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Abstract

Fractures still present a significant burden to patients due to pain and periods of unproduc-

tivity. Numerous growth factors have been identified to regulate bone remodeling. However,

to date, only the bone morphogenetic proteins (BMPs) are used to enhance fracture healing

in clinical settings. Activins are pleiotropic growth factors belonging to the TGF-β superfam-

ily. We and others have recently shown that treatment with recombinant fusion proteins of

activin receptors greatly increases bone mass in different animal models by trapping activins

and other ligands thus inhibiting their signaling pathways. However, their effects on fracture

healing are less known. Twelve-week old male C57Bl mice were subjected to a standard-

ized, closed tibial fracture model. Animals were divided into control and treatment groups

and were administered either PBS control or a soluble activin type IIB receptor (ActRIIB-Fc)

intraperitoneally once a week for a duration of two or four weeks. There were no significant

differences between the groups at two weeks but we observed a significant increase in cal-

lus mineralization in ActRIIB-Fc-treated animals by microcomputed tomography imaging at

four weeks. Bone volume per tissue volume was 60%, trabecular number 55% and bone

mineral density 60% higher in the 4-week calluses of the ActRIIB-Fc-treated mice (p<0.05 in

all). Biomechanical strength of 4-week calluses was also significantly improved by ActRIIB-

Fc treatment as stiffness increased by 64% and maximum force by 45% (p<0.05) compared

to the PBS-injected controls. These results demonstrate that ActRIIB-Fc treatment signifi-

cantly improves healing of closed long bone fractures. Our findings support the previous

reports of activin receptors increasing bone mass but also demonstrate a novel approach

for using ActRIIB-Fc to enhance fracture healing.

Introduction

Fracture healing is a complex process consisting of multiple events, which happen both simulta-

neously and in succession, aiming to restore the initial form and function of the fractured bone.

This process is strictly regulated by numerous different cytokines, growth factors, proteases and
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angiogenic factors [1–3]. Recent advances in this research field have also highlighted the impor-

tance of muscle-bone cross-talk in the formation of new bone during fracture healing [4].

Numerous growth factors and signaling pathways have been identified to regulate bone

remodeling. Many of these growth factors have also been shown to participate in different

phases of fracture healing. Therefore, they have also emerged as potential therapeutic agents

[5]. Most notable ones include members of the Transforming Growth Factor β (TGF-β) super-

family. Specific members of this superfamily, such as Bone Morphogenetic Proteins (BMPs),

have shown auspicious results in different in vivo models in enhancing bone formation,

although their efficacy has been questioned in recent clinical trials [6–9]. Furthermore, due to

the lack of long-term control studies and high costs, they are yet to rival autogenous bone

grafts in clinical practice, which are still conceived as the golden standard in reconstructing

bone defects [10].

Activins are pleiotropic growth factors belonging to the TGF-β superfamily, which have

also been linked to different pathophysiological processes [11–14]. Activin type II receptors,

which initiate the activin signaling cascade consisting of activin type I and II receptors as well

as receptor-regulated/common-mediator Smads, have recently been identified as novel thera-

peutic approaches to increase bone mass [15]. Recombinant fusion proteins of these receptors,

ActRIIA-Fc and ActRIIB-Fc, function by trapping numerous ligands, including activins, and

thus inhibit the ligand functions. We and others have recently shown that treatment with these

activin inhibitors greatly increases bone mass systematically in different animal models [16–

18]. Additionally loss of type II BMP-receptor has been reported to increase osteoblast activity

and lead to increased bone mass [19].Recent report also shows that treatment with ActRIIA-Fc

promotes callus formation in a closed femoral fracture model in rats [20]. Another study, how-

ever, suggested that the administration of Bimagrumab, an anti-ActRII antibody that directly

inhibits the ActRII receptor instead of trapping its ligands, does not have a major impact on

fracture healing [21]. Therefore further clarification of the effects of activin signaling pathways

on fracture healing is needed.

We set out to investigate the effects of ActRIIB-Fc on fracture healing using a standardized,

closed, diaphyseal tibial fracture mouse model. We hypothesized that inhibition of activin type

IIB receptor ligands using ActRIIB-Fc would improve callus mineralization and increase bone

formation resulting in accelerated fracture healing.

Materials and methods

Animals

In this experiment 12–14 week old male C57Bl/6 mice were used (Harlan Laboratories B.V,

Netherlands). The animals were housed individually in cages under standard laboratory condi-

tions (temperature 22˚C, light from 6:00AM to 6:00PM.) Water and soy-free food pellets were

available ad libitum, excluding a four-hour fasting period before euthanization. Two animals

were sacrificed by CO2 asphyxia followed by cervical dislocation due to post-operative compli-

cations and three animals developed a severe rash behind the back of the neck during the

experiment. This was observed in both PBS- and ActRIIB-Fc-treated mice and was most likely

related to the C57BL/6 background of the animals. These animals were sacrificed by CO2

asphyxia followed by cervical dislocation and omitted from the analyses. Fractures that did not

meet the standard criteria were also excluded. Altogether 70 calluses were analyzed.

Surgical procedure

Under isoflurane anesthesia (250-400ml/min 2.5%) and aseptic surgical conditions, injections

of buprenorfin (0.05mg/kg) and carprofen (5mg/kg) were administered subcutaneously. A
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vertical incision was made over the patellar region of the right hind leg. This was then followed

by a vertical incision through the patellar tendon exposing the proximal head of the tibia. A

25-gauge needle was used to drill a hole through the cortical bone above the tibial tuberosity.

A sterile Ø0.2mm stainless-steel rod was then inserted into the tibial intramedullary canal

reaching the distal end of the tibia. The wound was then closed with two non-absorbable sim-

ple interrupted sutures and an anti-septic (Betadine, Takeda) was applied locally on top of the

closed wounds. Standardized, closed diaphyseal tibial fractures were then performed using a

fracture apparatus as previously reported [22, 23].

After the fracture was produced, the mice were closely monitored and placed on heating

beds to maintain standard body temperature. Upon waking up the animals were placed in

individual cages and were allowed a post-operative healing time of three to four days with

administration of postoperative analgesic injections of buprenorfin and carprofen for the first

two days.

Study design

The mice were divided into two groups and were given either PBS or ActRIIB-Fc prepared in

PBS (5mg/kg) intraperitoneally (i.p.) once a week. Bodyweights were recorded before every

injection. Animals were sacrificed either on day 15 (two-week time point) or 29 (four-week

time point) by CO2 overdose and cervical dislocation followed by sample collection.

Production of ActRIIB-Fc

The production of the ActRIIB-Fc protein used in this study has been reported earlier [24, 25].

