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ABSTRACT
A large body of evidence indicates that pulsed electromagnetic fields (PEMF), as a safe and noninvasive method, could promote in
vivo and in vitro osteogenesis. Thus far, the effects and underlying mechanisms of PEMF on disuse osteopenia and/or osteoporosis
remain poorly understood. Herein, the efficiency of PEMF on osteoporotic bone microarchitecture, bone strength, and bone
metabolism, together with its associated signaling pathway mechanism, was systematically investigated in hindlimb‐unloaded (HU)
rats. Thirty youngmature (3‐month‐old), male Sprague‐Dawley rats were equally assigned to control, HU, and HUþ PEMF groups. The
HUþ PEMF group was subjected to daily 2‐hour PEMF exposure at 15Hz, 2.4 mT. After 4 weeks, micro–computed tomography (mCT)
results showed that PEMF ameliorated the deterioration of trabecular and cortical bone microarchitecture. Three‐point bending test
showed that PEMFmitigated HU‐induced reduction in femoral mechanical properties, including maximum load, stiffness, and elastic
modulus. Moreover, PEMF increased serum bone formation markers, including osteocalcin (OC) and N‐terminal propeptide of type 1
procollagen (P1NP); nevertheless, PEMF exertedminor inhibitory effects on bone resorptionmarkers, including C‐terminal crosslinked
telopeptides of type I collagen (CTX‐I) and tartrate‐resistant acid phosphatase 5b (TRAcP5b). Bone histomorphometric analysis
demonstrated that PEMF increased mineral apposition rate, bone formation rate, and osteoblast numbers in cancellous bone, but
PEMF caused no obvious changes on osteoclast numbers. Real‐time PCR showed that PEMF promoted tibial gene expressions of
Wnt1, LRP5, b‐catenin, OPG, and OC, but did not alter RANKL, RANK, or Sost mRNA levels. Moreover, the inhibitory effects of PEMF on
disuse‐induced osteopenia were further confirmed in 8‐month‐old mature adult HU rats. Together, these results demonstrate that
PEMF alleviated disuse‐induced bone loss by promoting skeletal anabolic activities, and imply that PEMF might become a potential
biophysical treatment modality for disuse osteoporosis. © 2014 American Society for Bone and Mineral Research.
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Introduction

Disuse osteoporosis is a common skeletal disease caused by
the removal of weight‐bearing physical activities, and

characteristically occurs in patients with prolonged therapeutic
bed rest and limb immobilization (eg, spinal cord injury and
fracture), and in populations with long‐duration exposure to
microgravity environment (eg, astronauts).(1,2) Profound loss of
bone mineral density (BMD) with approximately 1.5% per month
occurs in astronauts during spaceflight, equaling that in
postmenopausal women in 1 year.(3–5) Studies also showed
that crewmembers during spaceflight experienced reduced

bone formation, augmented bone resorption, and persistently
higher fracture risk even 1 year after returning to Earth.(6,7)

Similarly, mechanical unloading also led to significant BMD
decrease and concomitant higher incidence of bone fractures for
patients with long‐term bed rest or immobilization.(8,9) In view of
the side effects or high cost of antiosteoporosis drugs (eg,
calcitonin, hormones, and calcium and vitamin D prepara-
tions),(10–14) safe and noninvasive biophysical countermeasures
for disuse osteoporosis might be more promising in clinical
application, and especially favorable for the use of spaceflight.

Our growing understanding of the intricate piezoelectric
properties of bone tissues raised the possibility that exogenous

Received in original form November 10, 2013; revised form March 9, 2014; accepted March 31, 2014. Accepted manuscript online April 18, 2014.
Address correspondence to: Erping Luo, PhD, Department of Biomedical Engineering, Fourth Military Medical University, 17 West Changle Road, Xi’an 710032,
China. E‐mail: erpingluo@hotmail.com
*DJ, JC, and YW contributed equally to this work.
Additional Supporting Information may be found in the online version of this article.

ORIGINAL ARTICLE JJBMR

Journal of Bone and Mineral Research, Vol. 29, No. 10, October 2014, pp 2250–2261
DOI: 10.1002/jbmr.2260
© 2014 American Society for Bone and Mineral Research

2250



electric or magnetic stimulation might regulate the activities and
functions of bone cells. Subsequent studies have confirmed the
osteogenic effects of electrical stimulation.(15,16) Since the 1970s
when Bassett and colleagues(17) for the first time found that
pulsed electromagnetic field (PEMF) treatment, a more accessi-
ble and affordable noncontact modality, was able to accelerate
fracture healing in patients, abundant evidence has substantiat-
ed that PEMF exposure is capable of producing satisfying
therapeutic effects on a wide range of bone diseases, such as
fresh and nonunion fractures(18,19) and osteoarthritis.(20,21) It has
been suggested that the positive effects derived from PEMF
might be primarily because induction of pulsed electric currents
in bones initiates a battery of biological cascades.(22) Moreover,
growing evidence has also shown the potential of PEMF in the
treatment of osteopenia and/or osteoporosis. It has been proved
that PEMF stimulation is capable of preventing the loss of bone
mass and improving bone’s biomechanical properties in
osteoporotic rats induced by ovariectomy (OVX) or diabetes
mellitus.(23–26) The antiosteoporosis efficiency of PEMF was
further confirmed by several clinical investigations.(27–29) A large
body of in vitro evidence has demonstrated that PEMF
stimulation was able to promote proliferation andmineralization
of osteoblasts(30–32) and also inhibit osteoclastogenesis.(33,34)

