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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 osteocimmune

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:



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.



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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2)

3)

4)

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.

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).

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).

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 (M@) 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). Mo 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-y (IFN-y) (Orecchioni et al., 2020), granulocyte
macrophage-colony stimulating factor (GM-CSF) (Mily et al., 2020), or
lipopolysaccharide (LPS) (Porta et al., 2009), M@ exhibit pro-inflammatory activities
(classically activated, M1 Mg). Following induction by interleukin-4 (IL-4) (He et al.,
2020), interleukin-10 (IL-10) (Lopes et al., 2016), or TGF-B (Zhang et al., 2016), Mo
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also exhibit strong anti-inflammatory activities (alternatively activated, M2 M)
(Murray, 2017). The versatile and polarizable capability of M@ multi-directionally
affects fracture healing (Gibon et al., 2016). In detail, Mg with pro-inflammatory
activity can secrete high amounts of pro-inflammatory cytokines (e.g., IL-1B, IL-6, and
IL-23), reactive oxygen species (ROS), inducible nitric oxide synthase (iNOS), and
tumor necrosis factor (TNF-a) (Shapouri-Moghaddam et al., 2018). As a result, the
pro-inflammatory microenvironment created by M1 Mg 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, Mg with anti-inflammatory activity can secrete
many anti-inflammatory cytokines and a variety of growth factors, e.g., TGF- (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, M@ 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 M@ and anti-inflammatory Mo
are important to promote fracture healing and achieve a satisfactory medical outcome

(Fig. 2).
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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 M@ with
pro-inflammatory activity (M1 M) or Mg with anti-inflammatory activity (M2 Me). In detail, M¢ with
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pro-inflammatory activity are induced by IFN-y, GM-CSF, or LPS, then create an inflammatory
microenvironment by secreting IL-1B, IL-6, IL-23, ROS, iNOS, and TNF-a. An excessive
inflammatory response impairs cell viability and the differentiation capacity of osteoblasts and can
induce apoptosis of osteoblasts. In contrast, Mg with anti-inflammatory activity are induced by IL-4,
IL-10, or TGF-B, then create an anti-inflammatory microenvironment by secreting various growth
factors and anti-inflammatory mediators, e.g., IL-10, TGF-3, 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 18™ century, and the discovery of antibiotics in the early 20" 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 maijority 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).
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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
y-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 [-catenin, while decreasing collagen degradation (type |
collagen C-terminal telopeptide (CTX)) and the receptor activator of NF-kB 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
2009) or

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

infliximab (Aringer et al., hypertension caused by cyclosporine
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 M@
during fracture healing, it is promising to modulate the Mg (Fig. 4). For instance, a
specific ELF-PEMF that can induce pro-inflammatory activity in M@ 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 M@ could be used reduce inflammation and promote
tissue regeneration.

However, evidence about the immunomodulatory functions of ELF-PEMF are still
missing.
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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 M 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 M¢ 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-B and BMP Signaling Pathway

Transforming growth factor-B isoforms (TGF-Bs), as well as the bone
morphogenic proteins (BMPs), belong to the TGF- 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-B signaling pathway, the TGF-B receptor is a heterotetrameric
complex of serine/threonine kinases, i.e., TGF-f RI/ALK5 and TGF- RIl, which is
located on the surface of the plasma membrane (Clement et al., 2013). The ligands of
the TGF-B receptor are subclassified into three highly homologous subtypes TGF-31,
TGF-B2, and TGF-B3 (Yue and Mulder, 2001). In canonical TGF- signaling, binding
of the ligand will activate TGF- RIl to phosphorylate TGF-B 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-B signaling, TGF-Bs may also induce
non-canonical signaling pathways, such as NFkB 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-B 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-§ will be released and
thus activated, leading to a local increase in active TGF-B (Horiguchi et al., 2012).
This high concentration of TGF- strongly enhances the recruitment and proliferation
of MSCs and osteoprogenitor cells (Li et al., 2013). As a result, TGF-f provides the
fracture site with a fundamental and essential premise for initiating healing, i.e.,
sufficient cell numbers. However, prolonged and excessive TGF- 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-3, 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-f 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-Bs 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-§ signaling pathway during the
early stage of fracture healing.

Thus, by knowing the ELF-PEMF parameters for specific signaling pathways,
TGF-B signaling or BMP signaling may be actively targeted. In the case of fracture
healing, an ELF-PEMF specifically activating TGF- 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- signaling and BMP
signaling. In contrast, ELF-PEMF can be used to restore both TGF-$ 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 lon
(Ca?*) 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 (Ca?*) 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 Ca?* channel, the activation of piezo1 can induce Ca?*

20



influx into the cell. As a secondary messenger, increased intracellular Ca?* ([Ca?*])
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 (piezo1”*") severely impairs mouse skeletal growth and
development (Wang et al., 2020). Deletion of piezo1 in Runx2-expressing cells
(piezo1Ru"x2) 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 [Ca?*]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 (Ca?*). (A) Without proper extracellular mechanical stimuli, Ca?* cannot influx into
cells through piezo1. Ca?* is a critical second messenger in cells. The lack of Ca?* 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 Ca?* 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 moaotile 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 Schilessinger, 2010),
transforming growth factor-B (TGF-B) 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.

Primary cilium

— Ciliary pocket
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Figure 8: The process of ciliogenesis in osteocytes strongly correlates with the cell cycle. During
the GO/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 GO/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 pm) is much longer than the
lacunar space (0.1-3 pym) (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:
eAim 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
eAim 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.

eAim 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

ecAim 4: ELF-PEMF effects on TGF-B/BMP signaling. Considering the
important role of TGF-B/BMP signaling in tissue regeneration, we will explore if
ELF-PEMF exposure can activate TGF-B/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-B/BMP are located on primary cilia, we will also evaluate the structure of
primary cilia.

eAim 5: Effects of ELF-PEMF on Ca?* signaling. As a critical intracellular
secondary messenger, Ca?* 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 Ca?* channel, i.e., piezo1. Moreover, we will
investigate if piezo1-induced Ca?* influx affects the osteogenic differentiation of
SCP-1 cells, the intracellular concentration and kinetics of Ca?* will be

measured and analyzed.
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2. Results
2.1 Modulation 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 | 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
| was responsible for the experiments of this study; | was the main person who
performed the data analysis and visualization. | was also highly involved in the design

of the experiments and preparation of the original manuscript draft.
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Abstract: Delayed fracture healing and fracture non-unions impose an enormous burden on
individuals and society. Successful healing requires tight communication between immune cells
and bone cells. Macrophages can be found in all healing phases. Due to their high plasticity and
long life span, they represent good target cells for modulation. In the past, extremely low frequency
pulsed electromagnet fields (ELF-PEMFs) have been shown to exert cell-specific effects depending
on the field conditions. Thus, the aim was to identify the specific ELF-PEMFs able to modulate
macrophage activity to indirectly promote mesenchymal stem/stromal cell (SCP-1 cells) function.
After a blinded screening of 22 different ELF-PEMF, two fields (termed A and B) were further
characterized as they diversely affected macrophage function. These two fields have similar
fundamental frequencies (51.8 Hz and 52.3 Hz) but are emitted in different groups of pulses or
rather send—pause intervals. Macrophages exposed to field A showed a pro-inflammatory function,
represented by increased levels of phospho-Statl and CD86, the accumulation of ROS, and
increased secretion of pro-inflammatory cytokines. In contrast, macrophages exposed to field B
showed anti-inflammatory and pro-healing functions, represented by increased levels of Arginase
I, increased secretion of anti-inflammatory cytokines, and growth factors are known to induce
healing processes. The conditioned medium from macrophages exposed to both ELF-PEMFs
favored the migration of SCP-1 cells, but the effect was stronger for field B. Furthermore, the
conditioned medium from macrophages exposed to field B, but not to field A, stimulated the
expression of extracellular matrix genes in SCP-1 cells, i.e.,, COL1A1, FN1, and BGN. In summary,
our data show that specific ELF-PEMFs may affectimmune cell function. Thus, knowing the specific
ELF-PEMFs conditions and the underlying mechanisms bears great potential as an adjuvant
treatment to modulate immune responses during pathologies, e.g., fracture healing.

Keywords: extremely low frequency pulsed electromagnetic fields (ELF-PEMFs); macrophages;
mesenchymal stem/stromal cells; extracellular matrix; fracture healing

1. Introduction

Almost every human on earth experiences one or more fractures during life.
Although the treatment options for fractures have been greatly developed, 5% to 10% of
all fractures still result in delayed healing or even non-union [1]. Consequently, fractures
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are a major cause of disability, morbidity, and even mortality, particularly in elderly
patients leading to a high economic burden [2].

Fracture healing is a complex and dynamic process that can be divided into three
partially overlapping phases: inflammation phase, reparative phase, and remodeling
phase. The complex and excellently tuned process during fracture healing requires the
involvement of various cell types [3]. Neutrophils, arriving within a few hours at the
fracture site, represent the first line of defense. They play a crucial role in resolving the
formed hematoma and initiating inflammatory responses. Monocytes/macrophages
represent a large proportion of the immune cells present at the injury site throughout the
entire healing phase; however, their activation status is changing [4]. After a fracture
occurs, monocytes/macrophages are recruited to the injury site, where they differentiate
into macrophages within 2 to 3 days [5]. Unlike monocytes, macrophages show high
plasticity. After receiving adequate stimuli, macrophages may easily change their activity
and function, exhibiting either pro-inflammatory or anti-inflammatory and pro-healing
activities [6,7]. Macrophage function is largely mediated by factors such as cytokines,
growth factors, and chemokines, which they secrete depending on their activation status.
Thus, macrophages are involved in controlling the different phases of the healing process
by adapting their phenotype [8]. The differentially activated macrophages are mutually
exclusive and involved in the whole healing process [9]. In the acute inflammatory phase,
pro-inflammatory macrophages are important. These cells infiltrate the site of injury not
only to detect and remove pathogenic microbes and cellular debris but also to initiate
various signaling pathways required for the subsequent repair phase. In the chronic
inflammatory and reparative phase, the tissue-resident macrophages exhibit anti-
inflammatory and pro-healing activities to reduce hyper-inflammation and promote
tissue regeneration. Later, during tissue remodeling, a controlled amount of pro-
inflammatory macrophages are required [4]. Therefore, regulating the immune
microenvironment at the site of injury by modulating macrophage activity is crucial for
fracture healing [10].

Disorders in macrophage activity are highly related to the failure of fracture healing.
For example, unrestrained and persistent pro-inflammatory macrophages may lead to
impaired fracture healing, particularly in patients with rheumatoid arthritis (RA), chronic
obstructive pulmonary disease (COPD), diabetes mellitus (DM), liver fibrosis/cirrhosis, and
systemic lupus erythematosus (SLE) [11]. However, the suppression of inflammation also
arrests the process of fracture healing [12,13]. Therefore, neither a hyper-inflammatory state
nor an immune-suppressive state alone can contribute to successful fracture healing. The
key factor to successful fracture healing is a dynamic and suitable immune
microenvironment at the injury site. Thus, the modulation of inflammatory responses may
offer great therapeutic options to support the healing of fractures and soft tissues.

