-PEMFwith the desired cellular effects.

Similarly, the exposure strategy is also an important factor influencing the

therapeutic effects of ELF-PEMF. Therefore, different exposure strategies will

be additionally tested, which includes exposure duration and exposure interval.

For screening the exposure duration, the therapeutic effects of 7 min, 15 min,

30 min, 60 min, and 90 min daily ELF-PEMF exposure will be compared. For

screening different expsoure intervals, effects of continuous exposure (without

exposure interval) and intermittent exposure (with several exposure intervals)

on cellular activities, e.g., cell viability, will be compared.

With the achievement of the above objectives, suitable ELF-PEMF parameters

and exposure strategies will be identified and used to investigate the biological effects

and possible underlying mechanisms.

 Evaluation of the biological effects

Aim 2: Characterization of ELF-PEMF effects on MSC viability and
function. MSCs represent the first osteogenic cells that inifiltrate the fracture

site, where they proliferate and differentiate. Therefore, the effects of the

identified ELF-PEMF on cell attachment, spreading, migration, cell number,
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and cell viability of MSCs shall be characterized. Furthermore, both the

expression of osteogenic differentiation markers and mineral deposition will be

evaluated.

Aim 3: Characterization of ELF-PEMF effects on macrophage activity. In
addition to the direct effects of the ELF-PEMF on MSCs, the effect of immune

cells regulating fracture healing shall be analyzed. Here, the focus will be on

macphages, as they are active throughout the entire fracture healing process.

In detail, immune cells will be exposed to the identified ELF-PEMF, then the

cellular phenotype and the pro- or anti-inflammatory activity will be evaluated at

the levels of gene expression and protein expression. Furthermore, the effect

of the immunemodulation on MSCs, e.g., migration, proliferation, and AP

activity, will be characterized using an indirect co-culture approach.

 Exploration of the molecular mechanism

Aim 4: ELF-PEMF effects on TGF-β/BMP signaling. Considering the

important role of TGF-β/BMP signaling in tissue regeneration, we will explore if

ELF-PEMF exposure can activate TGF-β/BMP signaling to promote new bone

formation. To achieve this aim, we intend to evaluate gene expression, protein

expression, and phosphorylation states of Smads. Since receptors of

TGF-β/BMP are located on primary cilia, we will also evaluate the structure of

primary cilia.

Aim 5: Effects of ELF-PEMF on Ca2+ signaling. As a critical intracellular

secondary messenger, Ca2+ plays an important role in regulating biological

activities. In this study, we will explore the influence of ELF-PEMF on gene

expression and function of a novel Ca2+ channel, i.e., piezo1. Moreover, we will

investigate if piezo1-induced Ca2+ influx affects the osteogenic differentiation of

SCP-1 cells, the intracellular concentration and kinetics of Ca2+ will be

measured and analyzed.
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2. Results
2.1Modulation of Macrophage Activity by Pulsed Electromagnetic Fields in the

Context of Fracture Healing
(CHEN, Y., MENGER, M. M., BRAUN, B. J., SCHWEIZER, S., LINNEMANN, C.,

FALLDORF, K., RONNIGER, M., WANG, H., HISTING, T., NUSSLER, A. K. &

EHNERT, S. 2021. Modulation of Macrophage Activity by Pulsed Electromagnetic

Fields in the Context of Fracture Healing. Bioengineering (Basel), 8)

2.1.1 Summary and Major Findings
It has been widely recognized that delayed fracture healing or fracture non-union

represents a great burden to patients and society. To identify an effective treatment to

promote fracture healing immediately after surgical repositioning of the fracture, the

focus of this study was on modulating immune responses during the healing process.

In bone fracture healing, macrophages, with their long life-span and high degree of

plasticity, participate both in early inflammation as well as later in differentiation and

remodeling. Therefore, macrophages represent an ideal target to be influenced by

ELF-PEMF. The aim of this study was to screen for specific ELF-PEMF that can

modulate the activity of macrophages and indirectly regulate SCP-1 cell function. With

a blinded screening of 22 different ELF-PEMF, two fields (fields A and B) were

identified that could diversely modulate the activity of macrophages. Field A exhibited

pro-inflammatory capacity, characterized by increased ROS levels and enhanced

protein levels of phospho-Stat1 and CD86 in exposed macrophages, which then

secreted many pro-inflammatory cytokines and chemokines. Contrarily, field B

exhibited pro-healing and anti-inflammatory capacity, characterized by enhanced

protein levels of arginase I and increased secretion of many anti-inflammatory

cytokines and growth factors by the exposed macrophages. As the secreted cytokines,

chemokines, and growth factors accumulated in the conditioned medium from the

exposed macrophages, the conditioned medium was used to stimulate SCP-1 cells to

investigate the effect on MSCs. Our data indicate that the conditioned medium from

field B showed stronger effects on migration and ECM formation by SCP-1 cells than

field A. In contrast, field A created an inflammatory environment that could favor the

killing of pathogens and removal of debris at the fracture site.
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Overall, this study partially achieved project aims 1 and 3. This work indicated

that specific ELF-PEMF can modulate the activity of macrophages in a way that may

provide patients with a promising adjuvant treatment to promote fracture healing.

Limitations and next steps: This study mainly focused on the immune response
and the intercellular communications during fracture healing. It lacks insights into the

activity of osteoblasts and the molecular mechanism. Therefore, we needed to

conduct a second study to better understand ELF-PEMF therapy.

2.1.2 Personal Contribution
I was responsible for the experiments of this study; I was the main person who

performed the data analysis and visualization. I was also highly involved in the design

of the experiments and preparation of the original manuscript draft.



30



31



32



33



34



35



36



37



38



39



40



41



42



43



44



45



46

2.2Exposure to 16 Hz Pulsed Electromagnetic Fields Protect the Structural
Integrity of Primary Cilia and Associated TGF-β Signaling in Osteoprogenitor
Cells Harmed by Cigarette Smoke

(CHEN, Y., ASPERA-WERZ, R. H., MENGER, M. M., FALLDORF, K.,

RONNIGER, M., STACKE, C., HISTING, T., NUSSLER, A. K. & EHNERT, S.

2021. Exposure to 16 Hz Pulsed Electromagnetic Fields Protect the

Structural Integrity of Primary Cilia and Associated TGF-beta Signaling in

Osteoprogenitor Cells Harmed by Cigarette Smoke. Int J Mol Sci, 22.)

2.2.1 Summary and Major Findings
In the previous study, the focus was on the interaction between immune cells and

osteoblasts, and how ELF-PEMF may modulate this interaction during fracture

healing. The aim of the present study was to optimize ELF-PEMF exposure in

osteogenic cells and provide deeper insights into the underlying molecular

mechanisms. In the clinical routine, cigarette smoking is well-accepted as a risk factor

leading to compromised bone strength, increased fracture risk, and delayed or

impaired fracture healing. Therefore, exposure to cigarette smoke extract (CSE)

served a pathologic model in the present study, as it has been shown before to affect

the osteogenic differentiation of MSCs. In this cell type, 16 Hz ELF-PEMF showed

beneficial effects on osteogenic differentiation; however, the exposure conditions

(duration and timing) still required optimization. The results demonstrated that

prolonging the daily ELF-PEMF (16 Hz) exposure from 7 min to 30 min significantly

increased osteoprogenitor numbers, viability, migration, attachment, spreading, and

osteogenic differentiation. However, further elongation of the exposure duration

caused the opposite effect. ELF-PEMF treatment, under the optimized conditions,

protected the structure of the primary cilia, and thus rescued canonical TGF-β

signaling, which was effectively blocked in the presence of CSE. The data suggest

that ELF-PEMF treatment may restore osteogenic function in CSE-exposed cells by

rescuing primary cilia structure and associated TGF-β signaling.