Briefly, the growth factor receptor consists of the ectodomain of human ActRIIB-Fc joined

with IgG1-Fc. It was then expressed in Chinese hamster ovary (CHO) cells grown in a suspen-

sion culture.

Preparation of tibia samples

The right hind legs were gathered and prepared for microcomputer tomography and histologi-

cal analyses, biomechanical analyses or RNA analyses. For the first set of analyses, fracture cal-

luses were stored in 3.8% formaldehyde for a period of 24 hours. The samples were then rinsed

with PBS and stored in 70% EtOH in a dark room with a temperature of 8˚C. The muscles and

tendons were then removed while preserving the callus. The metal rod was removed from the

proximal end of the tibia before micro computed tomography imaging (n = 6–8 per group).

For the biomechanical analyses the calluses were gathered and the muscles, tendons and the

intramedullary rod were removed immediately after animal euthanization. The bones were

then separately wrapped in PBS-soaked gauzes and tin foil and then stored in -20˚C. The sam-

ples were thawed right before biomechanical testing. (n = 5–8 per group). For the RNA analy-

ses, fracture calluses were extracted, removed of the attached muscle soft tissue, snap frozen in

liquid nitrogen and stored in -80˚C. (n = 7–8 per group).

Measurement of gene expression

For total RNA isolation, the calluses were pulverized under liquid nitrogen, homogenized in

TriSure reagent (Bioline) after which RNA was extracted. The samples were treated with

DNAase treatment followed by RNA clean up using RNeasy mini kit (Qiagen, Germany). The

cDNA was then synthesized from 1μg of total RNA with the SensiFAST probekit (Bioline,

UK). Quantitative real-time PCR was performed using iQ SYBR Green Supermix (Bio-Rad

laboratories, USA). The relative mRNA expression levels were then analyzed and quantified
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using the 2-ΔΔCT method. The expression levels were normalized to β-actin, which was used

as the internal control. Primer sequences are available upon request.

Micro-computed tomography (μCT) analysis

X-ray micro-computed tomography of the fractured area was done using SkyScan 1070 μCT

Scanner (SkyScan, Kontich, Belgium) to assess the structure of the callus using the following

settings: voxel resolution of 5.33 um, X-ray potential of 70kVp, current of 200uA and an inte-

gration time of 3900ms. The object was rotated in 0.45˚ steps throughout the scanning for a

total revolution of 182.45˚. Reconstruction of the scanned images (Nrecon 1.4, Skyscan) was

then done with identical settings (misalignment < 3, ring artifacts reduction 11, beam harden-

ing correction 95%, and intensity gap 0.014–0.13). The corresponding region of interest (ROI)

was drawn by the outlines of the callus (CTan 1.4.4, SkyScaN). The first and last set points of

the ROI were chosen as where the fracture line was distinctly evident and the cortex of the tib-

ial bone was not intact. The threshold values were chosen by binarization and threshold delin-

eation so the analysis only accounted for the newly formed mineralized tissue and not the pre-

existing cortical bone. Bone mineral density values were calibrated using two phantoms (cal-

cium hydroxyapatite discs with densities of 0.25g/cm3 and 0.75g/cm3 respectively) during the

scanning phase. The results were then quantified and analyzed (Batman, Skyscan).

Histological analysis

After μCT imaging the samples were decalcified in formic acid, embedded in paraffin and then

sectioned using a microtome along the sagittal plane of the middle of the callus. The sections

were then deparaffinized, rehydrated and stained with hematoxylin and eosin (H&E) accord-

ing to the standard protocols. Histological analyses to assess bone parameters were measured

blinded for the treatment using Osteomeasure–system (Osteometrics, USA). The region of

interest consisted of the callus without the periosteum, fracture ends of cortical bone or the

bone marrow cavities. In the two-week samples the amount of cartilage and woven bone was

analyzed and in the four-week samples the amount of trabecular bone inside the callus was

assessed. Woven bone was differentiated from trabecular bone by the structure of the trabecu-

lar islands and the amount of cellularity within the trabeculae. Cartilage area was determined

by the presence of prehypertrophic and hypertrophic chondrocytes based on the H&E

staining.

Immunohistochemical staining

4μm sections were cut from the paraffin-embedded samples for immunohistochemical analyses.

Sections were pre-incubated with 3% bovine serum albumin (BSA) prior to the primary antibody

reaction. Immunohistochemical staining was performed using the following primary antibodies:

Cathepsin K (AF9210, Acris, Germany), Runx2 (D1H7 #8486, Cell Signaling Technology, USA),

P-Smad1 (Ab73211, Abcam, UK) and P-Smad2 (Ab188334, Abcam, UK). The secondary anti-

body: Poly-HRP-Anti-Rabbit IgG (Immunologic, Netherlands). 3–3’Diaminobenzidine (DAB)

was used as the chromogen and sections were counterstained with Mayer’s hematoxylin. Anti-

body-positive cells were then quantified blinded from a representable area (1mm2) inside the cal-

lus of each sample.

Testing of biomechanical properties

A three-point-bending test was performed to evaluate biomechanical strength of the fracture

calluses using a universal testing machine (Lloyd Instruments LRX, Lloyd Instruments Ltd.,
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Fareham, Uk). The fractured tibias were placed in a lateral position and the proximal and distal

ends were fixed to two in-house support pins (span = 9mm) to ensure sample stability during

the procedure. The anterolateral surface of the middle part of the callus was subjected to verti-

cal compression at a constant velocity (4.5mm/min) until breaking of the callus occurred. The

measured data was converted into a load-displacement graph in real-time and the numerical

values for the maximum force, stiffness and Young’s modulus of bending were then analyzed.

Statistical analyses

All of the analyses were subjected to statistical evaluation and are shown as mean and standard

deviations of the values (±). Student’s t-test as was used to assess statistical significance where

the p value was set to 0.05. All statistical analyses were done with IBM SPSS Statistics v.20

(IBM, USA).

Ethics statement

This study protocol including all the procedures was approved by the National Animal Experi-

ment Board ELLA (license: ESAVI/11044/04.10.07/2014). All animal experiments were per-

formed strictly according to the approved protocol.

Results

ActRIIB-Fc treatment augments body weight gain during fracture healing

The body mass increased significantly more in ActRIIB-Fc-treated mice compared to PBS con-

trols during the experiment (Table 1) ActRIIB-Fc treatment induced a 12.6% increase in the

body weight during the first week vs 6.6% increase in PBS groups (p<0.001) in relation to

baseline and a 18.8% increase during the second week vs 8.6% increase in PBS groups

(p<0.001) when compared to baseline weight (Table 1). At the third and fourth week the

changes were more modest as shown in Table 1.

