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Abstract: Pulsed Electromagnetic Fields (PEMF) is reported to encourage the
healing of nonunion fractures. However, the mechanism by which this occurs is
still not known. Whnt signaling pathways are believed to be important signaling
pathways in bone formation. This study will evaluate the healing of delayed
union femur fracture, given PEMF exposure. 48 Spraque Dawley rats were
fracturized at the left femoral shaft. These rats were randomized into two
groups: A control group (24 rats) and the PEMF group (24 rats). The PEMF
group was given PEMF exposure of 1.6 mT, with a frequency of 50 Hz for 4 h
every day for 5, 10, 18 and 28 days, while the control group was not given
PEMF exposure. Consequently, on days 5, 10, 18 and 28 days after fracture, 6
rats from each group were sacrificed. Callus bone was used for histological and
RT-PCR examination on the expression of Wnt10b, Wnt5a and B-catenin.
Blood samples were taken to examine Alkaline Phosphatase (ALP) activity
using the ELISA method. Hematoxylin Eosin (HE) staining results showed that
in the initial phase of healing, fibrous tissue in the fracture gap of the PEMF
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group was less compared to the control group. In the PEMF group, ALP
activity increased significantly on day 10. This is thought to be related to an
increase in osteoblast activity in a bone matrix formation. Furthermore, RT-
PCR examination results showed that Wnt10b, Wnt5a and B-catenin gene
expression was higher in the PEMF group compared to the control group. It can
be concluded that PEMF exposure is thought to accelerate delayed union

Introduction

Various strategies have been used to encourage
fracture healing, including the use of biological and
biochemical methods. Another method is the use of
physics-based methods, such as Low-Intensity Pulsed
Ultrasound (LIPUS) and Pulsed Electromagnetic Fields
(PEMF) that have been widely studied and reported to
encourage fracture healing (Kooistra et al., 2009). In a
preliminary study using delayed union fracture rat
model, PEMF exposure was reported to improve fracture
healing based on radiographic examination and RUST
score analysis (Dilogo et al., 2018). Other studies
suggest that PEMF exposure can induce intracellular
calcium uptake in osteoblasts (Zhang et al., 2010).
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fracture healing through the Wnt signal pathway.
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PEMF exposure is also reported to be able to maintain
the composition and molecular structure of cartilage
(Liu et al., 1996). In vitro studies by Fu et al. reported that
single PEMF exposure was able to accelerate osteogenic
differentiation from hBMSCs and increase the bone mineral
formation and neo-vascularization (Fu et al., 2014). Other
pre-clinical studies mention that the use of PEMF in the
early wound healing period can increase the rate of
healing (Choi et al., 2016; Shi et al., 2013). At the
molecular level was found that there was an increase in the
expression of bone formation marker genes, including bone
sialoprotein, osteopontin, osteonectin and Runx2 on Bone
Marrow Mesenchymal Stem Cell (BM-MSCs) after
exposure to PEMF (Ceccarelli et al., 2013). PEMF
exposure also led to an increase in microarchitecture
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and bone mechanical strength through the activation of
the Wnt/B-catenin signaling pathway (Jing et al., 2013).
In a study by (Shi et al., 2013), osteogenic
differentiation from Adipose-Derived Stem Cells
(ADSCs) was found to increase after exposure to PEMF
with a frequency of 45 Hz and inhibited osteoclast
formation. PEMF exposure was reported decrease the
expression of PPARy and Adipoq in the adipogenic
differentiation of MSCs. (Sari et al., 2020). MSCs is a
multipotent cell that can differentiate into several type of
cells, including chondrocyte, osteocyte and adipocyte.
The other study suggested that there was inverse
relationship  between osteogenic and adipogenic
differentiation of MSCs (Gimble et al., 2006). Various
studies both in vitro and in vivo show that PEMF
exposure was able to affect the fracture healing process;
however, the signaling pathway involved for
biochemical signal response and transduction has not
been identified until now (Shi et al., 2013).

Fracture healing is a complex process orchestrated by
various molecular signaling pathways, including the Wnt
signaling pathway. Based on the activity and mechanism of
signal transduction, 19 Wnt proteins are classified into two
groups, termed canonical and non-canonical. The canonical
Whnt signaling pathway, also known as the Wnt/B-catenin
signaling pathway, has a role in stabilizing B-catenin in the
cytoplasm. Concurrently, the non-canonical Wnt signaling
pathways are not associated with B-catenin stabilization in
the cytoplasm. Canonical Wnt proteins include Wnt3A,
Wnt8 and Wnt10b, while non-canonical proteins include
Whnt5a, Wnit4, Wntl11. (Bao et al., 2017; Chen and Alman,
2009; Marcellini et al., 2012).

