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1 | INTRODUCTION

Adenine monophosphate-activated protein kinase (AMPK) is a
conserved serine/threonine protein kinase, consisting of three
subunits: « (a1, «2), b (1, p2) and v (y1, y2, y3).1? AMPK acts as a
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Abstract

AMP-activated protein kinase (AMPK) is an intracellular sensor of energy homoeo-
stasis that is activated under energy stress and suppressed in energy surplus. AMPK
activation leads to inhibition of anabolic processes that consume ATP. Osteogenic
differentiation is a process that highly demands ATP during which AMPK is inhibited.
The bone morphogenetic proteins (BMPs) signalling pathway plays an essential role
in osteogenic differentiation. The present study examines the inhibitory effect of
metformin on BMP signalling, osteogenic differentiation and trauma-induced hetero-
topic ossification. Our results showed that metformin inhibited Smad1/5 phosphoryl-
ation induced by BMP6 in osteoblast MC3T3-E1 cells, concurrent with up-regulation
of Smadé, and this effect was attenuated by knockdown of Smadé. Furthermore,
we found that metformin suppressed ALP activity and mineralization of the cells, an
event that was attenuated by the dominant negative mutant of AMPK and mimicked
by its constitutively active mutant. Finally, administration of metformin prevented
the trauma-induced heterotopic ossification in mice. In conjuncture, AMPK activ-
ity and Smadé and Smurfl expression were enhanced by metformin treatment in
the muscle of injured area, concurrently with the reduction of ALK2. Collectively,
our study suggests that metformin prevents heterotopic ossification via activation
of AMPK and subsequent up-regulation of Smadé. Therefore, metformin could be a

potential therapeutic drug for heterotopic ossification induced by traumatic injury.

KEYWORDS
AMP-activated protein kinase, BMP signalling pathway, metformin, trauma-induced

heterotopic ossification

fuel-sensing enzyme that is suppressed in energy surplus and acti-
vated in response to energy stress such as hypoxia, glucose depriva-
tion, ischaemia and oxidative stress. Under the stress condition, an
increase in intracellular AMP or the ratio of AMP to ATP allows AMP
directly binds to and allosterically activates AMPK. Recently, an
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AMP-independent activation of AMPK has been delineated which
involves lysosomes under glucose deprivation.®>* The activation of
AMPK attenuates anabolism and stimulates catabolism, resulting in
preservation of energy for acute cell survival programme and gener-
ation of more ATP to cope with stress. As AMPK activation enhances
glucose uptake and insulin sensitivity, it is a well-received drug tar-
get for metabolic syndrome, type 2 diabetes and cancer.’

Metformin, a widely used oral drug for type 2 diabetes mellitus,
has been reported to have multiple functions. The action of met-
formin includes inhibition of hepatic gluconeogenesis and enhance-
ment of insulin sensitivity by stimulating glucose uptake in muscle
and adipose.6 It is known that many effects of metformin are me-
diated by AMPK. Furthermore, pre-clinical and clinical studies have
shown that metformin is a promising drug as an adjuvant or neoad-
juvant agent for cancer therapy.””? Over the last decade, metformin
has been documented to regulate osteogenic differentiation through
AMPK-dependent and independent manner.’%** AMPK is inhibited
through the increased glucose uptake during the differentiation, an
event that is suppressed by metformin.1?13

Heterotopic ossification (HO) refers to aberrant formation of
extra-skeletal bone in muscle, tendons and ligaments, which often
occur after musculoskeletal trauma, severe burns and hip arthro-
plasty.* HO causes chronic pain and loss of joint mobility and se-
verely impairs the quality of life.}> At present, there is no effective
management for HO, except that non-steroid anti-inflammatory
drugs (NSAID) and local irradiation are used for prophylaxis.*® The
only option is to surgically resect the symptomatically established
heterotopic bone. However, the risk of ectopic bone recurrence
is even greater after surgical excision.'”8 Consequently, there is
unmet need for prophylaxis and treatment of HO. A critical step is to
identify key targets implicated in HO and then develop intervention
approaches.

The bone morphogenetic proteins (BMPs) signalling pathway
plays an essential role in osteogenic differentiation and osteo-induc-
tion.?”*? BMPs bind to the type | and type Il receptor complex, trig-
gering the type Il receptor to phosphorylate and activate the type |
receptor, which then elicits Smad and non-Smad signalling cascades
via phosphorylation events that regulate transcription of target
genes. Smad1/5/8 forms a complex with Smad4 upon phosphoryla-
tion by the type | receptor, and the complex then translocates into
the nucleus and activates the transcription programme.?® Smadé is
a negative regulator specific to the BMP signalling. It disrupts the
interaction between activated type | receptor with Smad1/5/8 and/
or induces their degradation via ubiquitination pathway when it re-
cruits Smurf1.1221:22

The BMP signalling pathway is also involved in many human dis-
eases, particularly in HO formation.?® For example, fibrodysplasia
ossificans progressiva (FOP), a rare genetic disorder characteristic of
progressive HO formation, arises from mutations of the BMP type |
receptor ALK2, 95% of which are R206 to H mutation resulting in a
constitutive activation of the receptor and Smad1/5-mediated sig-

nalling events essential for osteogenesis.?* Furthermore, the BMP

signalling pathway is often aberrantly activated by inflammation sec-
ondary to traumatic injury and contributes to pathogenic HO.*"%
BMP2 has also been shown to trigger HO in animal models.?>?” An
innovative strategy would be to identify drugs already used in clinic
for other diseases, which can block the BMP signalling pathway and
prevent HO formation. Hence, they could immediately enter clinical
translation such that tedious steps to characterize their adverse ef-
fects could be curtailed.

Recently, we have shown that AMPK inhibits the activity of ALK2
R206H mutant identified from FOP, concurrent with suppression of
osteogenic differentiation of induced pluripotent stem cells derived

from an FOP patient fibroblast.?®

The present study further tests if
metformin can generate similar results in different osteoblast cells

and traumatic HO animal model.