ActRIIB-Fc robustly accelerates fracture healing and callus

mineralization

Radiographic images indicated no major differences between the fracture callus opacity in the

two week groups but at four weeks the degree of callus maturation was greatly improved due

to ActRIIB-Fc treatment (Fig 1A–1D). Cross-sectional μCT images demonstrated a greater

amount of newly formed trabeculae inside the callus. A μCT analysis was done to assess the

trabecular bone structure and bone mineral density in the calluses. At the two-week time point

there were only minor differences between the PBS- and ActRIIB-Fc-treated groups. Slight

increases in bone volume per tissue volume (BV/TV), trabecular numbers (Tb.N) and volu-

metric bone mineral density (vBMD) were observed in ActRIIB-Fc-treated mice but these

were not statistically significant (Fig 1E–1G). However, at four weeks these differences were

Table 1. Changes in body weight compared to the start of the experiment (%).

1 week 2 weeks 3 weeks 4 weeks

PBS 6.6 ± 4.9 8.6 ± 5.3 10.9 ± 5.7 11.5 ± 6.3

ActRIIB-Fc 12.7 ± 3.7 *** 18.5 ± 5.2 ***** 21.5 ± 7.6 *** 24.7 ± 7.5 ***

Mean ± SD *** = p<0.001 vs PBS group

https://doi.org/10.1371/journal.pone.0180593.t001
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very prominent. ActRIIB-Fc treatment resulted in a greater bone volume per tissue volume

BV/TV (+60%, p<0.01), Tb.N (+55%, p<0.001) and vBMD (+55%, p<0.01) compared to PBS

control group. A clear decrease in trabecular separation (Tb.Sp) of the ActRIIB-Fc calluses was

noted as well (-29%, p<0.05.) (Fig 1H) A difference in the structural model index (SMI) differ-

ence was also seen (-16%, p<0.05) in the ActRIIB-Fc-treated mice suggesting a better trabecu-

lar structure of the newly formed callus (Fig 1I).

Fig 1. ActRIIB-Fc robustly accelerated fracture healing and callus mineralization. (A-D) Representative radiographic and micro-

computed cross-sectional images of the fracture callus of the PBS- and ActRIIB-Fc-treated mice at two and four weeks. There were no

significant differences in bone structure between the groups at the two-week time point. (E-I) At four weeks, ActRIIB-Fc treatment resulted

in greater increases bone volume/tissue volume, trabecular numbers and volumetric bone mineral density as well as decreased trabecular

separation and structural model index-* = p<0.05, ** = p<0.01, *** = p<0.001. n = 8 for PBS 2 weeks, 7 for ActRIIB-Fc 2 weeks, 8 for

PBS 4 weeks and 6 for ActRIIB-Fc 4 weeks.

https://doi.org/10.1371/journal.pone.0180593.g001
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Treatment with ActRIIB-Fc improved the callus mechanical strength

The three-point-bending test was used to assess the changes in biomechanical properties of the

calluses between the control and treatment groups (Fig 2). There were no significant differ-

ences in the biomechanical strength of the calluses between PBS and ActRIIB-Fc groups at two

weeks. At the four-week time point ActRIIB-Fc treatment resulted in improved bone strength

as maximum load increased by over 45% (p<0.05) (Fig 2A) and stiffness by 65% (p<0.05) (Fig

2B). A trend in Young’s Modulus of bending was noticed as it improved by 61% (p = 0.065)

(Fig 2C) compared to PBS controls. These results demonstrate that ActRIIB-Fc treatment

enhances the strength of the callus compared to PBS controls.

Histological analysis of the calluses

Histological analysis indicated significant differences in callus structure and composition in

both the two- and four-week time points between ActRIIB-Fc-treated and PBS groups. At two

weeks ActRIIB-Fc treatment resulted in larger amount of woven bone (WoBV/TV +38%,

p<0.01) and cartilage (CgV/TV +106%, p<0.05) (Fig 3E–3G.) The combined woven bone and

cartilage volume increased greatly (MdV/TV +47% p<0.01) due to ActRIIB-Fc. Similarly to

the two-week time point, at four weeks ActRIIB-Fc treatment increased the amount of trabec-

ular bone (BV/TV +44%, p<0.01 and Tb.N + 84%, p<0.001) while Tb. Sp was significantly

decreased (-51%, p<0.001) (Fig 3H–3J) compared to the control group suggesting that

ActRIIB-Fc treatment resulted in elevated numbers of larger trabeculae which are more

densely adjacent to each other (Fig 3H–3J).

Increased expression of osteogenic marker genes in ActRIIB-Fc-treated

calluses at two weeks

Quantitative real-time PCR analysis was done to assess the expression levels of specific gene

markers that are known to be expressed during fracture healing (Fig 4). ActRIIB-Fc treatment

resulted in 2.5-fold increase in Osterix (p<0.05) and 5-fold increase in Runx2 (p<0.01) expres-

sion compared to controls. As both of these transcription factors are required for normal oste-

oblast differentiation, these data suggests that ActRIIB-Fc treatment enhances

osteoblastogenesis and bone formation. This is further supported by the increased expression

of Alkaline phosphatase (ALP1) expression also increased by 76% (p<0.05) compared to PBS

Fig 2. Treatment with ActRIIB-Fc improves mechanical strength of calluses. ActRIIB-Fc increases callus strength in the four week groups

compared to PBS controls in terms of (A) maximum load, (B) stiffness and (C) bending strength. No significant changes were noted between the

two week groups. * = p<0.05 n = 6 for PBS 2 weeks, 8 for ActRIIB-Fc 2 weeks, 5 for PBS 4 weeks and 7 for ActRIIB-Fc 4 weeks.

https://doi.org/10.1371/journal.pone.0180593.g002
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controls. Conversely, the expression levels of markers of osteoclast activity, cathepsin K (Ctsk)

and Tartrate resistant acid phosphatase (ACP5), decreased by 94% and 85%, respectively

(p<0.01 in both) indicating decreased bone resorption in ActRIIB-Fc-treated calluses. The

Fig 3. Histological analysis of the calluses. Representative hematoxylin and eosin stained histological images of fracture calluses at four

weeks. (A and C) Overview image of the callus (in black and white in order to distinguish the newly formed trabecular bone more easily) and

(B and D) larger magnification of the trabecular bone within the callus at four weeks. Black arrows pinpoint newly formed trabeculae. At the

two week time point, ActRIIB-Fc treatment caused increased (E) woven bone volume and (F) cartilage volume compared to PBS controls

resulting in increased (G) mineralized tissue per tissue volume. At the four-week time point ActRIIB-Fc treatment greatly enhanced (H) bone

volume/tissue volume and (J) trabecular numbers and decreased their (I) separation * = p<0.05 ** = p<0.01, *** = p<0.001. n = 6 for PBS

2 weeks, 6 for ActRIIB-Fc 2 weeks, 7 for PBS 4 weeks and 7 for ActRIIB-Fc 4 weeks.

https://doi.org/10.1371/journal.pone.0180593.g003
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expression of Sox9, an essential transcription factor for chondrogenesis, was significantly

decreased and therefore Runx2:Sox9 expression rate was higher due to ActRIIB-Fc treatment

compared to PBS controls. We also noticed significant decreases in the expression of negative

regulators of Wnt-signaling including sclerostin and Dkk-1 (p<0.01 in both). Additionally we

measured the expression levels of known Smad-targeted transcription factors Id1 and Id3

which were also significantly down-regulated compared to PBS controls (p<0.01 in both).