Overall, this study partially achieved project aims 1, 2, 4, and 5. This work

provides evidence that daily exposure to 16 Hz ELF-PEMF is a promising treatment to

support new bone formation in the early stage of fracture healing, and thus could

potentially prevent fracture non-unions in smokers.
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Limitations and next steps: This study mainly focused on the protective effects

of 16 Hz ELF-PEMF in terms of TGF-β signaling and primary cilia structure in

osteogenic cells. However, there are many more receptors and ion channels located

on primary cilia, which may be affected by ELF-PEMF treatment but were not

considered in this study. Calcium channels regulating the influx of calcium ions, which

are important secondary messengers, are also frequently located on primary cilia.

Calcium channels may be regulated by voltage drops, thus their activity may be

regulated by ELF-PEMF treatment. Therefore, our next steps will focus on exploring

other potential molecular mechanisms as to how ELF-PEMF treatment affects

osteogenic cells, e.g., the activation of calcium ion channels.

2.2.2 Personal Contribution
I was the main person who performed the experiments and data analysis. I was

also highly involved in the design of the experiments and preparation of the original

manuscript draft.
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2.3 Intermittent Exposure to 16 Hz ELF-PEMF Improves Osteogenesis Through
Activating Piezo1-induced Ca2+ Influx
(Chen, Y.; Menger, MM.; Braun, BJ.; Falldorf, K.; Ronniger, M.; Histing, T.; Nussler,

AK.; Ehnert, S.; in preparation)

2.3.1 Summary and Major Findings
The use of ELF-PEMF is recognized as a promising adjuvant treatment to

stabilize bone metabolism and support bone healing. Our previous study proved that

exposure to 16 Hz ELF-PEMF effectively promoted new bone formation and that

prolonging the exposure time from 7 min to 30 min enhanced this effect. The aim of

this study was to further optimize the exposure strategy to improve the therapeutic

effects while exploring the underlying molecular mechanisms. Therefore, we divided

the daily continuous exposure (30 min/day) into intermittent exposure (10 min every

8 h) and compared the influence of these treatments on SCP-1 cells. The results

showed that intermittent exposure exhibited stronger effects than continuous

exposure in improving the cell viability and osteogenesis of SCP-1 cells. To explore

the molecular mechanism responsible for this effect, we investigated the expression

and function of the mechanosensitive and voltage gated calcium channel piezo1.

Intermittent exposure to ELF-PEMF not only upregulated the expression of piezo1,

but also activated piezo1 to induce greater calcium ion influx into SCP-1 cells. In

summary, intermittent exposure is a promising exposure strategy for ELF-PEMF to

promote new bone formation.

This study further achieved project aims 1, 2, 4, and 5. Our work illustrated that

intermittent exposure to 16 Hz ELF-PEMF is a better strategy to promote new bone

formation than longer duration, continuous exposure to 16 Hz ELF-PEMF. Our data

further showed that exposure to 16 Hz ELF-PEMF induced the expression and

activation of piezo1 and consequently stimulated Ca2+ influx. Therefore, the

application of ELF-PEMF as an adjuvant treatment may provide patients with a

convenient, low cost, and home implemented option to improve their bone state.

Limitations and next steps: In addition to some well-known parameters, e.g.,

frequency and intensity, this study clarified that the exposure strategy, i.e., intermittent

exposure versus continuous exposure, is also an important factor that can influence

the therapeutic effects of ELF-PEMF treatment. Although the data on piezo1

expression and activation could be clearly confirmed by using agonists and



63

antagonists, it cannot be excluded that other ion channels may be activated by

ELF-PEMF exposure. Thus, more potential mechanisms as to how ELF-PEMF

exposure affects osteogenic cells shall be investigated in the future.

2.3.2 Personal Contribution
I was the main person who designed the experiments, and performed most of the

assays and experiments in this study. I also performed the data analysis and

visualization, and I prepared the original draft of the manuscript.
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2.3.3 Introduction
Bone homeostasis is a dynamic process strongly affected by external mechanical

stimuli. The lack of proper mechanical stimuli caused by prolonged bed rest,

immobility, or microgravity, usually leads to skeletal fragility, osteopenia, or

osteoporosis. For example, patients with disuse osteoporosis lack proper external

stimuli, thus inhibiting osteoblastic differentiation and disrupting bone homeostasis

(Sasaki et al., 2020). To improve bone mineral density (BMD) in these patients, it is

necessary to restore suitable stimuli. e.g., by applying ELF-PEMF (Chen et al., 2021).

In the last century, the German anatomist and surgeon Julius Wolff reported the

association between bone remolding and mechanical stimuli, known as “Wolff’s law”.

In the meantime, Antonsson et al. determined that normal walking induced

mechanical forces with a frequency of approximately 15 Hz on the human skeletal

system (Antonsson and Mann, 1985). In a previous study screening different

ELF-PEMF in a frequency range from 10 Hz to 90.6 Hz , it was found that exposure to

16 Hz ELF-PEMF strongly promoted mineral deposition in vitro (Ehnert et al., 2015),

and enhanced osseous consolidation in vivo (Ziegler et al., 2019). Therefore, applying

16 Hz ELF-PEMF to restore mechanical stimuli on the skeleton could be an effective,

non-invasive, and convenient therapy for patients with (disuse) osteoporosis.

However, application of ELF-PEMF is currently limited by, i.e., 1) the short exposure

duration, which may not reach desirable therapeutic effects i.e., 30 min daily exposure

is better than 7 min daily exposure (Chen et al., 2021); 2) the immobilization caused

by prolonged exposure might lead to other complications, e.g., bedsores, deep

venous thrombosis (DVT), or pendant pneumonia (Tu et al., 2020). To solve this

challenge, this study aimed at optimizing the exposure strategy for ELF-PEMF

treatment along with an improved therapeutic effect for osteoporosis patients.

In our previous study, we found that 7 min daily exposure to 16 Hz ELF-PEMF

induced anti-oxidative defense mechanisms (Ehnert et al., 2017) and mineral

deposition in exposed cells (Ehnert et al., 2015). Furthermore, it was demonstrated

that prolonging the daily ELF-PEMF exposure from 7 min to 30 min had a protective

effect on osteoprogenitor cells in vitro (Chen et al., 2021). However, considering that

prolonged daily exposure might reduce patient compliance to this therapy, we

intended to define a compromise strategy, which could be the division of 30 min of

continuous exposure per day into shorter phases, referred to here as intermittent

exposure (10 min every 8 h).
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Apparently, as far as we observed the exposure strategy is essential, but its

influences on the therapeutic effects of ELF-PEMF have often been neglected. To

contribute to our understanding of the mechanism and optimization of the exposure

strategy, this study aimed to investigate the influences of intermittent 16 Hz

ELF-PEMF exposure on piezo1 expression and activity. Piezo1, which was originally

defined as a mechanosensitive Ca2+ channel (Yoneda et al., 2019), also shows

voltage sensitivity (Kaestner et al., 2020). Piezo1 is located on the plasma membrane

of osteoblasts to transfer mechanical stimuli from the environment to osteoblasts by

regulating Ca2+ influx. A recent study reported that piezo1 is highly expressed in the

presence of mechanical stimuli, e.g., low-intensity pulsed ultrasound (Zhang et al.,

2021) and fluid shear stress (Li et al., 2019). Upregulation of piezo1 has been

reported to promote fracture healing, while piezo1 deficiency is highly correlated with

osteoporosis (Sun et al., 2019). These studies emphasize the importance of piezo1

expression and activity in regulating bone regeneration.

Therefore, this study aimed at exploring if intermittent ELF-PEMF exposure could

further improve cell viability and mineral deposition in SCP-1 cells as compared with

continuous ELF-PEMF exposure. Furthermore, it was analyzed whether

piezo1-induced Ca2+ influx is involved in this process.