Exposure to extremely low frequency pulsed electromagnetic fields (ELF-PEMF) is a
non-invasive, penetrable, and patient-friendly treatment. Therefore, ELF-PEMFs are a
promising adjuvant treatment to dynamically regulate the local immune
microenvironment and promote healing processes. In recent years, ELF-PEMF was
proven to effectively support fracture healing and bone regeneration (overview see [14]).
Positive effects to the proposed mechanisms on osteoblasts [15], mesenchymal
stem/stromal cells (MSCs) [16], chondrocytes [17], and intervertebral disc cell [18] function
have been reported. However, there has been little research focused on the immune-
regulatory ability of ELF-PEMFs [19], even though the importance of osteoimmunology
is generally acknowledged. The reported effects of the ELF-PEMFs on macrophages are
diverse. When employing different readout parameters, some reports show pro-
inflammatory effects [20-22], while others reported anti-inflammatory [23], or even
immune-suppressive [24], effects of the ELF-PEMFs. Interestingly, the ELF-PEMFs in
these four studies all had a fundamental frequency of 50 Hz but varied in their magnetic
field density and pulse pattern.
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Earlier reports suggested that each cell type responds to ELF-PEMFs with specific
fundamental frequencies and pulse burst patterns. While an ELF-PEMF with a
fundamental frequency of 16 Hz was shown to improve the function of osteoblasts [15,25],
another ELF-PEMF (comparable intensity) with a fundamental frequency of 26 Hz also
affected osteoclast function [16]. Studies on primary rat calvaria cells showed that not only
the fundamental frequency but also the waveform and pulse burst pattern might be
relevant [26,27]. Thus, in an initial blinded screening, the effect of 22 ELF-PEMFs, with
different fundamental frequencies, waveforms and pulse burst patterns on macrophage
activation, were tested. Among these, two ELF-PEMF were chosen to further characterize
their distinct effect on macrophage activity and function. This includes direct effects on
macrophages: (i) expression of phenotypic markers; (ii) formation of reactive oxygen
species (ROS) as an inflammatory response; and (iii) secretion of cytokines, growth factors
and chemokines, as well as the expected effects that the treated macrophages have on
MSCs during fracture healing: (i) migration and (ii) formation of extracellular matrix
(ECM) components.

2. Materials and Methods

If not specified, reagents, culture media, and medium supplements were purchased
from Merck (Darmstadt, Germany).

2.1. Human Material

All experiments involving human materials strictly adhered to the Declaration of
Helsinki (1964) in its latest amendment and were approved by the Ethics Committee of
the University Clinic Tiibingen (541/2016BO2 approved 09.08.2016). PBMCs were isolated
from the venous blood of healthy volunteers. Blood was obtained with the signed
informed consent of the donors.

2.2. Isolation nf Peripherai Blood Mononuclear Cells (PBMCs)

PBMCs were isolated from fresh EDTA blood. Venous blood was collected in EDTA
tubes (S-Monovette, Sarstedt, Sarstedt, Germany) and directly used for density gradient
centrifugation. A total of 6 mL of blood was carefully layered on 6 mL of Lympholyte-
poly Cell Separation Medium (Cedarlane, Burlington, ON, Canada). Samples were
centrifuged for 35 min at 500 g without a break at room temperature. The PBMC (upper)
layer was transferred to a new tube. After washing twice with PBS, the cells were counted
and seeded at a concentration of 5 x 10° cells/mL in an RPMI 1640 medium with 2%
autologous plasma [28]. Experiments were performed at 37 °C (5% CO2, humidified
atmosphere).

2.3. ELF-PEMF Device and Exposure

The ELF-PEMF devices (Somagen®, Sachtleben Gmbl, Hamburg, Germany) are
medical devices certified according to European law (CE 0482, compliant with EN ISO
13485:2016 + EN 1SO 14971:2012). The device generates an AC magnetic field, here ELF-
PEMF, via applicators (coils). Furthermore, the applicators distort the local earth magnetic
DC-field, yielding inhomogeneous DC-field conditions [25]. In this study, 22 ELF-PEMF
conditions have been tested in a blinded manner. The 22 ELF-PEMF all have a similar
intensity (with a magnetic field amplitude between 6 and 282 uT at 6 mm above the
applicator) but different fundamental frequencies, emitted in different pulse burst
patterns (pulses in send—pause intervals) [14]. The two ELF-PEMFs identified to modulate
macrophage function have fundamental frequencies close to each other (field A: 51.8 Hz
and field B: 52.3 Hz) but differ in their pulse burst pattern. The daily ELF-PEMF exposure
was 7 or 30 min. Unblinding of the ELF-PEMF conditions was done after all experiments
were finished and evaluated.
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2.4. Western Blot

PBMCs were lysed in an ice-cold RIPA buffer (50 mM TRIS, 250 mM NaCl, 2% NP40,
25 mM EDTA, 0.1% SDS, 0.5% DOC, and protease/phosphatase inhibitors: 1 pg/mL
Pepstatin, 5 ug/mL Leupeptin, 1 mM PMSE, 5 mM NaF, and 1 mM NasVOu). The lysate
was centrifuged (14,000 xg, 10 min) to remove cell debris. Protein concentration was
determined by micro-Lowry; 25 pg of total protein were separated by SDS-PAGE (10%
acrylamide-bisacrylamide gels, 100 V, 180 min) then transferred to nitrocellulose
membranes (100 mA, 180 min). Ponceau staining was used to confirm protein separation
and transfer; 5% BSA was used to block unspecific binding sites. Then, membranes were
incubated with primary antibodies against CD86, Arginase 1 (sc-28347, sc-20150 from
Santa Cruz Biotechnology, Heidelberg, Germany), phospho-Statl (7649 from Cell
Signaling Technologies, Danvers, MA, USA), and GAPDH (G9545 from Sigma-Aldrich,
Munich, Germany) diluted in TBST, overnight at 4 °C. The following day, the membranes
were incubated with the corresponding HRP-labeled secondary antibodies (1:10,000 in
TBST) for 2 h at room temperature. After washing, target proteins were visualized with
an enhanced chemiluminescent (ECL) substrate solution (1.25 mM Luminol, 0.2 mM p-
Coumaric acid, 0.03% H20z in 100 mM TRIS, pIH = 8.5), and the chemiluminescent signals
were detected with a CCD camera. Signal intensities were quantified using Image]
software [25].

2.5. DCFH-DA Assay

Oxidative stress was detected using a 2/, 7'-dichlorofluorescein diacetate (DCFH-DA)
assay, detecting different reactive oxygen species. Freshly isolated PBMCs were incubated
with 10 uM DCFH-DA for 25 min at 37 °C. Cells were washed once with PBS. Then cells
were exposed to the ELF-PEMF, and positive control cells were stimulated with 0.001%
H:0:. For a time course of 20 min, the increase in fluorescence (ex/em = 485/520 nm) was
detected with the omega microplate reader, the slope representing an accumulation of Oz,
H:02, HO and ONOO- [29].

2.6. Human Cytokine Array C5 with Media Conditioned by PBMC Exposed to ELF-PEMFs

The human Cytokine Array C5 (RayBiotech, Peachtree Corners, GA, USA) was used
to characterize media conditioned by PBMCs. Briefly, PBMCs (5 x 10° cells/mL) were
exposed to the different ELF-PEMF then cultured for 24 h at 37 °C (5% CO», humidified
atmosphere). Cells were removed from the conditioned media by centrifugation (1,000 g,
10 min). The array was performed according to the manufacturer’s instructions.
Chemiluminescent signals were detected with the ChemoCam and quantified using
Image] software. The data were normalized to the internal controls [28].

2.7. Culture and Differentiation of SCP-1 Cells

This study used the human immortalized mesenchymal stem cell line SCP-1, kindly
provided by Professor Matthias Schieker, as an osteogenic precursor cell. The SCP-1 cells
were cultured in a-MEM medium (Gibco, Darmstadt, Germany) supplemented with 5%
fetal bovine serum (FBS) in a water-saturated atmosphere of 5% CO: at 37 °C. The
osteogenic function was induced with a differentiation medium (a-MEM medium
supplemented with 1% FBS, 200 uM L-ascorbate-2-phosphate, 5 mM p-glycerol-
phosphate, 25 mM HEPES, 1.5 mM CaCly, and 100 nM dexamethasone) mixed 1:1 with a
conditioned medium from ELF-PEMF exposed PBMCs. The SCP-1 cells themselves were
not exposed to the ELF-PEMF.

2.8. Cell Migration Assay

Cell migration was evaluated using the cell migration assay kit (tebu-bio GmbH,
Offenbach, Germany). Sterilized stoppers were placed in 96-well plates before seeding the
SCP-1 cells at a concentration of 4 x 10° cells/mL. After 24 h, the stoppers were removed from
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the wells, and the cells were washed 3 times with PBS. Then, the growth medium and
conditioned medium from ELF-PEMF exposed PBMCs were added in a 1:1 ratio.
Immediately, an image was taken with the microscope to document the time point 0 h. After
48 h, SRB staining was perforrned for better visualization of SCP-1 cells. The "gap closure”
in the microscopic images was calculated and analyzed using Image] software [28].

2.9. Sulforhodamine B (SRB) Staining

Adherent cells were fixed with ice-cold 99% EtOH for at least 1 h at —20 °C. After
washing the plates with tap water, the cells were covered with SRB solution (0.4% SRB in
1% acetic acid) for 30 min. The unbound SRB was removed by washing with 1% acetic
acid [28].

2.10. RNA Isolation and RT-PCR

Total mRNA was isolated by phenol-chloroform extraction. The obtained mRNA
was dissolved in DEPC water. The total mRNA content was determined photometrically
(A =260nm, 280 nm, and 320 nm) with the omega microplate reader, and mRNA integrity
was confirmed using agarose gel electrophoresis. The total mRNA was converted into
cDNA using the First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Sindelfingen,
Germany) according to the manufacturers’ instructions. RT-PCR was carried out using
the 2x Red Taq Mastermix (Biozym, Oldendorf, Germany) [25]. Optimized PCR
conditions for each primer set are given in Table 1. Primers were designed with the help
of primer-BLAST with the respective gene bank accession number listed in the table.

Table 1. List of primers, their sequences, and the corresponding PCR conditions.

Target Atc:i:il:;lﬁl‘:::mber Sequence Forward Primer Sequence Reverse Primer Ta[°C] #of Cycles Ampllil:;? Slze
RPL13a NM _012423.3 ﬁ:‘?ﬂ%r'l%CACCA;%G C:ég;réi?r(é’[ 56 30 100
e FecTemen peeaneger P
Versican NM_001164098.1 g::éég?;(c:z f}iii‘i(%?gg’l(‘_ 64 35 306
Collgen 141 RVL000088 3 ST TR o o .
Fibonecin NV 0020262 S e @ w  om

2.11. Statistical Analysis

Results are presented as box plots (min. to max.) with individual data points. Each
experiment was repeated at least three times (N = 3) with a minimum of three independent
replicates (1 > 3). The exact number of biological (N) and technical replicates (1) for each
experiment is given in the figure legends. Statistical analyses were performed using the
GraphPad Prism software version 8. Data sets were compared using a non-parametric
Kruskal-Wallis test, followed by Dunn’s multiple comparison test. A p-value below 0.05
was considered statistically significant.

3. Results

3.1. ELF-PEMTFs Exposure Modulates Macrophage Differentiation.

In this study, the effect of 22 different ELF-PEMFs on macrophage activity was
screened in a blinded manner in a two-step procedure. The ELF-PEMFs had comparable
intensities but different fundamental frequencies ranging from 3.3 Hz to 90.60 Hz, emitted
in pulses or bursts in send—pause intervals (pulse burst pattern). In the first screening step,
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freshly isolated PBMCs were activated with 200 nM PMA and directly exposed to the
different ELF-PEMFs for 7 min each. After 24 h, activation of macrophages was judged by
attaching the cells to culture plastic. Furthermore, a possible effect of the macrophage
conditioned medium on SCP-1 cell migration was considered (Figure 1). The number of
ELF-PEMFs was reduced to four in a second screening step, and a second duration of
exposure (30 min) was added for each. Of the four ELF-PEMF (blinded), two ELF-PEMFs
(termed A and B) showed opposing effects on macrophage function and were therefore
turther investigated for unblinding.