Despite these positive findings, little is known about the
mechanisms of PEMF exposure in relation to disuse‐induced
osteopenia and/or osteoporosis.
The tail‐suspended hindlimb‐unloaded (HU) rat model has

been widely accepted as an effective animal model for
simulating weightlessness and investigating disuse osteoporo-
sis.(35) Rats subjected to HU displayed decreased bone formation
and increased bone resorption, and thus led to concomitant loss
of bone mass and reduction of bone mechanical strength.(36,37)

Therefore, in the present investigation, we hypothesize that
PEMF might regulate bone remodeling in HU rats, and
subsequently inhibit disuse‐induced deterioration of bone
microarchitecture and decrease of bone mechanical strength.
The effects of PEMF exposure on disuse‐induced bone loss were
evaluated via systematic analysis for serum biochemical, bone
biomechanical, micro–computed tomography (mCT), and histo-
morphometric parameters in rats subjected to tail suspension.
Moreover, the molecular signaling pathway mechanisms of
PEMF on bone metabolism in HU rats, including osteoblasto-
genesis‐related Wnt/LRP5/b‐catenin signaling and osteoclasto-
genesis‐associated RANKL‐RANK signaling were preliminarily
investigated.

Materials and Methods

Experimental design and animal model

All procedures in the experiment were approved by the
Institutional Animal Care and Use Committee of the Fourth
Military Medical University. Thirty young mature 3‐month‐old
male Sprague‐Dawley rats (276.0� 11.3 g; Vital River Laboratory
Animal Technology, Beijing, China) were used in this study. Rats
were divided into three equal groups (n¼ 10) and randomly
assigned to the control, HU, and HU with PEMF exposure
(HUþ PEMF) groups. HU by the tail‐suspension technique was
employed according to a previously described protocol.(38)

Briefly, the tail, after being cleaned with 70% ethanol, was
coated with a thin layer of liquid‐like benzoin and resin
dissolved in 99% ethanol. A strip of adhesive tape was then
firmly attached laterally along the proximal portion of the tail

and allowed to thoroughly air dry, forming a loop close to the
end of the tail. The adhesive tape was subsequently secured by
three tape strips in its perpendicular direction. A plastic
paperclip was employed to attach the loop of the surgical
tape to a swivel hoop mounted at the top of a custom‐designed
Plexiglas cage (length¼ 35 cm, width¼ 30 cm, height¼ 45 cm).
The rat was maintained in an approximately 30‐degree head‐
down‐tilt position with its hindlimbs unloaded. Rats were caged
individually and allowed free access to tap water and chow. Rats
in the HUþ PEMF group were subjected to 2 hours/d whole‐
body PEMF exposure for 4 weeks. All animals received
intramuscular injections of 25mg/kg tetracycline (Sigma‐
Aldrich, St. Louis, MO, USA) 14 and 13 days before euthanasia,
and 5mg/kg calcein (Sigma‐Aldrich) 4 and 3 days before
euthanasia, respectively. At the end of the 4‐week experiment,
rats were euthanatized with an overdose of chloral hydrate.
Serum samples were obtained via abdominal aorta puncture,
centrifuged for 20 minutes and stored at –70°C for biochemical
analysis. Bilateral femurs were harvested, wrapped in saline‐
soaked gauze, and stored at –70°C. Left femurs were used for
mechanical testing, and right femurs were employed for mCT
and histology analysis. Left tibias were harvested and stored in
liquid nitrogen for real‐time PCR and right tibias were used for
bone histomorphometric analysis.

PEMF exposure

As described in our previous studies,(24,25,39) the PEMF waveform
used in the experiment consisted of a pulsed burst (burst width,
5ms; pulse width, 0.2ms; pulse wait, 0.02ms; burst wait, 60ms;
pulse rise, 0.3ms; pulse fall, 2.0ms) repeated at 15Hz (Fig. 1). In
brief, the PEMF exposure system was composed of a signal
generator and a Helmholtz coil assembly with three‐coil array
(Fig. 1). The three coils were placed coaxially 304mm apart from
each other, and the number of turns of the central coil and
outside coils were 266 turns and 500 turns, respectively.
This assembly of three coils has exhibited significantly higher
magnetic field uniformity.(25) To calculate the current in the
coils, a resistor of 2 V was placed in series with the coils, and
the voltage drop across the resistor was observed with an
oscilloscope (Agilent Technologies, Santa Clara, CA, USA). The
waveform and amplitude of the magnetic field produced by
the PEMF generator were monitored with the oscilloscope all
the time during the PEMF exposure. The peak magnetic field of
the coils was determined to be 2.39� 0.03 mT. The peak
magnetic field exhibited <0.01 mT fluctuation during daily
2‐hour PEMF treatment, and displayed <0.02 mT variation on
different days of measurements. The accuracy for the peak
magnetic field measurement was further confirmed by using a
Gaussmeter (Model 455 DMP Gaussmeter; Lake Shore Cryo-
tronics, Westerville, OH, USA). The measured background
electromagnetic field was 0.05� 0.002 mT.