2.3.4 Materials and Methods
Most of the materials and methods of this work, which is currently in preparation

for submission, were used in the other manuscripts included in this cumulative thesis:

Materials and Methods Refer to

Culture and differentiation of SCP-1

cells

4.1 cell culture; page 55

Sulforhodamine B (SRB) viability 4.4 cell viability; page 57

Calcein-AM staining 4.5 live staining and cytoskeletal staining;

page 57

Only those methods newly established for this study are provided separately:

2.3.4.1 ELF-PEMF Device and Exposure
The 16 Hz ELF-PEMF generator (Somagen®) and ELF-PEMF incubator system

were kindly provided by Sachtleben GmbH (Hamburg, Germany). The application and
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maintenance strictly followed the manufacturer’s instructions. Two ELF-PEMF

exposure strategies were used in this study: (1) continuous exposure: 30 min of daily

exposure without break; (2) intermittent exposure: 10 min of exposure every 8 h.

2.3.4.2 qRT-PCR
The total RNA of SCP-1 cells was isolated in the fume hood by phenol-chloroform

extraction. The resulting RNA pellets were resuspended in DEPC water. The

concentration and purity of the RNAs were determined photometrically, and the

integrity of the RNAs was checked by performing agarose gel electrophoresis. Intact

RNA was converted into cDNA with a commercial cDNA synthesis kit (Thermo Fisher

Scientific, Sindelfingen, Germany) (Chen et al., 2021). qRT-PCR was performed using

a Green Master Mix (Cat# M3052, Ulm, Germany). The relative gene expression of

piezo1 was calculated by using the 2-ΔΔCT method (Rao et al., 2013). Information on

the primers used in this study is shown in Table 1.

Table 1. Primer information
Gene GenBank ID Forward primer Reverse primer Ta [°C]

Piezo1 NM_001142864.4 ACCAACCTCATCAGCGACTT AACAGGTATCGGAAGACGGC 56

EF1α NM_001402.5 CCCCGACACAGTAGCATTTG TGACTTTCCATCCCTTGAACC 56

2.3.4.3 Measurement of Intracellular Calcium Ions
SCP-1 cells were loaded with 4 µM Fluo-8 AM (ab142773, Abcam, Berlin, GER)

at 37°C for 1.5 h in the dark. Then, SCP-1 cells were gently washed with PBS and

incubated in a medium containing 1.5 mM CaCl2. For each group, time-lapse

fluorescence serial (every 30 seconds) images of intracellular calcium [Ca2+]i were

recorded with a fluorescence microscope (EVOS FL, Life Technologies, Darmstadt,

Germany). The fluorescence intensity was also quantified with a microplate reader at

Ex/Em = 490/525 nm. Yoda1 (SML1558, Sigma-Aldrich, Munich, Germany), Jedi2

(SML2532, Sigma-Aldrich, Munich, Germany), and Dooku1 (SML2397, Sigma-Aldrich,

Munich, Germany) were used in this study as piezo1 agonists or antagonists. Images

were analyzed with the time series analyzer V3 plugin for ImageJ software.

2.3.4.4 Evaluation of the Osteogenic Differentiation
After 2 weeks or 4 weeks of osteogenic differentiation, the AP activity in SCP-1

cells was measured with a plate reader. SCP-1 cells were gently washed with PBS
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buffer, and incubated with the AP reaction buffer (50 mM glycine, 100 mM TRIS buffer

with pH 10.5, 1 mM MgCl2, and 2% 4-nitrophenyl-phosphate) in a 37°C incubator for

30 min. Afterward, the AP activity was measured photometrically with a plate reader at

λ = 405 nm.

To evaluate mineralization, SCP-1 cells were first fixed with ethanol (99% v/v) at

-20°C for at least 1 h. Afterward, the fixed SCP-1 cells were gently washed with tap

water. Subsequently, the cells were incubated with 0.5% alizarin red solution (pH 4.0)

for 30 min at RT. To quantify mineralization, the labeled alizarin red was resolved in

cetylpyridinium chloride (10% w/v) and assayed photometrically at λ = 562 nm. For

von Kossa staining, SCP-1 cells were gently washed with tap water, then the cells

were incubated with 3% silver nitrate for 30 min at RT, then gently washed with tap

water, and incubated with a mixture of 0.5 M sodium carbonate and 10%

formaldehyde for 2 min, then incubated with 5% sodium thiosulfate buffer for 5 min.

2.3.4.5 Statistical Analysis
The results of this study are displayed as box plots. Because a Gaussian

distribution could not be assumed due to the small sample size, conditions were

compared using the non-parametric Kruskal-Wallis test and Dunn's multiple

comparison test, or non-parametric two-way ANOVA followed by Tukey’s multiple

comparison test, using GraphPad Prism software version 9.0 (El Camino Real, USA);

p < 0.05 was considered statistically significant.

2.3.5 Results

2.3.5.1 16 Hz ELF-PEMF Exposure Strategies Affected SCP-1 Cell Number and
Viability

The number of SCP-1 cells was determined after exposure to 16 Hz ELF-PEMF.

First, we investigated the influence of different intensities of 16 Hz ELF-PEMF on

SCP-1 cell numbers. The results indicated that exposure to16 Hz ELF-PEMF with

intensities ranging from 38.85 μT to 275.45 μT showed no significant difference in the

number of SCP-1 cells (Fig. 9A). Secondly, the effects of different exposure strategies

on cell activity were explored. The results showed that continuous exposure (30 min

per day) significantly increased cell numbers (1.2-fold with p = 0.0117) compared with

the control (unstimulated group). Interestingly, intermittent exposure had a stronger

effect on increasing cell numbers (1.5-fold with p < 0.0001) compared with the control

(Fig. 9B). Similarly, the fluorescence intensity of calcein-AM staining verified that
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intermittent exposure was more effective in increasing the cell viability of SCP-1 cells

than simply prolonging exposure time in a continuous way (Fig. 9C)

Figure 9: Number and viability of SCP-1 cells were strongly influenced by 16 Hz ELF-PEMF with
different exposure strategies (continuous or intermittent exposure), rather than intensities
(38.85 μT to 275.45 μT). (A&B) Sulforhodamine B (SRB) staining was performed to evaluate cell
numbers after 3 days of exposure. (C) Calcein-AM staining was used to evaluate cell viability; the
images were overlaid with pseudo-color (fire) using ImageJ software, and the bar on the right
indicates cell viability. N = 3, n = 4. Data are presented as a box plot. Because a Gaussian
distribution could not be assumed due to the small sample size, conditions were compared using
the non-parametric Kruskal-Wallis test and Dunn's multiple comparison test, * p < 0.05, and ****
p < 0.0001.

2.3.5.2 Intermittent ELF-PEMF Promoted Alkaline Phosphatase (AP) Activity
and Mineralization of SCP-1 Cells

To investigate the influence of intermittent 16 Hz ELF-PEMF exposure on

osteogenic differentiation, SCP-1 cells were cultured in osteogenic differentiation

medium with daily continuous or intermittent ELF-PEMF exposure for up to 28 days.