In the screening, two ELF-PEMF were included, which showed positive effects on
osteoblast function [15,25,29] and osteoclast function in earlier studies [16]. These two
ELF-PEMF, however, did not seem to affect macrophages in our setting.

A cell attachment as sign of macrophage activation

40

20

[% change due to
ELF-EMF exposure]
o

-20

1'2 3/4 56 7 8 91011121314 15 16 17 18 19 20 21 22

=}

Migration of SCP-1 cells conditioned medium from PBMCs

607
5
= 3 404
g
;c 7 204
55 o
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1234567 891011121314151617 1819 2021 22
“Field B” “Field A”
16 Hz ELE-PEMF 26 Hz ELE-PEMF
reported to support reported to stimulate
osteoblast function osteoclast function

Figure 1. Screening of 22 different ELF-PEMF on macrophage function. Freshly isolated PBMCs (N
=7) were stimulated with 200 nM PMA and exposed to the different ELF-PEMFs for 7 min each in
a blinded manner. (A) After 24 h, cell attachment was determined by Hoechst 33342 staining, and
(B) conditioned medium was collected and added (1:1) to SCP-1 cells in a migration assay. The ELF-
PEMF effects are displayed as fold of control (without ELF-PEMF exposure). After unblinding, field
#2 was identified as the ELF-PEMF, which showed positive effects on osteoblast function in earlier
studies [15,25,29] and field #4 was identified as the ELF-PEMF, which additionally stimulated
osteoclast function in earlier studies [16]. Fields #3, #7, #15, and #20 were further investigated, of
which #7 and #15 showed diverse effects on macrophage function—termed field A and field B in
the following experiment.

As previously described, freshly isolated PBMCs were activated with 200 nM PMA
and directly exposed to the two ELF-PEMFs for 7 min or 30 min each. After 24 h, cells
were lyzed, and markers of pro-and anti-inflammatory macrophages were detected by
Western blot (Figure 2). Exposure to field A significantly increased the protein levels of
phosphorylated Stat1 (2.9-fold with p =0.0084/2.8-fold with p =0.0396) and CD86 (2.0-fold
with p = 0.0013/1.6-fold with p = 0.0193), which are markers for pro-inflammatory
macrophages (Figure 2B,C). Inversely, exposure to field B significantly increased (2.6-fold
with p = 0.0027/2.5-fold with p = 0.0034) the protein levels of Arginase I, a marker for anti-
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inflammatory macrophages, known to support healing processes (Figure 2D).
Interestingly, extending the exposure time from 7 min to 30 min could not increase the
observed effect.
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‘”lTT +

A 7 min 30 min
Caul A B Cul A B

phosho-_ | _ T e =
Statl 3':
2
=
e B
£
2 . a—_Control
Arginase | | — v : @ o ENTE
- C
GAm.| s, | 7 30 minAxposise
field A field B
C CD86 levels D Arginase I levels
5 10

4

= wlo EMF

Arginase |
[fold of control]
= o o
;_n_n_q i

. q— control
w/o EMF
o 0
—_—_
7 30 7 30 minexposure 7 30 7 30 minexposure

field A field B field A field B

Figure 2. Macrophage differentiation is altered after single exposure to ELF-PEMFs. Freshly isolated
PBMCs were exposed to the two ELF-PEMFs for 7 min or 30 min, respectively. After 24 h, markers
of pro-and anti-inflammatory macrophages were detected by Western blot. (A) Representative
Western blot images. All uncropped Western blot images are shown in Supplementary Figure S1.
(B,C) As markers of pro-inflammatory macrophages, protein levels of phosphorylated Statl and
CD86 were determined. (D) As markers of anti-inflammatory and pro-healing macrophages,
protein levels of Arginase I were determined. N =7, n = 3. Data were compared by non-parametric
Kruskal-Wallis test, followed by Dunn’s multiple comparison test: * p < 0.05, and ** p < 0.01 as
compared to control cells without ELF-PEMF exposure.

3.2. Exposure to Field A Leads to the Formation of Intracellular Reactive Oxygen Species (ROS).

As a marker of inflammation, intracellular ROS levels were detected. It can already
be determined that 7 min exposure to field A, but not exposure to field B, significantly
increased the amount of intracellular ROS (1.4-fold with p = 0.0004) in freshly isolated
PBMCs activated with 200 nM PMA (Figure 3).

DCFH-DA assay

ok

1.2:
1.0qeweeersnesssrnnsanion . — control

wlo EMF

RCS formation
[fold of control

e
field A field B

Figure 3. Intracellular ROS levels were regulated after single exposure to ELF-PEMFs. To detect
intracellular reactive oxygen species (ROS), cells were incubated with a DCFH-DA probe before
exposure to the ELF-PEMFs for 7 min. Produced ROS was quantified by the green fluorescence
formed. N = 6, n = 3. Data were compared by non-parametric Kruskal-Wallis test, followed by
Dunn’s multiple comparison test: *** p < 0.001 as compared to control cells without ELF-PEMF
exposure.
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3.3. Field A and Field B Diversely Regulate the Secretion of Cytokines, Growth Factors, and
Chemokines by Macrophages.

The paracrine effect of macrophages on neighboring cells, e.g.,, mesenchymal
stem/stromal cells (MSCs) and other immune cells in the fracture site, is essential for the
healing outcome [4]. Freshly isolated PBMCs were activated with 200 nM PMA and
directly exposed to the two ELF-PEMFs for 7 min or 30 min each. After 24 h, cells in the
conditioned medium were collected, and secreted factors were detected with the human
Cytokine Array C5 (RayBiotech, Peachtree Corners, GA, USA). The resulting heat maps
show that exposure to field A and field B diversely regulated the secretion of cytokines,
growth factors, and chemokines in the macrophages. Many important pro-inflammatory
cytokines, e.g., interleukin-1 beta (IL-1p), IL-3, interferon-gamma (IFN-y), or Oncostatin
M (OSM), were elevated in a conditioned medium from macrophages that were exposed
to field A (Figure 4A). Inversely, many anti-inflammatory cytokines, e.g., IL-10,
transforming growth factor-beta (TGF-f) isoforms, insulin-like growth factor (IGF), and
their binding proteins (IGFBPs), were elevated in conditioned medium from macrophages
that were exposed to field B (Figure 4A,B). Including angiogenin, these factors secreted by
macrophages after exposure to field B have been reported to enhance regeneration during
tissue repair [3]. Similar to the cytokines and growth factors, secretion of chemokines was
selectively induced upon exposure to filed A and B (Figure 4C), which may affect cell
invasion into the injury site. Interestingly, prolonging the exposure time from 7 min to 30
min seemed to intensify the observed effect.

THPO
control 7 30 7 30 minexposure control 3 7 30 minexposure control 7 30 7 30 minexposure
wlo EMF field B wlo EMF ™ fild A field B

wio EMF ~ field A field B

[ Il

2 1

0 1 2

[fold of mean]

Figure 4. Cytokines, growth factors and chemokines secreted by PBMCs after exposure to the ELF-
PEMFs. Freshly isolated PBMCs (N = 5) were stimulated with 200 nM PMA and exposed to the two
ELF-PEMF for 7 min or 30 min, respectively. After 24 h, the conditioned medium was collected,
pooled and analyzed (n = 3) for secreted factors using the human Cytokine Array C5 (RayBiotech,
Peachtree Corners, GA, USA). Data were normalized with the standard score (z-score) method. Data
are presented as heat maps: (A) Heat map of cytokines related to immune function and
inflammation; (B) Heat map of cytokines and growth factors involved in repair and healing
processes; and (C) Heat map of chemokines.

3.4. Factors Secreted by Macrophages Exposed to the Two ELF-PEMF Stimulated Migration of
SCP-1 Cells

To investigate how the ELF-PEMF induced alterations in the macrophages cytokine
secretion affect migration of MSCs, a migration assay with SCP-1 cells (immortalized
human bone marrow-derived MSCs [30]) was performed (Figure 5). For the entire
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migration phase (48 h), a macrophage conditioned medium (1:1 ratio) was added to the
SCP-1 cells. Cells invading into the migration zone were visualized with SRB staining, and
“gap closure” was determined with the help of Image] software. The quantitative results
indicated that conditioned medium from macrophages exposed for 7 min to field B
already promoted the migration of SCP-1 cells (1.7-fold with p = 0.0390). In line with the
data from the human Cytokine Array C5 conditioned medium from macrophages
exposed for 30 min to field B, had even stronger effects on the migration of SCP-1 cells
(1.7-fold with p = 0.0050). In contrast, the presence of conditioned medium from
macrophages exposed to field A failed to significantly promote migration of SCP-1 cells
(1.5-fold with p = 0.0731 and 1.5-fold with p = 0.0902).

A control B " "
w/o EMF A B migration assay
| | 80 £
£ o *
o
§o [T
< ¥ - trol
'_: PRESEININ _E'NI ol
& 20 w/o EMF

homs. e R T
7 30 7 30 minexposure
field A field B

Figure 5. Migration of SCP-1 cells cultured with conditioned medium from macrophages exposed
to the ELF-PEMFs. Freshly isolated PBMCs (n = 5) were stimulated with 200 nM PMA and exposed
to the two ELF-PEMF for 7 min or 30 min, respectively. After 24 h, a conditioned medium was
collected and added (1:1) to SCP-1 cells in a migration assay. (A) Representative images of the
migration assay after 48 h. Cells invading the migration zone were visualized by Sulforhodamine B
staining. (B) The uncovered area in the migration zone was measured with Image] software to
quantify the migration assay. Data were compared by non-parametric Kruskal-Wallis test, followed
by Dunn’s multiple comparison test: * p < 0.05 and ** p < 0.01 as compared to control conditions
(without ELF-PEMF exposure).

3.5. Conditioned Medium from Macrophages Exposed to Field B Induced Extracellular Matrix
Formation in SCP-1 Cells

Directly upon invasion into the tissue, MSCs start producing extracellular matrix
components. A well-organized matrix formation at an early stage decides the outcome of
tissue regeneration. To investigate this aspect, SCP-1 cells were cultured in the presence
of the different macrophage conditioned media for 1 week. Then, the gene expression of
matrix proteins collagen 1A1, fibronectin, biglycan, and versican, was evaluated (Figure 6A).
Results showed that the conditioned medium from macrophages exposed to field A did
not affect the expression of collagen 1A1, fibronectin, biglycan, and versican. In contrast, the
conditioned medium from macrophages exposed to field B induced expression of collagen
1A1 (2.2-fold with p < 0.0001), fibronectin (1.3-fold with p = 0.0106), and biglycan (1.7-fold
with p = 0.0004), however, mostly with the shorter ELF-PEMF exposure (7 min not 30 min).
Similarly, the expression of versican was not affected in SCP-1 cells cultured in the
presence of a conditioned medium from macrophages exposed to field B (Figure 6B-D).
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Figure 6. Gene expression of matrix proteins in SCP-1 cells cultured with conditioned medium from
macrophages exposed to the ELF-PEMFs for 1 week. Freshly isolated PBMCs (1 = 5) were stimulated
with 200 nM PMA and exposed to the two ELF-PEMF for 7 min or 30 min, respectively. After 24 h,
the conditioned medium was collected and added (1:1) to differentiate SCP-1 cells. (A)
Representative images of the RT-PCR. All uncropped agarose gel images are shown in
Supplementary Figure 52. Image] software was used to quantify signal intensities of (B) collagen 1A1
(Col1A1); (C) fibronectin (FN1); (D) biglycan (BGN); and (E) versican (VCAN). RPL13a was used as a
housekeeping gene for normalization. Data were compared by non-parametric Kruskal-Wallis test,
followed by Dunn’s multiple comparison test: * p < 0.05 and *** p < 0.001 as compared to control
conditions (without ELF-PEMF exposure).