2 | MATERIALS AND METHODS
2.1 | Reagents

BCIP/NBT Liquid Substrate System, metformin and ibuprofen were
purchased from Sigma-Aldrich (St. Louis, USA). Alizarin red S staining
kit and Mesenchymal Stem Cell Osteogenic Differentiation Medium
(MSCODM)were purchased from Cyagen Biosciences (Guangzhou,
China). Antibodies and recombinant mouse BMP6 were listed in
Table 1.

2.2 | Cell culture and transfection

The MC3T3-E1 cell line (CRL 2593 subclone 4) was purchased from
American Type Culture Collection (Manassas, USA) and cultured in
Eagle's minimum essential medium alpha (a-MEM) supplemented
with 10% Fetal Bovine Serum (FBS) and 1% penicillin and streptomy-
cin at 37°C in a humidified atmosphere supplied with 5% CO2. siR-
NAs were transfected into the MC3T3-E1 cells with Lipofectamine
2000 according to instructions provided by the manufacturer.
Negative control siRNAs (AM4611) and Smadé siRNAs (4 390 771)

were purchased from Life Technologies (Carlsbad, USA).

2.3 | Adenovirus preparation and cell infected

Adenovirus expressing the constitutively active or dominant nega-
tive mutant of AMPKal was prepared as described previously.?’
Adenovirus expressing GFP was prepared as a control. The multi-
plicity of infection was determined after virus preparation according
to standard method. The recombinant AMPK was tagged by a flag
epitope. MC3T3 E1 cells were infected with adenovirus encoding
the active mutant of AMPK (Ad-AMPK-CA), dominant negative mu-
tant of AMPKa1 or GFP (Ad-GFP) for 48 hours, and then, osteogenic
differentiation was induced.
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TABLE 1 List of antibodies and protein
used in this study

Antibody/protein
AMPKa Antibody

Phospho-AMPKa(Thr172) (D4DéD)
Rabbit mAb

Smad1 (D59D7) XP® Rabbit mAb

Phospho-Smad1/5 (Ser463/465)
(41D10) Rabbit mAb

ACTR-I Antibody (C-5)

Smurfl Antibody (45-K)

Anti-beta Actin antibody
Anti-SMAD6 antibody

Recombinant mouse BMP6 protein

WILEY- 4%

Catalog

number Vendor City and Country

2532L Cell Signaling Danvers, USA
Technology

#50081 Cell Signaling Danvers, USA
Technology

6944S Cell Signaling Danvers, USA
Technology

9516S Cell Signaling Danvers, USA
Technology

sc-374523 Santa Cruz Dallas, USA
Biotechnology

sc-100616 Santa Cruz Dallas, USA
Biotechnology

ab8227 Abcam Cambridge, USA

ab214009 Abcam Cambridge, USA

6325-BM/CF R&D System Minneapolis, USA

2.4 | Osteogenic differentiation assays

Osteogenic differentiation was induced in the MSCODM, which was
changed every 3 days. After 7 days, the ALP staining was performed
using the BCIP/NBT Liquid Substrate kit according to the protocol
provided by manufacturer. In brief, the cells were washed with PBS
and then incubated with ALP staining solution at room temperature
for 2 hours. For Alizarin red s staining, the cells were fixed after 21-
day differentiation, stained with Alizarin red s staining solution in
dark at room temperature for 30 minutes and washed with distilled
water. Finally, the stained cells were photographed under a light mi-
croscope after colour development.

For quantification, ALP deposit was dissolved in 10% (w/v)
cetylpyridinium chloride (Sigma-Aldrich, St. Louis, USA) in 10 mM
sodium phosphate (pH 7.0) and quantified at 540 nm absorbance.
Alizarin deposit was dissolved in solution containing 0.5 N HCL and
5% SDS and read at 405 nm absorbance.

2.5 | Trauma/burninduced heterotopic ossification
mouse model

C57BL/6 female mice were purchased through the Center of
Laboratory Animal Science of Nanchang University. Animal proto-
col was reviewed and approved by the Animal Care Committee of
Nanchang University (Animal protocol: NCDXSYDWFL-2015097).
This study was performed in accordance with National Institutes
of Health Guide for Animal Care. Trauma/burn induced HO model
was generated by performing Achilles tenotomy plus burn injury,
as previously described.3%3! Briefly, 8 weeks old female C57BL/6
mice were subjected to a right hindlimb Achilles tenotomy under
general anaesthesia with intraperitoneal injection of chloral hy-
drate (300mg/kg) and subsequent burn injury on the dorsum. A
60°C metal block was applied to the dorsum for 20 seconds. All

mice were monitored and kept under standard conditions. Next
day after surgery, mice were treated with metformin (100mg/kg,
i.p.) in PBS or PBS as vehicle every 3 days for 8 weeks (vehicle = 6,
metformin = 5). The health and well-being of mice were moni-
tored during the study. The CO, was used to kill mice at the end

of experiment.

2.6 | Micro-computerized tomography analysis

Eight weeks after Achilles tenotomy, the injured hindlimbs were col-
lected after sacrificing animals. Trauma induced HO was assessed
with MicroCT scans (uCT 100, Scanco Medical AG, Switzerland)
through customer service provided by Hangzhou Yuebo Biological
Technology Co., Ltd (Hangzhou, China). The parameters were as fol-
lows: 70kv (voltage), 200uA (current), 300ms (exposure time), and
14.5 pm (per pixel). Two-dimensional images were acquired, and
the 3D images automatically reconstructed with Evaluation Vé6.5-3
software (SCANCO Medical AG). After reconstruction, the hetero-
topic ossification volume was quantified according to the calibrated
imaging protocol as previously described using Evaluation V6.5-3
software(SCANCO Medical AG).%? HO volumes were calculated at
threshold 200 for all samples. A phantom was used for normalization.
The region of interest (ROI) was defined for HO formation in soft
tissues and segmented based on anatomical landmarks, Hounsfield
units, and observer identification.