The early osteogenesis marker AP activity was enhanced after 14 days of culture for

both ELF-PEMF exposures (Fig. 10A). Similarly, mineralization of the ECM (late

osteogenic marker) also significantly increased after 14 days of exposure to both

ELF-PEMF strategies (Fig. 10B). The representative images of alizarin red staining

(Fig. 10C) and von Kossa staining (Fig. 10D) confirmed that intermittent ELF-PEMF

exposure promoted more mineralization compared with the control group or

continuous exposure.
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Figure 10: AP activity and mineral deposition of SCP-1 cells affected by continuous or intermittent
exposure to 16 Hz ELF-PEMF. (A) AP activity on day 14 of culture. (B) Mineralization indicated by
alizarin red staining on day 14 of culture. Representative images of (C) alizarin red staining and (D)
von Kossa staining on day 28 of culture. Scale bar equals 500 μm, N = 4, n ≥ 2. Data are
presented as a box plot. Because a Gaussian distribution could not be assumed due to the small
sample size, conditions were compared using the non-parametric Kruskal-Wallis test and Dunn's
multiple comparison test, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

2.3.5.3 Intermittent ELF-PEMF Upregulated Expression of Piezo1
After continuous or intermittent exposure to 16 Hz ELF-PEMF, gene expression of

piezo1 was evaluated. On day 7 of culture, continuous exposure of ELF-PEMF

showed no effect on the expression of piezo1, while intermittent ELF-PEMF exposure

upregulated expression of piezo1 (1.5-fold with p = 0.0198) compared with continuous

exposure (Fig. 11A). On day 14 of culture, intermittent ELF-PEMF exposure

significantly increased the expression of piezo1 (2.0-fold with p = 0.0269) compared

with control (Fig. 11B). Taken together, intermittent ELF-PEMF exposure upregulated

the expression of piezo1 in SCP-1 cells on day 7 and day 14 of culture.
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Figure 11: Changes in gene expression of the mechanosensitive Ca2+ channel piezo1 after
continuous or intermittent ELF-PEMF exposure (A) on day 7 and (B) on day 14 of culture. N ≥ 2,
n = 2. Data are presented as a box plot. Because a Gaussian distribution could not be assumed
due to the small sample size, conditions were compared using the non-parametric Kruskal-Wallis
test and Dunn's multiple comparison test, * p < 0.05.

2.3.5.4 Yoda1 and Jedi2 pharmacologically increased [Ca2+]i, while Dooku1
inhibited ELF-PEMF induced Ca2+ influx

As an essential step before determining if the piezo1-induced Ca2+ influx could be

affected by ELF-PEMF, it was necessary to find a suitable concentration of Yoda1,

Jedi2 (both agonists of piezo1), and Dooku1 (an antagonist of piezo1). Our data

indicated that 1 µM and 2 μM Yoda1 immediately increased and stably maintained

intracellular Ca2+ ([Ca2+]i). With a concentration of 4 µM, Yoda1 [Ca2+]i was no longer

proportionally increased and reduced with time (Fig. 12A). Jedi2, another piezo1

agonist, had a similar effect to that of Yoda1. 2.5 μM and 5 μM Jedi2 rapidly induced

and maintained [Ca2+]I, which could not be further improved by increasing the Jedi2

concentration. However, overall, 5 µM Jedi2 showed weaker efficiency and less

stability than 2 μM Yoda1 (Fig. 12B). Therefore, 2 µM Yoda1 was used in further

experiments as the control condition for piezo1 activity. To identify a suitable

concentration of the piezo1 antagonist Dooku1, SCP-1 cells were pre-incubated with

0, 5, 20, and 40 μM Dooku1 for 5 min (baseline). Our data showed that 5 μM Dooku1

delayed the effects of Yoda1. 20 μM Dooku1 was required to not only delay but also

block the effects of Yoda1, while 40 μM Dooku1 completely diminished the effects of

Yoda1 (Fig. 12C).
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Figure 12: The efficiency of different concentrations of Yoda1, Jedi2, and Dooku1 on Ca2+ influx in
SCP-1 cells. Ca2+ influx was determined by fluorescent intensity. (A) Ca2+ influx in SCP-1 cells
after treatment with 1, 2, and 4 μM Yoda1. (B) Ca2+ influx in SCP-1 cells after treatment with 2.5, 5,
and 7.5 μM Jedi2. (C) Ca2+ influx in SCP-1 cells after pre-incubation with 0, 5, 20, and 40 μM
Dooku1, then treatment with 2 μM Yoda1. Dash line indicates baseline without any treatment.
Data are presented as mean ± SEM. N = 3, n = 3 cells for each image.

2.3.5.5 Intermittent ELF-PEMF Exposure Maintained and Accumulated [Ca2+]i in
SCP-1 Cells

To investigate the [Ca2+]i changes in SCP-1 cells, both continuous and intermittent

exposure of ELF-PEMF were performed SCP-1 cells and Ca2+ influx was assessed.

Our data indicated that [Ca2+]i of SCP-1 cells immediately increased during a

continuous 30 min exposure to 16 Hz ELF-PEMF, while [Ca2+]i slowly decreased

towards the baseline after ELF-PEMF was turned off (Fig. 13A). Interestingly, [Ca2+]i
of SCP-1 cells increased most during the first phase of intermittent ELF-PEMF

exposure. The accumulated [Ca2+]i was maintained during the second phase, and

further increased during the third phase of exposure to 16 Hz ELF-PEMF (Fig. 13B).

Then, SCP-1 cells were exposed to 16 Hz ELF-PEMF for 7 min. Dooku1 treatment

strongly inhibited the effects of 16 Hz ELF-PEMF. In detail, 10 μM Dooku1 obviously

reduced the effects of ELF-PEMF on [Ca2+]i, while 20 μM and 40 μM Dooku1

completely diminished the effects of ELF-PEMF exposure (Fig. 13C). Therefore,

10 μM Dooku1 was used in the following experiments to block the effect of ELF-PEMF

exposure on piezo1-dependent Ca2+ influx. In summary, intermittent exposure of

16 Hz ELF-PEMF maintained and further increased [Ca2+]i through activating piezo1

in SCP-1 cells compared with continuous exposure.
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Figure 13: Effects of short-term continuous and intermittent exposure of 16 Hz ELF-PEMF on
Ca2+ influx into SCP-1 cells. (A) [Ca2+]i increased during continuous exposure to 16 Hz
ELF-PEMF ; (B) [Ca2+]i increased during intermittent exposure to 16 Hz ELF-PEMF. (C) Ca2+ influx
of SCP-1 cells after pre-incubation with 0, 5, 10, 20, and 40 μM Dooku1; cells then were exposed
to 16 Hz ELF-PEMF. Dash line indicates baseline without any treatment. Data are presented as
mean ± SEM. N = 3, n ≥ 8 cells for each image.

2.3.5.6 Intermittent Exposure Increased the Sensitivity of SCP-1 Cells to
ELF-PEMF-induced Calcium Influx

Since the gene expression of piezo1 was upregulated on day 7 and day 14 after

daily intermittent ELF-PEMF exposure, we next explored if the upregulated

expression of piezo1 also resulted in an increased [Ca2+]i on day 7 and day 14 after

daily intermittent ELF-PEMF exposure. To support this hypothesis, SCP-1 cells were

cultured in differentiation medium and exposed to ELF-PEMF every day. On day 7 or

day 14, [Ca2+]i was quantified with a microplate reader. The result indicated that, on

day 7, [Ca2+]i was significantly increased after intermittent exposure (1.8-fold with

p = 0.0449) compared with the control (Fig. 14A). On day 14, no significant increase

in [Ca2+]i was observed (Fig. 14B).
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Figure 14: Daily exposure to continuous or intermittent ELF-PEMF increased the sensitivity of
SCP-1 cells to ELF-PEMF-induced Ca2+ influx. [Ca2+]i was evaluated after 2 min of ELF-PEMF
stimulation (peak calcium influx) on (A) day 7 and (B) day 14 of culture. N = 3, n = 2. Data are
presented as a box plot. Because a Gaussian distribution could not be assumed due to the small
sample size, conditions were compared using the non-parametric Kruskal-Wallis test and Dunn's
multiple comparison test, * p < 0.05.

