
Contents lists available at ScienceDirect

Bone

journal homepage: www.elsevier.com/locate/bone

Full Length Article

Pulsed electromagnetic fields modify the adverse effects of glucocorticoids
on bone architecture, bone strength and porous implant osseointegration by
rescuing bone-anabolic actions

Jing Caia,b,1, Xi Shaob,1, Qiuju Yangc, Yongqing Yangb, Zedong Yanb, Erping Luob, Xue Fengd,⁎,
Da Jingb,⁎⁎

a College of Basic Medicine, Shaanxi University of Chinese Medicine, Xianyang, China
bDepartment of Biomedical Engineering, Fourth Military Medical University, Xi'an, China
c Department of Anesthesia, The First Clinical College, Xinxiang Medical University, Xinxiang, China
dDepartment of Cell Biology, School of Medicine, Northwest University, Xi'an, China

A R T I C L E I N F O

Keywords:
Glucocorticoids
Pulsed electromagnetic fields (PEMF)
Osteoporosis
Implant osseointegration
Bone anabolism
Canonical Wnt signaling

A B S T R A C T

Long-term glucocorticoid therapy is known to induce increased bone fragility and impaired skeletal regeneration
potential. Growing evidence suggests that pulsed electromagnetic fields (PEMF) can accelerate fracture healing
and increase bone mass both experimentally and clinically. However, how glucocorticoid-treated bone and bone
cells respond to PEMF stimulation remains poorly understood. Here we tested the effects of PEMF on bone
quantity/quality, bone metabolism, and porous implant osseointegration in rabbits treated with dexamethasone
(0.5 mg/kg/day, 6 weeks). The micro-CT, histologic and nanoindentation results showed that PEMF ameliorated
the glucocorticoid-mediated deterioration of cancellous and cortical bone architecture and intrinsic material
properties. Utilizing the new porous titanium implant (Ti2448) with low toxicity and low elastic modulus, we
found that PEMF stimulated bone ingrowth into the pores of implants and enhanced peri-implant bone material
quality during osseous defect repair in glucocorticoid-treated rabbits. Dynamic histomorphometric results re-
vealed that PEMF reversed the adverse effects of glucocorticoids on bone formation, which was confirmed by
increased circulating osteocalcin and P1NP. PEMF also significantly attenuated osteocyte apoptosis, promoted
osteoblast-related osteocalcin, Runx2 and Osx expression, and inhibited osteocyte-specific DKK1 and Sost ex-
pression (negative regulators of osteoblasts) in glucocorticoid-treated skeletons, revealing improved functional
activities of osteoblasts and osteocytes. Nevertheless, PEMF exerted no effect on circulating bone-resorbing
cytokines (serum TRAcP5b and CTX-1) or skeletal gene expression of osteoclast-specific markers (TRAP and
cathepsin K). PEMF also significantly upregulated skeletal gene expression of canonical Wnt ligands (Wnt1,
Wnt3a and Wnt10b), whereas PEMF did not alter non-canonical Wnt5a expression. This study demonstrates that
PEMF treatment improves bone mass, strength and porous implant osseointegration in glucocorticoid-treated
rabbits by promoting potent bone-anabolic action, which is associated with canonical Wnt-mediated improve-
ment in osteoblast and osteocyte functions. This study provides a new treatment alternative for glucocorticoid-
related bone disorders in a convenient and non-invasive manner.

1. Introduction

The therapeutic use of glucocorticoids (GC) remains an important
approach for a wide range of chronic inflammatory and autoimmune
diseases in clinics, such as asthma, organ transplants, inflammatory
bowel diseases and rheumatoid arthritis [1]. However, prolonged

administration of GC has proven detrimental to various organs and
tissues, especially to the skeletal system [2]. Chronic exposure to GC is
found to induce a profound reduction in bone quantity and/or quality,
subsequently increasing the risks of fragility fractures and osteonecrosis
[3–5]. It has been reported that almost 50% of patients treated with GC
suffer from a traumatic fracture throughout their lives, and GC therapy
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is regarded as the leading cause of secondary osteoporosis [5–7]. GC
can also delay bone healing and impair skeletal regeneration potential
and osseointegration of various implants [8,9]. Although the etiology
has not yet been fully elucidated, compromised osteoblast differentia-
tion and function and increased apoptosis of osteoblasts and osteocytes
are considered to be the major mechanism of GC-induced bone dete-
rioration [5,10–12]. Thus, anti-osteoporotic treatments that can pro-
mote bone anabolism may be especially beneficial for resisting GC-re-
lated bone disorders. It has been reported that bone anabolic therapy by
parathyroid hormone (PTH) or PTH-related protein (PTHrP) effectively
inhibited GC-induced bone loss [13–15]. Recent studies have shown
that sclerostin antibody, another potential anabolic agent, also pre-
served bone mass in GC-treated rodents [16,17]. However, the potential
side effects and high cost of these drugs may limit their extensive
clinical application, especially in developing countries and regions.
Thus, further work is needed to develop economic and safe anabolic
therapies for GC-associated bone deficits in the clinic.

