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Abstract: Periodontal regeneration is a complex goal, which is commonly pursued with a combination
of surgical techniques, biomaterials, and bioactive compounds. One such compound is enamel matrix
derivative (EMD), a medical substance that is extracted from porcine tooth germs and which contains
several protein fractions with BMP- and TGF-β-like action. Activation of TGF-β signaling is required
for EMD activity on cells and tissues, and a growing body of evidence indicates that EMD largely
relies on this pathway. As low frequency electromagnetic fields (EMFs) have long been investigated
as a tool to promote bone formation and osteoblast activity, and because recent studies have reported
that the effects of EMFs on cells require primary cilia, by modulating the presence of membrane-
bound receptors (e.g., for BMP) or signal mediators, it can be hypothesized that the application of
EMFs may increase cell sensitivity to EMD: as TGFBR receptors have also been identified on primary
cilia, EMFs could make cells more responsive to EMD by inducing the display of a higher number of
receptors on the cellular membrane.

Keywords: tissue regeneration; electromagnetic fields; bone

1. Introduction

The regeneration of compromised periodontal tissues is a complex endeavor, and has
been tackled from different angles over the years, including through the use of surgery,
membranes, and growth factors [1]. In contrast to bone, the periodontal ligament does
not spontaneously regenerate following periodontitis or trauma, and surgery alone has
shown inconsistent results. Enamel matrix derivative (EMD), which is an enamel protein
matrix obtained from porcine tooth germs, has yielded promising results, promoting the
regeneration of both bone and ligament. Considering the still only partially predictable
results of periodontal regeneration, solutions that increase its clinical success are sorely
needed. The present paper focuses on the adjunctive use of low frequency electromagnetic
fields (EMFs), which can act synergically with EMD to improve tissue regeneration.

2. Hypothesis

EMFs have long been explored as a tool to improve bone regeneration, and their
ability to promote bone growth in bone wounds and under bone loss conditions has been
investigated in many studies. The hypothesis of the present paper, however, focuses on
exploring whether EMFs can synergize with EMD, increase cell and tissue sensitivity to
EMD, and thus aid it in promoting the regeneration of periodontal tissues (Figure 1), based
on the findings of recent research on these treatments.
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Figure 1. Diagram describing the hypothesized synergic effect of low frequency electromagnetic 
fields (EMF) with enamel matrix derivative (EMD). Blue triangles represent the EMD protein 
fraction with TGF-β-like activity, while the green triangles represent the fraction with BMP-like 
activity. In the presence of EMFs, higher levels of BMP receptor (BMPR) expression in cells and, 
possibly, TGF-β receptor (TGFBR) expression on cilia and in the periciliary area is observed, thus 
making cells more responsive to EMD. 

3. Enamel Matrix Derivative 
Enamel matrix derivative is a popular therapeutic aid that has been successful in 

promoting the regeneration of periodontal tissues, including bone, periodontal ligament, 
and soft tissues [2], while displaying a cytostatic effect toward epithelial cells [3]. Its use 
is supported by a vast literature [1,4,5]. EMD is obtained from porcine tooth germs and, 
as such, is a complex compound, containing proteins with different activity [6]. However, 
it has been repeatedly shown that, besides stimulating BMP-2 and TGF-β1 expression [7], 
some protein fractions of EMD actually exert a direct BMP- (fractions 4–6) or TGF-β-like 
(fractions 8–13) action [8,9], such as promoting Smad2 translocation [10]. A micro-array 
characterization of gene patterns in gingival and palatal fibroblasts confirmed, strikingly, 
that EMD was capable of regulating TGF-β target genes [11]. The activation of TGFBRI 
receptors—possibly by direct or paracrine action—has actually been shown to be required 
for EMD activity on palatal fibroblasts [12], periodontal ligament cells [13], and pre-
adipocytes [14], for its pro-osteoclastogenic effect on bone marrow [15], and it has been 
reported that anti-TGF-β antibodies were able to block EMD effects on epithelial cells [16]. 
Although other components of EMD have been proven to possess distinct biological 
activities [17,18], it appears that a substantial part of its effectiveness may be due to its 
capability to stimulate the BMP and TGF-β signaling pathways. Thus, it may find an 
unexpected ally in low frequency electromagnetic field therapy. 