Serum biochemical analysis

Serum markers for bone formation including serum osteocalcin
(OC) and N‐terminal propeptide of type 1 procollagen (P1NP),
and bone resorption markers including serum tartrate‐resistant
acid phosphatase 5b (TRAcP5b) and C‐terminal cross‐linked
telopeptides of type I collagen (CTX‐I) in the rats of the three
groups (n¼ 10) were quantified with commercial ELISA kits
(Biomedical Technologies, Stoughton, MA, USA). Assays were
performed according to the protocols provided by the
manufacturers.
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Biomechanical examination

The left femurs of the rats (n¼ 10 for each group) were subjected
to three‐point bending test to evaluate the biomechanical
properties using a commercial mechanical testing device (AGS‐
10kNG; Shimadzu, Kyoto, Japan). The femur, with its physiologi-
cal curvature facing up, was stabilized on a supporter with two
fixed loading points with 20‐mm distance. The upper loading
plate was oriented perpendicularly to the long axis of the sample.
A preload with 2N was applied to immobilize the sample prior
to mechanical testing. Then, load was applied at a constant
displacement rate of 2mm/min by controlling the motion of the
upper loading plate until fracture occurred. Then, the lengths of
the internal and external major axis and minor axis of the femur
at the fracture point were immediately measured using a vernier
caliper. The parameters of structural properties were calculated
from the load‐displacement curve, including maximum load,
yield load, ultimate displacement, yield displacement, stiffness,
and energy absorption. The parameters of bulk material
properties were calculated from the stress‐strain curve that

was normalized by the geometrical measurements, including
maximum stress, yield stress, ultimate strain, yield strain, and
toughness.(40)

mCT analysis

The bonemicroarchitecture of right femurs of the rats (n¼ 10 for
each group) was evaluated using a high‐resolution mCT (GE
Healthcare, Madison, WI, USA) with a scanning resolution of
16mm/slice. Bone samples were placed in a 20‐mm‐diameter
sample tube perpendicularly to the scanning axis with a total
20‐mm reconstruction height. The basic parameters of the
scanner were the following: voltage 80 kV, current 80mA,
exposure time 2.96 seconds, total rotation angle 210 degrees,
and rotation angle of increment 0.4 degrees. After scanning, 2D
image sequences were transferred to a workstation and 3D
images were reconstructed. A volume of interest (VOI) with
2.0‐mm height was selected for the analysis of trabecular bone
microarchitecture. The VOI started at a distance of 0.4mm from
the lowest end of the growth plate of the distal femur and

Fig. 1. Schematic representation of the PEMF generator together with a Helmholtz coil assembly with three‐coil array.(21) The PEMF output waveform
consisted of a pulsed burst (burst width, 5ms; pulse width, 0.2ms; pulse wait, 0.02ms; burst wait, 60ms; pulse rise, 0.3ms; pulse fall, 2.0ms) repeated at
15Hz. The peak magnetic field within the Helmholtz coils was 2.39� 0.03 mT. PEMF¼pulsed electromagnetic field.
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extended to the proximal end with a distance of 2.0mm, which
excluded all the primary spongiosa and only contained the
second spongiosa. All 3D manipulations and analyses were
performed using the MicroView program (GE Healthcare).
The trabecular bone parameters, including trabecular BMD,
trabecular number (Tb.N), trabecular thickness (Tb.Th), trabecular
separation (Tb.Sp), bone volume per tissue volume (BV/TV),
structure model index (SMI), connectivity density (Conn.D), and
bone surface per bone volume (BS/BV) were quantified. Themid‐
diaphyseal cortical thickness (Ct.Th), cortical area (Ct.Ar), total
cross‐sectional area inside the periosteal envelope (Tt.Ar), and
cortical bone fraction (Ct.Ar/Tt.Ar) were also determined.(41)

Histology and histomorphometry of trabecular bone

After mCT scanning, samples were stained with Van Gieson to
further evaluate the cancellous bone histology. Right tibias
were cut longitudinally into two pieces along the sagittal plane
after animal dissection. One piece was fixed in 4% paraformal-
dehyde (PFA), decalcified in 10% ethylenediaminetetraacetic
acid (EDTA), and then embedded in paraffin. Sections with
5mm thick were stained with toluidine blue to visualize
osteoblasts, and stained with hematoxylin and eosin (H&E) to
label osteoclasts. Static trabecular bone histomorphometric
parameters, including osteoblast numbers per millimeter of
trabecular bone surface (N.Ob/BS) and osteoclast numbers per
millimeter of trabecular bone surface (N.Oc/BS) were quantified
(n¼ 10 for each group). The other piece was fixed in 80%
ethanol for 24 hours, and then embedded in methylmetha-
crylate. Unstained Sections with 80mm thick were imaged
using fluorescence microscope (LEICA DM LA; Leica Micro-
systems, Heidelberg, Germany) to quantify the dynamic
trabecular bone histomorphometric parameters (n¼ 10 for
each group), including mineral apposition rate (MAR), mineral-
izing surface per bone surface (MS/BS), and bone formation
rate per bone surface (BFR/BS). For histomorphometric analysis,
one section was measured for each sample, and all sections
were coded and analyzed “blind” by one independent
observer. The region that was 0.5mm to 2mm higher than
the highest end of the growth plate of the proximal tibia was
defined as the VOI for histomorphometric analysis, which only

contained the secondary spongiosa. Two repeated measure-
ments were performed for each section within the selected
VOI.