Since the discovery of bone's piezoelectric properties in the 1950s,
the biological consequence of exogenous electrical/magnetic signals on
bone has attracted extensive attention. Subsequent studies revealed that
electrical stimulation was able to promote osteogenesis [18,19]. Bassett
was the first to show the positive effects of non-contact pulsed elec-
tromagnetic fields (PEMF) on delayed and non-union fractures [20],
and the safety and effectiveness of PEMF in clinical orthopedic appli-
cations were approved by the FDA in 1979. Subsequent studies confirm
the therapeutic benefits of PEMF on various bone disorders both ex-
perimentally and clinically, such as fractures, bone defects, osteoar-
thritis and spinal cord injury [21–25]. In particular, recent accumu-
lating evidence suggests that PEMF can raise bone mass and enhance
bone strength in osteoporotic animals induced by ovariectomy, disuse,
or diabetes [24–28]. Several clinical trials have also demonstrated that
PEMF treatment increases bone mineral density (BMD) in post-
menopausal women [29,30]. Despite the growing body of knowledge
about the skeletal benefits of PEMF, the potential effects and regulatory
mechanisms of PEMF in the treatment of GC-related bone loss and bone
injury remain poorly understood.

Substantial evidence has revealed the essential role of canonical
Wnt (Wnt/β-catenin) signaling in the regulation of bone modeling and
remodeling [31]. It has been reported that GC exposure suppresses the
activation of the canonical Wnt signaling pathway [32]. It has been
shown that PEMF treatment stimulates the activation of canonical Wnt
signaling in osteoblasts in vitro [33]. The skeletal molecule expression
levels of canonical Wnt signaling are also significantly upregulated in
normal or ovariectomized animals under PEMF stimulation [34,35].
Furthermore, growing evidence has also suggested that non-canonical
Wnt (β-catenin independent) signaling is important for mediating bone
metabolism and homeostasis [36]. In this context, it is interesting to
investigate whether the canonical and non-canonical Wnt pathways are
implicated in PEMF-mediated regulation of bone metabolism and
structure in the GC-induced osteoporotic model.

In this study, the therapeutic effects of PEMF on bone mass, archi-
tecture, and biomechanical properties of cancellous and cortical bone in
GC-treated rabbits were investigated. Based on our previously devel-
oped non-toxic Ti2448 porous titanium alloy (pTi) with similarly high
strength and greatly reduced elastic modulus (more similar to the
elastic modulus of natural bone) compared with the traditional Ti-6Al-
4V alloy [26], we also evaluated the impacts of PEMF on bone defect
regeneration and implant osseointegration in GC-treated rabbits.
Moreover, the mechanisms, by which PEMF regulated bone metabolism
as well as the functional activities of bone cells (i.e., osteoblasts, os-
teoclasts and osteocytes) in GC-treated rabbits, were also investigated.

2. Materials and methods

2.1. Porous titanium implants

The detailed fabrication process of the Ti2448 pTi implants has been
described in our previous study [26]. In brief, computer-aided design
(CAD) software was employed to design the pTi model, and the struc-
tural parameters were designed as follows: diameter 6.0 mm, length
8.0 mm, porosity 70%, and pore size 750 μm. The Ti2448 alloy powder,
a novel β-type titanium alloy comprising non-toxic compositions of
24.1% niobium, 3.92% zirconium, 7.85% stannum and 64% titanium,
was cast into the Ti2448 pTi implants using an electron beam melting
system (EBM S12, Acram AB, Sweden) based on the CAD model. The
elastic modulus of the Ti2448 material with the ageing treatment in the
hexagonal close-packed (α) + body-centered cubic (β) two-phase field
is ~30 GPa [37], which is much closer to the modulus of human bone
(10–20 GPa) than that of the commercial Ti-6Al-4V alloy (> 100 GPa)
[38]. The pTi implants were imaged using a scanning electron micro-
scope (SEM, JSM-6460, JEOL, Japan) to provide gross visual informa-
tion of the three-dimensional morphological features of the implant.

2.2. Animals and study design

The overall experimental protocol is shown in Fig. 1. Twenty-four
male New Zealand rabbits (purchased from the Animal Center of the
Fourth Military Medical University), 21.2 ± 1.4 weeks of age weighing
3.4 ± 0.5 kg, were used. Following 1 week of acclimatization to the
laboratory, rabbits were randomly divided into three equal groups
(n = 8), including the blank control rabbits (Control), glucocorticoid-
treated rabbits (GC), and glucocorticoid-treated rabbits with PEMF
exposure (PEMF). The animals in the GC and PEMF groups were sub-
cutaneously injected with 0.5 mg/kg dexamethasone per day for 6
consecutive weeks. This concentration of dexamethasone has proven to
be effective at inducing significant bone loss in animals [39,40]. The
rabbits in the Control group were subcutaneously injected with sterile
saline as the sham control. After dexamethasone injection for 1 week,
the bone defect model was surgically established in all rabbits ac-
cording to the procedures reported in our previous study [26]. In brief,
after anesthetization with intramuscular administration of 3% pento-
barbital sodium (30 mg/kg), a cylindrical bone defect (6.0 mm dia-
meter and 8.0 mm length) was created in the lateral condyle of the left
femur with an electrical drill. After washing with sterile saline and
hydrogen peroxide, the drill-hole defect was filled with a cylindrical
block of pTi of a matching size. One day post surgery, an X-ray imaging
system (Carestream Health DRX-1, Rochester, NY) was employed to
scan the animals to confirm the accuracy of the defect location and
implant orientation. One week post surgery, rabbits in the PEMF group
were subjected to 2 h/day PEMF stimulation. All rabbits were given two
intramuscular injections of 8 mg/kg calcein (Sigma-Aldrich, St. Louis,
MO) 11 and 4 days prior to euthanasia. After PEMF treatment for 4
consecutive weeks, all animals were sacrificed by pentobarbital over-
dose, and blood samples were immediately obtained by cardiac punc-
ture and centrifuged at 5000 rpm to collect serum. The heart, liver,
spleen, lung, kidney and brain tissues were immediately harvested and
weighed. The left femoral condylar samples were harvested on ice and
immersed in 80% ethanol for bone histological and histomorphometric
evaluations. The left femoral bone with 2 cm height proximal to the
defect site was spun at 5000 rpm for 3 min followed by repeated PBS
flushing to remove bone marrow and then snap-frozen in liquid ni-
trogen for real-time PCR assays. The right femora were frozen in saline-
soaked gauze at −70 °C for micro-CT scanning. The right proximal ti-
biae were fixed in 4% paraformaldehyde (PFA) for osteocyte mor-
phology and survival analyses. All animal care and handling procedures
were approved by the Institutional Animal Care and Use Committee of
the Fourth Military Medical University.
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2.3. PEMF exposure system