4. Electromagnetic Fields (EMFs) and Cellular Responses 
4.1. General Considerations 

Electromagnetic fields (EMFs) are a common occurrence, as most man-made 
electrical appliances generate a fair amount of them. These EMFs compound the EMFs 
that are intentionally produced and used to transmit signals such radio-waves, Wi-Fi, and 
cell phones signals, and also natural EMFs [19]. Although ionizing radiations, e.g., X-rays, 
are prime examples of electromagnetic waves interacting with living matter [20,21], a 

Figure 1. Diagram describing the hypothesized synergic effect of low frequency electromagnetic
fields (EMF) with enamel matrix derivative (EMD). Blue triangles represent the EMD protein fraction
with TGF-β-like activity, while the green triangles represent the fraction with BMP-like activity. In
the presence of EMFs, higher levels of BMP receptor (BMPR) expression in cells and, possibly, TGF-β
receptor (TGFBR) expression on cilia and in the periciliary area is observed, thus making cells more
responsive to EMD.

3. Enamel Matrix Derivative

Enamel matrix derivative is a popular therapeutic aid that has been successful in
promoting the regeneration of periodontal tissues, including bone, periodontal ligament,
and soft tissues [2], while displaying a cytostatic effect toward epithelial cells [3]. Its
use is supported by a vast literature [1,4,5]. EMD is obtained from porcine tooth germs
and, as such, is a complex compound, containing proteins with different activity [6].
However, it has been repeatedly shown that, besides stimulating BMP-2 and TGF-β1
expression [7], some protein fractions of EMD actually exert a direct BMP- (fractions 4–6)
or TGF-β-like (fractions 8–13) action [8,9], such as promoting Smad2 translocation [10]. A
micro-array characterization of gene patterns in gingival and palatal fibroblasts confirmed,
strikingly, that EMD was capable of regulating TGF-β target genes [11]. The activation
of TGFBRI receptors—possibly by direct or paracrine action—has actually been shown to
be required for EMD activity on palatal fibroblasts [12], periodontal ligament cells [13],
and pre-adipocytes [14], for its pro-osteoclastogenic effect on bone marrow [15], and it
has been reported that anti-TGF-β antibodies were able to block EMD effects on epithelial
cells [16]. Although other components of EMD have been proven to possess distinct
biological activities [17,18], it appears that a substantial part of its effectiveness may be due
to its capability to stimulate the BMP and TGF-β signaling pathways. Thus, it may find an
unexpected ally in low frequency electromagnetic field therapy.

4. Electromagnetic Fields (EMFs) and Cellular Responses
4.1. General Considerations

Electromagnetic fields (EMFs) are a common occurrence, as most man-made electrical
appliances generate a fair amount of them. These EMFs compound the EMFs that are inten-
tionally produced and used to transmit signals such radio-waves, Wi-Fi, and cell phones
signals, and also natural EMFs [19]. Although ionizing radiations, e.g., X-rays, are prime
examples of electromagnetic waves interacting with living matter [20,21], a staggering
amount of evidence has consistently shown over the years that non-ionizing radiations, i.e.,
radiations incapable of ionizing matter, can actually affect cells and tissues [22,23]. After
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realizing that the EMFs generated by peculiar electrical wiring or high-power radars could
be associated with neoplastic disease [24,25], increasing efforts have been progressively
devoted to both reduce the risks associated with the overwhelming EMF pollution that
permeates our society [26–41], and use EMFs to benefit patients’ health.

4.2. EMFs and Bone

The new application of EMFs in medicine is best characterized by its use in bone heal-
ing, as pre-clinical studies have shown that EMFs can increase bone mass in several models
of bone loss [42–52], disuse osteoporosis [53–55], diabetes-associated osteoporosis [56], and
hyperthyroidism-related bone loss [57]. Its use can also improve bone healing [58–65] in
complex clinical situations, such as osteoporotic fractures [66] or arthritis [67]. Numerous
clinical investigations have also reported benefits in osteoporosis patients [68–70], and
as an adjunctive therapy for non-unions or osteotomies [71–86], although no consensus
has thus far been reached on consistent sets of parameters [87]. To further add to the
complexity of the issue, EMFs can be generated in a vast range of waveforms, including
square, trapezoidal, triangular shape (often known as Pulsed EMFs or PEMFs), and even
sinusoidal waves—known as SEMFs [88]—and are often generated as bursts of shorter
impulses (PRF EMFs). Their frequencies can range from 0.2 Hz up to 1 kHz [89–92], though
in the case of PRF PEMFs, the carrier frequency can be several kHz, and can be applied at
different intensities, from a few milli-Tesla up to 1 Tesla and for varying durations.