Real‐time PCR

After animal scarification, soft tissues and muscles from left tibial
bone samples (n¼ 10 for each group) were immediately
removed on ice. The mid‐diaphysis of the tibia with 1.5‐cm
length was spun at 4472 g for 3 minutes in the centrifuge to
remove the bone marrow. Bone samples were then snap‐frozen
in liquid nitrogen. Before RNA extraction, samples were
immediately crushed into powder in a mortar containing liquid
nitrogen using a pestle and then mixed with a monophasic
solution of phenol and guanidine thiocyanate. Total RNA was
extracted using the guanidinium isothiocyanate‐alcohol phenyl‐
chloroform method according to the manufacturer’s instruc-
tions. Then, SuperScript III reverse transcriptase was used to
synthesize cDNA from RNA. Real‐time fluorescence quantitative
polymerase chain reaction (PCR) was performed on ABI 7300
Real‐Time PCR system using the SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA, USA). The primers were
synthesized by Nanjing Genscript Biological Engineering Tech-
nology & Service Co., Ltd. (Nanjing, China). The primers used in
this study are shown in Table 1. All mRNA levels were normalized
by the housekeeping gene glyceraldehyde 3‐phosphate dehy-
drogenase (GAPDH).

Statistical analysis

All data in this study were expressed as the mean� SD. Statistical
analyseswereperformedusingMicrosoftSPSS13.0software (SPSS,
Chicago, IL, USA). All data presented in this study were examined
for normal distribution using the Kolmogorov‐Smirnov test, and
evaluated for homogeneity of variance using the Levene test.
Analyses showed that each specific parameter in the three groups
obeyed normal distribution and homoscedasticity. One‐way
analysis of variance (ANOVA)wasused for evaluating theexistence
of differences among the three groups, and once a significant
differencewasdetected,Bonferroni’sposthocanalysiswasusedto
determine the significance between every two groups. Values of
p< 0.05 were considered statistically significant.

Table 1. The Sequence of Primers Used in the Present Study for Real‐Time Fluorescence Quantitative PCR

Genes Primers Primer Sequence (5’‐3’) Product Length (bp)

Osteocalcin Forward GGGCAGTAAGGTGGTGAATAG 241
Reverse AGTCCTGGAGAGTAGCCAAAG

Wnt1 Forward CGAGGTGAAAGGGCAAGGAAAG 165
Reverse TGATGAAGAGGGAGCAGGACAG

LRP5 Forward TGCCACTGGTGAGATTGAC 221
Reverse ACTGCTGCTTGATGAGGAC

b‐catenin Forward TCACGCAAGAGCAAGTAG 149
Reverse CTGGACATTAGTGGGATGAG

OPG Forward CTGGGCTGTTTCTTCAGGATG 224
Reverse CTCTTTCTCAGGGTGCTTGAC

RANKL Forward AGCGAAGACACAGAAGCACTAC 228
Reverse TTTATGGGAACCCGATGGGATG

RANK Forward TATTTGGCACTCCTCTCAC 158
Reverse TGTCCCTTTCACTCTTTGG

Sost Forward TGATGCCACAGAAATCATCC 132
Reverse ACGTCTTTGGTGTCATAAGG
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Results

Body weight measurement

As shown in Table 2, body weights of rats in the three groups
before the experiment had no significant difference. After
4‐week tail suspension, body weights of rats in the HU group and
HUþ PEMF group were significantly lower than those in the
control group (p< 0.01). However, no obvious difference in body
weights was observed between the HU group and HUþ PEMF
group (p¼ 0.999).

Serum biochemical examination

As shown in Fig. 2, HU resulted in significant decrease in serum
OC and P1NP (bone formation markers) (p< 0.01), and increase
in serum CTX‐I and TRAcP5b (bone resorption markers)

(p< 0.01). In comparison with the HU group, 4‐week PEMF
exposure significantly increased the secretions of serum OC and
P1NP (p< 0.05, þ47.0% and þ59.2%, respectively), and also
caused minor decrease in the levels of serum CTX‐I and TRAcP5b
(p< 0.05 for CTX‐I and p¼ 0.121 for TRAcP5b, –16.4% and
–15.2%, respectively). No significant difference was found in OC,
P1NP, CTX‐I, or TRAcP5b between the control and HUþ PEMF
groups (p¼ 0.495, 0.155, 0.177, and 0.147, respectively).

Biomechanical testing

The results of femoral structural properties and bulk material
properties via three‐point bending test are shown in Fig. 3 and
Supporting Fig. S1, respectively. The structural parameters of the
rat femurs, including maximum load, yield load, ultimate
displacement, yield displacement, stiffness, and energy absorp-
tion, and bulk material properties, including maximum stress,

Table 2. Comparisons of Body Weights of Young Mature Rats in the Three Experimental Groups Before and After PEMF Exposure

Body weight (g) Control HU HUþ PEMF

Day 0 275.6� 12.9 275.6� 12.6 277.2� 9.7
Day 29 354.3� 20.9 293.6� 16.7� 295.0� 24.8�

Body weight change (g) 78.6� 14.5 18.0� 12.5� 18.1� 15.8�

Values are expressed as mean� S.D. (n¼ 10).
HU¼hindlimb‐unloaded; PEMF¼pulsed electromagnetic field.
�Significant difference from the Control group with P< 0.05.