Immunohistochemical analyses of calluses

To provide further evidence for increased bone formation and decreased bone resorption, we

performed immunohistochemical staining on the calluses (Fig 5). Trends of decreased number

of cathepsin K positive cells at both two and four weeks as well as increased number of Runx2

positive cells at four weeks were noticed and, despite being non-significant, support our results

of ActRIIB-Fc enhancing callus formation. Serum levels of marker of bone resorption, C-ter-

minal telopeptide (CTX), and marker of bone formation, N-terminal type I procollagen

(P1NP), were not significantly changed at two or four weeks (S1 Fig). To elucidate the mecha-

nism for these changes, we quantified number of phospho(p)-Smad1 and p-Smad2 positive

cells in the fracture calluses. We noted no differences in the number of p-Smad1+ cells

between the groups at either time point but we observed trends of increased number of p-

Smad2+ cells at two and four week time points in the ActRIIB-Fc-treated mice.

Discussion

The physiological changes associated with aging predispose older patients to musculoskeletal

pathologies such as postmenopausal osteoporosis and frailty. Both of these conditions are risk

factors for bone fractures. The optimal treatment approach would thus maintain or improve

Fig 4. Increased expression of osteogenic marker genes in ActRIIB-Fc-treated calluses at two weeks.

Quantitative real-time PCR analyses of the two-week time point revealed higher expression of essential

osteoblast markers osterix, runt-related transcription factor 2 and alkaline phosphatase. Expression of

cathepsin K and tartrate resistant acid phosphatase decreased compared to PBS controls which could

demonstrate impaired cartilage and bone resorption. Furthermore expression of Sox9 was also lower

compared to controls. Expression levels of Sclerostin and Dkk-1, negative regulators of Wnt-signaling, were

also lower in ActRIIB-Fc-treated mice. Expression of Smad1/5/8 target genes Id1 and Id3 were decreased as

well. * = p<0.05, ** = p<0.01. n = 7 for PBS groups and 8 for ActRIIB-Fc groups.

https://doi.org/10.1371/journal.pone.0180593.g004
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bone mass while enhancing/maintaining muscle mass and strength. The use of activin type II

receptors as recombinant fusion proteins have already been shown to increase bone and muscle

mass in different animal models but their effects on bone fracture healing are less well known. In

this study we evaluated the effects of ActRIIB-Fc on fracture healing in a closed, diaphyseal tibial

fracture mouse model. As we hypothesized, ActRIIB-Fc treatment improved fracture healing

after four weeks of treatment when compared to PBS-treated controls. Both μCT and histological

analyses at the four-week time point demonstrated increased amount trabecular bone in the cal-

luses of ActRIIB-Fc-treated mice compared to control groups. This translated into improved

biomechanical properties, as callus stiffness and strength were also increased by ActRIIB-Fc

treatment. Our data indicate that these positive effects of ActRIIB-Fc were likely due to enhanced

osteoblast differentiation and function and suppressed bone resorption in the fracture callus.

Therefore, our results suggest that ActRIIB-Fc could be used as a novel approach to augment

fracture healing.

Fracture healing is initiated by an early inflammatory phase followed by chondrogenesis

and subsequent endochondral fracture healing. During the first two weeks, inflammatory and

chondrogenic markers are highly expressed after which, the expression of markers of chondro-

genesis dwells down and in turn the expression of osteogenic markers increases rapidly. At the

two-week time point, cartilage volume was increased in ActRIIB-Fc-treated mice, while no

Fig 5. Immunohistochemical analyses of the calluses. Trends towards decreased number of cathepsin K+ cells in

ActRIIB-Fc-treated mice were seen at both two and four weeks (A). The number of Runx2 positive cells was slightly increased at

four weeks compared to PBS controls (p = 0.346) (B). There were no changes in the number of p-Smad1+ cells at either two or

four weeks (C) but trends of increased number of p-Smad2+ cells were observed at two (p = 0.056) and four weeks (p = 0.209)

due to ActRIIB-Fc-treatment (D). n = 8–9 for PBS 2 weeks, n = 10 for ActRIIB-Fc 2 weeks, n = 5–8 for PBS 4 weeks and n = 5–8

for ActRIIB-Fc 4 weeks.

https://doi.org/10.1371/journal.pone.0180593.g005
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effect was yet found in the callus mineralization despite increased expression of osteoblast

marker genes. There are two possible explanations to this. Either the chondrocyte proliferation

and differentiation were enhanced or the remodeling of cartilage-containing callus by endo-

chondral healing is impaired due to ActRIIB-Fc treatment. Myostatin has been suggested to

suppress chondrocyte differentiation, while some data imply that activin A could actually pro-

mote chondrogenic differentiation. Making the picture even more complex, activin A is an

important regulator of inflammatory processes that are essential for proper fracture healing

[26, 27]. Interestingly, at the two-week time point we already found decreased expression of

chondrogenic marker mRNAs and increased expression of osteoblastic genes, despite the

increased amount of cartilage in the callus. We also did find a non-significant trend towards

increased number of Runx2 positive cells in ActRIIB-Fc group that likely represent pre- or

mature osteoblasts at the four-week time point. This is in line with the increased osteoblastic

gene expression at two weeks. Taken together our data suggest that the sum effect of the inhibi-

tion of ActRIIB-Fc ligands leads to accelerated early endochondral ossification, possibly by

promoting chondrogenic and osteoblastic differentiation of mesenchymal progenitor cells at

the fracture site.