2.7 | Histological analysis

Eight weeks post-injury, the hindlimbs were collected after eutha-
nization and fixed in 4% phosphate buffered paraformaldehyde for
48 hours. Decalcification of samples was achieved in 19% EDTA

solution at 4°C for 4 weeks and then paraffin embedded. A series
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of 4 um sections were processed for haematoxylin and eosin (H&E)
staining. The H&E staining was performed using the H&E stain-
ing kit (Solarbio, Beijing, China) according to the manufacturer's

instructions.

2.8 | Protein extraction and Western Blot

Total proteins isolated from injured tissue or cells were prepared in
RIPA lysis buffer plus protease inhibitors. The extracts were cen-
trifuged at 12 000xg, 4°C for 15 minutes. Western blot was con-
ducted using the standard protocol as described previously.28 Equal
amounts of proteins (20 pg) were resolved onto SDS-PAGE and
transferred to PVDF membranes (Millipore Sigma). The membranes
were incubated with primary antibodies at 4°C overnight and then
HRP-conjugated secondary antibodies (Thermo Fisher Scientific) at
room temperature for 1 hour. The blot signals were detected with

ECL reagent.

2.9 | Statistical analysis

Data were analysed using GraphPad Prism software. All quantita-
tive data were calculated as the mean + standard deviation (SD).
Difference between groups was assessed with Student's t test, and

P < .05 was set for significance.

3 | RESULTS

3.1 | Metformin reduces BMP signalling

To explore the effect of metformin on BMP signalling pathway,
MC3T3-E1 cells were treated with metformin at different doses or
for different hours, and then followed with BMPé for 30 minutes.
The results revealed that BMP-induced Smad1/5 phosphorylation
was markedly offset by metformin (Figure 1A&B), which was asso-
ciated with the induction of AMPK phosphorylation at Thr172, an

A B
~ pSmad1/5 - . |pSmadl1/5
S B A e e W Smadl
. A L L L _JEutt =
Smad6 = === Buiadb
| ‘----IS i - e s e e @ e | Smurfl
- - . murfl
e G e e Es e  ALK2
e e RS —
— w» w» = pAMPK 0 & | rAMPK
RS W W W W |AMPK SEeSS S e
|- - " 4 e P-actin A - - o o |B-actin
0 0 0.05 0.1 1 S5 Met(mM) 0 0 1 2 4 8 24 5mM Met (h)
- 4+ 4+ + + + mBMP6 - 4+ + + + + + mBMP6
(o] D
— o ww e - Smade - " e» e e» ®» Smadé
|- i -ISmurfl ——— — —— Smurf] FIGURE 1 Metforminreduces BMP
- e e e s @ ALK2 - e o> a» e @ ALK signalling pathway in MC3T3-E1 cells.
— AMPK AP MC3T3-E1 osteoblast cells were treated
=S | p —— de o» = o @ P with metformin(Met) at different doses
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without BMPé6. E. MC3T3 E1 cells were
E F infected with adenovirus encoding the
| T |pSmadl/5 active mutant of AMPK (Ad-AMPK-CA) or

8 W | pSmadl/s

GFP (Ad-GFP) at different MOI (5, 10 and

T e
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- e o B &S & ALK - = | PAMPK with Smadé siRNA and control siRNA,
P — | AMPK and treated with metformin (5 mM) for
e d T L2 st R 24 hours, followed by mouse BMP6
| - - - o oo e pactn - - o o @ | f-acn (50 ng/mL) for 30 min. Immunoblot was
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FIGURE 2 AMPK activators inhibit A 1.5- B
alkaline phosphatase activity during pSmadl/5
osteogenic differentiation. MC3T3-E1 &
cells were incubated with osteogenic jg Smadl
differentiation medium in the presence of &
different doses of metformin (Met) and ; &= | pPAMPK
Ibuprofen. After one week, the Alkaline ;: - AMPK
phosphatase activity (metformin (Met)
(A) and Ibuprofen(C)) was measured. S e s s e | f-actin
The graph represents averages of three NM 0 005 01 1 Met(mM)
independent experiments (mean + SD, NM 0 0.1
N = 3). *Significant difference from Met(mM)
metformin (A) and Ibuprofen(C) versus c D
control was assessed using Student's t test
(*P < .05). Western blot (metformin (B) Lag pSmadl/5
and Ibuprofen(D)) was also performed to
study activation of AMPK and Smad1/5. £ 1.0- - Smadl
NM: no differe?ntiation medium, a-MEM % PAMPK
complete medium e [——
ué 0.5 * AMPK
4 e ” %- T o Ctin
A T 0.05 0.1 1 NM 0 005 01 1 Ibuprofen
Ibuprofen(mg/ml) (mg/m1)

indicator of the activation. Further, our data showed that metformin
up-regulated Smadé, but without changes in Smurfl and ALK2. To
exclude whether the increased expression of Smadé was not induced
by BMP6, we repeated the same experiments only with metformin.
The results clearly revealed that Smadé was induced by metformin
(Figure 1C&D). To ascertain whether AMPK mediates the effect of
metformin, we used the adenovirus expressing a constitutively ac-
tive mutant of AMPK or GFP as a control. Our study revealed that
the infection with the active form of AMPK progressively reduced
phosphorylation of Smad1/5 induced by BMPé, concomitant with
elevation of Smadé (Figure 1E). Next, we transfected Smadé siRNA
into MC3T3-E1 cells and found that knockdown of Smadé blunted
the inhibitory effect of metformin (Figure 1F). Altogether, our results
demonstrated that metformin via activation of AMPK up-regulated
Smadé and thus suppressed BMP-Alk2-Smad1/5 signalling event.