Fig. 2. Effects of 4‐week PEMF exposure on serum biochemical indices (bone turnover markers) in HU rats, including bone formation markers (A) OC and
(B) P1NP, and bone resorption markers (C) CTX‐I and (D) TRAcP5b. Values are all expressed as mean� SD (n¼ 10). �Significant difference from the control
group with p< 0.05. #Significant difference from the HU group with p< 0.05. PEMF¼pulsed electromagnetic field; HU¼hindlimb‐unloaded; HUþ PEMF,
hindlimb unloading with PEMF exposure; OC¼ osteocalcin; P1NP¼N‐terminal propeptide of type 1 procollagen; CTX‐I¼C‐terminal cross‐linked
telopeptides of type I collagen; TRAcP5b¼ tartrate‐resistant acid phosphatase 5b.
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yield stress, ultimate strain, and toughness in the HU group were
significantly lower than those in the control group (p< 0.05).
PEMF significantly increased maximum load, yield load, ultimate
displacement, yield displacement, stiffness, maximum stress,
yield stress, and toughness of the femurs in HU rats (p< 0.05,
þ22.7%, þ40.0%, þ16.9%, þ18.6%, þ18.9%, þ21.3%, þ38.8%,
and þ20.2%, respectively). PEMF stimulation did not exhibit
statistically significant increase in femoral energy absorption
(p¼ 0.273) or ultimate strain (p¼ 0.128) in HU rats. Moreover,
ultimate displacement, energy absorption, maximum stress,
yield stress, ultimate strain, yield strain, and toughness in the
control group were significantly higher than those in the
HUþ PEMF group (p< 0.05); nevertheless, no significant differ-
ence was observed in femoral maximum load, yield load, yield
displacement, or stiffness between the control group and
HUþ PEMF group (p¼ 0.254, 0.052, 0.119, and 0.315,
respectively).

mCT analysis

Representative mCT images for trabecular and cortical bone
microarchitecture in the three experimental groups are shown in
Fig. 4A–C. The femurs from HU rats displayed notable reduction
in the trabecular number, trabecular connection, trabecular area,
and cortical thickness compared with those in the control group.
PEMF partially inhibited disuse‐induced deterioration of trabec-
ular bone microarchitecture and decrease of cortical bone
thickness (Fig. 4B, C). As shown in Fig. 4D–K, HU resulted in
significant decrease in trabecular BMD, Tb.N, Tb.Th, BV/TV, and
Conn.D (p< 0.01), and increase in Tb.Sp, SMI, and BS/BV
(p< 0.01). Moreover, HU caused significant decrease in the
cortical bone parameters (Ct.Ar, Ct.Th, and Ct.Ar/Tr.Ar) as
compared with the control group (p< 0.01), but did not exert

significant change in Tr.Ar (p¼ 0.999; Fig. 4L–O). PEMF exposure
significantly inhibited HU‐induced reduction in trabecular BMD,
Tb.N, BV/TV, and Conn.D (p< 0.05), and increase in Tb.Sp, SMI,
and BS/BV (p< 0.05). PEMF also significantly increased Ct.Ar,
Ct.Th, and Ct.Ar/Tr.Ar in HU rats (p< 0.05). Moreover, the control
group exhibited higher Tb.N, BV/TV, Conn.D, Ct.Ar, and Ct.Th, and
lower SMI than the HUþ PEMF group (p< 0.05). No significant
difference was observed in trabecular BMD, Tb.Th, Tb.Sp, BS/BV,
or Ct.Ar/Tr.Ar between the control and HUþ PEMF groups
(p¼ 0.180, 0.100, 0.229, 0.433, and 0.262, respectively).

Histology and histomorphometry

As shown in Fig. 5A, 4‐week PEMF exposure partially restored
trabecular bone mass and bone microarchitecture in HU rats.
Representative images of PEMF treatment on osteoblast and
osteoclast formation on the surface of trabecular bone are shown
in Fig. 5B, C. HU caused significantly increased osteoclast
numbers and decreased osteoblast formation, whereas PEMF
stimulation significantly promoted osteoblastogenesis and
exerted only a minor inhibitory action on osteoclastogenesis.
Statistical comparisons (Fig. 5D–H) demonstrate that HU resulted
in significantly lower levels of N.Ob/BS, MAR, and BFR/BS, and
higher levels of N.Oc/BS (p< 0.01). PEMF caused significantly
higher N.Ob/BS (p< 0.01, þ53.3%) and slightly lower N.Oc/BS
(p¼ 0.382, –12.4%) compared with the HU group. Moreover,
PEMF significantly increased MAR and BFR/BS as compared to
the HU group (p< 0.01, þ119.1% and þ118.8%, respectively),
whereas PEMF exerted no effects on MS/BS (p¼ 0.997).
Furthermore, the control group exhibited higher N.Ob/BS,
MAR, and BFR/BS, and lower N.Oc/BS (p< 0.05) than the
HUþ PEMF group, whereas no significant difference was found
in MS/BS between the control and HUþ PEMF groups