As mentioned above, the increased amount of cartilage within the callus could also be due

to impaired remodeling of the callus. Indeed, we did observe significantly lower expression of

osteoclast marker genes Ctsk and ACP5 (Fig 4) within the callus at two weeks. We also saw a

non-significant trend of decreased number of cathepsin K positive cells within the calluses of

ActRIIB-Fc-treated animals at both time points, that together with the decreased expression of

ACP5 and Ctsk mRNAs could support slightly decreased osteoclast numbers in the

ActRIIB-Fc treated animals. Activin A has been shown to have a context-dependent role as a

positive regulator of osteoclast induced bone resorption [28]. Interestingly, myostatin was also

recently implicated in promoting osteoclastogenesis [29]. Therefore inhibition of both myosta-

tin and activin A with ActRIIB-Fc could lead to suppressed remodeling of the newly formed

callus and in part explain the histological findings of the increased cartilage mass at the two-

week time point. An interesting question is then whether inhibition of bone resorption has a

negative effect on fracture healing. Bisphosphonates (BPs) are drugs that suppress osteoclastic

bone resorption by inducing osteoclast apoptosis [30]. BPs are widely used in the treatment of

osteoporosis, Paget’s disease and in skeletal metastases [31]. Both pre-clinical and clinical stud-

ies have been performed to assess the effects of BPs on fracture healing. Based on the available

data BPs do not affect osteoblasts, inflammatory cells or other factors forming the soft or hard

callus but the actual remodeling of the callus could be delayed [32]. However BPs administered

early after the fracture do not delay fracture healing but could even accelerate the process [33].

Further studies are warranted to elucidate the specific effects of activin receptor ligand inhibi-

tion on the different phases of fracture healing and callus remodeling.

We were able to show that ActRIIB-Fc enhances fracture healing at the four-week time

point with robust increases in the trabecular bone volume and bone mineral density within the

callus. These changes were also translated into enhanced biomechanical properties as

ActRIIB-Fc-treated calluses were stronger and stiffer compared to their PBS-treated controls.

In addition, our data provide a possible mechanism for these effects as ActRIIB-Fc greatly

increased the expression of osteoblast markers genes and favors the commitment of precursor

cells to the osteogenic lineage over the chondrogenic one due to the increased Runx2:Sox9

expression ratio as described before [34]. This early switch from chondrogenic to osteogenic

program could lead to the robust increase in mineralized bone at four-week time point. To fur-

ther explore the mechanisms by which ActRIIB-Fc enhances fracture healing, we examined

the activation of the BMP and TGF-β signaling pathways by analyzing the number of p-Smad1

and p-Smad2 cells within the fracture callus using immunohistochemistry (IHC).

ActRIIB-Fc improves fracture healing in mice
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Unfortunately, IHC does not allow for evaluation of the level of signaling activity within the

positive cells. Although non-significant, there was a trend towards increased number of p-

Smad2 cells in the callus at both two and four weeks, which is somewhat surprising as with

ActRIIB-Fc treatment one could expect decreased Smad2 activation. However, as TGF-β has

been shown to recruit osteoblast progenitors to the sites of active bone remodeling [35], the

increased number of p-Smad2 positive cells could be due to enhanced recruitment of early

osteoblast progenitors at the fracture site. We also measured the expression of BMP signaling

target genes Id1 and Id3 and both mRNAs were expressed at lower level in ActRIIB-Fc-treated

calluses. The expression of Id1/3 are induced by acute BMP treatment but their expression

normalizes within a few days [36]. In our experiment the animals have been treated for several

weeks before mRNA analyses, possibly explaining the suppressed Id1/3 mRNA levels. More-

over, Id proteins induce early proliferation of osteoblast progenitors but prolonged Id expres-

sion appears to inhibit osteoblast differentiation. Two- and four-week time points represent

phases of rapid bone formation and later remodeling i.e. high rate of osteoblast differentiation.

We believe that actually the low Id expression in ActRIIB-Fc-treated animals reflects the

enhanced osteoblast differentiation at these time points. Lastly, we found that the expression

levels of Wnt1 signaling inhibitors Sclerostin and Dkk-1 were decreased upon ActRIIB-Fc-

treatment, possibly leading to enhanced Wnt signaling. Thus ActRIIB-Fc treatment appears to

induce multiple pathways to stimulate fracture healing.

Our findings are partly in concordance with the report from Morse et al. where the authors

stated that ActRIIA-Fc treatment augmented callus formation in rats [20]. However, they did

not find significant changes in callus BV/TV compared to the vehicle controls and the treat-

ment with ActRIIA-Fc only modestly improved the biomechanical properties. Although the

models used (rat vs. mouse, femur vs. tibia) are different to our study, these findings suggest a

difference between the effects of ActRIIA-Fc and ActRIIB-Fc on fracture healing. Tanko et al.

[21] in turn reported contradicting results stating that the use of intravenous bimagrumab, an

anti-ActRII antibody, had no significant effects on rat fibula osteotomy healing as they

observed no differences in mature callus size, vBMD or biomechanical properties and they

suggested that ligands that signal through other receptors, such as specific bone morphoge-

netic proteins, have more relevant roles in fracture healing. However, Nagamine et al. previ-

ously demonstrated in an immunohistochemical study that ActRIIA/B are strongly expressed

in mature and hypertrophic chondrocytes as well as in osteoblasts during the different phases

of fracture healing suggesting that activin type II receptor ligands are important regulators of

these events [37]. The differences between these and our studies could in part be explained by

the differences in the treatment approaches as bimagrumab directly inhibits the ActRII recep-

tors while our ActRIIB-Fc inhibits the binding of all of its ligands to ActRIIB as well as their

alternative receptors. Moreover, the fracture models (closed and open fractures), the duration

of healing and the animal species used varied between the studies.

Despite recent advances in the treatment of osteoporosis, osteoporotic fractures will remain

as a significant disease burden to our society. Fractures lead to periods of immobilization,

which result in further bone loss as well as loss of muscle mass that may further impair patient

mobility. Moreover, fractures cause increased mortality [38]. We and others have previously

shown that treatment with ActRIIB-Fc results in robust increases in both muscle and bone

mass and could thus provide an intriguing treatment option for frail, osteoporotic patients [17,

39]. Here we demonstrate that in a closed tibial fracture mouse model treatment with

ActRIIB-Fc results in enhanced fracture healing seen in improved callus bone volume and

structure, which translated into biomechanically stronger calluses four weeks after the fracture.

Our data suggests that this is likely due to increased osteoblastic bone formation and sup-

pressed bone resorption. These data demonstrate that ActRIIB ligands play an important role

ActRIIB-Fc improves fracture healing in mice
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in regulating multiple phases of fracture healing. Moreover, ActRIIB-Fc with its effects on

bone and muscle could provide a novel approach to enhance fracture healing.