As described in our previous studies [26,41], a custom-designed
PEMF exposure system comprising a signal generator and a Helmholtz
coil assembly with a three-coil array was employed (Fig. 1). The three
coils were placed coaxially 30.4 cm apart from each other. The turn
numbers of the central coil and outside coils were 266 and 500, re-
spectively. It has been proven that this assembly of three coils can
produce much higher magnetic field uniformity than the traditional
two-coil model [41]. The PEMF output waveform from the signal
generator consisted of a pulsed burst (burst width, 5 ms; pulse width,
0.2 ms; pulse wait, 0.02 ms; burst wait, 60 ms; pulse rise, 0.3 μs; pulse
fall, 2.0 μs) repeated at 15 Hz (Fig. 1). The peak intensity of the output
magnetic fields was approximately 2.0 mT, which was determined
using a Gaussmeter (Lake Shore Cryotronics, Westerville, OH). These
specific PEMF parameters, including the waveform, intensity and fre-
quency, have proven to be effective at resisting bone loss induced by
ovariectomy or diabetes in our previous animal studies [26,41].

2.4. Serum biochemical analysis

Serum biochemical indices, including alanine aminotransferase
(ALT), aspartate aminotransferase (AST), total bilirubin (Tbil), total
protein (TP), albumin (ALB), creatinine (CRE), glucose (GLU), trigly-
ceride (TG), cholesterol (GHOL), high-density lipoprotein (HDL), and
low-density lipoprotein (LDL), were quantified using an automatic
analyzer (COBAS INTEGRA 400 plus, Roche, Basel, Switzerland). The

commercial enzyme-linked immunosorbent assay (ELISA) kits
(CUSABIO Biotech Co., Wuhan, China) were used to determine bone
turnover markers, including serum osteocalcin (Cat. No. CSB-
E14060Rb), N-terminal propeptide of type 1 procollagen (P1NP, Cat.
No. CSB-E17085Rb), tartrate-resistant acid phosphatase 5b (TRACP5b,
Cat. No. CSB-E15043Rb), and C-terminal cross-linked telopeptides of
type 1 collagen (CTX-1, Cat. No. CSB-E07005Rb). All procedures were
strictly performed according to the protocols provided by the manu-
facturers. The absorbance values of samples were measured at 450 nm
(with the correction wavelength at 570 nm) using an Epoch microplate
spectrophotometer (Biotek, Winooski, VT).

2.5. Micro-CT imaging

The right femora were assessed by a micro-CT scanning system (Y.
Cheetah, YXLON, Germany) with the X-ray source set at 80 kV and
50 μA. Three-dimensional images were reconstructed to 18-μm iso-
tropic voxel size. Based on the VG Studio Max 2.2 software, the tra-
becular volume of interest (VOI) starting at a distance of 2.5 mm distal
from the proximal end plane of the growth plate of the distal femur and
extending to the diaphysis over a distance of 5.0 mm was selected,
which only contained the second spongiosa. The corresponding char-
acteristic parameters of trabecular bone, including trabecular bone
mineral density (BMD), bone volume/total volume (BV/TV), con-
nectivity density (Conn.D), structure model index (SMI), trabecular
number (Tb.N), trabecular thickness (Tb.Th), trabecular separation
(Tb.Sp) and bone surface per bone volume (BS/BV) were analyzed. The

Fig. 1. The porous titanium alloy (pTi) implant, pulsed electromagnetic fields (PEMF) exposure system, and overall experimental protocol used in the current study.
(A) Characterization of the Ti2448 pTi implant (6.0 mm diameter, 8.0 mm length, 70% porosity and 750 μm pore size) via gross view and scanning electron
microscope (SEM) imaging. The scale bar in the SEM image represents 1 mm. (B) X-ray imaging of the rabbit in which a cylindrical bone defect 6.0 mm in diameter
and 8.0 mm in length was established in the femoral lateral condyle, and then the pTi implant was transplanted into the bone defect site. (C) The PEMF waveform
employed in this study consisted of a pulsed burst (burst width, 5 ms; pulse width, 0.2 ms; pulse wait, 0.02 ms; burst wait, 60 ms; pulse rise, 0.3 μs; pulse fall, 2.0 μs)
repeated at 15 Hz. The peak magnetic field intensity within the Helmholtz coils was approximately 2.0 mT. (D) The flow diagram for the experimental protocol used
in the current study.
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cortical VOI was selected starting at a position 5.0 mm proximal to the
proximal end plane of the trabecular VOI and extending 2.0 mm to the
diaphysis, and the cortical thickness (Ct.Th) and cortical area (Ct.Ar)
were calculated.