Fig. 3. Effects of 4‐week PEMF exposure on femoral biomechanical structural properties in HU rats via three‐point bending test, includingmaximum load
(A), yield load (B), ultimate displacement (C), yield displacement (D), stiffness (E), and energy absorption (F). Values are all expressed as mean� SD (n¼ 10).
�Significant difference from the control groupwith p< 0.05. #Significant difference from the HU groupwith p< 0.05. PEMF¼pulsed electromagnetic field;
HU¼hindlimb‐unloaded; HUþ PEMF¼hindlimb unloading with PEMF exposure.
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Fig. 4. Effects of 4‐week PEMF exposure on trabecular bonemicroarchitecture in the distal femora and cortical bone thickness in themid‐diaphysis of the
femurs. (A) The selected VOI with yellow color in 2.0mm height, which only contains the secondary spongiosa. (B) 3D mCT images of trabecular bone
microarchitecture determined by the VOI. (C) 2DmCT images of trabecular bonemicroarchitecture from the axial, coronal, and sagittal plane observation in
the distal femora, and cortical bone structure in the mid‐diaphysis of the femurs. Statistical comparisons of indices of trabecular bone microarchitecture,
including trabecular (D) BMD, (E) Tb.N, (F) Tb.Th, (G) Tb.Sp, (H) BV/TV, (I) SMI, (J) Conn.D, and (K) BS/BV. Comparisons of indices of cortical bone structure,
including (L) Ct.Ar, (M) Ct.Th, (N) Tt.Ar, and (O) Ct.Ar/Tt.Ar. Values are all expressed as mean� SD (n¼ 10). �Significant difference from the control group
with p< 0.05. #Significant difference from the HU group with p< 0.05. PEMF¼pulsed electromagnetic field; VOI¼ volume of interest; BMD¼bone
mineral density; Tb.N¼ trabecular number; Tb.Th¼ trabecular thickness; Tb.Sp¼ trabecular separation; BV/TV¼bone volume per tissue volume;
SMI¼ structure model index; Conn.D¼ connectivity density; BS/BV¼bone surface per bone volume; Ct.Ar¼ cortical area; Ct.Th¼ cortical thickness;
Tt.Ar¼ total cross‐sectional area; Ct.Ar/Tt.Ar¼ cortical bone fraction; HU¼hindlimb‐unloaded; HUþ PEMF¼hindlimb unloading with PEMF exposure.

2256 JING ET AL. Journal of Bone and Mineral Research



Fig. 5. Effects of 4‐week PEMF exposure on trabecular bone histology and histomorphometry in HU rats. (A) Representative histological images for bone
microarchitecture of the distal femora by VanGieson staining. Scale bar¼ 1000mm. Bone sampleswere stainedwith toluidine blue to visualize osteoblasts
(B) and stained with hematoxylin and eosin to detect osteoclasts (C) in tibial trabecular bone. Arrows in B indicate osteoblasts, and arrows in C indicate
osteoclasts. Scale bar¼ 300mm in B and C. Comparisons of static histomorphometric parameters of trabecular bone, including (D) N.Ob/BS and (E) N.Oc/
BS. Comparisons of dynamic histomorphometric parameters of trabecular bone by double labelingwith tetracycline and calcein, including (F) MAR, (G) MS/
BS, and (H) BFR/BS. Values are all expressed asmean� SD (n¼ 10). �Significant difference from the control groupwith p< 0.05. #Significant difference from
theHUgroupwith p< 0.05. PEMF¼pulsed electromagnetic field; HU¼hindlimb‐unloaded; HUþ PEMF¼hindlimbunloadingwith PEMF exposure; N.Ob/
BS¼number of osteoblasts per millimeter of trabecular bone surface; N.Oc/BS¼number of osteoclasts per millimeter of trabecular bone surface;
MAR¼mineral apposition rate; MS/BS¼mineralizing surface per bone surface; BFR/BS¼bone formation rate per bone surface.
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(p¼ 0.999). The intraassay coefficients of variation for histomor-
phometric parameters were 3.3% (N.Ob/BS), 4.1% (N.Oc/BS),
3.8% (MAR), 4.3% (BFR/BS), and 4.2% (MS/BS).

Real‐time PCR

The results of real‐time PCR for Wnt1, LRP5, b‐catenin, RANKL,
RANK, OPG, OC, and Sost total mRNA expressions in tibial shaft
are shown in Fig. 6. HU induced significant increase in Wnt1,
LRP5, and b‐catenin gene expressions in the canonical Wnt
signaling (p< 0.05). PEMF significantly increased Wnt1, LRP5,
and b‐catenin mRNA levels in HU rats (p< 0.01). Moreover, no
significant difference was observed in RANK or RANKL mRNA
levels between the control, HU, and HUþ PEMF groups. OPG and
OPG/RANKL levels in the HU group were significantly lower than
those in the control group (p< 0.05). PEMF caused significant
increase in OPG mRNA expression (p< 0.05), whereas PEMF
showed no significant increase in OPG/RANKL levels (p¼ 0.225).
Furthermore, HU caused significant decrease in tibial bone
formation marker OC and Sost mRNA expression that was
exclusively secreted by osteocytes (p< 0.05). PEMF increased OC
mRNA expression (p< 0.01), whereas PEMF showed no obvious
effects on Sost mRNA expression (p¼ 0.999). Moreover, the

control group showed lower Sost mRNA levels than the
HUþ PEMF group (p< 0.05). No significant difference in Wnt1,
LRP5, b‐catenin, RANK, RANKL, OPG, OPG/RANKL, or OC mRNA
levels was observed between the control and HUþ PEMF groups
(p¼ 0.181, 0.267, 0.999, 1.000, 1.000, 0.326, 0.993, and 1.000,
respectively).