4.3. EMFs and Cell Signaling

Although EMFs have been shown to induce complex reactions from bone cells, in-
cluding the activation of several signaling pathways [93], there is a solid body of evidence
pointing to the importance of BMP and TGF-β signaling in cell responses to electromagnetic
fields. It has long been known that 15 Hz PRF PEMF pulses enhanced TGF-β1 expres-
sion in osteosarcoma cells [94], while a similar stimulation promoted TGF-β1 secretion in
serum-starved MC3T3 cells (Patterson et al. [95]) and in tendon cells [96]. This method
also elevated serum TGF-β levels in a rat model of disuse osteoporosis [55]. Complex
networks of paracrine feed-forward loops have also been outlined by several works, such
as Schwartz et al., who showed that 15 Hz PEMF bursts synergized with BMP to stimulate
the expression of TGF-β, both in its latent and active forms [97]. More recently, Selva-
murugan et al. have shown that TGF-β signaling is required to gain the effects of 15 Hz,
67 ms-long PRF PEMFs in human bone marrow cells, supporting the activity of miRNA21,
a microRNA that suppresses the TGF-β signaling inhibitor Smad-7 [98]. Recent studies,
however, have reported exciting new findings on the mechanisms of cell responses to
EMFs, including the involvement of primary cilia, which sheds new light on the biological
action of electromagnetic fields and may also provide a rationale as to why EMFs could
enhance EMD action.

4.4. EMFs and Primary Cilia

Primary cilia are solitary organelles composed of a peculiar inner microtubular struc-
ture [99] that can be found on a vast range of cell types, at least in certain differentiation
stages [100]. Primary cilia appear as long cytoplasmic extroflections, which, unlike flagelles,
are non-motile and possess an axoneme that is supported by a basal body, which forms
when the mother centriole is docked at the cytoplasmic membrane [101]. The periciliary
area may therefore act as a microtubule organizing center, and the role of primary cilia
in cells is often, maybe unsurprisingly so, to act as a sensor for stimuli of different na-
ture, including mechanical stress, e.g., fluid shear stress in kidney epithelial cells or in
osteocytes [102].

The first evidence that cilia are required for EMF stimulation dates back to the report
by Yan et al. [103], who showed that 0.6 mT, 50 Hz pulsed EMFs increased the proliferation,
mineralization, and expression of differentiation markers in primary rat calvaria cells, but
these effects were not observed when primary cilia were disrupted by siRNA inhibition of
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the intraflagellar transport protein 88 (IFT88), a molecule that controls the movement of
cargo along the axoneme [104]. These findings were then confirmed by Wang et al. [105],
who were able to inhibit the response of osteocyte-like MLO-Y4 cells and the expression of
Rankl and Opg—two key controllers of bone turnover—to 0.5 mT, 15 Hz PRF PEMFs by
silencing the Polaris protein, which is required for cilia formation [106].

Several signaling pathways have thus far been associated with these primary cilia-
mediated cell responses to electromagnetic fields: PI3K/AKT has been shown to be acti-
vated by 50 Hz, 0.6 mT PEMFs in rat calvaria osteoblasts, which require the presence of
primary cilia [107]. There is also evidence indicating that the cAMP/PKA/CREB signaling
pathway is activated by PEMF in the same cell model [108] and that Wnt10b/β-catenin is
also required for osteoblast responses to sinusoidal EMFs [109]. What is most interesting is
that, in this latter study, Wnt10b appeared to co-localize at the base of the cilia, only to be
recruited and disappear upon EMF stimulation. This is also consistent with an important
study by Xie et al., which demonstrates that BMP receptor II (BMPRII) was required for the
increased BMP-Smad1/5/8 signaling in primary rat calvaria cells after PEMF stimulation,
and that PEMFs up-regulated the expression of BMPRII at the base of the cilia, which in
turn were required for BMPRII signaling [110].

4.5. Primary Cilia and Membrane Trafficking

Primary cilia have also been singled out as key structures for controlling vesicle
trafficking and membrane receptor expression. The base of the cilia in many cell types,
including fibroblasts, are normally surrounded by a special membrane domain known
as the cilium pocket region (CiPo), which has a peculiar biomolecular composition and
is a hotspot for both exo- and endocytosis [111], while the tip of the cilia is a source of
extracellular vesicles [101]. Cilia and the surrounding membrane area thus appear to be
rich in clathrin-coated pits, clathrin-coated vesicles [112], endosomes [100,113–115], and
possibly caveolae [116], which are controlled by the complex cytoskeletal network that
underlies and surrounds cilia [101]. Vesicle endocytosis is a power tool that cells use to
control the array of membrane-bound receptors exhibited on their surface. Cells can actu-
ally tune their signaling capabilities by removing available receptors from the membrane
or by providing more free receptors for ligand binding [115]. Somewhat unsurprisingly,
then, cilia and the periciliary area are rich with several kinds of receptors, including the
BMP receptor, but also PDGFR and TGFBR [113,117]. TGF-β receptors, in particular, have
been shown to be localized at the tip of the primary cilia in fibroblasts, and their signaling
has been proven to be regulated by vesicle trafficking, as clathrin-mediated endocytosis
promotes their activation [116], whereas caveolin-mediated endocytosis downregulates
TGF-β signaling [118].