The canonical pathway is activated when the Wnt
ligand binds to Frizzled (Fzd) receptors; this is followed
by the stabilization of B-catenin in the nucleus. This will
then regulate transcription factors in the Wnt target gene.
Overexpression of Wnt10b on the canonical pathway has
been reported to induce osteoblast differentiation and
increase bone mass. In the last decade, the extensively
studied canonical Wnt signaling pathway is a potential
treatment for the bone disease; however, there is a lack
of literature concerning the non-canonical Wnt pathway
in bone disease treatment (Heilmann et al., 2013). In this
study, we carried out histological, molecular and
biochemical studies to determine whether PEMF
exposure can promote healing of delayed union fractures
via the Wnt signaling pathway.

Materials and Methods

Experimental Design

This study used 48 male Spraque Dawley rats
(average age 12 weeks; average weight 300+20 g) put
randomly into two groups: The control group (24 rats
without PEMF exposure) and PEMF group (24 rats with
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PEMF exposure). Each group was further divided into
four sub-groups, each of which was sacrificed on days 5,
10, 18 and 28 after fracture (Table 1). All rats were
acclimatized for 1 week prior to the preparation of the
fracture model. 6 rats were placed in a plastic cage with
room temperature (23+0.5)°C, stable air humidity and a
natural day/night cycle. The rats had free access to a
standard pellet diet and water ad libitum.

Rats Fracture Model

All rats were anesthetized with ketamine (70 mg/kg
body weight) and Xylazine (35 mg/kg body weight)
administered intraperitoneally as  pre-operative
treatment. Aseptic and agar antiseptic procedures were
done to the left thigh. An incision of approximately 2
cm in length was performed at the posterolateral side of
the left femur in the 1/3 middle of the shaft. The
fracture site was exposed and 5 mm of the periosteum
was stripped on each side to create the delayed union
model. A 1.2 mm diameter K-wire was inserted into the
femoral canal in a retrograde fashion through the knee
joint to stabilize the fracture with the use of a motor-
driven drill (Fauzi et al., 2015). Lastly, soft tissues were
sutured with absorbable sutures at the end of the
procedure. Post-operative pain was managed by the
administration of the intramuscular dose of penicillin and
streptomycin (Kokubu et al., 2003). The study protocol
was reviewed and approved by our institutional ethical
committee with an approval number 17-05-0489.

PEMF Stimulation

The PEMF exposure system was generated using
paired Helmholtz coil 60 cm in diameter and placed 30
cm apart. In PEMF groups, the whole body of rats was
exposed to PEMF (1.6 mT, 50 Hz) for 4h/day within 1-
28 days. In the control group, animals were not exposed
to PEMF. The PEMF device was explained in previous
publications (Umiatin et al., 2019).

Histological Evaluation

Histological analysis was performed on 24 of the 48
samples (n = 12 each for PEMF and control group).
The animals were sacrificed at days 5, 10, 18 and 28
post-fracture by a lethal intravenous dose of ketamine
and xylazine. Immediately after death, the femurs were
excised, soft tissue was dissected. The femurs were
then fixed in 10% neutral buffer formalin for 48 h by
maintaining the K wire. The specimens were then
decalcified with Hydrochloric acid (ShandonTM TBD-
1TM Rapid Decalcifier, Thermo Scientific). After
decalcification, specimens were embedded in paraffin
and cut into 5 pum thick longitudinal sections. The
sections were stained with Hematoxylin and Eosin (HE).
Standardized histological images were obtained with
Nikon eclipse microscope.
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Table 1: Number of animals in each group

Control PEMF
Euthanasia Histology gRT-PCR Histology gRT-PCR
5 days 3 3 3 3
10 days 3 3 3 3
18 days 3 3 3 3
28 days 3 3 3 3