Effects of PEMF on disuse‐induced osteopenia in mature
adult HU rats

mCT analysis showed no significant difference in trabecular BMD,
BV/TV, and Tb.N after 2‐day HU/PEMF stimulation between the
control, HU, and HUþ PEMF groups (Supporting Fig. S2A). Real‐
time PCR assays demonstrated that 2‐day HU caused significant
decrease in Wnt1 and LRP5 and increase in Sost mRNA levels
(p< 0.05; Supporting Fig. S2B). Compared to the HU group, the
HUþ PEMF group exhibited higher Wnt1 and b‐catenin mRNA
levels (p< 0.05), whereas PEMF did not significantly change the
LRP5, RANK, RANKL, or Sost gene expressions (p¼ 0.127, 1.000,
1.000, and 1.000, respectively). HU for 4 weeks resulted in
significant decrease in bone microarchitecture, as evidenced by
decreased trabecular BMD, BV/TV, and Tb.N (p< 0.05; Supporting
Fig. S3A, B). PEMF exposure significantly increased trabecular

Fig. 6. Effects of 4‐week PEMF exposure on gene expressions in the tibial shaft with the removal of bone marrow in HU rats by real‐time fluorescence
quantitative PCR analysis, including (A) Wnt1, (B) LRP5, (C) b‐catenin, (D) RANKL, (E) RANK, (F) OPG, (G) OPG/RANKL, (H) osteocalcin, and (I) Sost mRNA
expressions. Values are all expressed as mean� SD (n¼ 10) and the relative expression level of each gene was normalized to GAPDH. �Significant
difference from the control group with p< 0.05. #Significant difference from the HU group with p< 0.05. PEMF¼pulsed electromagnetic field;
HU¼hindlimb‐unloaded; HUþ PEMF¼hindlimb unloading with PEMF exposure.
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BMD, BV/TV, and Tb.N in HU rats (p< 0.05). Moreover, HU caused
significantly lower tibial Wnt1, LRP5, and b‐catenin, and higher
SostmRNA levels (p< 0.05; Supporting Fig. S3C). PEMF promoted
skeletal gene expressions of Wnt1, LRP5, and b‐catenin
(p< 0.05), but did not significantly change the RANK, RANKL,
or Sost mRNA levels (p¼ 1.000 for all).

Discussion

PEMF have been proven to promote osteogenesis both
experimentally and clinically(24,27); nevertheless, no data to
date have reported the effects of PEMF on unloading‐induced
bone loss together with their associated signaling pathway
mechanisms. The present study demonstrates that PEMF
exposure attenuated disuse‐induced decrease of bone mass
and deterioration of bone microarchitecture and mechanical
strength in rats by promoting bone formation. The anabolic
effects of PEMF might be associated with the increase of skeletal
gene expressions of Wnt/Lrp5/b‐catenin signaling. This study
opens new alternatives for resisting unloading induced‐bone
loss in an easy and noninvasive manner.
Sharing similarities with humans who lose the normal weight‐

bearing activities (eg, spaceflight, long‐term immobility, and bed
rest), the rats with HU experience disturbed balance of bone
metabolism, resulting in concomitant trabecular bone loss.(42,43)

In line with previous findings,(42–44) our mCT observations
revealed notable deterioration of trabecular bone microarchi-
tecture in young mature 3‐month‐old rats, evidenced by
decreased trabecular BMD, Tb.N, Tb.Th, BV/TV, and Conn.D,
and increased Tb.Sp and BS/BV. HU also increased trabecular SMI,
revealing an obvious reduction of plate‐like structure.(45)

Moreover, in accordance with several previous findings,(46,47)

HU led to lower cortical bone thickness in 3‐month‐old rats,
implying potential poorer capacity of fracture toughness. PEMF
exposure for 4 weeks was able to significantly inhibit the
deterioration of trabecular bone microarchitecture and decrease
of cortical bone thickness, whereas both trabecular and cortical
bone structure after PEMF treatment in HU rats could not
be entirely restored to the normal condition. Moreover, our
findings showed that 4‐week PEMF exposure also attenuated
the deterioration of bone microarchitecture in mature adult
8‐month‐old HU rats. Thus, our findings indicate that disuse‐
induced bone mass loss and deterioration of bone micro-
architecture could be partially reversed by PEMF.
Consistent with previous findings,(47–49) the structural proper-

ties and bulk material properties were decreased in the femora
of HU rats, revealing the impaired mechanical integrity and
declining capacity of fracture resistance. However, the deterio-
ration in extrinsic structural properties of bone, including
maximum load, yield load, ultimate displacement, yield displace-
ment, and stiffness was significantly inhibited by PEMF, implying
increased mechanical strength of bone to resist fractures.
Furthermore, PEMF exposure significantly increased the bulk
material parameters of femurs (maximum stress, yield stress, and
toughness) in HU rats, which reveals potential improvement in
bone’s intrinsic properties. Therefore, coupled with the mCT
findings in cortical bone microarchitecture, our results indicate
that PEMF stimulationwas able to ameliorate the deterioration of
both mechanical and structural properties of the cortical bone
in HU rats, and thus improve bone’s overall biomechanical
performance. However, the limitation of whole‐bone three‐point
bending test is that it cannot provide a precise measurement of

the tissue‐level elastic modulus,(50) which may need an
independent study via systematic biomechanical examination
using nanoindentation and ultrasound evaluation in the future
work.