3.2 | Metformin suppresses osteoblast
differentiation

We found that AMPK activity was inhibited during the course of osteo-
genic differentiation of MC3T3-E1 cells (Supplementary Figure S1). This
finding together with those shown above suggests that forced AMPK
activation could suppress osteogenic differentiation by either pharma-
cological agents or its active mutant. To test this hypothesis, we cul-
tured the MC3T3-E1 cells in the differentiation medium (MSCODM) in
absence or presence of different doses of AMPK activators, metformin
and ibuprofen. Western blots and assays on alkaline phosphatase activ-
ity (ALP) were performed after 7 days. The data revealed that AMPK
activators progressively decreased ALP activity in a dose-dependent

manner in parallel to activation of AMPK and suppression of Smad1/5

phosphorylation (Figure 2). Interestingly, p-Smad1/5 signal was remark-
ably higher than that without differentiation induction, suggesting p-
Smad1/5 is involved in the regulation of ALP activity.

To clarify the mechanisms by which the metformin inhibits ALP,
we pre-infected the cells with the constitutively active (Figure 3A) or
dominant negative form of AMPK (Figure 3B), then replaced the culture
medium with the differentiation medium and cultured the cells for ad-
ditional 7 days. Our study revealed that ALP activity was suppressed by
the active AMPK mutant, and no effects were found in GFP adenovirus
infection. In contrast, the inhibitory effect of metformin on ALP activ-
ity was partially blocked by the dominant negative mutant AMPK. The
quantification of ALP staining gave consistent results (Figure 3C&D).
The partial blocking effect of the dominant negative AMPK suggests
two possibilities: first, its amount was not sufficient to compete with
endogenous wild-type counterpart, and second, metformin takes effect
through both AMPK-dependent and independent mechanisms.

Finally, to assess whether AMPK affects mineralization, the late
stage of osteoblast differentiation. As expected, the results showed
that metformin significantly suppressed mineralization (Figure 4).
Taken together, the study suggests that osteogenic differentiation
of MC3T3-E1 cells is suppressed by AMPK activation. At present, we
are not certain if AMPK interferes with early or late stage of differ-
entiation, as the manoeuvre with exogenous agents was conducted

at the beginning of differentiation.
3.3 | Metformin inhibits trauma-induced
heterotopic ossification

To determine whether metformin prevents HO induced by trauma,

mice received Achilles tenotomy and burn in dorsum. One day after
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FIGURE 3 AMPK mediates the inhibitory effect of metformin on alkaline phosphatase activity. A&amp;B. MC3T3-E1 cells were infected
with varying multiplicity of infection (MOI) of adenovirus expressing a constitutively active mutant of AMPK « 1 (Ad-AMPK-CA) (A), or the
dominant negative mutant (AMPK-DN) (B) for 48 hours and then were incubated with osteogenesis differentiation media in the presence or
absence of 1mM metformin (Met). GFP adenovirus was used as a control. Alkaline phosphatase activity was measured one week after the
induction. C&amp;D. The graph represents averages of 3 independent experiments from A and B, respectively (mean + SD, N = 3). Statistical
analysis was performed using Student's t test, and p values between groups were indicated (*P < .05). NM, no differentiation media, --MEM

complete medium
M 0 0.05 0.1 1

A

Metformin (mM) N FIGURE 4 The effect of metformin
on mineralization. MC3T3-E1 cells
were incubated with osteogenesis
differentiation media in the presence or
absence of varying doses of metformin for
21 days and stained with alizarin red. A.
Representative images of differentiated
cells. B. Graph represents alizarin
deposit quantitation from 3 independent
experiments (mean + SD, N = 3).
*Significant difference from metformin
versus control was assessed by Student's
NMm 0 0.05 01 1 t test (*P < .05). NM: no differentiation
Metformin(mM) media, a-MEM complete medium

Alizarin Red (OD 405 nm)




LIN eT AL. 14497
WILEY
A
Vehicle
B
*
" 0.25+ |—‘
E
= 0.204
=}
¢
O 0.154
=
E 0.0
S
e 0.05-
0.004 MMM
Metformin Vehicle Metformin

3D 2D sections

FIGURE 5 Metformin prevents trauma-induced HO in mice. A. Mice received Achilles tenotomy on the right hindlimb and burn injury

on the dorsum. The next day, they were injectedi.p.with vehicle (PBS) or metformin every 3 days for 8 weeks (vehicle, n = 6, metformin,

n = 5). The injured limbs were examined by microCT at 8 weeks post-injury. Representative 3D microCT reconstructions and serial 2D
cross-sections are shown in Figure A. Scale bar = 1mM, white arrows indicate ectopic bone. (B). The volume of HO was quantified from each
group. * Statistical analysis was performed using Student's t test, and p values between metformin-treated and vehicle-treated group were

indicated (*P < .05; vehicle, n = 6; metformin, n = 5)

trauma, mice were treated with metformin (100 mg/kg, i.p.) every
3 days for 8 weeks or PBS as vehicle control. There were no systemic
side effects after treatment (data not shown). Injured Achilles were
removed and processed for microCT scan. As shown in Figure 5A, ob-
vious formation of ectopic bone was observed in the area of the ten-
otomy of the mice receiving vehicle treatment, but it was significantly
reduced in metformin-treated mice. The volume of total HO was calcu-
lated with software and revealed a marked reduction after metformin
treatment as compared to the vehicle control (Figure 5B). In consist-
ency, HE staining further demonstrated ectopic bone, bone matrix,
bone marrow and abundant cartilage in the vehicle-treated mice, but
all these tissues were absent in metformin-treated mice (Figure 6A).
However, the bone mineral density and trabecular number of ectopic
bone were the same in the treated and untreated groups (data not
shown). In addition, we examined AMPK phosphorylation and Smadé
in the muscles around the Achilles tendon. Metformin treatment sig-
nificantly increased AMPK phosphorylation and the level of Smadé
and Smurf1, concurrently with the reduction of ALK2 (Figure 6B&C).
All these results demonstrate that metformin significantly reduces HO

development following the Achilles tenotomy and burn.