4. Discussion

Bone marrow is the major reservoir for immune cells in the human body, playing a
crucial role in the innate immune response [31]. Locally, bone cells and immune cells
tightly communicate and cooperate to form an ‘osteoimmune micro-environment’ [32].
Immediately after a bone is fractured, disruption of blood vessels leads to the formation
of a hematoma at the injury site. Within hours to days, a large variety of immune cells,
e.g., neutrophils, monocytes, macrophages, T-cells, and others, invade the hematoma [33].
Besides the immediate pathogen defense, immune cells orchestrate the following healing
process mainly by secreting cytokines, growth factors and chemokines. Macrophages are
present throughout the entire healing process and can change their activation status upon
demand [3,4]. The high plasticity of the macrophages [9], in combination with their long
life span at the fracture site [34], identifies macrophages as possible target cells when
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attempting to temporally modulate the osteoimmune micro-environment for therapeutic
purposes, i.e., when exploring the effects of different ELF-PEMFs.

In our blinded screening, we identified two ELF-PEMF that have diversely affected
macrophage function. Unblinding revealed that the fundamental frequencies of these two
ELF-PEMF are very close to each other, namely 51.8 Hz for field A and 52.3 Hz for field B.
In literature, another 50 Hz ELF-PEMF induced anti-oxidative defense mechanism in LPS
challenged THP-1 cells (mononuclear), thus initiating an anti-inflammatory reaction often
associated with the M2 phenotype [23]. Yet other 50 Hz ELF-PEMFs induced ROS and thus
pro-inflammatory responses in mouse macrophages [20,21], a functional response
associated with the M1 phenotype. Similarly, another 50 Hz ELF-PEMF affected the immune
response of monocyte-derived macrophages towards pathogens by modulating, amongst
others, intracellular NO [24]. These findings are all in line with our initial assumption that
different cell types respond to a specific range of fundamental frequencies. However, this
does not explain why the two fields have opposing effects on the macrophages. In one study,
the magnetic field density of the 50 Hz ELF-PEMF was altered (0.5-1.5 mT), which had an
effect on the phagocytic activity of the macrophages [21]. This is in line with another report,
which showed increased phagocytic activity and IL-1f release in mouse macrophages
exposed to 50 Hz ELF-PEMF (1 mT) for 45 min [22]. In the latter study, ELF-PEMF exposure
also induced ROS formation in the macrophages; however, ROS formation was
independent of the chosen magnetic field density (0.05-1 mT) [22]. In our experiments, the
produced ELF-PEMFs were inhomogeneous over the Somagen® applicator; the intensities
of our two fields were similar. Their major difference between field A and field B was the
pattern in which the pulses and bursts were emitted. The so-called send-pause intervals,
suggesting that this could be a crucial factor in our experiments.

The screening also included ELF-PEMFs that have shown effects on osteoblasts (16
Hz [15,25]) and osteoclasts (26 Hz [16]) in previous studies. These two ELF-PEMFs did not
affect macrophages in our screening, further underlining the idea of a frequency
“window” for different cell types [35]. For example, the 16 Hz ELF-PEMF induced
osteoblast function in patients undergoing high tibia osteotomies. However, no effect on
osteoclast inflammatory markers was observed [36]. By changing the frequency
“window”, other cells might be addressed. This offers the possibility to target specific cells
in different pathologies. With regard to macrophages, suppress or induce inflammation
when required. An example is the two ELF-PEMF investigated here: CD86 and phospho-
Statl are two common markers for pro-inflammatory macrophages [37]. Our data show
an increase of CD86 and phospho-Stat1 after exposure of PMA-stimulated PBMCs to field
A but not after exposure to field B. Arginase I, a common marker for anti-inflammatory
macrophages, in turn, was increased after exposure of PMA-stimulated PBMCs to field B,
but not after exposure to field A. These effects were not enhanced by prolonging the
duration of the exposure. These data indicated that exposure to field A triggers
macrophages towards a pro-inflammatory phenotype. In contrast, the exposure to field B
triggers macrophages towards an anti-inflammatory and pro-healing phenotype [37].

To further investigate the proposed contrary effects of the two ELF-PEMF on
macrophages, ROS production was determined. An accumulation of ROS is frequently
observed in pro-inflammatory macrophages and is directly associated with the cells’
phagocytic activity [38,39]. In line with the previous observation, only exposure to field
A, but not field B, led to an increased accumulation of ROS in the ELF-PEMF exposec‘s
macrophages. The diverse effects of our two ELF-PEMF fields clearly showed that ELF-
PEMEF conditions are critical for the cell-specific effect. In macrophages, ROS are mainly
formed by NADPH oxidases (NOX) [39], but also as a downstream product of the TLR
signaling pathway [40]. In macrophages, NOX2-dependent mitochondrial ROS have
direct antimicrobial activity, while ROS generated by several other NOX enzymes are
supposedly involved in combating infections with protozoan parasites. Whether ROS
regulate inflammatory responses of macrophages seems to be dependent on factors, e.g.,
type and cellular localization of the ROS and the respective stimuli [41,42]. It was
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described that stimulation via TLRs leads to an increase in mitochondria-derived ROS
(mtROS), mainly Oz, produced by complex I and Il and its downstream product H20:.
Upon release into the cytoplasm, mtROS caused the dimerization of the NFkB essential
modulator NEMO, subsequent activation of NFkB signaling and increased production of
inflammatory cytokines [43]. Other reports show that cytoplasmically released mtROS
may disrupt the interaction of the thioredoxin-interacting protein with thioredoxin,
favoring the assembly of the NRLP3 inflammasome and subsequent activation of caspase-
1 and related release of IL-1j3 and IL-18 [44]. These pro-inflammatory effects of mtROS are
thought to be independent of NOX2 activity [45]. In contrast, following phagocytosis,
NOX2 is activated to produce phagosomal ROS. By inactivating cathepsins L and S,
phagosomal ROS inhibits excessive proteolysis of engulfed proteins, thus supporting the
presentation of antigens by major histocompatibility complex class II molecules. These
examples show that a tightly controlled increase in cellular ROS, a condition termed
oxidative eustress [46], is an important regulator for immunological processes [47].

To verify the immune-regulatory ability of ELF-PEMFs, we performed the human
Cytokine Array C5 to identify cytokines, growth factors, and chemokines secreted by the
ELF-PEMF exposed macrophages. Compared to unstimulated (no ELF-PEMF)
macrophages, exposure to field A stimulated the secretion of pro-inflammatory cytokines
and exposure to field B stimulated the secretion of anti-inflammatory cytokines and
growth factors known to support healing processes. In contrast to the phenotypic markers,
elongation of the exposure duration from 7 min to 30 min enhanced the observed effect.
For example, secretion of IL-10, a factor promoting the formation of a bone matrix [48],
strongly increased only when macrophages were exposed for 30 min to field B. The same
holds for the TIMP1 and TIMP2-secretion of both tissue inhibitors for matrix
metalloproteinases (MMPs) was strongly upregulated when macrophages were exposed
for 30 min to field B. This is of special interest, as patients with delayed fracture healing
and non-union frequently show elevated activity of MMPs and decreased levels of TIMPs
[49]. However, timing has to be considered when considering to increase secretion of
TIMPs by exposure to field B—prolonged inhibition of MMPs, especially MMP9, was
reported to result in defective endochondral ossification, diminished ECM remodeling,
and delayed vascularization during skeletal healing [50]. This thought is fostered by the
results on osteoprotegerin. The soluble antagonist for receptor activator of NF-kB ligand
suppresses osteoclastogenesis, which is critically required in the bone remodeling phase
[51]. Interestingly, the two ELF-PEMF induce the secretion of different angiogenic factors
in macrophages. Exposure to the more anti-inflammatory field B induced factors, e.g.,
angiogenin, which besides angiogenesis, is also involved in various physiological and
pathological processes through regulating cell proliferation, survival, migration, invasion,
and/or differentiation [52]. In contrast, exposure to the more pro-inflammatory field A
stimulated macrophages to secrete factors, e.g., vascular endothelial growth factor
(VEGF). Here, the timing of the ELF-PEMF exposure seems to be critical when considering
to increase secretion of VEGF by exposure to field A-while a rapid (few days) increase in
VEGEF serum levels is desired directly after a fracture. Prolonged elevation in VEGF serum
levels is associated with delayed fracture healing and fracture non-unions [53]. A similar
curve to VEGF was reported for transforming growth factor-beta (TGF-B). A rapid
increase after fracture is required for successful fracture healing, but also its rapid decline
after a few days [54]. There are several pathologies that regulate TGF-f3 levels—chronically
elevated TGF-f levels are found in patients with chronic inflammation, e.g., patients with
diabetes mellitus, COPD, liver- or kidney- fibrosis/cirrhosis, frequently displaying
secondary osteoporosis with increased fracture risk and delayed fracture healing. One
possible reason might be a reduced sensitivity of the bone cells towards mechanical
stimulation [55]. Reduced TGF-§ levels are found, for example, in smokers, which is
associated with poor fracture healing [56]. Exposure to field B strongly increased the
secretion of all three TGF-f3 isoforms. Thus, it is feasible to use exposure to field B not only
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considering the timing of the ELF-PEMF exposure after the fracture but also the patients’
current condition and medical history.

Besides its immune-modulatory function, TGF-$ also acts as a chemokine and
induces the expression of ECM proteins [57]. Thus, it was not surprising that the
secretome of macrophages exposed to field B better stimulated migration of SCP-1 cells
than the secretome of macrophages exposed to field A. Secretome from macrophages with
the prolonged (30 min) ELF-PEMF exposure was more potent to induce SCP-1 cell
migration than secretome from macrophages with the shorter (7 min) ELF-PEMF
exposure. This can be explained by the results from the human Cytokine Array C5,
showing enhanced secretion of cytokines, chemokines and growth factors when the
duration of the ELF-PEMF exposure was prolonged.

When arriving at the fracture site, MSC ideally induces ECM synthesis, maturation,
and subsequent mineral deposition [58]. In the correct composition, the formed ECM then
provides a suitable niche for MSCs, regulates several intracellular signaling pathways,
and thus controls the proliferation and maturation of MSCs [59]. As expected from the
increased TGF-[S content in the secretome of macrophages exposed to field B, the
expression of collagen 1A1, fibronectin and biglycan was increased in SCP-1 cells.
Expression of versican showed an inverse trend, being downregulated in SCP-1 cells
cultured with secretome of macrophages exposed to field A. These results also indicate
that the shorter 7 min exposure to field B was sufficient to produce enough cytokines and
growth factors to exert a positive effect on ECM production in SCP-1 cells.

5. Conclusions

In summary, this study demonstrated that ELF-PEMFs with specific parameters
might act immune-regulatory. Using these specific ELF-PEMFs as an adjuvant treatment
to modulate the osteoimmune micro-environment at a fracture site is promising to
promote fracture healing. However, not only the individual history and thus needs of the
patients have to be considered, but also the duration and timing of the treatment have to
be critically controlled. An ability to online measure the relevant factors, e.g., by suitable
sensors and analytics, and then modify the ELF-PEMF conditions accordingly could be a
future perspective to individualize care and accelerate healing, requires further research.