Table 2: The primer used for RT-qgPCR

Gene Forward (F) and Reverse (R) primer
Wnt10b F: CCAGGACACGTGGGAATG

R: ATCCAAGAAATCCCGAGAGAAC
Wntba F: AGAAACTCTGCCACTTGTATCA

R: GAACTGGTACTGGCACTCTTT
B-catenin F: CATGTCCTTTGCCACTTTT

R: CGCAGCAAAAGAAATCAAC
B-actin F: GTGTGGATTGGTGGCTCTAT

R: GACTCTCGTACTCCTGCTTG

Evaluation of Alkaline Phosphatase (ALP) in Rat
Blood Serum

The blood samples were taken directly from canthus
orbitalis dexter after culling. The blood was added to an
anticoagulant and was stirred at a rate of 3000 rpm for 10
min to extract the blood serum. The extracted blood
serum was stored and -80°C until analysis. Biochemical
analysis by ELISA was performed on all rats (n = 48, 24
rats each for PEMF and control group). ALP as a bone
formation marker was measured with the commercially
ELISA kit (My Biosources, USA, catalog no
MBS011598). The change in absorbance rate was
directly proportional to the ALP activity.

Evaluation of Wnt5a, Wnt10b and p-catenin in The
Bone Callus

Molecular analysis by RT-gPCR method was
performed on 24 of the 48 samples (n = 12 each for PEMF
and control group). The fractured femur was resected, the
callus was then separated from other soft tissues and
stored in liquid nitrogen at -80°C. Frozen callus was
weighed and crushed into powder using a mortar. TRIzol
(Life Technologies) was added to the callus powder and
mixed until homogeneous in order to obtain maximum
RNA. RNA isolation was carried out according to the
protocol in the RNeasy kit (Qiagen Cat no. 74104). The
primers for Wnt5a, Wnt10b, B-catenin and Act-Actin are
listed in Table 2. Quantification and amplification of
target genes by RT-gPCR was performed using
QuantiTect SYBR Green PCR (Qiagen). The mRNA
expressions were calculated using the Livak method.

Statistical Analysis

For the analysis of the results, we used the statistical
software program SPSS for Windows version 21 (SPSS
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Inc., Chicago, Illinois). Data with normal distribution
were presented as mean + Standard Deviation (SD).
The statistically significant effects were detected by
one-way Analysis Of Variance (ANOVA) with Tukey’s
post hoc test. The student’s t-test was used for the
detection of a difference in Wnt expression level
between control and PEMF group. A significant
difference is marked as * (p<0.05).

Results
HE Staining

HE-stained histological images of the callus bone in
the control and PEMF groups in this study are shown in
Fig. 1 to 4 (A&B with 40 x magnification, C&D image
with 100 x magnification of yellow square area, the bar
indicates 1000 ).

Histological examination at day 5 in both the control
and PEMF groups shows that the fracture gap is still
clearly visible and dominated by hematoma,
inflammatory cells, fibrin clot, granulation tissue and
fibrous tissues with amorphous properties (Fig. 1).

At day 10 of observation, the callus in the PEMF
exposure group was dominated by hyaline cartilage in the
hypertrophy phase and bone, whereas only fibrous tissue
and cartilage was observed in the control group (Fig. 2).

At day 18, the fracture gap was no longer observed,;
woven bones dominated the external and internal callus.
Osteoblasts were aligned on woven bones. In both
groups, little cartilage in the hypertrophic phase was
observed. This suggests that on the 18th day, the
endochondral ossification process is still ongoing (Fig. 3).

At day 28 post-fracture, both control and PEMF
groups showed that the fracture gap was dominated by
woven bone. This bone will then undergo a remodeling
process into lamellar bone, which is characterized by a
structured orientation of collagen and the presence of a
Haversian system (Fig. 4).

Alkaline Phosphatase Activity in Blood Serum

The change of ALP activity in blood serum at days 5,
10, 18 and 28 post-fracture is shown in Fig. 5.

In the PEMF exposure group, ALP activity in serum
shows a significant increase from days 5 to 28 and from
days 10 to 18. These results indicate that PEMF
exposure can accelerate fracture healing, especially in
the endochondral phase.
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| Control
day 5

Fig. 1: The histological image of longitudinal sections in both groups at days 5 post-fracture. A black arrow indicates fracture sites.
The bar indicates 1000 p. A and B (control group), C and D (PEMF group)

Fig. 2: The histological image of the longitudinal sections with delayed union fracture model in both groups at days 10 post-fracture.
Fracture site indicated by a black arrow
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Fig. 4: The histological of longitudinal sections in both groups at days 28 post-fracture. Fracture sites indicated by the black arrow.
Bar indicates 1000 p
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Fig. 5: ALP activity in both control and PEMF group at days 5, 10, 18 and 28. PEMF can significantly increase the activity of ALP
between day 10 and day 18 post-fracture. Data were presented as a mean + standard deviation
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Fig. 6: Wnt10b expression level relative to B-actin (ACTB) of the healing process over time. *indicates a statistically significant

difference between the control and PEMF group (p<0.05)