4 | DISCUSSION

In this study, we showed that metformin inhibited BMP signalling
through up-regulation of Smadé. The changes were associated with
the inhibition of osteogenic differentiation. Second, we found that
the effect of metformin was mimicked by the constitutively active
mutant of AMPK and blocked by its dominant negative mutant or
knockdown of Smadé. Finally, our study revealed that metformin
prevented HO induced by traumatic injury in a mouse model, which
reliably generated ectopic bone within soft tissues. The finding of
increased phosphorylation of AMPK, up-regulated Smadé and de-
creased ALK2 in the injured tendons suggest that metformin reduces
HO via AMPK regulation of Smadé, leading to inhibition of Smad1/5.

Trauma-induced HO has been associated with inflammation
in the local injured area, where BMPs are secreted and activate
osteogenic programme including chondrogenesis and osteogen-
esis.??3 Thus, therapeutic strategy has been pursued to target
BMP signalling pathway. Blockade of active BMP signalling path-
way effectively mitigates HO progression in different animal mod-
els.?>2733 For example, inhibition of BMP signalling with A3Fc and



LIN eT AL.

Metformin

Vehicle

B Cc

‘ R ..--..‘Smad«s

[+2]
|

‘

- ——— ‘ Smurfl

- - - memm— PN

e e o |AMPK

E-

Relative density vs B-actin

p-actin

Vehicle Metformin

LDN21 reduces trauma-induced HO in mice.?’ A3Fc is a receptor
trap protein derived from ALK3 containing the BMP-binding region
and exhibits less adverse effect without myelosuppression and im-
munosuppression. Treatment with adenosine triphosphate (ATP)
hydrolysis apyrase prevents HO through inhibition of the BMP sig-
nalling pathway.?® Here, we showed that metformin reduced HO
formation by activation of AMPK and subsequent inhibition of the
BMP signalling pathway. The present findings are in line with our
previous study showing that metformin inhibits Smad1/5 signalling
downstream of the active mutant of ALK2 (R206H) identified in FOP
patents in association with reduced osteogenesis in vitro.?® As met-
formin is widely recognized as a safe and inexpensive drug, it will be
attractive to repurpose its clinical application to the prevention and
treatment of HO.

It has been controversial about the role of AMPK in osteogenesis
and osteoclasterosis.>*3¢ The discrepant findings might be attrib-
utable to differences in cell context and settings. Osteogenesis is a
process that requires a large amount of ATP and glucose supply for
anabolism, which leads to mTOR activation and AMPK inhibition, the
two opposite fuel-sensing systems.3'7’38 In keeping with this notion,
previous and our present studies have shown that AMPK activity is
suppressed during osteoblast differentiation and AMPK activation
by metformin or expression of constitutive active mutant of AMPK
blocks the differentiation. However, metformin still suppressed dif-

ferentiation in the presence of dominant negative of AMPK. This

Smad6

FIGURE 6 Effect of metformin on
histological and molecular changes in the
trauma-induced HO. A. Representative
H&amp;E staining of HO at 8 wk after
trauma. The injured tissues collected
from vehicle-treated control and
metformin-treated mice were sectioned
and examined by H&amp;E (vehicle,

n = 6; metformin, n = 5). Areas of
interest in sections were examined at
different magnification, and the scale

bar is indicated. B. Effect of metformin
on the expression of Smadé, ALK2 and
Smurfl in injured tissue. Western blot was
performed with antibodies, as indicated.
C. Graphs represent scan densitometric
ratio of bands from B. Statistical analysis
was performed using Student's t test, and
p values between metformin-treated and
vehicle-treated group were indicated,

*P < .05, (vehicle, n = 6; metformin, n = 5)

Smurfl

suggests two possibilities. First, exogenously expressed dominant
negative mutant of AMPK was not sufficient to completely compete
with endogenous wild-type AMPK. Second, metformin acts through
both AMPK-dependent and independent mechanisms. Interestingly,
previous studies have reported that a well-received downstream
target of AMPK, mTOR, participates in regulation of osteogenic dif-
ferentiation and trauma-induced HO, whereas inhibition of mTOR
with rapamycin suppresses HO in animal models.®?*° In considering
the inhibitory effect of metformin/AMPK on mTOR, itis understand-
able that the same outcomes could be produced by metformin and
rapamycin. Moreover, regarding clinical use, metformin is far more
tolerable than rapamycin.

Recently, we have shown that AMPK up-regulates Smadé and
Smurfl, leading to proteasomal degradation of ALK2,%® whereas the
present study that AMPK up-regulates Smadé without significant
changes in Smurfl and ALK2. The common denominator is the in-
crease of Smadé by metformin. The different results may be attribut-
able to differences in cell context. It has been documented that Smadé
preferentially inhibits BMP signalling pathway through the following
mechanisms: (a) preventing phosphorylation of Smad1/5/8 by type |
receptor, (b) disrupting the interaction with Smad4 and Smad1/5/8,
and (c) promoting degradation of the receptor I, Smad1/5, or Runx2 by
recruiting Smurf1, an E3 ubiquitin ligase. Therefore, it is plausible that a
different mechanism may specifically prevail in one cell type, regardless

that same outcome is generated as to the inhibition of BMP signalling.
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In keeping with this notion, the results from our animal model showed
the induction of both Smadé and Smurfl and down-regulation of ALK2
by metformin, whereas only Smadé was induced in MC3T3-E1 cells.
Collectively, our results suggest that Smadé plays an essential role in
mediating metformin-induced inhibition of HO.