2.3.5.7 Antagonizing Piezo1 with Dooku1 Impaired Cell Viability and
Osteogenesis Induced by 16 Hz ELF-PEMF Exposure

To evaluate the influence of ELF-PEMF exposure on cell viability and

osteogenesis, SCP-1 cells were cultured for up to 28 days with daily ELF-PEMF

exposure. In our study, 10 μM Dooku1 was used to block the Ca2+ influx induced by

piezo1. As expected, ELF-PEMF exposure (especially intermittent exposure)

significantly increased cell viability (Fig. 15A&D) and AP activity (Fig. 15B&E), and

promoted mineral deposition (Fig. 15C&F). Additional Dooku1 treatment, which blocks

the function of piezo1, neutralized the positive effect of 16 viability and osteogenesis

in SCP-1 cells. The representative images of alizarin red staining (Figure 15G) and

von Kossa staining (Fig. 15H) showed that intermittent exposure strongly increased

the mineralization of SCP-1 cells. In summary, antagonizing piezo1 decreased cell

viability and impaired osteogenesis in SCP-1 cells. Intermittent exposure to 16 Hz

ELF-PEMF was more effective than continuous exposure in reversing the inhibition

caused by piezo1 dysfunction.



74

Figure 15: Antagonizing piezo1 with Dooku1 strongly decreased cell viability and osteogenesis
induced by intermittent exposure of ELF-PEMF. On day 14, (A) SRB staining was performed to
evaluate cell numbers; (B) AP activity; (C) mineralization indicated by alizarin red staining. On day
28, (D) SRB staining was performed to evaluate cell numbers by total protein content; (E) AP
activity; (F) mineralization indicated by alizarin red staining. Representative images of (G) alizarin
red staining and (H) von Kossa staining. The grey dashed line represents Yoda1 treatment as a
positive control. Scale bar equals 500 μm. N = 4, n = 2. Data are presented as a box plot. Because
a Gaussian distribution could not be assumed due to the small sample size, conditions were
compared using the non-parametric two-way ANOVA followed by Tukey's multiple comparison
test, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

2.3.6 Discussion
The etiology and progression of osteoporosis is multifactorial and still not fully

understood. With the development of evidence-based medicine and pathophysiology,

the treatment for promoting the new bone formation and restoring the health of bone

has gradually developed into a multidisciplinary and comprehensive treatment (Calori

et al., 2013). In recent decades, a variety of physical therapies have been developed

to support fracture healing, e.g., mechanical stretching (Grier et al., 2017), dynamic
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compression (Pelaez et al., 2012), vibration (Uzer et al., 2018), and low intensity

pulsed ultrasound (Hui et al., 2011). However, few studies have been conducted to

investigate the therapeutic effects and molecular mechanism of a novel physical

therapy, i.e., ELF-PEMF exposure(Ehnert et al., 2015).

In this study, we evaluated the influence of continuous and intermittent exposure

of 16 Hz ELF-PEMF on piezo1 expression and activity, cell viability, and osteogenesis

in SCP-1 cells. Interestingly, our qRT-PCR data indicated that intermittent exposure

significantly increased the expression of piezo1 after 7 days of daily exposure

compared with the control group. The observed increase in piezo1 on day 7 and day

14 indicates that late osteogenic differentiation was initiated, accompanied by

changes in [Ca2+]i. To support this hypothesis, we performed a real-time evaluation of

[Ca2+]i after exposure to 16 Hz ELF-PEMF. 2 µM Yoda1 was used as a piezo1 agonist

in this study due to its better efficiency and stability than Jedi2. Dooku1 functions as

an antagonist of piezo1, and 10 µM Dooku1 was found to be sufficient to completely

inhibit piezo1 activation. Moreover, we showed that continuous ELF-PEMF exposure

can increase Ca2+ influx during exposure, but intermittent exposure was found to

maintain and further accumulate [Ca2+]i. Completely blocking piezo1 with 10 µM or

20 µM Dooku1 abolished the agonistic effects of ELF-PEMF on piezo1. These results

not only indicate that piezo1 plays an important role in modulating Ca2+ influx in

SCP-1 cells, but also show that ELF-PEMF modulates [Ca2+]i, at least partly by

activating piezo1. It is well-accepted that Ca2+ and its related signaling pathways are

highly involved in the formation and degradation of bone. Ca2+ not only functions as

the mediator of many hormones and cytokines, but also mediates communication

between adjacent cells and tissue through gap junctions (Henriksen et al., 2006).

However, it was reported that the Ca2+ influx in MSCs is a “double-edged sword”, in

that the induction of Ca2+ influx may exhibit an anabolic effect or lead to apoptosis

(Blair et al., 2007). The positive or negative effects of Ca2+ influx on fracture healing is

mainly based on the stimulation pattern or the involved channel (Blair et al., 2007). For

instance, Ca2+ influx can activate the PI3K/Akt signaling pathway to enhance anabolic

and survival pathways in MSCs (Danciu et al., 2003). Alternatively, Ca2+ influx may

also lead to nicotinamide adenine dinucleotide / ryanodine receptors

(NAD+/RyR)-related apoptosis (Romanello et al., 2001). To further determine the

influence of ELF-PEMF on Ca2+ influx and the activity of SCP-1 cells, we investigated

the details of [Ca2+]i changes during exposure to 16 Hz ELF-PEMF, by applying either
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continuous exposure or intermittent exposure. The results show that [Ca2+]i
immediately increased under 30 min of continuous ELF-PEMF exposure, then slightly

decreased to baseline. In contrast, during three phases of intermittent exposure, the

first phase of intermittent exposure increased [Ca2+]i, while [Ca2+]i did not show a

tendency to decrease due to the subsequent intermittent exposure. Calcium influx

determines various signaling pathways, including the TGF-β signaling pathway

(Mukherjee et al., 2012). Thus, the current study seems to verify our previous study

showing that 16 Hz ELF-PEMF promotes cell viability and matrix formation in

osteoprogenitors through initialing the TGF-β-Smad2/3 signaling pathway (Chen et al.,

2021). In addition, the current study shows that the impact of ELF-PEMF exposure on

piezo1 and Ca2+ influx may eventually increase new bone formation.

Taken together, even though the sum of daily exposure duration was the same,

the current data indicate that intermittent exposure has stronger effects on cell viability

and osteogenesis in SCP-1 cells, compared with continuous exposure (30 min per

24 h period). Therefore, a different exposure strategy, i.e., intermittent exposure, is a

promising way to further optimize the therapeutic potential regarding fracture healing

or to treat osteoporosis. Intermittent ELF-PEMF exposure had stronger effects in

activating piezo1-induced Ca2+ influx, and further enhanced the positive effects of

ELF-PEMF exposure in terms of cell viability and osteogenesis in MSCs as compared

to simply prolonging ELF-PEMF exposure in a continuous way.
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3 General Discussion
3.1 The Influence of ELF-PEMF on Cell Viability and Proliferation

In the early phase of fracture healing, cell viability and proliferation of MSCs and

osteoblasts at the fracture site are extremely important, because the cell number is a

major factor that directly affects subsequent matrix synthesis, mineral deposition, and

fracture healing (Wang et al., 2013).

It is widely recognized that specific ELF-PEMF can increase cell viability and

proliferation. For example, continuous exposure to ELF-PEMF (14.9 Hz, 0.4 mT) for

72 h significantly enhanced the proliferation of osteoblasts (Barnaba et al., 2013);

daily exposure to ELF-PEMF (15 Hz, 4 mT) for 30 min strongly promoted cell

proliferation (Esmail et al., 2012); a continuous 9 h exposure to ELF-PEMF (75 Hz,

1.5 mT) also increased cell proliferation (Lin and Lin, 2011). Our results are similar, in

that daily exposure to ELF-PEMF strongly increased cell viability and the number of

MSCs (Chen et al., 2021). Of note, with a competitive and comprehensive analysis of

our publications and preliminary results (Chen et al., In preparation), we have some

hypotheses to explain unexpected results such as: 1) the amplitudes of ELF-PEMF in

our project (38.85 μT - 275.45 μT) did not show significant differences in their positive

effects on cell proliferation. This phenomenon might be explained by amplitudes that

were higher than the threshold, or the amplitude parameters in our project were

extremely low, so the amplitude interval between groups was too small to show

biological differences. 2) The exposure timeframe, e.g., duration and strategy, are an

important but underestimated factor. Our published work indicated that continuous

30 min daily exposure showed stronger effects on cell viability than 7 min or 90 min

daily exposure (Chen et al., 2021). In addition, our results indicated that intermittent

exposure may further enhance the viability of MSCs compared with continuous

exposure (Chen et al., In preparation). Taken together, our data suggest that

ELF-PEMF exposure with an extremely low frequency, amplitude, and short-term

exposure may provide an effective and safe treatment option for patients.