Expression of Wnt10b, Wnt 5a and S-Catenin

Fracture healing involves several signaling
pathways, including Wnt signaling pathway. The
relative expression of Wnt10b, Wnt5a and B-catenin
relative to B-actin are shown in Fig. 6 to 8. The PEMF

group has shown the higher relative expression of
Wntl0 b, Wnt5a and PB-catenin than in the control
group. The highest relative expression of Wnt10b,
Wnt5a and B-catenin occurred on the day 18 post
fracture. Furthermore, on the day 28 there were a
decrease in the expression of these gene.
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Fig. 7: Wnt5a expression level relative to B-actin (ACTB) of the healing process over time. *indicates a statistically significant
difference between the control and PEMF group (p<0.05)
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Fig. 8: B-catenin expression level relative to B-actin (ACTB) of the healing process over time. *indicates a statistically significant
difference between the control and PEMF group (p<0.05)

Discussion

Fracture healing consists of four overlapping phases,
starting with the inflammatory response, soft callus
formation, hard callus formation (woven bone) and the
remodeling phase. Disruption in the healing phase could
cause delayed union (Hak et al., 2014).
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Inflammation is a very crucial early phase during
normal fracture healing. This phase is marked by the
presence of a hematoma that acts as a source for various
signaling molecules needed to initiate the healing
process. The delayed presence of a hematoma led to
delays in cartilage formation (Peters et al., 2010). The
final inflammatory phase and the beginning of the
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reparative phase occurred at day 5 of the first-week
post-fracture (Vieira et al., 2015). At day 10, hyaline
cartilage in the proliferation phase was observed in the
fracture gap. This suggests that PEMF exposure
accelerates the formation of cartilage at day 10 post-
fracture. These results are in agreement with a study
conducted by (Li et al., 2017) which concluded that in
the second-week post-fracture, chondroblasts had
reached the hypertrophy phase.

Fracture healing is commonly assessed clinically and
radiologically, but it is difficult to distinguish early
delayed union from nonunion fractures. Biochemical
markers, specifically Alkaline Phosphatase (ALP) has
been reported to reflect osteoblastic activity, bone matrix
formation and mineralization. It could be a useful tool
for predicting whether fractures are at risk of developing
a nonunion. ALP is a hydrolase enzyme in the cell
membrane, of which the highest concentration is found
in osteoblasts. The major source of ALP in plasma and
serum is in bone and liver. ALP is thought to also play a
role in suppressing osteoblast apoptosis, increasing
osteoblast proliferation and mineralization. Jing et al.
(2013) reported that ALP in rat serum decreased after
PEMF intervention for 12 weeks.

In the PEMF exposure group, we found a
significant increase in ALP activity in serum at days 5
to 28 and days 10 to 18. Serial ALP tests assist
physicians in predicting progress as well as the
outcome of fracture healing. In this study, the highest
activity of ALP occurred on the 28th-day post-
fracture, amounting (50.47£1.28) IU/L. Another study
reported that ALP activity would reach its peak in
week 3 and decrease at week 4 post-fracture (Jing et al.,
2013). There is a difficulty in getting consistent ALP
values in different studies and this may be due to
different rat strains, animal handling techniques and
differences in fracture types in rats.