Development of HO in the Achilles tenotomy mouse model oc-
curs through endochondral ossification, which involves in multiple
stages including inflammation, cellular infiltration, mesenchymal con-
densation, chondrogenesis and osteogenesis, eventually form ectopic
bones.**2 Our study showed that metformin prevented HO, possibly
through inhibition of the BMP signalling pathway. However, we do not
know if metformin acts at chondrogenesis or osteogenesis as it was
administered immediately after injury. Since BMP/ALK2 signalling has
been implicated in the whole HO process,* it is possible that met-
formin could interfere with both chondrogenesis and osteogenesis.

The premise to use metformin to suppress HO is that it does
not affect normal fracture healing process as the two often concur.
Previous studies have reported that type 2 diabetes mellitus (T2DM)
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exhibits increased risk of bone fracture, whereas metformin

does not have an effect*’ "%

or reduces the fracture in diabetic pa-
tients.”®>! Furthermore, studies using animal model have shown
that metformin does not have negative impact on fracture healing
with metformin.>?°3 This indicates that metformin does not affect
normal bone repair via intramembranous or endochondral ossifica-
tion process. Therefore, it would be safe to use metformin in prophy-
laxis of HO in the case of fracture.

Matrix metalloproteinase-9 (MMP9) plays a critical role in endo-
chondral ossification and bone formation under both physiological and
pathological conditions.’*>> MMP-9 activity is significantly up-reg-
ulated in the early stage of HO induced by Achilles tenotomy in rat
and BMP in mice.’*>® Inhibition of MMP-9 activity by minocycline
effectively prevented the HO formation in mice.>’Several studies have
showed that AMPK negatively regulates MMP-9 expression and activ-
ity.5>°2¢%0ur data revealed that metformin attenuated HO in mice and
induced activation of AMPK. It is possible that administration of met-
formin suppressed MMP9 expression via activation of AMPK, leading to
prevention of HO. It will be interesting to investigate whether MMP-9
plays a role in mediating the effect of metformin/AMPK on HO.

In the end, we should point out that although we did not have
direct evidence that metformin through inhibition of BMP/ALK2 at-
tenuates HO in animal model, we observed increased expression of
Smadé and decreased abundance of ALK2 in association with AMPK
activation. Therefore, we are confident that metformin through
AMPK-Smadé regulatory axis suppresses HO. Thus, our study sup-
ports the rationale to retask metformin for prevention and treat-
ment of HO. As it is cheap and safe, it would have a great potential in

clinical use for this disease.

ACKNOWLEDGEMENTS

This work was supported by National Nature Science Foundation of
China (81572753, 31660332 to ZL; 31900852 to HL; and 81560299
to YY), Nature Science Foundation of Jiangxi Province of China
(20181BAB215012 and 20192ACB21026 to HL; 20171BCB23086

WILEY-4”

to DH) and Innovation and Entrepreneurship grant from Jiangxi
Province Bureau of Foreign Experts (to ZL).

CONFLICT OF INTEREST

The authors declare that they have no competing interests.

AUTHOR CONTRIBUTIONS

Hui Lin: Conceptualization (equal); Formal analysis (equal);
Investigation (equal); Methodology (equal); Validation (equal);
Visualization (equal); Writing-original draft (equal). Fuli Shi:
Conceptualization (equal); Data curation (equal); Investigation (equal);
Software (equal). Shanshan Jiang: Methodology (equal); Resources
(equal); Software (equal). Yuanyuan Wang: Conceptualization
(equal); Data curation (supporting); Investigation (supporting).
Junrong Zou: Resources (supporting); Software (supporting). Ying
Ying: Conceptualization (supporting); Formal analysis (supporting);
Investigation (supporting). Degiang Huang: Methodology (support-
ing); Resources (supporting); Validation (supporting). Lingyu Luo:
Methodology (supporting); Resources (supporting); Software (sup-
porting). Xiaohua Yan: Resources (supporting); Software (support-
ing). Zhijun Luo: Conceptualization (equal); Investigation (equal);
Project administration (equal); Supervision (lead); Writing-original
draft (lead); Writing-review & editing (lead).

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from

the corresponding author upon reasonable request.

ORCID

Xiaohua Yan https://orcid.org/0000-0002-7528-5771
Zhijun Luo https://orcid.org/0000-0001-8105-5289
REFERENCES

1. Hardie DG, Schaffer BE, Brunet A. AMPK: An Energy-Sensing
Pathway with Multiple Inputs and Outputs. Trends Cell Biol.
2016;26(3):190-201.

2. Steinberg GR, Carling D. AMP-activated protein kinase: the cur-
rent landscape for drug development. Nat Rev Drug Discovery.
2019;18(7):527-551.

3. Zhang CS, Hawley SA, Zong Y, et al. Fructose-1,6-bisphosphate
and aldolase mediate glucose sensing by AMPK. Nature.
2017;548(7665):112-116.

4. LinSC, Hardie DG. AMPK: sensing glucose as well as cellular energy
status. Cell Metab. 2018;27(2):299-313.

5. LuoZ,ZangM, Guo W. AMPK as a metabolic tumor suppressor: con-
trol of metabolism and cell growth. Future Oncol. 2010;6(3):457-470.

6. He H, Ke R, Lin H, Ying Y, Liu D, Luo Z. Metformin, an old drug,
brings a new era to cancer therapy. Cancer J. 2015;21(2):70-74.

7. Bahrambeigi S, Yousefi B, Rahimi M, Shafiei-lrannejad V. Metformin;
an old antidiabetic drug with new potentials in bone disorders.
Biomed Pharmacother. 2019;109:1593-1601.

8. Barzilai N, Crandall JP, Kritchevsky SB, Espeland MA. Metformin as
a tool to target aging. Cell Metab. 2016;23(6):1060-1065.