Although no published evidence has addressed the effect of electromagnetic fields
on the turnover of TGF-β receptors in the ciliary and periciliary area yet, there is evidence
supporting the hypothesis that EMFs can actually control clathrin-mediated endocytosis in
murine B16F10 melanoma cells [119–121], autophagy in human neuroblastoma SH-SY5Y
cells [122], phagocytosis in mouse macrophages [123], and endocytosis at synapses [124].
There is also solid evidence that 75 Hz, 2.5 mT PEMFs upregulate the expression and
membrane density of adenosine receptors in osteoblastic cells [125], as well as in other cell
models [126], and this could provide a clue as to one way that EMFs could also control
TGF-β signaling.

5. Hypothesis Testing

Although the pre-clinical in vitro and in vivo testing of this hypothesis may appear
straightforward, when it comes to the chosen model, the most challenging factor is possibly
the choice of the optimal parameters for EMF stimulation, most noticeably EMF frequency,
waveform, and intensity, but also the duration of treatment. The plethora of experimental
conditions proposed in the literature has often relied more on technological availability,
convenience, or the need to use distinctive instruments and protocols for commercial
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reasons than purely scientific rationales, but recent attempts to apply machine learning
algorithms to pinpoint the most promising experimental parameters [127] may prove a
first step in the right direction. The most common stimulation regimes supported by the
literature are 75 Hz EMFs with trapezoidal waves, with treatment intensities in the range
of 1.5–2.5 mT and 15 Hz PRF PEMF bursts with intensities of 0.3–1.8 mT. In the case of
sinusoidal waves, however, 50 or 60 Hz waves with intensities between 0.6 and 1.8 mT are
possibly the most common parameters in the literature.

6. Conclusions

Electromagnetic fields may prove to be a relatively inexpensive support treatment
to enhance the effectiveness of EMD in restoring periodontal tissues, such as periodontal
ligament, as they have been shown to act on several signaling pathways, and because there
is mounting evidence that they can regulate the membrane receptor availability on and
around primary cilia. Their action is known to affect BMP receptors, and we hypothesize
that it might also affect TGF-β receptors, by controlling membrane trafficking. This, in turn,
would make cells more sensitive to the action of BMP and TGF-β growth factors (Figure 1),
which are pivotal to the action of EMD, either through paracrine stimulation or through
the direct action of some of the protein fractions contained in EMD.
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tion in Postmenopausal Women with Colles’ Fracture. Srp. Arh. Celok. Lek. 2012, 140, 619–624. [CrossRef]

83. Cheing, G.; Wan, J.; Kai Lo, S. Ice and Pulsed Electromagnetic Field to Reduce Pain and Swelling after Distal Radius Fractures. J.
Rehabil. Med. 2005, 37, 372–377. [CrossRef]

84. Hannemann, P.F.W.; Essers, B.A.B.; Schots, J.P.M.; Dullaert, K.; Poeze, M.; Brink, P.R.G. Functional Outcome and Cost-Effectiveness
of Pulsed Electromagnetic Fields in the Treatment of Acute Scaphoid Fractures: A Cost-Utility Analysis. BMC Musculoskelet.
Disord. 2015, 16, 84. [CrossRef] [PubMed]

85. Faldini, C.; Cadossi, M.; Luciani, D.; Betti, E.; Chiarello, E.; Giannini, S. Electromagnetic Bone Growth Stimulation in Patients
with Femoral Neck Fractures Treated with Screws: Prospective Randomized Double-Blind Study. Curr. Orthop. Pract. 2010, 21,
282–287. [CrossRef]

86. Adie, S.; Harris, I.A.; Naylor, J.M.; Rae, H.; Dao, A.; Yong, S.; Ying, V. Pulsed Electromagnetic Field Stimulation for Acute Tibial
Shaft Fractures. J. Bone Jt. Surg.-Am. 2011, 93, 1569–1576. [CrossRef]

87. Daish, C.; Blanchard, R.; Fox, K.; Pivonka, P.; Pirogova, E. The Application of Pulsed Electromagnetic Fields (PEMFs) for Bone
Fracture Repair: Past and Perspective Findings. Ann. Biomed. Eng. 2018, 46, 525–542. [CrossRef]