2.6. Histology and histomorphometry

The left femoral condyles were dehydrated progressively in ethanol
(from 70% to 100%), embedded in methyl methacrylate, and long-
itudinally sectioned along the pTi using a Leica 2500E diamond saw
microtome (Leica SpA, Milan, Italy) to a thickness of ~50 μm. The
mineral apposition rate (MAR, mean distance between the double
fluorescent labels divided by the labeling intervals of 7 days) and bone
formation rate/bone surface (BFR/BS, double-labeled perimeter plus
half of single-labeled perimeter multiplied by MAR per bone surface)
were measured in the regions of peri-implant bone and cancellous bone
(without bone defect) under a fluorescence microscope (LEICA DM LA,
Leica Microsystems, Heidelberg, Germany). After fluorescent imaging,
all sections were stained with Masson-Goldner trichrome to further
evaluate the trabecular bone architecture and bone ingrowth in pTi,
and the bone area fraction was calculated from the pixels representing
bone tissue (bone area per total area) in the histological images.

2.7. Osteocyte survival analysis

After fixation in 4% PFA for 2 days, the right proximal tibiae were
immersed in 10% EDTA for 8 weeks, and then embedded in paraffin.
Five-micron-thick sections were stained with hematoxylin and eosin (H
&E) to evaluate the morphology of osteocytes and their lacunae. The
number of empty lacunae per trabecular bone surface was analyzed
based on the H&E staining images. TUNEL immunofluorescence
staining was also performed using a commercial TUNEL staining kit
(Roche, Mannheim, FRG) to assess osteocyte apoptosis. The percentage
of TUNEL-positive (apoptotic) osteocytes in the trabecular bone matrix
was quantified under the Leica fluorescence microscope.

2.8. Nanoindentation tests

The left femoral condyles embedded in methyl methacrylate were
longitudinally sectioned along the pTi to ~1 mm thickness and then
polished using silicon carbide abrasive paper (grit sizes of 800, 1000
and 1200) under water irrigation. The samples were stored at −20 °C
prior to mechanical testing to minimize any changes in material prop-
erties [42]. Before testing, the samples were rehydrated in saline for
24 h and then transferred to an Agilent G200 NanoIndenter (Agilent
Technologies, Inc., Chandler, AZ) equipped with a Berkovich pyr-
amidal-shaped diamond tip. The load-controlled nanoindentation as-
says were conducted according to a previously reported protocol [43].
First, the indenter tip was pressed into the specimens to a 4-μm max-
imum depth with a 0.05 s−1 strain rate. The peak load was held for 10 s
to minimize the viscoelasticity and creep of skeletal tissues. Then, un-
loading was applied to 10% of the peak load at the maximum loading
rate followed by a 60-s hold for calculating the thermal drift. Following
the removal of the tip from the specimen, the modulus and contact
hardness were calculated based on the automatically collected force-
displacement data using the standard Oliver-Pharr method [44].

2.9. Real-time PCR assays

Prior to RNA extraction, bone specimens were ground to powder in
a mortar filled with liquid nitrogen using a pestle. TRIzol was then
directly added to the bone powder, and total RNA was isolated using
the guanidinium isothiocyanate-phenol-chloroform extraction method
following the manufacturer's instructions. Then, cDNA was synthesized
from RNA using SuperScript III reverse transcriptase. Quantitative real-
time PCR was performed on an ABI PRISM 7300 real-time PCR system

using SYBR Green PCR Master Mix (Applied Biosystems, Foster City,
CA). The primers were designed (using the Primer-BLAST tool available
from the NCBI website) and synthesized by Beijing AuGCT DNA-SYN
Biotechnology Co., Ltd. The primers used in the current study are
shown in Table S1. The mRNA levels of each gene were normalized to
the β-actin mRNA level. The expression levels of genes were calculated
using the 2−ΔΔCt method.

2.10. Statistical analysis

Data analyses were performed with SPSS 20.0 for Windows software
(Chicago, IL), and expressed as mean ± standard deviation (SD).
Based on the normal distribution examination using the Kolmogorov-
Smirnov test and homogeneity of variance evaluation using Levene's
test, we observed that each specific parameter in the three groups
obeyed a normal distribution and homoscedasticity. Then, all experi-
mental data were statistically analyzed using the One-way analysis of
variance (ANOVA) with Bonferroni's post hoc comparisons. A P value
of< 0.05 was considered statistically significant.

3. Results

3.1. Safety evaluation

The effects of PEMF on the organ weights and serum biochemical
parameters in GC-treated rabbits are shown in Fig. S1 and Table S2,
respectively. Our findings demonstrate that PEMF did not induce any
change in either absolute weights or relative weights (normalized by
body weights) of various organs in GC-treated rabbits, including the
heart, liver, spleen, lung, kidney and brain (Fig. S1, P > 0.05).
Moreover, PEMF exposure did not cause any change in serum bio-
chemical indices in GC-treated rabbits, including alanine amino-
transferase, aspartate aminotransferase, total bilirubin, total protein,
albumin, creatinine, glucose, triglyceride, cholesterol, high-density li-
poprotein, and low-density lipoprotein (Table S2, P > 0.05). Thus, our
findings reveal that PEMF did not induce any significant side effects in
GC-treated rabbits.