Supplementary Materials: The following are available online at
www.mdpi.com/article/10.3390/biocengineering8110167/s1, Figure S1: Uncropped Western Blot
Images. Western blot images shown in Figure 2A are shown inverse (black on white) as in the
manuscript. Other membranes are summarized not inverse, Figure S2: Uncropped Agarose Gel
Electrophoresis Images shown in Figure 6A and other rounds. As size marker PUCI9 was used.
Each round showing bands for Collagen 1A1 (83 bp), RPL13a (100 bp), Fibronectin (203 bp), Versican
(306 bp), Biglycan (501 bp), and Decorin genomic DNA (>500 p).
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2.2Exposure to 16 Hz Pulsed Electromagnetic Fields Protect the Structural
Integrity of Primary Cilia and Associated TGF-B 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-f3
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-B 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-B 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
| was the main person who performed the experiments and data analysis. | was
also highly involved in the design of the experiments and preparation of the original

manuscript draft.
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Abstract: Cigarette smoking (CS) is one of the main factors related to avoidable diseases and death
across the world. Cigarette smoke consists of numerous toxic compounds that contribute to the
development of osteoporosis and fracture nonunion. Exposure to pulsed electromagnetic fields
(PEMF) was proven to be a safe and effective therapy to support bone fracture healing. The aims of
this study were to investigate if extremely low frequency (ELF-) PEMFs may be beneficial to treat
CS-related bone disease, and which effect the duration of the exposure has. In this study, immor-
talized human mesenchymal stem cells (SCP-1 cells) impaired by 5% cigarette smoke extract (CSE)
were exposed to ELF-PEMFs (16 Hz) with daily exposure ranging from 7 min to 90 min. Cell via-
bility, adhesion, and spreading were evaluated by Sulforhodamine B, Calcein-AM staining, and
Phalloidin-TRITC/Hoechst 33342 staining. A migration assay kit was used to determine cell mi-
gration. Changes in TGF-f signaling were evaluated with an adenoviral Smad2/3 reporter assay,
RT-PCR, and Western blot. The structure and distribution of primary cilia were analyzed with
immunofluorescent staining. OQur data indicate that 30 min daily exposure to a specific ELF-PEMF
most effectively promoted cell viability, enhanced cell adhesion and spreading, accelerated migra-
tion, and protected TGF-§ signaling from CSE-induced harm. In summary, the current results
provide evidence that ELF-PEMF can be used to support early bone healing in patients who smoke.

Keywords: Extremely low frequency pulsed electromagnetic fields (ELF-PEMFs); mesenchymal
stem cells; bone healing; cigarette smoke extract; TGF-f signaling; primary cilium

1. Introduction

Cigarette smoking (CS) is the principal cause of avoidable disease and death across
the world in the 21+ century. According to the project summary of Special Eurobarometer
458-Attitudes of Europeans towards tobacco and electronic  cigarettes
(https://ec.europa.eu/health/tobacco/eurobarometers_en accessed on 03 February 2021.),
23% of EU residents are defined as daily smokers. The percentage of daily smokers is
especially high for southern European countries, e.g., Bulgaria (38%), Greece (42%), or
Croatia (35%). Cigarette smoke extract (CSE) consists of more than 6,000 molecular spe-
cies and toxic compounds. When applied to cells, CSE was proven to inhibit various
signaling pathways, i.a., transform growth factor  (TGF-g) [1], insulin-like growth factor
1[2], phosphoinositide 3-kinase (PI3K), and protein kinase B [3], as well as antioxidative
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enzyme activities [4]. Moreover, CS severely affects the skeletal system, contributing to
the development of osteoporosis [5], delayed fracture healing, and nonunion formation
[6], the treatment of which adds a tremendous burden to the medical expenditure and
socio-economy |[7].

Along with the growing awareness of the negative effects of CS on the skeletal
system, there is an increasing demand for effective therapies. In the recent decades, a
variety of mechanical stimuli were used to treat skeletal diseases by maintaining the
balance between osteoblastic bone formation and osteoclastic bone resorption [8]. Since
1978, pulsed electromagnetic fields (PEMFs) were recognized as a safe, non-invasive, and
effective physical treatment for bone diseases, thus received substantial attention in the
field of regenerative medicine [9]. Under physiological conditions, PEMFs will be
generated in the human body due to piezoelectric phenomena [10]. For example, the
frequency of mechanical strains caused by muscle activity is in the extremely low
frequency (ELF) range between 5 Hz and 30 Hz [11]. Theoretically, this allows
ELF-PEMFs to mimic the physiological stimulation, and thus to become a feasible
treatment for the musculoskeletal system. Indeed, screening ELF-PEMFs with
frequencies of up to 100 Hz revealed that osteoprogenitor cells respond well to the
mentioned frequency range below 30 Hz [12]. Besides frequency, which has been
investigated in earlier studies, there might be other parameters responsible for the type
and magnitude of PEMF effects in cells and tissue such as intensity and exposure timing
(duration and intervals). The latter was examined in this study. Nevertheless, research to
date has not yet revealed the detailed mechanisms of how cells sense, translate, and
transduce signals of ELF-PEMFs to regulate cellular activities.

To explore a potential mechanism, we focused on the primary cilium that is
considered as the “mechanosensing antenna” in nearly all eukaryotic cells [13]. In bone
tissue, the microtubule-based non-motile primary cilium protrudes from the membrane
of osteoblasts. It touches the inner wall of the ‘lacunae’ to sense extracellular mechanical
forces exerting on the bone tissue [14]. In response to mechanical signals, numerous
receptors are recruited to the ciliary membrane to facilitate the activation of associated
signaling pathways [15]. As a result, extracellular physical signals are sensed. For
patients who smoke daily, the structural integrity of primary cilia, and thus the
mechanosensory ability of bone cells, are damaged. This can be simulated in vitro by
applying CSE to the cells [13]. The canonical TGF-B signaling, which plays a crucial role
in early fracture healing [16], is strongly inter-dependent on the structural and functional
integrity of the primary cilia [1,17-19]. TGF-p is known to promote bone regeneration, as
it can enhance viability, proliferation, and migration of osteoprogenitor cells [20-22]. In
smokers, not only do TGF-3 levels fail to increase after trauma or orthopedic surgery
[23,24], but also the primary cilia-mediated TGF-p signaling is inhibited [1]. This is
proposed to impair the healing process. In this study, we intended to assess possible
protective effects of ELF-PEMFs on cell viability, adhesion, and migration of
immortalized human mesenchymal stem cells (SCP-1 cells) affected by CSE.
Furthermore, we assessed whether the effects relate to the structure of the primary cilia
and the associated TGF-B signaling.

2. Results
2.1. ELF-PEMFs Increased Viability and Alleviated the Negative Effects of CSE in SCP-1 Cells
Cell viability was determined in SCP-1 cells exposed to 16 Hz ELF-PEMFs for 0, 7,
30, and 90 min/day in the presence or absence of 5% CSE. As expected, CSE significantly
impaired cell viability (Calcein-AM staining) and decreased cell numbers (total protein
content). Exposure to ELF-PEMFs increased cell viability, both in the presence or absence
of the CSE. The strongest effects were observed with 30 min daily exposure to the
ELF-PEMF (Figure 1A, Figure 1B).
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Figure 1. SCP-1 cell viability is affected by 16 Hz ELF-PEMFs (0, 7, 30, and 90 min) and 5% cigarette smoke extract (CSE).
(A) Fluorescent Calcein-AM staining (2 pM, green) was used to visualize living cells, and Hoechst 33342 (2 pg/mlL, blue)
was used as nuclear counterstain. (B) Sulforhodamine B (SRB) staining was used to quantify cell numbers by total protein
content after 3 days. N = 3, n = 3. Data are presented as a box plot (Min to Max with single data points). Data were
compared by non-parametric two-way ANOVA followed by Tukey’s multiple comparison test: *** p <0.001 as indicated; *
p <0.05 #* p <0.001 as compared to the respective control (no ELF-PEMF).

2.2. SCP-1 Cell Adhesion and Spreading Are Enhanced by ELF-PEMF Exposure

Cell adhesion and spreading are important for initiating the biological function of
osteoprogenitor cells. In this study, microscopic visualization of the cytoskeleton and the
nuclei was used to observe cell adhesion and spreading when exposed to 16 Hz
ELE-PEMFs and/or 5% CSE (Figure 2A). Quantification of the number of adherent nuclei
indicated that CSE impaired cell adhesion, but 7 min and 30 min daily exposure to 16 Hz
ELF-PEMF favored cell adhesion (Figure 2B). Similarly, the mean cellular size indicated
that 7 min and 30 min daily exposure to 16 Hz ELF-PEMF facilitated cell spreading, both
in the presence or absence of 5% CSE (Figure 2C).

A no ELF-PEMF 7 min ELF-PEMF 30 min ELF-PEMF 90 min ELF-PEMF

without CSE

50 pm

50 pm

with CSE

50 um

B cell attachment C mean cell size

3004 & Control — 5500+ £ Control o
B CSE I CSE

= 2000
200
o 2 1500

1004- - =
100 100

500 kS

0 0

0 b d 30 90 0 7 30 90
ELF-PEMF exposure [min] ELF-PEMF exposure [min]

Figure 2. Influences of 16 Hz ELF-PEMFs (0, 7, 30, and 90 min) and 5% cigarette smoke extract (CSE) on SCP-1 cell adhe-
sion and spreading after 4 h. (A) Representative images (400 x magnification) of the fluorescence staining for cytoskeleton
(phalloidin-TRITC, 2 pg/mlL, red) and nuclei (Hoechst 33342, 2 ug/mL, blue). (B) Automated quantification of adherent
nuclei, and (C) the mean size of attached SCP-1 cells using the Image] software. N = 3, n = 3. Data are presented as box

50



Int. J. Mol. Sci. 2021, 22, 7036 4 of 14

plots (Min to Max with single data points). Data were compared by non-parametric two-way ANOVA followed by
Tukey’s multiple comparison test: * p < 0.05 and *** p < 0.001 as indicated; * p < 0.05, * p <0.01, and *** p < 0.001 as compared
to the respective control (no ELF-PEMF).

2.3. Exposure to ELF-PEMFs Enhances Migration of SCP-1 Cells

Migration of osteoprogenitor cells plays a crucial role in early fracture healing. To
evaluate the influences of 16 Hz ELF-PEMFs on SCP-1 cell migration, a cell migration
assay kit was used to generate a cell-free circular area (migration zone) centrally in the
cavities of 96-well plates (Figure 3A). Automated image evaluation demonstrated that 5%
CSE strongly suppressed SCP-1 cell migration, while 16 Hz ELF-PEMFs accelerated
SCP-1 cell migration both in the presence or absence of 5% CSE. The strongest effects of
the 16 Hz ELF-PEMF were observed with 30 min daily exposure (Figure 3B).

A no ELE-PEME 7 min 30 min 90 min

ELF-PEMF ELE-PEMFE ELF-PEMF el migratidn

ey

20 [ Control —
—1a{ @ CE ., =

L

without CSE

area covered by cells
[fold of conty

5k

with CSE

0  § 30 90
ELF-PEMF exposure [min]

Figure 3. Migration of SCP-1 cells is affected by 16 Hz ELF-PEMFs (0, 7, 30, and 90 min) and 5% cigarette smoke extract
(CSE). (A) Sulforhodamine B (SRB) staining was performed to better visualize cells invading into the migration zone
(dotted circle) after 72 h. (B) SCP-1 cell migration was quantified using the Tmage] software. N = 4, n = 2. Data are
presented as a box plot (Min to Max with single data points). Data were compared by non-parametric two-way ANOVA
followed by Tukey’s multiple comparison test: * p < 0.05 and *** p < 0.001 as indicated; * p < 0.01 and ** p < 0.001 as
compared to the respective control (no ELF-PEMF).