Supporting information

S1 Fig. ActRIIB-Fc treatment does not affect CTX or P1NP serum levels at two or four

weeks. ActRIIB-Fc treatment does not affect CTX or P1NP levels at two or four weeks com-

pared to PBS controls. n = 7 for all groups.

(DOCX)

S1 File. Master data file. Specific values of each sample for each analysis listed as they appear

in the manuscript.

(XLSX)

Acknowledgments

This work was supported by Academy of Finland (grants 132962, 139165 and 268535), Sigrid

Juselius Foundation, Emil Aaltonen Foundation and Finnish Cultural Foundation. Merja Lak-

kisto, Niko Moritz and Erica Nyman are acknowledged for their excellent technical assistance.

Author Contributions

Conceptualization: TP RK.

Data curation: TP.

Formal analysis: TP.

Funding acquisition: RK.

Investigation: TP PR JL AH AMS.

Methodology: AH AMS TP RK.

Project administration: OR RK.

Resources: AMS AH OR RK.

Supervision: RK.

Validation: TP OR RK.

Visualization: TP.

Writing – original draft: TP RK.

Writing – review & editing: TP PR JL OR AH AMS RK.

References
1. Einhorn TA. The cell and molecular biology of fracture healing. Clinical orthopaedics and related

research. 1998;( 355 Suppl):S7–21. PMID: 9917622.

2. Gerstenfeld LC, Cullinane DM, Barnes GL, Graves DT, Einhorn TA. Fracture healing as a post-natal

developmental process: molecular, spatial, and temporal aspects of its regulation. Journal of cellular

biochemistry. 2003; 88(5):873–84. https://doi.org/10.1002/jcb.10435 PMID: 12616527.

3. Einhorn TA, Gerstenfeld LC. Fracture healing: mechanisms and interventions. Nature reviews Rheuma-

tology. 2015; 11(1):45–54. https://doi.org/10.1038/nrrheum.2014.164 PMID: 25266456.

ActRIIB-Fc improves fracture healing in mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0180593 July 13, 2017 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180593.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0180593.s002
http://www.ncbi.nlm.nih.gov/pubmed/9917622
https://doi.org/10.1002/jcb.10435
http://www.ncbi.nlm.nih.gov/pubmed/12616527
https://doi.org/10.1038/nrrheum.2014.164
http://www.ncbi.nlm.nih.gov/pubmed/25266456
https://doi.org/10.1371/journal.pone.0180593


4. Hamrick MW. The skeletal muscle secretome: an emerging player in muscle-bone crosstalk. BoneKEy

reports. 2012; 1:60. https://doi.org/10.1038/bonekey.2012.60 PMID: 23951457; PubMed Central

PMCID: PMC3727847.

5. Fisher DM, Wong JM, Crowley C, Khan WS. Preclinical and clinical studies on the use of growth factors

for bone repair: a systematic review. Current stem cell research & therapy. 2013; 8(3):260–8. PMID:

23317434.

6. Friedlaender GE, Perry CR, Cole JD, Cook SD, Cierny G, Muschler GF, et al. Osteogenic protein-1

(bone morphogenetic protein-7) in the treatment of tibial nonunions. The Journal of bone and joint sur-

gery American volume. 2001; 83-A Suppl 1(Pt 2):S151–8. PMID: 11314793; PubMed Central PMCID:

PMC1425155.

7. Kuklo TR, Groth AT, Anderson RC, Frisch HM, Islinger RB. Recombinant human bone morphogenetic

protein-2 for grade III open segmental tibial fractures from combat injuries in Iraq. The Journal of bone

and joint surgery British volume. 2008; 90(8):1068–72. https://doi.org/10.1302/0301-620X.90B8.20349

PMID: 18669965.

8. Jones AL, Bucholz RW, Bosse MJ, Mirza SK, Lyon TR, Webb LX, et al. Recombinant human BMP-2

and allograft compared with autogenous bone graft for reconstruction of diaphyseal tibial fractures with

cortical defects. A randomized, controlled trial. The Journal of bone and joint surgery American volume.

2006; 88(7):1431–41. https://doi.org/10.2106/JBJS.E.00381 PMID: 16818967.

9. Crawford CH 3rd, Seligson D. Atrophic nonunion of humeral diaphysis treated with locking plate and

recombinant bone morphogenetic protein: nine cases. American journal of orthopedics. 2009; 38

(11):567–70. PMID: 20049351.

10. Khojasteh A, Behnia H, Naghdi N, Esmaeelinejad M, Alikhassy Z, Stevens M. Effects of different growth

factors and carriers on bone regeneration: a systematic review. Oral surgery, oral medicine, oral pathol-

ogy and oral radiology. 2013; 116(6):e405–23. https://doi.org/10.1016/j.oooo.2012.01.044 PMID:

22901644.

11. Williamson RD, O’Keeffe GW, Kenny LC. Activin signalling and pre-eclampsia: from genetic risk to pre-

symptomatic biomarker. Cytokine. 2015; 71(2):360–5. https://doi.org/10.1016/j.cyto.2014.11.017

PMID: 25510903.

12. Hardy CL, Rolland JM, O’Hehir RE. The immunoregulatory and fibrotic roles of activin A in allergic

asthma. Clinical and experimental allergy: journal of the British Society for Allergy and Clinical Immunol-

ogy. 2015. https://doi.org/10.1111/cea.12561 PMID: 25962695.

13. Marino FE, Risbridger G, Gold E. The inhibin/activin signalling pathway in human gonadal and adrenal

cancers. Molecular human reproduction. 2014; 20(12):1223–37. https://doi.org/10.1093/molehr/gau074

PMID: 25180271.

14. Chen YG, Wang Q, Lin SL, Chang CD, Chuang J, Ying SY. Activin signaling and its role in regulation of

cell proliferation, apoptosis, and carcinogenesis. Experimental biology and medicine. 2006; 231

(5):534–44. PMID: 16636301.

15. Canalis E. Update in new anabolic therapies for osteoporosis. The Journal of clinical endocrinology and

metabolism. 2010; 95(4):1496–504. https://doi.org/10.1210/jc.2009-2677 PMID: 20375217; PubMed

Central PMCID: PMC2853988.

16. DiGirolamo DJ, Singhal V, Chang X, Lee SJ, Germain-Lee EL. Administration of soluble activin receptor

2B increases bone and muscle mass in a mouse model of osteogenesis imperfecta. Bone research.

2015; 3:14042. https://doi.org/10.1038/boneres.2014.42 PMID: 26161291; PubMed Central PMCID:

PMC4472144.