3.2. Micro-CT analysis

Representative micro-CT images of femoral cancellous bone and
cortical bone are shown in Fig. 2A & B, respectively. The GC group
exhibited deterioration in femoral cancellous bone architecture, as
evidenced by the significantly lower trabecular BMD, BV/TV, Conn.D,
Tb.N, and Tb.Th (P < 0.01) and higher SMI, Tb.Sp and BS/BV
(P < 0.01) than the Control group (Fig. 2C~J). The PEMF group
showed a significant increase in trabecular BMD (+32.1%, P = 0.004),
BV/TV (+68.3%, P = 0.004), Conn.D (+28.2%, P = 0.003), and Tb.N
(+32.0%, P = 0.02), and a decrease in SMI (−18.8%, P = 0.001),
Tb.Sp (−22.9%, P = 0.003) and BS/BV (−19.8%, P = 0.001) com-
pared with the GC group (Fig. 2C~J). The PEMF group showed sig-
nificantly lower BMD and Conn.D, and higher BS/BV than the Control
group (P < 0.05), whereas no significant difference in BV/TV, SMI,
Tb.N, Tb.Th, or Tb.Sp was observed between the PEMF group and the
Control group (P > 0.05). Moreover, the GC group also showed a
significant decrease in cortical bone parameters compared with the
Control group, including Ct.Th and Ct.Ar (Fig. 2K & L, P < 0.01). The
PEMF group also exhibited significant improvement in cortical bone
microstructure compared with the GC group, as evidenced by increased
Ct.Th (+19.2%, P = 0.001) and Ct.Ar (+28.2%, P = 0.003).

3.3. Bone histological analysis

Representative femoral cancellous bone histology images in the
region of bone defects and in the region without bone defects are shown
in Fig. 3A & B, respectively. The GC group exhibited fewer bone

J. Cai, et al. Bone 133 (2020) 115266

4



ingrowths through the pores of Ti2448 pTi implants than the Control
group, as evidenced by significantly lower peri-implant bone area
fraction (Fig. 3C, P < 0.001). The GC-treated rabbits also exhibited
deterioration of the cancellous bone microstructure in the region
without bone defects, as evidenced by a significantly lower cancellous
bone area fraction than the Control group (Fig. 3D, P < 0.001). PEMF
significantly increased the bone area fraction of peri-implant bone
(+251.7%, P < 0.001) and cancellous bone (+68.8%, P = 0.002) in
GC-treated rabbits. However, no significant difference in the bone area
fraction of peri-implant bone or cancellous bone was found between the
PEMF group and the Control group (P > 0.05).

3.4. Nanoindentation testing

The results of the femoral biomechanical material properties via
nanoindentation testing are shown in Fig. 4. The rabbits in the GC
group showed a significantly lower elastic modulus and hardness in
both peri-implant trabecular bone and cortical bone than those in the
Control group (P < 0.05). The PEMF group exhibited significant im-
provement in the elastic modulus (+29.9%, P = 0.002) and hardness
(+22.0%, P = 0.002) in peri-implant trabecular bone compared with

GC-treated rabbits. Moreover, PEMF exposure also significantly in-
creased the cortical bone modulus (+22.9%, P = 0.009) and hardness
(+28.7%, P < 0.001) in GC-treated rabbits. The PEMF group showed
lower peri-implant trabecular bone hardness than the Control group
(P < 0.05), whereas no significant difference in peri-implant trabe-
cular bone modulus or cortical bone modulus/hardness was observed
between the PEMF group and Control group (P > 0.05).

3.5. Bone turnover examination

Dynamic histomorphometric results based on calcein double la-
beling showed that GC led to a significant reduction in the peri-implant
bone formation rate in the region of bone defects, as evidenced by the
greatly decreased MAR and BFR/BS (Fig. 5A, P < 0.001). PEMF ex-
posure significantly increased the peri-implant bone MAR (+66.4%,
P < 0.001) and BFR/BS (+126.4%, P < 0.001) levels in GC-treated
rabbits. Moreover, the GC group showed significantly lower cancellous
bone MAR and BFR/BS than the Control group (Fig. 5B, P < 0.001).
However, the PEMF group exhibited a significant increase in trabecular
bone MAR (+46.3%, P = 0.018) and BFR/BS (+114.9%, P < 0.001)
in comparison with the GC group. Moreover, the serum ELISA results

Fig. 2. Effects of pulsed electromagnetic fields (PEMF) exposure on cancellous and cortical bone architecture in distal femora in glucocorticoid-treated rabbits via
micro-CT imaging. (A) Three-dimensional micro-CT images of cancellous bone architecture of distal femora determined by the selected volume of interest (VOI) with
yellow color, which started at a distance of 2.5 mm distal from the proximal end plane of the growth plate and extended to the diaphysis over a distance of 5.0 mm.
(B) Two-dimensional femoral cortical bone micro-CT images at the plane that was 5.0 mm proximal to the proximal end plane of the trabecular VOI. (C–J) Statistical
analyses for the characteristic parameters of trabecular bone, including trabecular bone mineral density (BMD), bone volume/total volume (BV/TV), connectivity
density (Conn.D), structure model index (SMI), trabecular number (Tb.N), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp) and bone surface per bone
volume (BS/BV). (K&L) Statistical analyses for the characteristic parameters of cortical bone, including cortical thickness (Ct.Th) and cortical area (Ct.Ar). Control,
the blank control rabbits group; GC, the glucocorticoid-treated rabbits group; PEMF, the glucocorticoid-treated rabbits with PEMF exposure group. All data are
expressed as mean ± S.D. (n = 8). ⁎P < 0.05 vs. the Control group; #P < 0.05 vs. the GC group. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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demonstrated that the concentrations of bone formation markers, in-
cluding serum osteocalcin and P1NP, were significantly lower in the GC
group than those in the Control group (Fig. 5C & D, P < 0.001). The
PEMF group exhibited significantly higher serum osteocalcin (+39.6%,
P = 0.008) and P1NP (+40.7%, P = 0.001) concentrations than those
in the GC group. No significant difference in MAR, BFR/BS, serum os-
teocalcin or serum P1NP was observed between the PEMF group and
the Control group (P > 0.05). We also found that the GC group and the
PEMF group exhibited significantly higher serum TRAcP5b and CTX-1
concentrations (Fig. 5E & F, bone resorption markers, P < 0.01) than
the Control group. Nevertheless, no significant difference was observed
in serum TRAcP5b or CTX-1 levels between the GC and PEMF groups
(P > 0.05).