9. Foretz M, Guigas B, Bertrand L, Pollak M, Viollet B. Metformin: from
mechanisms of action to therapies. Cell Metab. 2014;20(6):953-966.

10. Molinuevo MS, Schurman L, McCarthy AD, et al. Effect of met-
formin on bone marrow progenitor cell differentiation: in vivo and
in vitro studies. J Bone Miner Res. 2010;25(2):211-221.


https://orcid.org/0000-0002-7528-5771
https://orcid.org/0000-0002-7528-5771
https://orcid.org/0000-0001-8105-5289
https://orcid.org/0000-0001-8105-5289

14500
1 | \vi ey

11.

12.

13.

14.

15.
16.
17.
18.
19.
20.

21.
22.
23.

24,
25.
26.
27.
28.
29.

30.

31.
32.

33.

LIN eT AL.

Jang WG, Kim EJ, Bae IH, et al. Metformin induces osteoblast dif-
ferentiation via orphan nuclear receptor SHP-mediated transacti-
vation of Runx2. Bone. 2011;48(4):885-893.

Goodman AG, Smith JA, Balachandran S, et al. The cellular
protein P58IPK regulates influenza virus mRNA translation
and replication through a PKR-mediated mechanism. J Virol.
2007;81(5):2221-2230.

Wei J, Shimazu J, Makinistoglu MP, et al. Glucose Uptake and Runx2
Synergize to Orchestrate Osteoblast Differentiation and Bone
Formation. Cell. 2015;161(7):1576-1591.

Xu R, Hu J, Zhou X, Yang Y. Heterotopic ossification: Mechanistic
insights and clinical challenges. Bone. 2018;109:134-142.

Wang X, Li F, Xie L, et al. Inhibition of overactive TGF-beta atten-
uates progression of heterotopic ossification in mice. Nat Commun.
2018;9(1):551.

Macfarlane RJ, Ng BH, Gamie Z, et al. Pharmacological treatment
of heterotopic ossification following hip and acetabular surgery.
Expert Opin Pharmacother. 2008;9(5):767-786.

Kan C, Ding N, Yang J, et al. BMP-dependent, injury-induced stem
cell niche as a mechanism of heterotopic ossification. Stem Cell Res
Ther. 2019;10(1):14.

Roessler PP, Bornemann R, Jacobs C, et al. Heterotopic Ossification
- Complication or Chance?. Zeitschrift fur Orthopadie und
Unfallchirurgie. 2019;157(3):301-307.

Wou J, Ren B, Shi F, Hua P, Lin H. BMP and mTOR signaling in hetero-
topic ossification: Does their crosstalk provide therapeutic oppor-
tunities? J Cell Biochem. 2019;120(8):12108-12122.

Rahman MS, Akhtar N, Jamil HM, Banik RS, Asaduzzaman SM. TGF-
beta/BMP signaling and other molecular events: regulation of os-
teoblastogenesis and bone formation. Bone Res. 2015;3:15005.
Miyazawa K, Miyazono K. Regulation of TGF-beta Family Signaling
by Inhibitory Smads. Cold Spring Harbor Persp Biol. 2017;9(3).

Yan X, Liu Z, Chen Y. Regulation of TGF-beta signaling by Smad?7.
Acta Biochim Biophys Sin. 2009;41(4):263-272.

She D, Zhang K. Fibrodysplasia ossificans progressiva in China.
Bone. 2018;109:101-103.

Haupt J, Stanley A, McLeod CM, et al. ACVR1(R206H) FOP muta-
tion alters mechanosensing and tissue stiffness during heterotopic
ossification. Mol Biol Cell. 2019;30(1):17-29.

Agarwal S, Loder SJ, Breuler C, et al. Strategic Targeting of Multiple
BMP Receptors Prevents Trauma-Induced Heterotopic Ossification.
Mol Ther. 2017;25(8):1974-1987.

Peterson JR, De La Rosa S, Eboda O, et al. Treatment of hetero-
topic ossification through remote ATP hydrolysis. Sci Transl Med.
2014;6(255):255ra132.

Yu PB, Deng DY, Lai CS, et al. BMP type | receptor inhibition reduces
heterotopic [corrected] ossification. Nat Med. 2008;14(12):1363-1369.
Lin H, Ying Y, Wang YY, et al. AMPK downregulates ALK2 via in-
creasing the interaction between Smurfl and Smadé, leading
to inhibition of osteogenic differentiation. Biochim Biophys Acta.
2017;1864(12):2369-2377.

Lin H, Li N, He H, et al. AMPK Inhibits the Stimulatory Effects of
TGF-beta on Smad2/3 Activity, Cell Migration, and Epithelial-to-
Mesenchymal Transition. Mol Pharmacol. 2015;88(6):1062-1071.
Peterson JR, Agarwal S, Brownley RC, et al. Direct mouse trauma/
burn model of heterotopic ossification. J Vis Exp. 2015;102:€52880.
Agarwal S, Loder S, Brownley C, et al. Inhibition of Hiflalpha pre-
vents both trauma-induced and genetic heterotopic ossification.
Proc Natl Acad Sci USA. 2016;113(3):E338-E347.

Peterson JR, Okagbare PI, De La Rosa S, et al. Early detection of
burn induced heterotopic ossification using transcutaneous Raman
spectroscopy. Bone. 2013;54(1):28-34.

Kraft CT, Agarwal S, Ranganathan K, et al. Trauma-induced hetero-
topic bone formation and the role of the immune system: A review.
J Trauma Acute Care Surg. 2016;80(1):156-165.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Xi G, D'Costa S, Wai C, Xia SK, Cox ZC, Clemmons DR. IGFBP-2
stimulates calcium/calmodulin-dependent protein kinase kinase
2 activation leading to AMP-activated protein kinase induction
which is required for osteoblast differentiation. J Cell Physiol.
2019;234(12):23232-23242.