Overall the positive effect of the 16 Hz ELF-PEMF on SCP-1 cell viability, adhesion,
spreading, and migration also displayed a positive effect on the osteogenic
differentiation (Supplementary Figure 1). In line with earlier publications [12,25], daily
exposure to 16 Hz ELF-PEMF induced alkaline phosphatase (ALP) activity and formation
of mineralized matrix in SCP-1 cell. Prolonging the duration of the daily exposure from 7
min to 30 min, but not to 90 min, further enhanced the positive effect of the 16 Hz
ELF-PEMF on the SCP-1 cells. The 30 min daily exposure to the 16 Hz ELF-PEMF was
sufficient to reverse the well-known negative effect that continuous stimulation with 5%
CSE has on SCP-1 cells [1,4,13].

2.4. ELF-PEMF Exposure Intensified TGF-f Signaling in SCP-1 Cells

TGF-p is a key factor favoring the migration of osteoprogenitor cells [22]. As
exposure to 16 Hz ELF-PEMF induced SCP-1 cell migration, potential alterations in
TGF-f signaling were investigated. Functional, canonical (Smad2/3) TGF-f signaling was
quantified using an adenoviral reporter assay. As expected, medium supplementation
with 5 ng/mL recombinant human TGF-f activated Smad2/3 signaling in SCP-1 cells. The
presence of 5% CSE significantly reduced this effect. Exposure to the 16 Hz ELF-PEMFs
intensified the TGF-f signaling by 50 to 60%, both in the presence or absence of 5% CSE.
Significant results were observed again for 30 min daily exposure with the 16 Hz
ELF-PEMF (Figure 4A); therefore, this condition was used for all further experiments.

Interestingly, a Western blot revealed that the amount of total Smad2 and Smad3
phosphorylated was only affected in the presence of 5% CSE and not by exposure to the
16 Hz ELF-PEMF. However, the basal levels of Smad2 and Smad3 were significantly re-
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@

relative protein levels [1]

duced in the presence of 5% CSE. A period of 30 min exposure to 16 Hz ELF-PEMF sig-
niticantly increased cellular levels of Smad2 and Smad3 (Figure 4B, Figure 4C)

As expected, SCP-1 cell migration was accelerated in presence of 5 ng/mlL TGF-f.
The addition of TGF-f5 alone was not able to restore the SCP-1 cell migration impaired by
5% CSE. However, an additional 30 min daily exposure to 16 Hz ELF-PEMF fortified the
positive effect of TGF-(, to fully restore the SCP-1 cell migration suppressed by 5% CSE
(Figure 4D).
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Figure 4. Canonical (Smad2/3) TGF-f signaling affected by 5% cigarette smoke extract (CSE) is fortified by exposure to
the 16 Hz ELF-PEMFs. (A) An adenoviral reporter assay was used to quantify canonical (Smad2/3) TGF-f signaling in
SCP-1 cells exposed to 5 ng/mL TGF-B, 5% CSE, and/or the 16 Hz ELF-PEMFs (0, 7, 30, 90 min daily exposure) for 72 h.
Western blot was used to confirm phosphorylation of Smad2 and Smad3 in the cells with 30 min daily exposure to the 16
Hz ELF-PEMF. (B) Representative image of the Western blot. (C) Signal intensities were quantified with the Image]
software and the ratio of phosphorylated-Smad2 to Smad2 and phosphorylated-Smad3 to Smad3 were determined. (D)
SCP-1 cell migration was determined using the cell migration assay kit. Cells invading the migration zone were
quantified using the Image]J software. N = 3, n = 3. Data are presented as box plots (Min to Max with single data points).
Data were compared by non-parametric two-way ANOVA followed by Tukey’s multiple comparison test: * p <0.05, ** p <
0.01, and *** p < 0.001 as indicated; * p < 0.01 and *** p < 0.001 marking the ELF-PEMF effect.

2.5. ELF-PEMF Exposure Reversed CSE-Mediated Changes in Smad2, -3, and -7 Expression

In line with the Western blot results, gene expression of both Smad2 and Sinad3 was
significantly reduced in SCP-1 cells exposed to 5% CSE. The 30 min daily exposure to 16
Hz ELF-PEMF did not significantly affect the basal expression levels of Smad2 and Smad3,
but restored their expression in presence of 5% CSE (Figure 5A-C). As a regulator for
TGF-B signaling, the expression levels of Smad7 were also determined. SCP-1 cells
exposed to 5% CSE showed higher expression of the inhibitory Smad7. The 30 min daily
exposure to 16 Hz ELF-PEMF did not alter the basal expression level of Smad7, but sig-
nificantly reduced Smad7 expression in presence of 5% CSE (Figure 5D).
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Figure 5. Gene expression of Smads is affected by exposure to 5% cigarette smoke extract (CSE) and 16 Hz ELF-PEMFs for
30 min daily for 3 days. (A) Representative RT-PCR images. Signal intensities were quantified with the Image] software.
Expression of (B) Smad2, (C) Smad3, and (D) Smad7 was normalized to RPL13 (house-keeping gene). N =3, n = 3. Data are
presented as box plots (Min to Max with single data points). Data were compared by non-parametric two-way ANOVA
followed by Tukey’s multiple comparison test: * p <0.05 and ** p < 0.01 as indicated.

2.6. The Structural Integrity of Primary Cilia Is Related to the Protective Effects of 16 Hz
ELF-PEMFs

The primary cilium functions as the “antenna” in cells that can sense extracellular
physical stimuli, e.g., ELF-PEMFs. During osteogenic differentiation, SCP-1 cells form
primary cilia structures. The morphology and distribution of primary cilia were
determined by the immunofluorescence staining (Figure 6A). Image analysis revealed
that supplementing the differentiation medium with 5% CSE caused a significant drop in
the amount of ciliated SCP-1 cells and a significant decrease in the average length of the
primary cilia. A 30 min daily exposure for 5 days to 16 Hz ELF-PEMF significantly
increased the number of ciliated cells and the length of the primary cilia, both in the
presence or absence of the CSE (Figure 6B, Figure 6C).

>
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Figure 6. The structural integrity of primary cilia is affected by exposure to 5% cigarette smoke extract (CSE) and rescued
by exposure to 16 Hz ELF-PEMFs for 5 days and 30 min daily. (A) Primary cilia were visualized by immunofluorescence
staining for acetylated tubulin (green). Nuclei were counterstained with Hoechst 33342 (blue). Fluorescent images were
analyzed with the Image] software, to determined (B) the amount of ciliated cells in percent and (C) the length of the
primary cilia. N = 3, n = 3. Data are presented as box plots (Min to Max with single data points). Data were compared by
non-parametric two-way ANOVA followed by Tukey’s multiple comparison test: *** p < 0.001 as indicated.

53



Int. J. Mol. Sci. 2021, 22, 7036

7 of 14

3. Discussion

TGF-{ is a key factor regulating the early phases of bone regeneration. The absence
of the rise in TGF-§ levels following a fracture is associated with a delayed or even
impaired healing process [16]. It has been reported that smokers lack the rise in TGF-$
levels expected following a fracture or orthopedic surgery [23,24]. Furthermore, CS was
reported to harm the structural integrity of primary cilia by increasing oxidative stress
[13], which in turn affects TGF- signaling [1,18,19]. The data presented here provide
evidence that exposure to 16 Hz ELF-PEMFs protects the structural integrity of the
primary cilia and thus rescues TGF-f signaling in osteoprogenitor cells harmed by CSE.
This way, 16 Hz ELF-PEMFs may support the early phases of bone regeneration. This is
supported by a rodent study showing impaired fracture healing in mice with
non-functional primary cilia [26]. In addition, a recent study showed that exposure to
sinusoidal EMFs protected the rise in primary cilia structure and thus enhanced bone
mineral density in rats, an effect attributed to the activation of BMP and Wnt signaling
[27].

For almost half a decade, PEMFs were used in clinical settings to support bone
regeneration. Addressing a complex repair process involving many components acting at
different phases or time points, it has been a challenge to optimize PEMF exposure
parameters (i.e, frequency of field, intensity of field, timing, and duration).
Consequently, the physical parameters of the applied PEMFs varied on a large scale [9].
Despite being recognized as a safe and non-invasive physical treatment for bone diseases,
the application of PEMFs could not yet be fully established in the clinical routine [28].
The present study utilized ELF-PEMFs with a fundamental frequency of 16 Hz (more
details given in the Materials and Methods section). A screening approach identified
ELE-PEMFs in this frequency range to best support the viability and differentiation of
osteoprogenitor cells [12]. The effectiveness of the ELF-PEMF was confirmed in further
studies, both in vitro and in vivo [25,29]. Comparing the effect on bone formation in this
in vivo study [29] with other studies that used 4- to 200-times longer daily exposures
revealed that increasing the exposure duration may enhance the observed effects [9].
Thus, in the present study, exposure duration was varied at first. Increasing the daily
exposure from 7 min to 30 min could further improve viability, adhesion, spreading, and
migration of SCP-1 cells. However, further elongation of the daily exposure duration
reduced the observed positive effect of 16 Hz ELF-PEMF exposure on SCP-1 cells. It has
been reported that repetitive exposure to this specific 16 Hz ELF-PEMF, induced
anti-oxidative defense mechanisms in osteoprogenitor cells by formation of reactive
oxygen species (ROS) [25]. Tt is possible that prolonged exposure to the 16 Hz ELF-PEMF
causes an accumulation of ROS that becomes detrimental when reaching a certain level.

This is of special interest when this ELF-PEMF shall be used to support bone healing
in patients with an already increased oxidative stress level, e.g., smokers. In vitro
exposure to CSE significamtly increases ROS levels in osteoprogenitor cells, affecting the
cells” viability and function [4]. The viability, adhesion, spreading, and migration of
osteoprogenitor cells are crucial for initiating bone regeneration after injury. Our data
show that exposure to 5% CSE, which simulates smoking 10 cigarettes per day,
significantly reduced the viability, adhesion, and migration of SCP-1 cells. Exposure to
the 16 Hz ELF-PEMF improved the viability, adhesion, spreading, and migration of
CSE-exposed SCP-1 cells. Daily exposure of 7 min (16 Hz ELF-PEMF) was sufficient to
abrogate the damaging effects of the CSE exposure, when compared to control
conditions. Daily exposure of 30 min (16 Hz ELF-PEMF) further ameliorated the effect,
reaching levels above the control cells. Comparing the 16 Hz ELF-PEMF effects between
the CSE and control group revealed that a longer duration of exposure was more
effective in the control group. This might be another hint that prolonging the exposure
time can cause accumulation of ROS, which more quickly reaches a threshold under
stress conditions, e.g., with CSE.
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As a possible regulatory mechanism, how CSE inhibits osteogenic function,
CSE-dependent destruction of the cells” primary cilia was described [13], which impairs
TGF-f signal transduction [1]. The importance of primary cilia for TGF-$ signal
transduction is highlighted with an in vivo study, which showed impaired fracture
healing in mice lacking functional primary cilia in osteoprogenitor cells [30]. However,
there are reports suggesting that PEMF therapy requires functional primary cilia on
osteogenic cells to exert their effects [31,32]. The primary cilium is covered by many
receptors required for initiating cell signaling [33,34]. PEMF exposure not only increases
expression of such receptors, but also initiates their localization at the base of the primary
cilium [31]. The pocket surrounding the base and proximal part of the primary cilium is a
site for clathrin-dependent endocytosis, reported to regulate TGF-p signaling. The
localization of the TGF-f receptors to the endocytotic vessels was reported to activate
Smad2/3 and ERK1/2 (extracellular signal-regulated kinases 1 and 2) signaling at the
ciliary base [18]. Our data show that SCP-1 cells with CSE-damaged primary cilia still
respond to the 16 Hz ELF-PEMF exposure. It is described that primary cilia adapt their
length in response to mechanical stimuli, which atfects the mechanosensitivity of the
cells. While the loss of primary cilia integrity is associated with reduced cell signaling
[1,33], the lengthening of the microtubuli is reported to enhance cellular
mechanosensitivity [35]. Our data revealed that exposure to 16 Hz ELF-PEMF elongated
the primary cilia structures both in the presence or absence of the CSE. Therefore,
enhanced cell signaling following the physical stimuli is expected.