88. Zhou, J.; Wang, J.Q.; Ge, B.F.; Ma, X.N.; Ma, H.P.; Xian, C.J.; Chen, K.M. Different Electromagnetic Field Waveforms Have Different
Effects on Proliferation, Differentiation and Mineralization of Osteoblasts in Vitro. Bioelectromagnetics 2014, 35, 30–38. [CrossRef]

89. Liu, C.; Yu, J.; Yang, Y.; Tang, X.; Zhao, D.; Zhao, W.; Wu, H. Effect of 1 MT Sinusoidal Electromagnetic Fields on Proliferation and
Osteogenic Differentiation of Rat Bone Marrow Mesenchymal Stromal Cells. Bioelectromagnetics 2013, 34, 453–464. [CrossRef]
[PubMed]

90. Li, K.; Ma, S.; Li, Y.; Ding, G.; Teng, Z.; Liu, J.; Ren, D.; Guo, Y.; Ma, L.; Guo, G. Effects of PEMF Exposure at Different Pulses on
Osteogenesis of MC3T3-E1 Cells. Arch. Oral Biol. 2014, 59, 921–927. [CrossRef]

91. Markov, M.S. Magnetic Field Therapy: A Review. Electromagn. Biol. Med. 2007, 26, 1–23. [CrossRef]
92. Lei, T.; Li, F.; Liang, Z.; Tang, C.; Xie, K.; Wang, P.; Dong, X.; Shan, S.; Liu, J.; Xu, Q.; et al. Effects of Four Kinds of Electromagnetic

Fields (EMF) with Different Frequency Spectrum Bands on Ovariectomized Osteoporosis in Mice. Sci. Rep. 2017, 7, 553. [CrossRef]
[PubMed]

http://doi.org/10.1002/bem.22028
http://doi.org/10.1080/10790268.1999.11719576
http://doi.org/10.1002/(SICI)1521-186X(1998)19:2&lt;75::AID-BEM3&gt;3.0.CO;2-0
http://doi.org/10.1002/jbmr.5650050504
http://doi.org/10.2106/00004623-198163040-00001
http://doi.org/10.1186/1749-799X-7-24
http://doi.org/10.1186/1471-2474-14-35
http://doi.org/10.1177/1071100716652621
http://doi.org/10.1007/s12663-013-0551-2
http://doi.org/10.1016/j.joms.2010.10.013
http://doi.org/10.1016/S0140-6736(84)92329-8
http://doi.org/10.2106/00004623-199406000-00005
http://doi.org/10.1302/0301-620X.72B3.2187877
http://doi.org/10.1016/S0020-1383(02)00209-7
http://doi.org/10.2298/SARH1210619L
http://doi.org/10.1080/16501970510041055
http://doi.org/10.1186/s12891-015-0541-2
http://www.ncbi.nlm.nih.gov/pubmed/25880388
http://doi.org/10.1097/BCO.0b013e3181d4880f
http://doi.org/10.2106/JBJS.J.00869
http://doi.org/10.1007/s10439-018-1982-1
http://doi.org/10.1002/bem.21794
http://doi.org/10.1002/bem.21791
http://www.ncbi.nlm.nih.gov/pubmed/23589052
http://doi.org/10.1016/j.archoralbio.2014.05.015
http://doi.org/10.1080/15368370600925342
http://doi.org/10.1038/s41598-017-00668-w
http://www.ncbi.nlm.nih.gov/pubmed/28373666


Appl. Sci. 2021, 11, 10758 9 of 10

93. Galli, C.; Pedrazzi, G.; Guizzardi, S. The Cellular Effects of Pulsed Electromagnetic Fields on Osteoblasts: A Review. Bioelectro-
magnetics 2019. [CrossRef] [PubMed]

94. Lohmann, C.H.; Schwartz, Z.; Liu, Y.; Guerkov, H.; Dean, D.D.; Simon, B.; Boyan, B.D. Pulsed Electromagnetic Field Stimulation
of MG63 Osteoblast-like Cells Affects Differentiation and Local Factor Production. J. Orthop. Res. 2000, 18, 637–646. [CrossRef]

95. Patterson, T.E.; Sakai, Y.; Grabiner, M.D.; Ibiwoye, M.; Midura, R.J.; Zborowski, M.; Wolfman, A. Exposure of Murine Cells to
Pulsed Electromagnetic Fields Rapidly Activates the MTOR Signaling Pathway. Bioelectromagnetics 2006, 27, 535–544. [CrossRef]

96. de Girolamo, L.; Viganò, M.; Galliera, E.; Stanco, D.; Setti, S.; Marazzi, M.G.; Thiebat, G.; Corsi Romanelli, M.M.; Sansone, V. In
Vitro Functional Response of Human Tendon Cells to Different Dosages of Low-Frequency Pulsed Electromagnetic Field. Knee
Surg. Sports Traumatol. Arthrosc. 2015, 23, 3443–3453. [CrossRef] [PubMed]