In contrast to our findings, it has been reported that 45 min of ELF-PEMF (4 Hz,

0.65 mT) exposure does not influence the proliferation of MG-63 cells (Noriega-Luna

et al., 2011). This phenomenon could be explained by the nature of the osteoblast-like

osteosarcoma-derived cell line used in this study, which are known to be more mature

bone cells (Pautke et al., 2004) than the MSC-like SCP-1 cells used in our

experiments. Also, it is interesting to note that the work by Safari et al. demonstrating
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that EMF (50 Hz, 400 μT) with a waveform of alternating current (AC) and rectified

half-wave (RHW) significantly reduced the viability and proliferation of MSCs (Safari et

al., 2016). One possible explanation for this observation might be the fact that the

authors tried to differentiate cells towards neurons (Safari et al., 2016). Therefore, the

therapeutic effects of ELF-PEMF not only depend on the intrinsic property and

differentiation stage of the cell, but also depend on the culture environment and the

state of the host.

3.2 ELF-PEMF Exposure Promoted Cell Attachment and Spreading
The attachment and spreading ability of cells are important in the early fracture

healing stage. It has been reported that attachment and spreading are associated with

osteogenic differentiation, because osteoblasts express more ezrin, radixin, and

myosin (ERM) proteins, i.e., than undifferentiated MSCs (Titushkin and Cho, 2009).

As a result, more crosslinks between actin filaments and the plasma membrane will

be subsequently formed (Titushkin and Cho, 2009). The knockout of ERM proteins

(Titushkin and Cho, 2011) or focal adhesion kinase (FAK) (Salasznyk et al., 2007)

strongly decreased AP and osteogenic ability, thus reducing or slowing down fracture

healing. Moreover, the spreading actin cytoskeleton is essential for osteogenesis, and

insufficient spread and attachment within the first 48 h may abolish the osteogenic

potential of MSCs (Mathieu and Loboa, 2012).

To promote adhesion and improve osseointegration in the early-stage

post-operative period, various methods have been established, e.g., modifying the

implant surface wettability (Wang et al., 2010), surface charge density (Rebl et al.,

2010), and decoration (Man et al., 2016). However, these research findings are far

from satisfying because of their high cost, low safety, and lack of long-term stability

(To et al., 2020). Instead, ELF-PEMF exposure is an excellent adjuvant pre-treatment

option to increase adhesion and osseointegration of MSCs on the implant after

modern orthopedic surgery. In this project, we found that 30 min and 90 min of 16 Hz

ELF-PEMF exposure strongly enhanced cell attachment, while 7 min of exposure to

ELF-PEMF and 30 min of exposure to ELF-PEMF significantly increased cell

spreading (Chen et al., 2021). Moreover, our data indicate that ELF-PEMF exposure

also promotes the attachment of immune cells by differentiating monocytes into Mφ

(Chen et al., 2021). The immunomodulatory ability of ELF-PEMF may also confer

effects on the actin cytoskeleton. It was reported that a change in actin polymerization
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and organization is accompanied by the activation of monocytic cells (Ravetto et al.,

2014). Therefore, the use of ELF-PEMF may directly and/or indirectly affect the

process of fracture healing by promoting attachment and spreading of MSCs and

immune cells in the very early stage (Chen et al., 2021).

It has been reported that adhesion and spreading of osteoblasts are mainly

regulated by three signaling pathways: the canonical and the noncanonical Src-FAK

dependent pathway, as well as the E-cadherin/β-catenin pathway (Chen et al., 2018).

Although the influence of ELF-PEMF exposure on promoting MSC adhesion and

spreading were observed, the molecular mechanisms and signaling pathways behind

these events are still unclear. Based on our own previous work (Ehnert et al., 2015),

we hypothesized that phosphorylation of the Src-FAK complex caused by ELF-PEMF

exposure activates the downstream Ras-MAPK-ERK1/2 signaling pathway to

enhance osteogenesis and mineralization in MSCs (Fig. 16). To support this

hypothesis and the important role of cell adhesion, research is needed in the future.

Figure 16: ELF-PEMF exposure may promote cell adhesion and spread via activating integrins
and the integrin-linked tyrosine kinase Src. Afterward, Src mediates the phosphorylation of FAK,
which involves activation of the downstream Ras-MAPK/ERK1/2 signaling pathway and promotes
cell migration, proliferation, and osteogenesis. Graphic elements were provided by Servier
(smart.servier.com). This schematic diagram was graphically processed based on a previous
study (Hsu et al., 2020).
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3.3 The Multidimensional Promoting Effects of ELF-PEMF on MSC Migration
To achieve a quick and efficient healing process, the migration of MSCs to the site

of injury is a critical step to initiate wound or bone healing. It has been reported that

MSCs from osteoporosis patients exhibit impaired migration capacity. To promote

fracture healing, considerable effort has been devoted to rescuing or enhancing the

migration capacity of MSCs. For example, the transplantation of CXCR4-expressing

MSCs (MSCCX4) to stimulate MSC homing (Lien et al., 2009) and use of the

bone-seeking peptide LLP2A to attract MSCs to bone (Guan et al., 2012) have been

reported to significantly increase new bone formation. In our study, daily exposure to

ELF-PEMF for 7 min or 30 min significantly increased the migration of SCP-1 cells

(Chen et al., 2021). MSC migration is also affected by the surrounding

microenvironment, e.g., the ECM, chemokines, and adjacent cells. During the

inflammation phase of fracture healing, MSCs are recruited by the inflammatory

stimulus, which is secreted by infiltrating immune cells, i.e., Mφ (Peng et al., 2005).

Our data indicate that different ELF-PEMF can diversely modulate the inflammatory

activity or anti-inflammatory activity of Mφ (Chen et al., 2021). The cytokine array in

our study suggested that exposure to specific ELF-PEMF altered Mφ secretion of

cytokines and chemokines, and thus indirectly enhanced MSC migration. For instance,

tumor necrosis factor-alpha (TNF-α) has been reported to direct the migration of

BMSCs to promote new bone formation at the target site (Wang et al., 2017).

Increased levels of matrix metalloproteinases (MMPs) (Kim et al., 2013) or BMPs

(Chen et al., 2016) may also contribute to MSC homing to the fracture ends of bone.

Taken together, the use of ELF-PEMF at a non-union site can directly increase

MSC migration or modulate the activity of Mφ to indirectly recruit MSCs, thus

providing a suitable environment for bone healing.

3.4 The Multidimensional Promoting Effects of ELF-PEMF on Osteogenesis
Osteogenic differentiation is a coordinated and complex process during fracture

healing. In the first few days, MSCs exhibit strong proliferative capacity and initiate the

synthesis of ECM components, e.g., collagen I (Quarles et al., 1992) and versican

(Hoshiba et al., 2009). From day 5 to day 14, MSCs differentiate into pre-osteoblasts,

and their proliferation gradually decreases while AP activity increases to its peak

(Carluccio et al., 2020). From day 14 to day 28, pre-osteoblasts become mature

osteoblasts, and AP activity gradually decreases, but the levels of osteocalcin,
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osteopontin, and mineralization increase (Hoemann et al., 2009). Afterward, mineral is

deposited in the ECM, and osteoblasts eventually become osteocytes (Schaffler et al.,

2014). The different phases of osteogenesis overlap in time and space and the

progression of differentiation is influenced by various internal and external factors.

Therefore, the proper regulation of signaling molecules is an important factor to

accelerate osteogenesis and promote bone healing.