TGF-{ is robustly released from the bone matrix immediately after the bone fracture
happens [36]. A temporal increase in TGF-B serum levels following a fracture is
associated with successful fracture healing [16]. It has been reported that smokers lack
this increase in TGF-p serum levels following a fracture or orthopedic surgery [23,24],
which is thought to contribute to the delayed fracture healing in these patients. Thus,
there is evidence that smokers with a fracture not only lack the required increase in
TGF-f serum levels, but also that their osteoprogenitor cells may not adequately respond
to the growth factor. In our experiment, exposure to CSE decreased the expression of
Smad2 and Smad3. Consequently, less Smad2 and Smad3 were phosphorylated. Exposure
to CSE significantly lowered the ratio of phosphorylated Smad3 to Smad3, suggesting
that CSE inhibits TGF-f3 signaling not only by inhibiting the expression of the regulator
Smads, but also upstream before the phosphorylation of Smad3. The latter could be
related to the structural integrity of the primary cilia, which regulate clathrin-dependent
endocytosis reported to promote TGF-B-induced activation of Smads and transcriptional
responses [37,38].

Several studies described that exposure to PEMFs significantly increases the
expression of TGF-B in osteogenic cells both in vitro and in vivo [39]. However, little is
known about the underlying mechanisms. One study proposed that increased expression
of TGF- in PEMF-treated MSCs is facilitated by an increase in miRNA-21, which
suppresses the expression of the inhibitory Smad7 [40]. This could explain our findings,
which show decreased expression of Smad7 in SCP-1 cells exposed to 16 Hz ELF-PEMFs.
Other well-reported target genes of miRNA-21 include TGFfR, the PI3K inhibitor PTEN,
and the ERK1/2 inhibitor Spry [41]. The latter is in accordance with our finding that the
positive effect of 16 Hz ELF-PEMF stimulation on osteoprogenitor cells requires
activation of ERK1/2 signaling [12].

4. Materials and Methods

If not cited differently, chemicals, media and medium supplements were purchased
from Sigma-Aldrich, which is now part of Merck (Darmstadt, GER).

4.1. Cell Culture

The human-immortalized mesenchymal stem cell line SCP-1 was used in this study.
SCP-1 cells were provided by Professor Matthias Schieker. SCP-1 cells were cultured in
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a-MEM medium (Gibco, Darmstadt, Germany) supplemented with 5% fetal bovine se-
rum (FBS) in a water-saturated atmosphere of 5% CO: at 37 °C. For osteogenic differen-
tiation, SCP-1 cells at a confluence of 90% were cultured in an osteogenic differentiation
medium (a-MEM medium supplemented with 1% FBS, 200 uM L-ascorbate-2-phosphate,
5 mM B-glycerol-phosphate, 25 mM HEPES, 1.5 mM CaClz, and 100 nM dexamethasone).
The culture medium was changed twice a week.

4.2. ELF-PEMF Device and Exposure

The ELF-PEMF devices (Somagen®), provided by the Sachtleben GmbH (Hamburg,
Germany), are medical devices certified according to European law (CE 0482, compliant
with EN ISO 13485:2016 + EN ISO 14971:2012). The ELF-PEMFs applied in this study have
a fundamental frequency of 16 Hz and an intensity of 6-282 uT (B field amplitude 6 mm
above the applicator), which is emitted as groups of pulses (bursts) in sending-pause
intervals [12]. The daily ELF-PEMF exposure was 7, 30, or 90 min.

The device applicators distort the local earth magnetic field due to a magnetic foil in
the panels. This leads to an inhomogeneous local earth magnetic field (DC), which
superpositions with the alternating magnetic field (AC) of the applicator coil. The AC
field corresponds here to the ELF-PEMF. The magnetic field is defined by

EDE =: (BDC.::: BDC,y: Bnc,z)T (1)
b . b B - T
By (7, t) = (BAC.J((T' ), By (7, ), Bac , (T, f)) (2)
which leads to the total magnetic field

Byotat(Ft) = Bpe + Bac (7 8), (3)

which is finally exposed to the cells.
The AC magnetic field of the applicator coil shows a common dipole characteristic
and vanishes very fast with distance (Figure 7).
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Figure 7. The AC magnetic field distribution of the applicator coil for all 3 directions and the absolute field approximately
4 mm above the coil. Heat maps summarize the distribution of the magnetic flux density: (A) Bx component, (B) By
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component, (C) B: component, and (D) absolute IBI. The measurement was taken with the recalibrated 3 axes PNI
RM3100 sensor for a constant current (I = 0.1A) after subtracting the local earth magnetic field (I =0A).

4.3. Cigarette Smoke Extract (CSE) Preparation

To generate the CSE, the smoke of cigarettes (Marlboro, Philip Morris, New York,
NY, USA) was bubbled through a plain a-MEM culture medium at a speed of 100
bubbles/min. The concentration of the CSE solution was evaluated photometrically at 320
nm. An optical density (OD) of 0.7 was considered as 100% CSE. After being filtered and
mixed with the culture medium, 5% CSE (which is considered as smoking 10 cigarettes
per day) was used in this study [42].

4.4. Cell Viability

Cell viability was quantified by sulforhodamine B (SRB) staining, which was used to
determine the total protein content. In detail, SCP-1 cells were fixed with ice-cold 99%
ethanol (20 °C) for 1 h. Subsequently, cells were washed 3 times with PBS and stained
with SRB staining solution (0.4% SRB in 1% acetic acid, Sigma-Aldrich, Germany) for 30
min at room temperature. Then, cells were washed 4 to 5 times with 1% acetic acid to
remove unbound SRB. For quantification, the bound SRB was resolved with 10 mM
unbuffered TRIS solution (pIH ~ 10.5). The OD was measured with a microplate reader at
565 nm-690 nm[4].

4.5. Live Staining and Cytoskeleton Staining

Calcein-AM staining was performed to determine cell viability. Briefly, cells were
washed 3 times with PBS and subsequently incubated with Calcein-AM (2 uM) and
Hoechst 33342 (2 pg/mL) in plain medium at 37 °C for 30 min. Images of cells were taken
with a fluorescence microscope (EVOS FL, life technologies, Darmstadt, Germany). To
explore cell adhesion and morphological changes, the cytoskeleton of the SCP-1 cells was
stained with phalloidin-TRITC. Cells were fixed with 4% formaldehyde at room
temperature for 10 min, actin cytoskeleton was stained with phalloidin-TRITC (2 ng/mL),
and nuclei were counter-stained with Hoechst 33342 (2 ng/mL) for 30 min at room
temperature. After washing with PBS, images were taken with a fluorescence microscope
and quantified with the Image] software [13].

4.6. Cell Migration Assay

Cell migration was evaluated by using the cell migration assay kit (Tebu-bio,
Offenbach, Germany). Sterilized stoppers were placed in 96-well plates. Then, SCP-1 cells
were seeded around the inserts at a concentration of 4 x 10 cells/well in a growth
medium. After 24 h, the stoppers were removed from the wells, and the cells were
washed 3 times with PBS. Then, the growth medium was replaced by an osteogenic
differentiation medium with or without stimuli (ELF-PEMF, CSE, and TGF-p).
Immediately, an image was taken with the microscope to document time point 0. After 72
h, SCP-1 cells were stained with SRB for better visualization. Microscopic images were
analyzed with the Image] software and the “gap closure” was calculated.

4.7. Immunofluorescent (IF) Staining for Primary Cilia

SCP-1 cells were fixed with a 4% formaldehyde solution for 10 min at room tem-
perature, then incubated with 0.2% Triton-X-100 for 10 min, and subsequently with 2%
formaldehyde for 10 min. After that, cells were blocked with 5% bovine serum albumin
(BSA, Carl Roth, Darmstadt, Germany) for 1 h. Then, cells were incubated with primary
antibody solution (acetylated a-tubulin, 1:100, Santa Cruz, Heidelberg, Germany) over-
night at 4 °C. The next day, cells were washed with PBS and incubated with Alexa-488
labeled secondary antibody (1:2000, Invitrogen, Karlsruhe, Germany) and Hoechst 33342
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(2 ng/mL) for 2 h. Fluorescent images were taken with a fluorescence microscope (200- or
400-told magnification) and analyzed with the Image] software [13].

4.8. Transient Cells Infection and Reporter Assay

Adenoviral reporter constructs (Smad2/3 reporter, Ad5-CAGA9-MLP-Luc, 1:10 v/v)
[1] were used to infect SCP-1 cells. After 24 h, cells were washed with PBS, and treated
with or without 5% CSE (in the osteogenic differentiation medium) for 72 h. After 24 h,
cells were additionally stimulated with 10 ng/mL recombinant human TGF-1 for 48 h.
Finally, cells were lysed with a lysis buffer (Luciferase substrate kit, Promega, Madison,
USA); 20 pl cell lysate was mixed with 20 ul luciferase substrate, and the luminescent
signal was detected immediately with the microplate reader. The luminescence was
normalized to the total protein content, determined by micro Lowry [43].

4.9. Conventional RT-PCR

Reverse transcription polymerase chain reaction (RT-PCR) was used to evaluate the
expression of genes involved in the TGF-f signaling pathway. In brief, RNA was isolated
by Phenol-Chloroform extraction. The ¢cDNA synthesis kit (Fermentas, St. Leo-Rot,
Germany) was used to synthesize the first-strand ¢cDNA. Primer sequences and PCR
parameters are summarized in Table 1. The products of RT-PCR were subjected to a 2%
(w/v) agarose gel electrophoresis with ethidium bromide, and the results were analyzed
by using Image] software.

Table 1. Primer information.

target Gene Bank Forward Primer (5'-3") Reverse Primer (5'-3") aIAnthn Ta number of
gene number size [bp] [=C] cycles
Smad2 NM_001003652.3 CAAACCAGGTCTCTTGATGG GAGGCGGAAGTTCTGTTAGG 259 60 35
Smad3 NM_005902.2 GGAGAAATGGTGCGAGAAGG GAAGGCGAACTCACACAGC 259 60 35
Smad7  NM 0059041  TTCGGACAACAAGAGTCAGC  AAGCCTTGATGGAGAAACC 200 60 3
RPL13 NM_012423.3 AAGTACCAGGCAGTGACAG CCTGTTTCCGTAGCCTCATG 100 56 30

4.10. Western Blot

To harvest total protein, cells were lysed in ice-cold RIPA buffer (50 mM TRIS, 250
mM NaCl, 2% NP40, 2.5 mM EDTA, 0.1% SDS, 0.5% DOC, and protease/phosphatase
inhibitors: 1 pg/mL pepstatin, 5 pg/mL leupeptin, 1 mM PMSF, 5 mM NaF, and 1 mM
NasVOs4) and the lysate was centrifuged (3000xg, 10 min) to remove cell debris. The
protein concentration was measured by micro Lowry [43]; 25 ug of total protein were
separated by SDS-PAGE (10% acrylamide-bisacrylamide gels, 100 V, 180 min) and
subsequently transferred to nitrocellulose membranes (100 mA, 180 min). Protein
separation and transfer were checked by Ponceau staining; 5% BSA was used to block the
unspecific binding sites. Membranes were incubated with primary antibodies against
p-Smad2, p-Smad3, Smad2/3 (all 1:1,000, sc-133098, sc-517575 from Santa Cruz
Biotechnology, Heidelberg, Germany and 3108 from Cell Signaling Technologies,
Danvers, MA, USA), and GAPDH (1:5,000, G9545 from Sigma-Aldrich, Munich,
Germany) diluted in TBST, overnight at 4 °C. Subsequently, membranes were incubated
with the corresponding HRP-labeled secondary antibodies (1:10,000 in TBST) for 2 h at
room temperature. Membranes were covered with enhanced chemiluminescent substrate
solution (1.25 mM luminol, 0.2 mM p-coumaric acid, 0.03% H:0: in 100 mM TRIS,
pH=8.5) and a CCD camera was used to detect the chemiluminescent signals. Signal
intensities were determined with the Image] software.