97. Schwartz, Z.; Simon, B.J.; Duran, M.A.; Barabino, G.; Chaudhri, R.; Boyan, B.D. Pulsed Electromagnetic Fields Enhance BMP-2
Dependent Osteoblastic Differentiation of Human Mesenchymal Stem Cells. J. Orthop. Res. 2008, 26, 1250–1255. [CrossRef]
[PubMed]

98. Selvamurugan, N.; He, Z.; Rifkin, D.; Dabovic, B.; Partridge, N.C. Pulsed Electromagnetic Field Regulates MicroRNA 21
Expression to Activate TGF-β Signaling in Human Bone Marrow Stromal Cells to Enhance Osteoblast Differentiation. Stem Cells
Int. 2017, 2017, 2450327. [CrossRef] [PubMed]

99. Pedersen, L.B.; Schrøder, J.M.; Satir, P.; Christensen, S.T. The Ciliary Cytoskeleton. Compr. Physiol. 2012, 2, 779–803. [CrossRef]
[PubMed]

100. Satir, P.; Pedersen, L.B.; Christensen, S.T. The Primary Cilium at a Glance. J. Cell Sci. 2010, 123, 499–503. [CrossRef] [PubMed]
101. Smith, C.E.L.; Lake, A.V.R.; Johnson, C.A. Primary Cilia, Ciliogenesis and the Actin Cytoskeleton: A Little Less Resorption, A

Little More Actin Please. Front. Cell Dev. Biol. 2020, 8, 1586. [CrossRef] [PubMed]
102. Spasic, M.; Jacobs, C.R. Primary Cilia: Cell and Molecular Mechanosensors Directing Whole Tissue Function. Semin. Cell Dev.

Biol. 2017, 71, 42–52. [CrossRef]
103. Yan, J.L.; Zhou, J.; Ma, H.P.; Ma, X.N.; Gao, Y.H.; Shi, W.G.; Fang, Q.Q.; Ren, Q.; Xian, C.J.; Chen, K.M. Pulsed Electromagnetic

Fields Promote Osteoblast Mineralization and Maturation Needing the Existence of Primary Cilia. Mol. Cell. Endocrinol. 2015, 404,
132–140. [CrossRef]

104. Serra, R. Role of Intraflagellar Transport and Primary Cilia in Skeletal Development. Anat. Rec. Adv. Integr. Anat. Evol. Biol. 2008,
291, 1049–1061. [CrossRef]

105. Wang, P.; Tang, C.; Wu, J.; Yang, Y.; Yan, Z.; Liu, X.; Shao, X.; Zhai, M.; Gao, J.; Liang, S.; et al. Pulsed Electromagnetic Fields
Regulate Osteocyte Apoptosis, RANKL/OPG Expression, and Its Control of Osteoclastogenesis Depending on the Presence of
Primary Cilia. J. Cell. Physiol. 2018, 234, 10588–10601. [CrossRef]

106. Taulman, P.D.; Haycraft, C.J.; Balkovetz, D.F.; Yoder, B.K. Polaris, a Protein Involved in Left-Right Axis Patterning, Localizes to
Basal Bodies and Cilia. Mol. Biol. Cell 2001, 12, 589–599. [CrossRef]

107. Ren, Q.; Zhou, J.; Wang, M.G.; Chen, K.M. Pulsed Electromagnetic Fields Stimulating Osteogenic Differentiation and Maturation
Involves Primary Cilia-PI3K/AKT Pathway. J. Peking Univ. 2019, 51, 245–251.

108. Wang, Y.Y.; Xi, H.R.; Shi, W.G.; Zhou, J.; Chen, K.M. Effect of Low-Frequency Pulsed Electromagnetic Fields on Bone Formation in
Rat Osteoblasts and Its Mechanism. Acta Acad. Med. Sin. 2019, 41, 21–27.