LiY, Su J, Sun W, Cai L, Deng Z. AMP-activated protein kinase stim-
ulates osteoblast differentiation and mineralization through auto-
phagy induction. Int J Mol Med. 2018;41(5):2535-2544.

Kasai T, Bandow K, Suzuki H, et al. Osteoblast differentiation is
functionally associated with decreased AMP kinase activity. J Cell
Physiol. 2009;221(3):740-749.

Mobasheri A. Glucose: an energy currency and structural precursor
in articular cartilage and bone with emerging roles as an extracel-
lular signaling molecule and metabolic regulator. Front Endocrinol.
2012;3:158.

Chen J, Long F. mTOR signaling in skeletal development and dis-
ease. Bone Res. 2018;6:1.

Hino K, Zhao C, Horigome K, et al. An mTOR Signaling Modulator
Suppressed Heterotopic Ossification of Fibrodysplasia Ossificans
Progressiva. Stem Cell Rep. 2018;11(5):1106-1119.

Qureshi AT, Dey D, Sanders EM, et al. Inhibition of Mammalian Target
of Rapamycin Signaling with Rapamycin Prevents Trauma-Induced
Heterotopic Ossification. Am J Pathol. 2017;187(11):2536-2545.
Cholok D, Chung MT, Ranganathan K, et al. Heterotopic ossifi-
cation and the elucidation of pathologic differentiation. Bone.
2018;109:12-21.

Lees-Shepard JB, Goldhamer DJ. Stem cells and heterotopic ossifi-
cation: Lessons from animal models. Bone. 2018;109:178-186.

Kan C, Chen L, Hu, et al. Conserved signaling pathways underlying
heterotopic ossification. Bone. 2018;109:43-48.

Stage TB, Christensen MH, Jorgensen NR, et al. Effects of met-
formin, rosiglitazone and insulin on bone metabolism in patients
with type 2 diabetes. Bone. 2018;112:35-41.

Jackuliak P, Payer J. Osteoporosis, fractures, and diabetes. Int J
Endocrinol. 2014;2014:820615.

Paschou SA, Vryonidou A. Diabetes mellitus and osteoporosis.
Minerva Endocrinol. 2019;44(4):333-335.

Monami M, Cresci B, Colombini A, et al. Bone fractures and hypo-
glycemic treatment in type 2 diabetic patients: a case-control study.
Diabetes Care. 2008;31(2):199-203.

Colhoun HM, Livingstone SJ, Looker HC, et al. Hospitalised
hip fracture risk with rosiglitazone and pioglitazone use
compared with other glucose-lowering drugs. Diabetologia.
2012;55(11):2929-2937.

Meier C, Schwartz AV, Egger A, Lecka-Czernik B. Effects of diabe-
tes drugs on the skeleton. Bone. 2016;82:93-100.

Melton LJ 3rd, Leibson CL, Achenbach SJ, Therneau TM, Khosla
S. Fracture risk in type 2 diabetes: update of a population-based
study. J Bone Miner Res. 2008;23(8):1334-1342.

Vestergaard P, Rejnmark L, Mosekilde L. Diabetes and its compli-
cations and their relationship with risk of fractures in type 1 and 2
diabetes. Calcif Tissue Int. 2009;84(1):45-55.

La Fontaine J, Chen C, Hunt N, Jude E, Lavery L. Type 2 Diabetes
and Metformin Influence on Fracture Healing in an Experimental
Rat Model. J Foot Ankle Surg. 2016;55(5):955-960.

Jeyabalan J, Viollet B, Smitham P, et al. The anti-diabetic drug
metformin does not affect bone mass in vivo or fracture healing.
Osteoporosis Int. 2013;24(10):2659-2670.

Ortega N, Wang K, Ferrara N, Werb Z, Vu TH. Complementary in-
terplay between matrix metalloproteinase-9, vascular endothelial
growth factor and osteoclast function drives endochondral bone
formation. Dis Models Mech. 2010;3(3-4):224-235.

Morizane Y, Thanos A, Takeuchi K, et al. AMP-activated protein ki-
nase suppresses matrix metalloproteinase-9 expression in mouse
embryonic fibroblasts. J Biol Chem. 2011;286(18):16030-16038.



LIN ET AL.

56.

57.

58.

59.

60.

Rodenberg E, Azhdarinia A, Lazard ZW, et al. Matrix metallopro-
teinase-9 is a diagnostic marker of heterotopic ossification in a mu-
rine model. Tissue Eng Part A. 2011;17(19-20):2487-2496.

Davis EL, Sonnet C, Lazard ZW, et al. Location-dependent het-
erotopic ossification in the rat model: The role of activated matrix
metalloproteinase 9. J Orthop Res. 2016;34(11):1894-1904.

Gugala Z, Olmsted-Davis EA, Xiong Y, Davis EL, Davis AR. Trauma-
Induced Heterotopic Ossification Regulates the Blood-Nerve
Barrier. Front Neurol. 2018;9:408.

Zhang Z, Amorosa LF, Coyle SM, et al. Proteolytic Cleavage of
AMPKalpha and Intracellular MMP9 Expression Are Both Required
for TLR4-Mediated mTORC1 Activation and HIF-1alpha Expression
in Leukocytes. J Immunol. 2015;195(5):2452-2460.

Endo H, Owada S, Inagaki Y, Shida Y, Tatemichi M. Glucose star-
vation induces LKB1-AMPK-mediated MMP-9 expression in cancer
cells. Sci Rep. 2018;8(1):10122.

WILE Y52

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Lin H, Shi F, Jiang S, et al. Metformin
attenuates trauma-induced heterotopic ossification via
inhibition of Bone Morphogenetic Protein signalling. J Cell Mol
Med. 2020;24:14491-14501. https://doi.org/10.1111/
jcmm.16076



https://doi.org/10.1111/jcmm.16076
https://doi.org/10.1111/jcmm.16076