Wntl10b is a gene involved in the canonical signaling
pathway. Canonical Wnt signaling is the main regulator
of bone mass homeostasis (Jing et al., 2013). Hill et al.
(2005) reported that canonical Wnt/p-catenin signaling was
essential for skeletal lineage differentiation, preventing the
trans differentiation of osteoblastic cells into chondrocytes.
The proliferation of osteoblasts was reduced when Wnt
signaling was blocked and proliferation is increased when
Whnt signaling was constitutively active (Kim and Leopold,
2012). Wnt10b showed greater expression in the injured
bone marrow than in normal rat (Congdon et al., 2008).
The Whntb5a is a gene that plays a role in the non-
canonical Wnt signaling pathway. This pathway is
independent of B-catenin. The Wntba gene is expressed
in bone marrow, both in normal and injured conditions
(Congdon et al., 2008). Wnt5a is capable both in
inducing and repressing [-catenin signaling pathway,
depending on the time, site of expression and the type of
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receptor present on the surface of the cell membrane (van
Amerongen et al., 2012). B-catenin is known to be a major
regulator in bone development at the embryonic stage. At
day 10, the expression of B-catenin in the PEMF exposure
group was higher than in the control group. In this
phase mesenchymal cells begin to differentiate into
osteoblasts and chondrocytes. This suggests that B-catenin
expression is needed at the stage of chondrogenesis and
osteogenesis differentiation. Expression of [-catenin
during chondrogenesis encourages the differentiation of
pre-chondrocytes to hypertrophic chondrocytes. An
increase in B-catenin expression differentiation also plays
a role in encouraging the transdifferentiation of
hypertrophic chondrocytes to osteoblasts. p-catenin
expression at this stage prevents differentiation of
mesenchymal cells toward chondrocytes by suppressing
Sox9 expression. Overexpression of Sox9 could cause an
abundance of hypertrophic chondrocytes resulting in
delayed union (Hu et al., 2017).

In recent studies, the highest Wnt10b expression
occurred at day 18 post-fracture. These results indicate
that exposure to PEMF encourages osteoblast activity in
the mineralizing cartilage matrix, reflected by the highest
expression of Wnt10b on day 18. The increase in Wnt
10b gene expression may indicate that PEMF stimulation
promotes the commitment of stem cells towards
osteoblastic differentiation. Wnt10b is also expressed by
mature  osteoclasts, encouraging  migration  of
mesenchymal cells to the remodeling area and
encouraging differentiation of mesenchymal cells into
osteoblasts (Pederson et al., 2008). On day 28, there was
a decrease in Wnt10b, Wntba and B-catenin expression
in both the PEMF control groups. The results of this
study are in accordance with research conducted by
(Chen et al., 2007) which reported a decrease in f-
catenin expression at week 4 after fracture.

Our findings showed that on day 18, p-catenin
expression was higher compared to days 5, 10 and 28,
both in the control and exposed groups. p-catenin activity
decreased in the final stage of osteoblasts. It was
differentiating into osteocytes at the time of mineralization
of the bone matrix. Expression of p-catenin also played a
role in regulating osteoclastogenesis by suppressing the
expression of pro-osteoclast factor Rank (Houben et al.,
2016). In the remodeling phase, a decrease in p-catenin
serves to prevent osteoclast precursors from proliferating
and encourages the differentiation of pre-osteoclasts
into  mature  osteoclasts that absorb  bone.
Overexpression of B-catenin in the remodeling phase
can cause interference with osteoclast differentiation
(Dao et al, 2012). Osteoblast regulates osteoclast
differentiation and function by secreting Rankl and OPG.
Both are regulated by the canonical Wnt which promotes
bone formation and suppress bone resorption. The
previous study by (Sari et al., 2019) has reported that
PEMF exposure increase the expression of Rank, Rankl
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and OPG in the rat with delayed union fracture model.
The high expression of these genes was due to the
differentiation of osteoblast.

The results of this study are in accordance with a
study conducted by (Chen et al., 2007) which showed a
decrease in [-catenin expression at week 4 post-
fracture. Expression of B-catenin during condensation
encourages differentiation of pre-chondrocytes into
hypertrophic chondrocytes. Also, the increase in p-
catenin expression had a role in encouraging the
transdifferentiation of hypertrophic chondrocytes into
osteoblasts. The expression of fB-catenin at this stage
prevents the differentiation of mesenchymal cells
towards chondrocytes by suppressing Sox9 expression
(Hu et al., 2017).

Conclusion

The present in vivo study reported that PEMF
stimulation accelerated bone fracture healing in the
early stages associated with the time of resorption of
fibrous tissue and increasing the activity of osteoblasts,
which is characterized by an increase in alkaline levels
in blood serum. Based on the results of our study, we
conclude that in a rat femur delayed union fracture
model, the expression of Wnt5a, Wnt10b and B-catenin
was higher in rats exposed to PEMF stimulation.
Overall, the expression of Wnt-10b was higher than
Wnt-5a, suggesting that canonical Wnt signaling could
positively regulate bone formation. This finding may
have implications in the treatment of delayed fracture
healing using PEMF stimulation by promoting Wnt10b,
Whntb5a and B-catenin in the bone callus of rats. PEMF
may be valuable for the intervention of delayed union
fracture in the clinical setting.
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