3.6. Osteocyte survival analysis

Representative osteocyte H&E staining and TUNEL immuno-
fluorescence staining images are depicted in Fig. 6A & B. The H&E
staining results demonstrated that the GC group exhibited a significant
increase in the numbers of empty lacunae compared with the Control
group (Fig. 6A & C, P < 0.001). However, in comparison with the GC
group, the PEMF group showed a significant decrease in the numbers of
empty lacunae (−44.2%, P < 0.001). The TUNEL

immunofluorescence staining results showed that the GC group had a
significantly higher percentage of TUNEL-positive osteocytes than the
Control group (Fig. 6B & D, P < 0.001). The PEMF group exhibited a
significant decrease in the percentage of TUNEL-positive osteocytes
compared with the GC group (−52.4%, P < 0.001). The PEMF group
also showed a significantly lower number of empty lacunae and per-
centage of TUNEL-positive osteocytes than the Control group
(P < 0.01).

3.7. Real-time PCR assays

The rabbits in the GC group showed a significant decrease in os-
teoblast-related gene expression compared with those in the Control
group, including osteocalcin, Runx2 and Osx (Fig. 7A–C, P < 0.001).
The GC and PEMF groups exhibited significantly higher osteoclast-
specific gene expression than the Control group, including TRAP and
cathepsin K (Fig. 7D & E, P < 0.001). PEMF significantly upregulated
osteoblast-related osteocalcin, Runx2 and Osx expression (P < 0.001)
in GC-treated rabbits but had no measurable impact on osteoclast-re-
lated TRAP and cathepsin K gene expression (P > 0.05). Moreover,
PEMF partially attenuated the increase in osteocyte-specific Sost and
DKK1 gene expression (Fig. 7F & G, P < 0.001), whereas the Sost and
DKK1 expression levels in the PEMF group were still lower than those in

Fig. 3. Effects of pulsed electromagnetic fields (PEMF) stimulation on femoral trabecular bone histology (A) in the region of bone defects and (B) in the region
without bone defects in glucocorticoid-treated rabbits via Masson-Goldner trichrome staining. The black areas in (A) represent porous titanium (pTi) alloy. Scale bars
in (A & B) represent 200 μm. (C & D) The corresponding statistical results of the bone area fraction (bone area per total area) of peri-implant bone and cancellous
bone (without bone defect) based on the Masson-Goldner trichrome staining images. Control, the blank control rabbits group; GC, the glucocorticoid-treated rabbits
group; PEMF, the glucocorticoid-treated rabbits with PEMF exposure group. All data are expressed as mean ± S.D. (n = 8). ⁎P < 0.05 vs. the Control group;
#P < 0.05 vs. the GC group.
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Fig. 4. Effects of pulsed electromagnetic fields (PEMF) exposure on the biomechanical material properties (modulus and hardness) of femoral (A & B) peri-implant
trabecular bone and (C & D) cortical bone in glucocorticoid-treated rabbits based on nanoindentation testing. Control, the blank control rabbits group; GC, the
glucocorticoid-treated rabbits group; PEMF, the glucocorticoid-treated rabbits with PEMF exposure group. All data are expressed as mean ± S.D. (n = 8).
⁎P < 0.05 vs. the Control group; #P < 0.05 vs. the GC group.

Fig. 5. Effects of pulsed electromagnetic fields (PEMF) stimulation on bone formation and resorption in glucocorticoid-treated rabbits. (A & B) Dynamic histo-
morphometric analysis of rabbit femoral (A) peri-implant bone and (B) cancellous bone based on dual calcein labeling with 7-day intervals, and the mineral
apposition rate (MAR) and bone formation rate per bone surface (BFR/BS) were determined. The black areas in (A) labeled with red arrows represent porous titanium
(pTi) alloy. Scale bars in (A&B) represent 200 μm. (C–F) Enzyme-linked immunosorbent assays (ELISA) for the bone formation markers serum osteocalcin and N-
terminal propeptide of type 1 procollagen (P1NP), and the bone resorption markers serum tartrate-resistant acid phosphatase 5b (TRAcP5b) and C-terminal cross-
linked telopeptides of type 1 collagen (CTX-1). Control, the blank control rabbits group; GC, the glucocorticoid-treated rabbits group; PEMF, the glucocorticoid-
treated rabbits with PEMF exposure group. All data are expressed as mean ± S.D. (n = 8). ⁎P < 0.05 vs. the Control group; #P < 0.05 vs. the GC group. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the Control group (P < 0.01). The GC group also showed a significant
decrease in skeletal gene expression of canonical Wnt ligands (Wnt1,
Wnt3a and Wnt10b) and β-catenin compared with the Control group
(Fig. 7H–L, P < 0.001). PEMF significantly upregulated skeletal Wnt1
(P < 0.001), Wnt3a (P < 0.001), Wnt10b (P = 0.003), and β-catenin
(P < 0.001) gene expression in GC-treated rabbits. However, no de-
tectable difference in non-canonical Wnt5a expression was observed
between the GC and PEMF groups (Fig. 7J, P > 0.05).