Bone maintains its normal structural and functional integrity
via continuous remodeling activity, characterized by a dynamic
balance between osteoblast‐mediated bone formation and
osteoclast‐mediated bone resorption. Long‐term skeletal un-
loading provides a perturbation in bone mineral homeostasis,
resulting in decreased bone formation and increased bone
resorption.(36,37) It is noted that serum OC and P1NP, as crucial
bone formation markers, were significantly decreased in HU
rats in this study, which was consistent with those by other
investigators.(51,52) PEMF exposure significantly promoted serum
OC and P1NP secretions as well as tibial overall OC mRNA
expression, revealing obvious promotive effects of PEMF on
osteoblastogenesis. Furthermore, 4‐week HU led to significant
increase in serum markers reflecting bone resorption, including
TRAcP5b and CTX‐I. Similar findings were also reported by
several previous studies.(51,53) However, PEMF caused only
modest inhibitory action on serum TRAcP5b and CTX‐I. Thus,
our results imply that the regulatory effects of PEMF on
osteoclastogenesis were less prominent than those on osteo-
blastogenesis in HU rats. Moreover, the histomorphometric
results further confirmed the modulating role of PEMF in
bone remodeling with obvious anabolic and modest anti-
resorptive effects. First, PEMF exposure significantly increased
bone formation, as revealed by increased mineral apposition
rate, bone formation rate, and osteoblast number. On the other
hand, PEMF also exerted minor effects on osteoclast number.
Together, our results suggest that the impacts of PEMF on
disuse‐induced bone loss in HU rats were largely associated
with its promotion of bone formation.

Growing evidence has shown that osteoblastogenesis‐associ-
ated canonical Wnt signaling and osteoclastogenesis‐related
RANKL‐RANK signaling are critical for bone quality.(54–57) First,
activation of canonical Wnt signaling increases bone formation
via multiple routes, including promoting the differentiation of
mesenchymal stem cells into mature osteoblasts, enhancing the
proliferation and mineralization of osteoblasts, and preventing
the osteoblast apoptosis.(55) Our findings demonstrate that
4‐week PEMF exposure augmented the skeletal gene expres-
sions in Wnt/Lrp5/b‐catenin signaling in both young mature and
mature adult HU rats, including Wnt1, LRP5, and b‐catenin.
Moreover, we also showed that the gene expressions in Wnt/
Lrp5/b‐catenin signaling were increased after 2‐day PEMF
stimulation when the bone structure is not significantly changed.
Thus, our findings suggest that the anabolic effects of PEMF in
HU rats might be associated with the increase of skeletal gene
expressions of Wnt/Lrp5/b‐catenin signaling. Second, the
RANKL‐RANK signaling acts as an essential pathway in osteoclast
development and activation. RANKL is mainly secreted by
osteoblasts and osteocytes in bone, and specifically binds with
RANK located on the osteoclast cell membrane to trigger
intricate signaling cascades.(56,57) Our findings showed that
overall mRNA expression of either RANKL or RANK was not
significantly altered in either young mature or mature adult HU
rats after PEMF exposure, suggesting that RANKL‐RANK signaling
might play a minor role in the regulatory activity of PEMF in bone
metabolism. Third, osteocytes are regarded as the major
mechanosensors in bone(58) and extend their dendritic processes
to communicate with osteoblasts on the bone surface and
regulate skeletal anabolic activities by exclusively secreting
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sclerostin.(59) Osteocyte expressions of Sost and sclerostin were
increased under mechanical unloading, and decreased under
enhanced mechanical stimulation.(60) The present study also
showed similar findings that expression of Sost mRNA was
increased in rat tibias after 4‐week HU in both youngmature and
mature adult rats; nevertheless, PEMF did not exert obvious
effects on tibial Sost mRNA expression in HU rats. Thus, our
findings suggest that PEMF might stimulate skeletal anabolic
activities in HU rats through direct impacts on effector cells on
the bone surface (osteoblasts) rather than affecting mechano-
sensing cells (osteocytes) in bone matrix, at least in terms of Sost
expression. Together, our preliminary findings on molecular
signaling pathways demonstrate that Wnt/Lrp5/b‐catenin sig-
naling might involve in the regulatory behavior of PEMF in bone
remodeling. However, these findings need to be further clarified
by using gene‐targeted knockout mice and in vitro siRNA
techniques in our future studies.

In conclusion, the present study demonstrates that PEMF
stimulation partially preserves osteoporotic bone mass, micro-
structure, and strength by promoting skeletal anabolic activities
in HU disuse rats, evidenced by serum biochemical, biomechani-
cal, mCT, and histomorphometric results. Moreover, we also
reveal that canonical Wnt signaling might be involved in skeletal
anabolic effects of PEMF. Our findings enrich our basic
knowledge of the osteogenetic activity of PEMF and highlight
that PEMF, as a safe and noninvasive method, might become a
clinically applicable treatment modality for disuse osteopenia
and/or osteoporosis in addition to an alternative countermea-
sure for bone loss in spaceflight.
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