17. Bialek P, Parkington J, Li X, Gavin D, Wallace C, Zhang J, et al. A myostatin and activin decoy receptor

enhances bone formation in mice. Bone. 2014; 60:162–71. https://doi.org/10.1016/j.bone.2013.12.002

PMID: 24333131.

18. Lotinun S, Pearsall RS, Davies MV, Marvell TH, Monnell TE, Ucran J, et al. A soluble activin receptor

Type IIA fusion protein (ACE-011) increases bone mass via a dual anabolic-antiresorptive effect in

Cynomolgus monkeys. Bone. 2010; 46(4):1082–8. https://doi.org/10.1016/j.bone.2010.01.370 PMID:

20080223.

19. Lowery JW, Intini G, Gamer L, Lotinun S, Salazar VS, Ote S, et al. Loss of BMPR2 leads to high bone

mass due to increased osteoblast activity. Journal of cell science. 2015; 128(7):1308–15. https://doi.

org/10.1242/jcs.156737 PMID: 25663702; PubMed Central PMCID: PMC4379725.

20. Morse A, Cheng T, Peacock L, Mikulec K, Little D, Schindeler A. RAP-011 augments callus formation in

closed fractures in rats. Journal of orthopaedic research: official publication of the Orthopaedic

Research Society. 2015. https://doi.org/10.1002/jor.22985 PMID: 26185108.

21. Tanko LB, Goldhahn J, Varela A, Lesage E, Smith SY, Pilling A, et al. Does Activin Receptor Blockade

by Bimagrumab (BYM338) Pose Detrimental Effects on Bone Healing in a Rat Fibula Osteotomy

ActRIIB-Fc improves fracture healing in mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0180593 July 13, 2017 14 / 16

https://doi.org/10.1038/bonekey.2012.60
http://www.ncbi.nlm.nih.gov/pubmed/23951457
http://www.ncbi.nlm.nih.gov/pubmed/23317434
http://www.ncbi.nlm.nih.gov/pubmed/11314793
https://doi.org/10.1302/0301-620X.90B8.20349
http://www.ncbi.nlm.nih.gov/pubmed/18669965
https://doi.org/10.2106/JBJS.E.00381
http://www.ncbi.nlm.nih.gov/pubmed/16818967
http://www.ncbi.nlm.nih.gov/pubmed/20049351
https://doi.org/10.1016/j.oooo.2012.01.044
http://www.ncbi.nlm.nih.gov/pubmed/22901644
https://doi.org/10.1016/j.cyto.2014.11.017
http://www.ncbi.nlm.nih.gov/pubmed/25510903
https://doi.org/10.1111/cea.12561
http://www.ncbi.nlm.nih.gov/pubmed/25962695
https://doi.org/10.1093/molehr/gau074
http://www.ncbi.nlm.nih.gov/pubmed/25180271
http://www.ncbi.nlm.nih.gov/pubmed/16636301
https://doi.org/10.1210/jc.2009-2677
http://www.ncbi.nlm.nih.gov/pubmed/20375217
https://doi.org/10.1038/boneres.2014.42
http://www.ncbi.nlm.nih.gov/pubmed/26161291
https://doi.org/10.1016/j.bone.2013.12.002
http://www.ncbi.nlm.nih.gov/pubmed/24333131
https://doi.org/10.1016/j.bone.2010.01.370
http://www.ncbi.nlm.nih.gov/pubmed/20080223
https://doi.org/10.1242/jcs.156737
https://doi.org/10.1242/jcs.156737
http://www.ncbi.nlm.nih.gov/pubmed/25663702
https://doi.org/10.1002/jor.22985
http://www.ncbi.nlm.nih.gov/pubmed/26185108
https://doi.org/10.1371/journal.pone.0180593


Model? Calcified tissue international. 2016. https://doi.org/10.1007/s00223-016-0148-0 PMID:

27167138.

22. Hiltunen A, Vuorio E, Aro HT. A standardized experimental fracture in the mouse tibia. Journal of ortho-

paedic research: official publication of the Orthopaedic Research Society. 1993; 11(2):305–12. https://

doi.org/10.1002/jor.1100110219 PMID: 8483044.

23. Bonnarens F, Einhorn TA. Production of a standard closed fracture in laboratory animal bone. Journal

of orthopaedic research: official publication of the Orthopaedic Research Society. 1984; 2(1):97–101.

https://doi.org/10.1002/jor.1100020115 PMID: 6491805.

24. Lee SJ, Reed LA, Davies MV, Girgenrath S, Goad ME, Tomkinson KN, et al. Regulation of muscle

growth by multiple ligands signaling through activin type II receptors. Proceedings of the National Acad-

emy of Sciences of the United States of America. 2005; 102(50):18117–22. https://doi.org/10.1073/

pnas.0505996102 PMID: 16330774; PubMed Central PMCID: PMC1306793.

25. Hulmi JJ, Oliveira BM, Silvennoinen M, Hoogaars WM, Ma H, Pierre P, et al. Muscle protein synthesis,

mTORC1/MAPK/Hippo signaling, and capillary density are altered by blocking of myostatin and acti-

vins. American journal of physiology Endocrinology and metabolism. 2013; 304(1):E41–50. https://doi.

org/10.1152/ajpendo.00389.2012 PMID: 23115080.

26. Jones KL, Mansell A, Patella S, Scott BJ, Hedger MP, de Kretser DM, et al. Activin A is a critical compo-

nent of the inflammatory response, and its binding protein, follistatin, reduces mortality in endotoxemia.

Proceedings of the National Academy of Sciences of the United States of America. 2007; 104

(41):16239–44. https://doi.org/10.1073/pnas.0705971104 PMID: 17911255; PubMed Central PMCID:

PMC2042191.

27. Mountziaris PM, Mikos AG. Modulation of the inflammatory response for enhanced bone tissue regen-

eration. Tissue engineering Part B, Reviews. 2008; 14(2):179–86. https://doi.org/10.1089/ten.teb.2008.

0038 PMID: 18544015; PubMed Central PMCID: PMC2962857.

28. Fuller K, Bayley KE, Chambers TJ. Activin A is an essential cofactor for osteoclast induction. Biochemi-

cal and biophysical research communications. 2000; 268(1):2–7. https://doi.org/10.1006/bbrc.2000.

2075 PMID: 10652202.

29. Bray N. Bone diseases: Targeting myostatin for direct joint defence. Nature reviews Drug discovery.

2015; 14(10):677. https://doi.org/10.1038/nrd4745 PMID: 26388227.