4. Discussion

GC-induced osteoporosis is the second most common form of os-
teoporosis after postmenopausal osteoporosis [45]. Moreover, bone
defect repair in GC-treated osteoporotic skeletons remains a challenging
clinical issue for orthopedic surgeons. Considering the dosing incon-
venience, side effects, and cost of pharmacotherapy, investigators have
endeavored to explore the biophysical treatments for GC-related bone
deficits. Studies have shown that resistance exercise and mechanical
vibration were able to partially inhibit the deleterious consequences of
GC on bone mass [46–48]. Although strong evidence has revealed the
positive skeletal effects of low-intensity pulsed ultrasound (LIPUS),
LIPUS did not show significant effects on BMD or cancellous bone
healing in GC-treated rats [49]. A study by Bayat et al. showed that low-
level laser therapy improved the biomechanical properties in GC-

induced osteopenic rats [50]. We herein found that PEMF improved
cancellous and cortical bone mass, bone quality, and bone defect re-
generation in GC-exposed rabbits. This study reveals that PEMF treat-
ment, due to its economic, convenient and noninvasive nature, may
become a promising strategy for improving bone health in GC-treated
individuals.

According to the micro-CT and histological results, we found that
dexamethasone was detrimental to cancellous bone microarchitecture
and cortical bone thickness in rabbit femora. Several previous studies
also revealed similar structural damage to both trabecular and cortical
bone induced by dexamethasone in mice, rats and rabbits [40,51,52].
Interestingly, PEMF partially preserved three-dimensional bone archi-
tecture in dexamethasone-treated rabbits, characterized by the sig-
nificantly improved cancellous bone number and connectivity and in-
creased cortical bone thickness. In addition, we also used the
biomechanical nanoindentation technique to determine the modifica-
tion of bone's intrinsic material quality at the microscale. The major
characteristic parameters of skeletal material properties, including
modulus and hardness, were markedly reduced in the presence of
dexamethasone. Similarly, Balooch et al. also found a GC-induced de-
cline in biomechanical material properties in mouse and human tra-
becular bone based on indentation measurements [53]. Moreover, we
also observed that compromised skeletal microscopic mechanical
properties were partially reversed by PEMF, as evidenced by the

Fig. 6. Effects of pulsed electromagnetic fields (PEMF) exposure on osteocyte survival in glucocorticoid-treated rabbits. (A) Hematoxylin and eosin (H&E) staining on
decalcified proximal tibial specimens to visualize the morphology of osteocytes and their lacunae. Empty lacunae are labeled with green arrows. The scale bar
represents 100 μm. (B) TUNEL immunofluorescence staining for the apoptotic analysis of osteocytes in decalcified proximal tibial specimens. Apoptotic osteocytes are
labeled with green arrows. (C) Statistical results for the parameter of empty lacunae per trabecular bone surface based on the H&E staining images. (D) Statistical
results for TUNEL + osteocytes in trabecular bone based on the TUNEL immunofluorescence staining images. Control, the blank control rabbits group; GC, the
glucocorticoid-treated rabbits group; PEMF, the glucocorticoid-treated rabbits with PEMF exposure group. All data are expressed as mean ± S.D. (n = 8).
⁎P < 0.05 vs. the Control group; #P < 0.05 vs. the GC group. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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increased elastic modulus and hardness. Thus, our findings reveal that
PEMF stimulation has the capacity to inhibit GC-induced deteriorations
of bone quality in addition to bone mass and microarchitecture.

Our ELISA results demonstrate that circulating osteocalcin and
P1NP levels, two critical biomarkers highly correlated with bone for-
mation [54,55], were significantly increased by PEMF exposure in GC-
treated rabbits. Consistent with the serum findings, dynamic histo-
morphometric results provide further direct evidence that the GC-
mediated decrease in bone formation rates was significantly attenuated
by PEMF treatment. The PCR results demonstrate that PEMF stimulated
the gene expression of Runx2 and Osx, two specific transcriptional
regulatory factors that are essential for osteoblast differentiation [56].
PEMF exposure was also found to promote skeletal OCN expression in
GC-treated rabbits, confirming the improvement in osteoblast differ-
entiation. Thus, based on a combination of evidence from serum bio-
chemistry, bone histomorphometry, and skeletal gene expression ana-
lyses, our study confirms the reversal of the adverse effects of GC on
skeletal anabolism in the presence of PEMF. Similarly, several other
investigators have also revealed the bone anabolic effects induced by
exogenous electromagnetic stimulation in normal young rats [57–59].
However, our serum biochemistry and skeletal gene expression findings
reveal that PEMF exerted no significant effect on osteoclast activity and
bone resorption. A similar finding has also been reported in a previous
in vivo study [26]. However, the reason why osteoblasts and osteoclasts
are so different with respect to detecting and responding to external
PEMF signals remains unknown. This interesting and important ques-
tion needs to be further clarified in future studies.