109. Zhou, J.; Gao, Y.; Zhu, B.; Shao, J.; Ma, H.; Xian, C.J.; Chen, K. Sinusoidal Electromagnetic Fields Increase Peak Bone Mass in Rats
by Activating Wnt10b/B-Catenin in Primary Cilia of Osteoblasts. J. Bone Miner. Res. 2019, 34, e3704. [CrossRef]

110. Xie, Y.F.; Shi, W.G.; Zhou, J.; Gao, Y.H.; Li, S.F.; Fang, Q.Q.; Wang, M.G.; Ma, H.P.; Wang, J.F.; Xian, C.J.; et al. Pulsed
Electromagnetic Fields Stimulate Osteogenic Differentiation and Maturation of Osteoblasts by Upregulating the Expression of
BMPRII Localized at the Base of Primary Cilium. Bone 2016, 93, 22–32. [CrossRef] [PubMed]

111. Benmerah, A. The Ciliary Pocket. Curr. Opin. Cell Biol. 2013, 25, 78–84. [CrossRef]
112. Kaksonen, M.; Roux, A. Mechanisms of Clathrin-Mediated Endocytosis. Nat. Rev. Mol. Cell Biol. 2018, 19, 313–326. [CrossRef]

[PubMed]
113. Clement, C.A.; Ajbro, K.D.; Koefoed, K.; Vestergaard, M.L.; Veland, I.R.; HenriquesdeJesus, M.P.R.; Pedersen, L.B.; Benmerah, A.;

Andersen, C.Y.; Larsen, L.A.; et al. TGF-β Signaling Is Associated with Endocytosis at the Pocket Region of the Primary Cilium.
Cell Rep. 2013, 3, 1806–1814. [CrossRef] [PubMed]

114. Rattner, J.B.; Sciore, P.; Ou, Y.; Van Der Hoorn, F.A.; Lo, I.K.Y. Primary Cilia in Fibroblast-like Type B Synoviocytes Lie within a
Cilium Pit: A Site of Endocytosis. Histol. Histopathol. 2010, 25, 865–875.

115. Sorkin, A.; von Zastrow, M. Endocytosis and Signalling: Intertwining Molecular Networks. Nat. Rev. Mol. Cell Biol. 2009, 10,
609–622. [CrossRef]

116. Pedersen, L.B.; Mogensen, J.B.; Christensen, S.T. Endocytic Control of Cellular Signaling at the Primary Cilium. Trends Biochem.
Sci. 2016, 41, 784–797. [CrossRef] [PubMed]

117. Schneider, L.; Clement, C.A.; Teilmann, S.C.; Pazour, G.J.; Hoffmann, E.K.; Satir, P.; Christensen, S.T. PDGFRαα Signaling Is
Regulated through the Primary Cilium in Fibroblasts. Curr. Biol. 2005, 15, 1861–1866. [CrossRef]

118. Balogh, P.; Katz, S.; Kiss, A.L. The Role of Endocytic Pathways in TGF-β Signaling. Pathol. Oncol. Res. 2013, 19, 141–148.
[CrossRef]

119. Moisescu, M.G.; Leveque, P.; Bertrand, J.R.; Kovacs, E.; Mir, L.M. Microscopic Observation of Living Cells during Their Exposure
to Modulated Electromagnetic Fields. Bioelectrochemistry 2008, 74, 9–15. [CrossRef]

http://doi.org/10.1002/bem.22187
http://www.ncbi.nlm.nih.gov/pubmed/30908726
http://doi.org/10.1002/jor.1100180417
http://doi.org/10.1002/bem.20244
http://doi.org/10.1007/s00167-014-3143-x
http://www.ncbi.nlm.nih.gov/pubmed/24957914
http://doi.org/10.1002/jor.20591
http://www.ncbi.nlm.nih.gov/pubmed/18404656
http://doi.org/10.1155/2017/2450327
http://www.ncbi.nlm.nih.gov/pubmed/28512472
http://doi.org/10.1002/cphy.c110043
http://www.ncbi.nlm.nih.gov/pubmed/23728985
http://doi.org/10.1242/jcs.050377
http://www.ncbi.nlm.nih.gov/pubmed/20144997
http://doi.org/10.3389/fcell.2020.622822
http://www.ncbi.nlm.nih.gov/pubmed/33392209
http://doi.org/10.1016/j.semcdb.2017.08.036
http://doi.org/10.1016/j.mce.2015.01.031
http://doi.org/10.1002/ar.20634
http://doi.org/10.1002/jcp.27734
http://doi.org/10.1091/mbc.12.3.589
http://doi.org/10.1002/jbmr.3704
http://doi.org/10.1016/j.bone.2016.09.008
http://www.ncbi.nlm.nih.gov/pubmed/27622883
http://doi.org/10.1016/j.ceb.2012.10.011
http://doi.org/10.1038/nrm.2017.132
http://www.ncbi.nlm.nih.gov/pubmed/29410531
http://doi.org/10.1016/j.celrep.2013.05.020
http://www.ncbi.nlm.nih.gov/pubmed/23746451
http://doi.org/10.1038/nrm2748
http://doi.org/10.1016/j.tibs.2016.06.002
http://www.ncbi.nlm.nih.gov/pubmed/27364476
http://doi.org/10.1016/j.cub.2005.09.012
http://doi.org/10.1007/s12253-012-9595-8
http://doi.org/10.1016/j.bioelechem.2007.11.003