30. Hughes DE, Wright KR, Uy HL, Sasaki A, Yoneda T, Roodman GD, et al. Bisphosphonates promote

apoptosis in murine osteoclasts in vitro and in vivo. Journal of bone and mineral research: the official

journal of the American Society for Bone and Mineral Research. 1995; 10(10):1478–87. https://doi.org/

10.1002/jbmr.5650101008 PMID: 8686503.

31. Drake MT, Clarke BL, Khosla S. Bisphosphonates: mechanism of action and role in clinical practice.

Mayo Clinic proceedings. 2008; 83(9):1032–45. https://doi.org/10.4065/83.9.1032 PMID: 18775204;

PubMed Central PMCID: PMC2667901.

32. Goldhahn J, Feron JM, Kanis J, Papapoulos S, Reginster JY, Rizzoli R, et al. Implications for fracture

healing of current and new osteoporosis treatments: an ESCEO consensus paper. Calcified tissue inter-

national. 2012; 90(5):343–53. https://doi.org/10.1007/s00223-012-9587-4 PMID: 22451221.

33. Li YT, Cai HF, Zhang ZL. Timing of the initiation of bisphosphonates after surgery for fracture healing: a

systematic review and meta-analysis of randomized controlled trials. Osteoporosis international: a jour-

nal established as result of cooperation between the European Foundation for Osteoporosis and the

National Osteoporosis Foundation of the USA. 2015; 26(2):431–41. https://doi.org/10.1007/s00198-

014-2903-2 PMID: 25266485.

34. Shintaku Y, Murakami T, Yanagita T, Kawanabe N, Fukunaga T, Matsuzaki K, et al. Sox9 expression

during fracture repair. Cells, tissues, organs. 2011; 194(1):38–48. https://doi.org/10.1159/000322557

PMID: 21252473.

35. Tang Y, Wu X, Lei W, Pang L, Wan C, Shi Z, et al. TGF-beta1-induced migration of bone mesenchymal

stem cells couples bone resorption with formation. Nature medicine. 2009; 15(7):757–65. https://doi.

org/10.1038/nm.1979 PMID: 19584867; PubMed Central PMCID: PMC2727637.

36. Peng Y, Kang Q, Luo Q, Jiang W, Si W, Liu BA, et al. Inhibitor of DNA binding/differentiation helix-loop-

helix proteins mediate bone morphogenetic protein-induced osteoblast differentiation of mesenchymal

stem cells. The Journal of biological chemistry. 2004; 279(31):32941–9. https://doi.org/10.1074/jbc.

M403344200 PMID: 15161906.

37. Nagamine T, Imamura T, Ishidou Y, Kato M, Murata F, ten Dijke P, et al. Immunohistochemical detec-

tion of activin A, follistatin, and activin receptors during fracture healing in the rat. Journal of orthopaedic

research: official publication of the Orthopaedic Research Society. 1998; 16(3):314–21. https://doi.org/

10.1002/jor.1100160307 PMID: 9671926.

ActRIIB-Fc improves fracture healing in mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0180593 July 13, 2017 15 / 16

https://doi.org/10.1007/s00223-016-0148-0
http://www.ncbi.nlm.nih.gov/pubmed/27167138
https://doi.org/10.1002/jor.1100110219
https://doi.org/10.1002/jor.1100110219
http://www.ncbi.nlm.nih.gov/pubmed/8483044
https://doi.org/10.1002/jor.1100020115
http://www.ncbi.nlm.nih.gov/pubmed/6491805
https://doi.org/10.1073/pnas.0505996102
https://doi.org/10.1073/pnas.0505996102
http://www.ncbi.nlm.nih.gov/pubmed/16330774
https://doi.org/10.1152/ajpendo.00389.2012
https://doi.org/10.1152/ajpendo.00389.2012
http://www.ncbi.nlm.nih.gov/pubmed/23115080
https://doi.org/10.1073/pnas.0705971104
http://www.ncbi.nlm.nih.gov/pubmed/17911255
https://doi.org/10.1089/ten.teb.2008.0038
https://doi.org/10.1089/ten.teb.2008.0038
http://www.ncbi.nlm.nih.gov/pubmed/18544015
https://doi.org/10.1006/bbrc.2000.2075
https://doi.org/10.1006/bbrc.2000.2075
http://www.ncbi.nlm.nih.gov/pubmed/10652202
https://doi.org/10.1038/nrd4745
http://www.ncbi.nlm.nih.gov/pubmed/26388227
https://doi.org/10.1002/jbmr.5650101008
https://doi.org/10.1002/jbmr.5650101008
http://www.ncbi.nlm.nih.gov/pubmed/8686503
https://doi.org/10.4065/83.9.1032
http://www.ncbi.nlm.nih.gov/pubmed/18775204
https://doi.org/10.1007/s00223-012-9587-4
http://www.ncbi.nlm.nih.gov/pubmed/22451221
https://doi.org/10.1007/s00198-014-2903-2
https://doi.org/10.1007/s00198-014-2903-2
http://www.ncbi.nlm.nih.gov/pubmed/25266485
https://doi.org/10.1159/000322557
http://www.ncbi.nlm.nih.gov/pubmed/21252473
https://doi.org/10.1038/nm.1979
https://doi.org/10.1038/nm.1979
http://www.ncbi.nlm.nih.gov/pubmed/19584867
https://doi.org/10.1074/jbc.M403344200
https://doi.org/10.1074/jbc.M403344200
http://www.ncbi.nlm.nih.gov/pubmed/15161906
https://doi.org/10.1002/jor.1100160307
https://doi.org/10.1002/jor.1100160307
http://www.ncbi.nlm.nih.gov/pubmed/9671926
https://doi.org/10.1371/journal.pone.0180593


38. Sattui SE, Saag KG. Fracture mortality: associations with epidemiology and osteoporosis treatment.

Nature reviews Endocrinology. 2014; 10(10):592–602. https://doi.org/10.1038/nrendo.2014.125 PMID:

25091729.

39. Koncarevic A, Cornwall-Brady M, Pullen A, Davies M, Sako D, Liu J, et al. A soluble activin receptor

type IIb prevents the effects of androgen deprivation on body composition and bone health. Endocrinol-

ogy. 2010; 151(9):4289–300. https://doi.org/10.1210/en.2010-0134 PMID: 20573726.

ActRIIB-Fc improves fracture healing in mice

PLOS ONE | https://doi.org/10.1371/journal.pone.0180593 July 13, 2017 16 / 16

https://doi.org/10.1038/nrendo.2014.125
http://www.ncbi.nlm.nih.gov/pubmed/25091729
https://doi.org/10.1210/en.2010-0134
http://www.ncbi.nlm.nih.gov/pubmed/20573726
https://doi.org/10.1371/journal.pone.0180593