Growing evidence suggests that osteocytes, the most abundant cell
type in the skeleton comprising 90–95% of all bone cells, are essential

for regulating bone remodeling and maintaining bone mass [60]. Os-
teocytes are also highly susceptible to the adverse effects of GC [10].
Our H&E and TUNEL staining results demonstrate that chronic GC
therapy increased osteocyte apoptosis and disrupted the lacunar-cana-
licular structures of osteocytes. After PEMF treatment, the numbers of
empty lacunae and apoptotic osteocytes in GC-treated rabbits were
significantly decreased, revealing PEMF-mediated improvement in os-
teocyte survival. Our previous in vitro study also shows the beneficial
effects of PEMF on the viability and connectivity of osteocyte-like MLO-
Y4 cells [61]. Furthermore, the PCR results show that PEMF markedly
mitigated the GC-induced increase in the gene expression of DKK1 and
Sost, two osteocyte-derived negative regulators of osteoblastic func-
tions. Hence, our results reveal that PEMF-mediated skeletal anabolism
in GC-treated conditions is associated with the improvement in the
viability and function of the osteocyte network.

It has also been shown that the canonical Wnt signaling pathway in
osteoblasts was suppressed by chronic GC exposure both in vivo and in
vitro [32,62]. Consistent with these findings, this study shows that GC
inhibited the gene expression of canonical Wnt ligands (including
Wnt1, Wnt3a and Wnt10b) and β-catenin, providing further evidence
that the canonical Wnt signaling cascade was impaired in the GC-
treated skeleton. Interestingly, PEMF treatment was able to stimulate
the expression of various canonical Wnt ligands as well as their
downstream β-catenin, revealing the potential activation of skeletal
canonical Wnt signaling in GC-treated rabbits. However, we found no
significant change in non-canonical Wnt5a expression in bone exposed
to either GC or PEMF. Therefore, our results demonstrate that the
PEMF-induced strong bone anabolism in GC-treated skeletons might be
associated with the potential activation of canonical Wnt/β-catenin

Fig. 7. Effects of pulsed electromagnetic fields (PEMF) exposure on gene expression in femoral bones with 2 cm height above the bone defect site with removal of
bone marrow in glucocorticoid-treated rabbits via real-time PCR analyses, including (A) Osteocalcin, (B) Runx2, (C) Osx, (D) TRAP, (E) cathepsin K, (F) Sost, (G)
DKK1, (H) Wnt1, (I) Wnt3a, (J) Wnt5a, (K) Wnt10b, and (L) β-catenin. Control, the blank control rabbits group; GC, the glucocorticoid-treated rabbits group; PEMF,
the glucocorticoid-treated rabbits with PEMF exposure group. All data are expressed as mean ± S.D. (n = 8). ⁎P < 0.05 vs. the Control group; #P < 0.05 vs. the GC
group.
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signaling.
Considering that patients with chronic GC treatment tend to have

delayed fracture union and poor bone defect regeneration [63–65], this
study also investigated the effects of PEMF on titanium implant os-
seointegration in GC-treated rabbits. Due to the lower elastic modulus,
the Ti2248 pTi implant has been proven to induce lower stress con-
centrations at the bone-implant interface, and to thus achieve better
osseointegration and a lower risk of implant loosening than the com-
mercial Ti-6Al-4V alloy [66]. Our histological, histomorphometric and
biomechanical results show that PEMF not only stimulated bone in-
growths into the pore spaces of titanium implants in osseous defects but
also improved peri-implant bone material properties and the bone
formation rate in GC-treated rabbits, which is beneficial for securing the
long-term stability of implant fixation. However, how PEMF treatment
improves pTi osseointegration is a complicated issue involving a battery
of biological events. PEMF may induce both changes in the electric
potential gradients on the titanium surface and surface polarization on
the cell membrane and thus promote bone cell/tissue adhesion to the
titanium surface [67]. In addition, PEMF treatment may also cause a
change in the mechanical microenvironment at the bone-implant in-
terface, which is important for bony ingrowth into a porous implant
[68]. Furthermore, PEMF may force ion movement, and alter ion/li-
gand binding and transport in bone cells [24,69]. It has also been
suggested that PEMF may induce ion vibration within bone cells, for-
cing the opening of voltage gated channels, thus altering the down-
stream biological cascades associated with bone repair and regenera-
tion [24,70]. Therefore, much work remains to be done in future to
clarify the mechanisms by which PEMF exposure promotes peri-implant
bone growth in normal and osteoporotic individuals.

One major limitation of this study is the lack of an additional group
of normal rabbits with PEMF stimulation. Although the positive effects
of PEMF treatment on promoting osteogenesis and increasing bone
mass in healthy animals have been systematically reported in our and
others' previous studies [34,57,58,71], an additional group of normal
rabbits with PEMF will be helpful for providing a more direct com-
parison of PEMF-induced anabolic effects between normal and GC-
treated rabbits.

In conclusion, this study shows that low-intensity PEMF treatment
was able to partially inhibit the deleterious consequences of GC on the
cancellous and cortical bone architecture and mechanical properties in
rabbits. Utilizing the Ti2448 pTi implants with low toxicity and low
elastic modulus, we also found that PEMF enhanced peri-implant bone
quantity and quality in GC-treated rabbits, revealing improved implant
osseointegration and potentially decreased risks of implant loosening
during osseous defect repair. Furthermore, our results reveal that PEMF
exhibited potent bone-anabolic actions by ameliorating the detrimental
effects of GC on the functional activities of osteoblasts and osteocytes,
which might be associated with the activation of canonical Wnt sig-
naling. This study highlights that PEMF may represent an effective al-
ternative strategy for the treatment of GC-related bone disorders.
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