As part of this project, we found that ELF-PEMF can directly activate canonical

TGF-β signaling pathways to initial osteogenesis (Chen et al., 2021). Intermittent

ELF-PEMF exposure directly promoted Ca2+ influx into SCP-1 cells and significantly

increased mineral deposition at later stages. In addition, specific ELF-PEMF

modulated the activity of Mφ to indirectly increase the gene expression of ECM

components, e.g., Col1A1, FN1, BGN, and VCAN in MSCs (Chen et al., 2021). In our

preliminary results, we explored the influences of intermittent exposure on osteogenic

differentiation, early differentiation marker AP activity, and late differentiation marker

mineralization (Chen et al., In preparation). Intermittent exposure increased AP

activity in SCP-1 cells more than continuous exposure after 2 weeks, although no

obvious differences in mineralization were found between the two exposure strategies.

After 4 weeks, intermittent exposure strongly reduced the AP activity of SCP-1 cells,

along with strongly increased mineralization. The change in differentiation markers

demonstrated that intermittent exposure reduced the time required for the transition

from the early differentiation stage into the late differentiation stage (Chen et al., In

preparation). Our study indicates that intermittent exposure might further accelerate

new bone formation.

3.5 The Effects of ELF-PEMF on Other Innate Immune Cells
During the course of my thesis, we realized that exposure to ELF-PEMF has

considerable effects on the majority of innate immune cells. Comprehensive research

on the influences of ELF-PEMF on different types of immune cells can not only

ameliorate potential side-effects of ELF-PEMF, but also provide an integrated and

multidimensional approach to modulate the osteoimmune microenvironment.

Our study mainly focused on the Mφ-dominated osteoimmune microenvironment

and ignored the fact that neutrophils are also an important innate immune cell during

fracture healing. Neutrophils are the first immune cell type that arrives at the fracture

site and affect the local microenvironment (Baht et al., 2018). Dysfunction of
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neutrophils may lead to infection and osteomyelitis (Wagner et al., 2004), and

“overactive” neutrophils may lead to non-union or implant failure (Wozniak et al.,

2004). Therefore, exploring the influence of ELF-PEMF on neutrophils may provide

clinicians with more options for fracture healing and may even prevent infection.

Neutrophils have a well-known antimicrobial function; for instance, neutrophils can

remove pathogens and bacteria through phagocytosis (Kobayashi et al., 2018). In a

concomitant study performed by another lab member, we investigated another

bactericidal pathway, i.e., neutrophil extracellular traps (NETs) (Linnemann et al.,

2020). During the process of NET formation, the neutrophil releases its DNA, histones,

and a variety of antimicrobial proteases; this plays a key role in capturing and killing

microbes (Reeves et al., 2002). Of note, the process of NETosis has been recognized

as a double-edged sword, i.e., NETs exhibit strong bactericidal and bacteriostatic

activity (Kaplan and Radic, 2012), but the overactivation of NETs may also lead to

inflammatory disease, e.g., rheumatoid arthritis (Hidalgo et al., 2019) or type 1

diabetes mellitus (Mutua and Gershwin, 2021). Similar to monocytes/macrophages,

neutrophils exhibit high susceptibility and reactivity during fracture healing; therefore,

neutrophils might also represent a target cell type to be modulated by ELF-PEMF and

support fracture healing. It has been reported that 300 μT ELF-PEMF exposure

increased NETosis in phorbol myristate acetate (PMA)-pretreated neutrophils (Mutua

and Gershwin, 2021). In our preliminary work, we observed that ELF-PEMF exposure

decreased DNA release from PMA-pretreated neutrophils, and this phenomenon was

dependent on the frequency of ELF-PEMF (data not shown). Moreover, we also

investigated the molecular mechanism by detecting Ca2+ influx in neutrophils. Our

preliminary results indicated that a single 7 min exposure to ELF-PEMF increased

Ca2+ influx into neutrophils. Interestingly, the waveform of Ca2+ influx in neutrophils

was different from that of SCP-1 cells, which may indicate that the effects of

ELF-PEMF on Ca2+ influx are dependent on the cell type (Chen et al., In preparation).

However, in-depth research to illustrate the importance of neutrophils is still needed in

the future.

In addition to monocytes/macrophages and neutrophils, natural killer (NK) cells

are another important immune cell type that influences the osteoimmune

microenvironment (Orru et al., 2013). NK cells participate in the scavenging of

pathogens, detecting transformed cells, and communicating with other immune cells,

e.g., Mφ or neutrophils. However, studies on the effects of EMF on NK cells are
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limited, and their findings are controversial. For example, it has been reported that

exposure to 50 Hz sinusoidal EMF decreased the number of NK cells (Boscolo et al.,

2001, Di Giampaolo et al., 2006), while other researchers reported that exposure to

EMF showed either positive effects (Tuschl et al., 2000) or had no effect on the

number of NK cells (House et al., 1996). Therefore, a comprehensive and systemic

study is needed in the future to define the exact role of NK cells in fracture healing and

explore the influences of ELF-PEMF on the activity of NK cells.

In summary, the crosstalk and interaction between the skeletal system and the

immune system during fracture healing results in a highly sophisticated

microenvironment. This immune microenvironment is critical for the initiation,

regeneration, and outcome of fracture healing. Regarding the application of

ELF-PEMF in preventing fracture non-union, further research should not only focus on

the activity of bone cells, but also devote efforts to exploring complex interactions in

the osteoimmune microenvironment.

3.6 Other Potential Mechanisms Behind the Therapeutic Effects of ELF-PEMF
Despite the importance of ELF-PEMF on bone healing being widely recognized,

there has been little clear and conclusive evidence about the molecular mechanisms

behind it.

To explore the mechanism, in this project, we investigated mechanically activated

(MA) ion channels. As recently described MA ion channels, we investigated the

so-called piezo ion channel family (Coste et al., 2010). Piezo1 is located on the

plasma membrane of non-excitable cells, e.g., osteoblasts, and functions as a sensor

of extracellular mechanical stimuli (Zhang et al., 2021), including membrane potential

(Kaestner et al., 2020) and magnetic forces (Wu et al., 2016). After activation,

piezo1-induced calcium influx leads to the phosphorylation of Erk1/2 and p38

(Halloran et al., 2020), Akt and GSK-3β (Song et al., 2020), NF-κB (Hu et al., 2002),

and the activation of the Nfat-Yap1-β-catenin (Zhou et al., 2020) signaling pathway,

and might be important in osteogenesis and other healing processes.

As an important mechanosensitive organelle, the assembly and disassembly of

the primary cilium itself has been ignored. Immediately after ciliary receptors receive

stimuli from ELF-PEMF, an efficient biological process should be initiated to translate

and transfer this physical signal into biological activity. This essential biological

process requires a special metabolic and transport system of primary cilia, i.e., the
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intraflagellar transport (IFT) system. Upon ciliogenesis, a complex and highly

regulated transport process is initiated (Taschner et al., 2012). During transport, a

wide range of IFT proteins and motors allow the orderly bidirectional movement of

molecules in the space between the flagellar membrane and the doublet microtubules

(Kozminski et al., 1993). Therefore, the IFT train plays a critical role in the structure

and mechanosensitivity of the primary cilium. The mutation of IFT genes impairs

ciliogenesis and results in more than 30 ciliopathies (Reiter and Leroux, 2017). For

example, bone dysplasia is present in many diseases such as Jeune syndrome,

Ellis-van Creveld syndrome, and orofacial digital syndrome (Yuan and Yang, 2015).

The Jeune syndrome mouse model, established by IFT140 knockout, presents as a

dwarf phenotype with decreased bone length and density, growth retardation, and

disappearance of the growth plate (Tao et al., 2019). The mutation of IFT88 results in

attenuated mandibular development and damaged osteogenesis by inhibiting

Hedgehog signaling (Kitamura et al., 2020). Considering the positive effects of

ELF-EMF on primary cilia, it is theoretically plausible that ELF-EMF could be an

effective therapy for ciliopathy disorders in the future.