Appl. Sci. 2021, 11, 10758 10 of 10

120. Moisescu, M.G.; Leveque, P.; Verjus, M.A.; Kovacs, E.; Mir, L.M. 900 MHz Modulated Electromagnetic Fields Accelerate the
Clathrin-Mediated Endocytosis Pathway. Bioelectromagnetics 2009, 30, 222–230. [CrossRef] [PubMed]

121. Mahrour, N.; Pologea-Moraru, R.; Moisescu, M.G.; Orlowski, S.; Levêque, P.; Mir, L.M. In Vitro Increase of the Fluid-Phase
Endocytosis Induced by Pulsed Radiofrequency Electromagnetic Fields: Importance of the Electric Field Component. Biochim.
Biophys. Acta-Biomembr. 2005, 1668, 126–137. [CrossRef] [PubMed]

122. Marchesi, N.; Osera, C.; Fassina, L.; Amadio, M.; Angeletti, F.; Morini, M.; Magenes, G.; Venturini, L.; Biggiogera, M.; Ricevuti, G.;
et al. Autophagy Is Modulated in Human Neuroblastoma Cells through Direct Exposition to Low Frequency Electromagnetic
Fields. J. Cell. Physiol. 2014, 229, 1776–1786. [CrossRef]

123. Frahm, J.; Lantow, M.; Lupke, M.; Weiss, D.G.; Simkó, M. Alteration in Cellular Functions in Mouse Macrophages after Exposure
to 50 Hz Magnetic Fields. J. Cell. Biochem. 2006, 99, 168–177. [CrossRef] [PubMed]

124. Sun, Z.; Ge, J.; Guo, B.; Guo, J.; Hao, M.; Wu, Y.; Lin, Y.; La, T.; Yao, P.; Mei, Y.; et al. Extremely Low Frequency Electromagnetic
Fields Facilitate Vesicle Endocytosis by Increasing Presynaptic Calcium Channel Expression at a Central Synapse. Sci. Rep. 2016,
6, 21774. [CrossRef] [PubMed]

125. Vincenzi, F.; Targa, M.; Corciulo, C.; Gessi, S.; Merighi, S.; Setti, S.; Cadossi, R.; Goldring, M.B.; Borea, P.A.; Varani, K. Pulsed
Electromagnetic Fields Increased the Anti-Inflammatory Effect of A2A and A3 Adenosine Receptors in Human T/C-28a2
Chondrocytes and HFOB 1.19 Osteoblasts. PLoS ONE 2013, 8, e65561. [CrossRef]

126. Varani, K.; Vincenzi, F.; Ravani, A.; Pasquini, S.; Merighi, S.; Gessi, S.; Setti, S.; Cadossi, M.; Borea, P.A.; Cadossi, R. Adenosine
Receptors as a Biological Pathway for the Anti-Inflammatory and Beneficial Effects of Low Frequency Low Energy Pulsed
Electromagnetic Fields. Mediat. Inflamm. 2017, 2017, 2740963. [CrossRef]

127. Halgamuge, M.N. Supervised Machine Learning Algorithms for Bioelectromagnetics: Prediction Models and Feature Selection
Techniques Using Data from Weak Radiofrequency Radiation Effect on Human and Animals Cells. Int. J. Environ. Res. Public
Health 2020, 17, 4595. [CrossRef] [PubMed]

http://doi.org/10.1002/bem.20463
http://www.ncbi.nlm.nih.gov/pubmed/19072782
http://doi.org/10.1016/j.bbamem.2004.11.015
http://www.ncbi.nlm.nih.gov/pubmed/15670738
http://doi.org/10.1002/jcp.24631
http://doi.org/10.1002/jcb.20920
http://www.ncbi.nlm.nih.gov/pubmed/16598759
http://doi.org/10.1038/srep21774
http://www.ncbi.nlm.nih.gov/pubmed/26887777
http://doi.org/10.1371/journal.pone.0065561
http://doi.org/10.1155/2017/2740963
http://doi.org/10.3390/ijerph17124595
http://www.ncbi.nlm.nih.gov/pubmed/32604814

	Introduction 
	Hypothesis 
	Enamel Matrix Derivative 
	Electromagnetic Fields (EMFs) and Cellular Responses 
	General Considerations 
	EMFs and Bone 
	EMFs and Cell Signaling 
	EMFs and Primary Cilia 
	Primary Cilia and Membrane Trafficking 

	Hypothesis Testing 
	Conclusions 
	References