4.11. Statistical Analysis

Results are displayed as mean + SEM. Data were analyzed with two-way ANOVA
followed by Tukey’s multiple comparison test using the GraphPad Prism software (EI
Camino Real, USA); p <0.05 was considered as statistically significant.
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5. Conclusions

In line with the literature, our data show that 5% CSE, which is equivalent to
smoking 10 cigarettes per day, negatively affects the viability, adhesion, spreading,
migration, and differentiation of SCP-1 cells. Daily exposure to 16 Hz ELF-PEMFs partly
reversed the negative effect of the CSE, especially when the duration of the daily
exposure was increased from 7 min to 30 min, but not longer. As a possible regulatory
mechanism, an ELF-PEMF-mediated rescue of the primary cilia structure and the amount
of ciliated cells was identified. This, in turn, was associated with a fortification of the
canonical (Smad2/3) TGF- signaling and a decreased expression of Smad7. In summary,
our data suggest that 30 min daily exposure to the 16 Hz ELF-PEMF can be used as an
adjunct therapy to support early fracture healing in smokers, who frequently have to
struggle with delayed or impaired fracture healing.
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2.3 Intermittent Exposure to 16 Hz ELF-PEMF Improves Osteogenesis Through
Activating Piezo1-induced Ca?* 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 Ca?* 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
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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
| was the main person who designed the experiments, and performed most of the
assays and experiments in this study. | also performed the data analysis and

visualization, and | 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 Ca?* 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 Ca?* 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 Ca?* 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 | 4.1 cell culture; page 55

cells
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 2-22¢T 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
EF1a NM_001402.5 CCCCGACACAGTAGCATTTG | TGACTTTCCATCCCTTGAACC | 56

2.3.4.3 Measurement of Intracellular Calcium lons

SCP-1 cells were loaded with 4 yM 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 CaCl.. For each group, time-lapse
fluorescence serial (every 30 seconds) images of intracellular calcium [Ca?*]i were
recorded with a fluorescence microscope (EVOS FL, Life Technologies, Darmstadt,
Germany). The fluorescence intensity was also quantified with a microplate reader at
ExX/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 Imaged 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 MgClz, 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
A =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 A = 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 uT to 275.45 uT 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)
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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 T to 275.45 uT). (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 ImagedJ 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 ym, 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 Ca?* 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 [Ca?'];, while Dooku1
inhibited ELF-PEMF induced Ca?* influx

As an essential step before determining if the piezo1-induced Ca?* 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 yM and 2 uM Yoda1 immediately increased and stably maintained
intracellular Ca?* ([Ca?'];)). With a concentration of 4 uM, Yoda1 [Ca?*]; 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 yM and 5 uyM Jedi2 rapidly induced
and maintained [Ca?*];, which could not be further improved by increasing the Jedi2
concentration. However, overall, 5 pM Jedi2 showed weaker efficiency and less
stability than 2 yM Yoda1 (Fig. 12B). Therefore, 2 uM 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 pyM Dooku1 for 5 min (baseline). Our data showed that 5 yM Dooku1
delayed the effects of Yoda1. 20 uM Dooku1 was required to not only delay but also
block the effects of Yoda1, while 40 yM 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 Ca?* influx in
SCP-1 cells. Ca?* influx was determined by fluorescent intensity. (A) Ca?* influx in SCP-1 cells
after treatment with 1, 2, and 4 yM Yoda1. (B) Ca?* influx in SCP-1 cells after treatment with 2.5, 5,
and 7.5 uyM Jedi2. (C) Ca?* influx in SCP-1 cells after pre-incubation with 0, 5, 20, and 40 uM
Dooku1, then treatment with 2 yM 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 [Ca?*]i in
SCP-1 Cells

To investigate the [Ca?*]i changes in SCP-1 cells, both continuous and intermittent
exposure of ELF-PEMF were performed SCP-1 cells and Ca?* influx was assessed.
Our data indicated that [Ca?']i of SCP-1 cells immediately increased during a
continuous 30 min exposure to 16 Hz ELF-PEMF, while [Ca?*]i slowly decreased
towards the baseline after ELF-PEMF was turned off (Fig. 13A). Interestingly, [Ca?*];
of SCP-1 cells increased most during the first phase of intermittent ELF-PEMF
exposure. The accumulated [Ca?*]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 yM Dooku1 obviously
reduced the effects of ELF-PEMF on [Ca?'], while 20 uM and 40 uM Dooku1
completely diminished the effects of ELF-PEMF exposure (Fig. 13C). Therefore,
10 uM Dooku1 was used in the following experiments to block the effect of ELF-PEMF
exposure on piezo1-dependent Ca?* influx. In summary, intermittent exposure of
16 Hz ELF-PEMF maintained and further increased [Ca?*] 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
Ca?* influx into SCP-1 cells. (A) [Ca?'] increased during continuous exposure to 16 Hz
ELF-PEMF ; (B) [Ca?*]iincreased during intermittent exposure to 16 Hz ELF-PEMF. (C) Ca?* influx
of SCP-1 cells after pre-incubation with 0, 5, 10, 20, and 40 uM 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 [Ca?']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, [Ca?*]i was quantified with a microplate reader. The result indicated that, on
day 7, [Ca?'])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 [Ca?*]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 Ca?* influx. [Ca?*], 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 uM Dooku1 was used to block the Ca?* 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.
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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 um. 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 gqRT-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 [Ca?*].. To support this hypothesis, we performed a real-time evaluation of
[Ca?*) after exposure to 16 Hz ELF-PEMF. 2 uM 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 yM Dooku1 was found to be sufficient to completely
inhibit piezo1 activation. Moreover, we showed that continuous ELF-PEMF exposure
can increase Ca?* influx during exposure, but intermittent exposure was found to
maintain and further accumulate [Ca?*]. Completely blocking piezo1 with 10 uM or
20 uM Dooku1 abolished the agonistic effects of ELF-PEMF on piezo1. These results
not only indicate that piezo1 plays an important role in modulating Ca?* influx in
SCP-1 cells, but also show that ELF-PEMF modulates [Ca?']i, at least partly by
activating piezo1. It is well-accepted that Ca?* and its related signaling pathways are
highly involved in the formation and degradation of bone. Ca?* 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 Ca?* influx in MSCs is a “double-edged sword”, in
that the induction of Ca?* influx may exhibit an anabolic effect or lead to apoptosis
(Blair et al., 2007). The positive or negative effects of Ca?* influx on fracture healing is
mainly based on the stimulation pattern or the involved channel (Blair et al., 2007). For
instance, Ca?* influx can activate the PI3K/Akt signaling pathway to enhance anabolic
and survival pathways in MSCs (Danciu et al., 2003). Alternatively, Ca?* 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 Ca?* influx and the activity of SCP-1 cells, we investigated

the details of [Ca?*]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 [Ca?')
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 [Ca?*]i, while [Ca?']i did not show a
tendency to decrease due to the subsequent intermittent exposure. Calcium influx
determines various signaling pathways, including the TGF-B 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-B-Smad2/3 signaling pathway (Chen et al.,
2021). In addition, the current study shows that the impact of ELF-PEMF exposure on
piezo1 and Ca?* 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 Ca?* 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 pT - 275.45 pT) 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 uT) 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 Mo
(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/B-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.
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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 (MSC®*) 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., M@ (Peng et al., 2005).
Our data indicate that different ELF-PEMF can diversely modulate the inflammatory
activity or anti-inflammatory activity of M@ (Chen et al., 2021). The cytokine array in
our study suggested that exposure to specific ELF-PEMF altered M@ secretion of
cytokines and chemokines, and thus indirectly enhanced MSC migration. For instance,
tumor necrosis factor-alpha (TNF-a) 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 Mg 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 | (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-B signaling pathways to initial osteogenesis (Chen et al., 2021). Intermittent
ELF-PEMF exposure directly promoted Ca?* influx into SCP-1 cells and significantly
increased mineral deposition at later stages. In addition, specific ELF-PEMF
modulated the activity of M@ 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 Inmune 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 M@-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 yT 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 Ca?* influx in neutrophils. Our
preliminary results indicated that a single 7 min exposure to ELF-PEMF increased
Ca?* influx into neutrophils. Interestingly, the waveform of Ca?* influx in neutrophils
was different from that of SCP-1 cells, which may indicate that the effects of
ELF-PEMF on Ca?* 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., Mo 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-3p (Song et al., 2020), NF-kB (Hu et al., 2002),
and the activation of the Nfat-Yap1-p-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
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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.qg., 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 Kkill 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-( 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 Foérderung der Knochenneubildung und zur Verhinderung von
Pseudarthrosen effektiv und durchflihrbar ist. Unsere Daten zeigten eindeutig, dass
eine Exposition von 16 Hz ELF-PEMF die Viabilitat, Migration, Proliferation und
Adhasion von SCP-1-Zellen direkt erhdhen konnte. Der molekulare Mechanismus
besteht zum Teil darin, dass ELF-PEMF den TGF-B-Signalweg aktiviert und die
Struktur und Funktion primarer Zilien von SCP-1-Zellen z.B. gegenuber
Zigarettenrauch schutzt. Darlber hinaus haben wir festgestellt, dass eine tagliche
intermittierende Exposition (10 min alle 8 h) sogar besser ist als die tagliche
kontinuierliche Exposition (30 min jede 24 h), um die Viabilitat der Zellen zu
verbessern. Interessanterweise fanden wir heraus, dass piezo1 eine wichtige Rolle
bei der ELF-PEMF-Behandlung spielte. Die Genexpression und Aktivitat von piezo1
nahm nach der intermittierenden Exposition zu, was zu einem Kalziumeinstrom in
SCP-1-Zellen flhrte. Im Gegensatz dazu blockierte die Behandlung von Zellen mit
dem piezo1-Inhibitor Dooku1 die Funktion von piezo1 und beeintrachtigte die
Mineralisierung der Matrix. Daher kann die ELF-PEMF Exposition die Frakturheilung
direkt fordern. Darlber hinaus zeigte sich, dass ELF-PEMF mit spezifischen
Parametern die Aktivitat von Makrophagen modulieren kann, um indirekt die
Osteogenese von SCP-1-Zellen zu beeinflussen, z. B. induzierte Feld A die
entzindungsfordernde  Aktivitdt von Makrophagen wahrend Feld B die
entzindungshemmende Aktivitat von Makrophagen forderte, was zu einer verstarkten
ECM-Bildung durch SCP-1-Zellen im Frihstadium fihrte. Zusammengenommen kann
die ELF-PEMF-Exposition den Heilungsprozess direkt und indirekt fordern und kénnte

bei kritischen Heilungsverlaufen wie bei der Pseudarthrose von Nutzen sein.
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