3.7 Limitations in the Research Area
Since 1974, when non-invasive, convenient, and effective PEMF were reported

with therapeutic effects on fracture healing by Bassett et al., it has triggered a surge of

investigations into ELF-PEMF as a treatment option for bone diseases (Bassett et al.,

1974). For example, ELF-PEMF has been shown to effectively promote acute fracture

healing (Martinez-Rondanelli et al., 2014), healing of osteotomies (Eyres et al., 1996),

osteoporosis (Li et al., 2018), and spinal fusion (Jenis et al., 2000, Ziegler et al., 2019).

However, different laboratories used different methods, e.g., amplitude (Yan et al.,

2015), frequency (Zhang et al., 2018), exposure duration (Adie et al., 2011), or

waveform (Yong et al., 2016). These inconsistencies make it difficult to screen for a

reproducible protocol for a specific bone disease. Even though many studies have

demonstrated that ELF-PEMF can effectively promote new bone formation (Ehnert et

al., 2015, Ziegler et al., 2019), there is still a long way to go to achieve proper clinical

translation, because of the many inconsistencies in this research area. These

inconsistencies can be subclassified as follows:

1) EMF generating devices vary across laboratories/companies, e.g., size,

composition, the structure of the compartment, and types of coils (a single solenoid



85

coil or a pair of Helmholtz coils) (Daish et al., 2018). All of these factors may directly or

indirectly affect the direction of magnetic lines, as well as the intensity and distribution

of the EMF, thus leading to inconsistencies.

2) The EMF parameters that presumably exert positive effects vary across

laboratories/companies, e.g., frequency, amplitude, and exposure time. Without a

proper explanation or even better a comparison of different devices, the definition of

the positive parameters seems to be somewhat arbitrary. This phenomenon makes it

difficult for subsequent investigators to summarize and compare results as well as to

further optimize the therapeutic effects of ELF-PEMF (Ross et al., 2015).

3) Considering that fracture healing is a continuous process without a cut-off point,

and the differences in time interval, clinical criteria, and radiographic criteria (Wittauer

et al., 2021), the definitions of fracture non-union are not unified (Bhandari et al.,

2012). Therefore, it is necessary to have uniform evaluation criteria in order to

systematically identify the healing stages and define the union states of fractured

bone (Wittauer et al., 2021).

4) One of the merits of ELF-PEMF treatment is the socioeconomic advantages;

however, we still lack a systematic and exhaustive study to analyze this aspect

(Button et al., 2009).

3.8 Future Outlook
With the deepening of relevant research, the safety of clinical EMF has gradually

raised concerns. EMF exposure has been reported to affect the activity of stem cells

during embryonic development, reduce the success rate of assisted reproductive

technology, and lead to congenital malformations, e.g., Wiedemann syndrome or

Angelman syndrome (Maher et al., 2003). To avoid these safety issues, an extremely

low frequency or intensity should be widely adopted, because it not only effectively

regulates cellular activities but also prevents DNA damage caused by energetic

radiofrequencies or ionizing frequencies (Blank and Goodman, 2009). In addition, the

high penetrating capacity of ELF-PEMF exposure may affect organs adjacent to the

bone, e.g., the heart (Elmas, 2016), liver (Lin et al., 2018), and ovaries (Burcu et al.,

2020). Therefore, a combination of a precise method and a personalized strategy will

be a good way to avoid additional and unnecessary side effects. In turn, a precise

method may allow ELF-PEMF exposure to modulate the local immune

microenvironment to kill tumor cells or eliminate infections. Recently, many
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cross-discipline studies have explored the synergistic effects of biomaterials and an

EMF on fracture healing, resulting in encouraging therapeutic effects (Ho-Shui-Ling et

al., 2018, Paun et al., 2018).

In summary, using ELF-PEMF to promote new bone formation is a promising

therapeutic approach. ELF-PEMF is recognized as an effective, safe, and convenient

treatment for fracture non-union. However, there is still a long way to go in improving

the therapeutic efficiency and developing the application of ELF-PEMF treatment.
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4 Summary
In this project, we proved that the use of ELF-PEMF as a treatment for promoting new

bone formation and preventing fracture non-union is effective and feasible. Our data

indicated that the daily exposure of specific ELF-PEMF was able to directly increase

the cell viability, migration, spreading, and adhesion of SCP-1 cells. The molecular

mechanism is that ELF-PEMF activated the TGF-β signaling pathway, and protected

the structure and function of the primary cilia of SCP-1 cells. Moreover, we found that

the daily intermittent exposure (10 min every 8 h) is even better than the daily

continuous exposure (30 min every 24 h) in improving cell viability. Interestingly, we

found that piezo1 played an important role in the ELF-PEMF treatment. The gene

expression of piezo1 increased after the intermittent exposure, and the function of

piezo1 was activated thus leading to calcium influx into SCP-1 cells. In contrast,

treating cells with piezo1 inhibitor Dooku1 blocked the function of piezo1 and impaired

the mineral deposition. Therefore, ELF-PEMF can directly promote fracture healing.

Nevertheless, we also found that ELF-PEMF with specific parameters can modulate

the activity of macrophages to indirectly affect the osteogenesis of SCP-1 cells, e.g.,

field A induced the pro-inflammatory activity of macrophages, and field B induced the

anti-inflammatory activity of macrophages, and enhanced the ECM formation of

SCP-1 cells on the early stage. Taken together, ELF-PEMF exposure can, directly

and indirectly, promote the healing process and might be a useful tool in critical bone

healing such as Pseudarthrosis.
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5 German Summary
In diesem Projekt haben wir bewiesen, dass die Verwendung von ELF-PEMF als

Behandlung zur Förderung der Knochenneubildung und zur Verhinderung von

Pseudarthrosen effektiv und durchführbar ist. Unsere Daten zeigten eindeutig, dass

eine Exposition von 16 Hz ELF-PEMF die Viabilität, Migration, Proliferation und

Adhäsion von SCP-1-Zellen direkt erhöhen konnte. Der molekulare Mechanismus

besteht zum Teil darin, dass ELF-PEMF den TGF-β-Signalweg aktiviert und die

Struktur und Funktion primärer Zilien von SCP-1-Zellen z.B. gegenüber

Zigarettenrauch schützt. Darüber hinaus haben wir festgestellt, dass eine tägliche

intermittierende Exposition (10 min alle 8 h) sogar besser ist als die tägliche

kontinuierliche Exposition (30 min jede 24 h), um die Viabilität der Zellen zu

verbessern. Interessanterweise fanden wir heraus, dass piezo1 eine wichtige Rolle

bei der ELF-PEMF-Behandlung spielte. Die Genexpression und Aktivität von piezo1

nahm nach der intermittierenden Exposition zu, was zu einem Kalziumeinstrom in

SCP-1-Zellen führte. Im Gegensatz dazu blockierte die Behandlung von Zellen mit

dem piezo1-Inhibitor Dooku1 die Funktion von piezo1 und beeinträchtigte die

Mineralisierung der Matrix. Daher kann die ELF-PEMF Exposition die Frakturheilung

direkt fördern. Darüber hinaus zeigte sich, dass ELF-PEMF mit spezifischen

Parametern die Aktivität von Makrophagen modulieren kann, um indirekt die

Osteogenese von SCP-1-Zellen zu beeinflussen, z. B. induzierte Feld A die

entzündungsfördernde Aktivität von Makrophagen während Feld B die

entzündungshemmende Aktivität von Makrophagen förderte, was zu einer verstärkten

ECM-Bildung durch SCP-1-Zellen im Frühstadium führte. Zusammengenommen kann

die ELF-PEMF-Exposition den Heilungsprozess direkt und indirekt fördern und könnte

bei kritischen Heilungsverläufen wie bei der Pseudarthrose von Nutzen sein.
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