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A B S T R A C T

Osteogenesis imperfecta (OI) caused by mutations affecting the extracellular matrix protein collagen type I is
characterized by fragile bones and low muscle mass and function. Activin A and myostatin, members of the TGF-
β superfamily, play a key role in the control of muscle mass and in muscle-bone communication. Here we
investigated activin A/myostatin signaling in a mouse model of severe dominant OI, Col1a1Jrt/+mouse, and the
effect of activin A/myostatin inhibition by a soluble activin receptor IIB receptor, ACE-2494, on bones and
muscles in 8-week old mice. Compared to wild type mice, Col1a1Jrt/+mice had elevated TGF-β signaling in bone
and muscle tissue. ACE-2494 treatment of wild type mice resulted in significantly increased muscle mass, bone
length, bone mass as well as improved bone mechanical properties. However, treatment of Col1a1Jrt/+mice with
ACE-2494 was associated with significant gain in muscle mass, significantly improved bone length and bone
geometry, but no significant treatment effect was found on bone mass or bone mechanical properties. Thus, our
data indicate that activin A/myostatin neutralizing antibody ACE-2494 is effective in stimulating muscle mass,
bone length and diaphyseal bone growth but does not correct bone mass phenotype in a mouse model ofdo-
minant OI.

1. Introduction

Osteogenesis imperfecta (OI) is a heritable connective tissue dis-
order that is clinically characterized by bone fragility, long-bone de-
formity, scoliosis, blue or blue-gray sclera and dentinogenesis im-
perfecta [1]. In 90% of patients, OI is caused by mutations in COL1A1
or COL1A2 leading to a structural defect of the bone matrix protein
collagen type I [2]. Our clinical studies have shown that individuals
with OI have reduced muscle mass and function and that these muscle
deficits correlated with surrogate measures of bone mass and strength
[3,4]. As muscle and bone mass are closely correlated during devel-
opment, this led to the hypothesis that correction of the muscle deficit
could also have a beneficial effect on bone in OI [5].

During muscle growth, myostatin and activin A play a crucial role.
Both factors are members of the TGF-β super family that not only act as
predominantly negative regulators of muscle growth, but also affect
bone matrix homeostasis [6,7]. Myostatin (encoded by Mstn) is pro-
duced by muscle cells, whereas activin A, a homodimer of inhibin βA
subunits (encoded by Inhba), is formed by bone-forming osteoblasts
[8–10]. Both factors mediate their signals via the receptors activin

receptor type IIB (ActRIIB) and ALK4,5 or 7 [11,12] and intracellular
via Smad2 and 3 proteins, which in turn regulate specific gene ex-
pression. Myostatin knockout mice (Mstn−/−) have muscle hyper-
trophy and hyperplasia as well as increased bone mass and biomecha-
nical strength [13,14]. Activin A knockout mice (Inhba−/−)die in the
neonatal period due to tooth and palate defects [15].

When heterozygous oim mice, a model of mild OI, were made ge-
netically myostatin deficient, they had increased skeletal muscle mass
and increased bone volume and strength [16]. A pharmacological
method to inhibit myostatin (and activin A) signaling is to systemically
inject a soluble activin receptor type IIB (ActRIIB)-mFc fusion protein.
This approach has been assessed in the homozygous oim mouse, a
model of severe recessive OI with spontaneous fractures and the het-
erozygous +/G610C mouse, a milder model of dominant OI that does
not develop spontaneous fractures. Both models revealed improved
muscle mass and trabecular bone volume after ActRIIB-mFc-treatment
but only improved diaphyseal bone geometry in +/G610C mice
[17–19]. This suggests differences in treatment response attributed to
OI severity.

In the present study we therefore examined the effect of anActRIIB-
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mFc-treatment in a dominant OI mouse model with spontaneous frac-
tures, the Col1a1Jrt/+ mouse. The Col1a1Jrt/+ mouse harbors a splice
site mutation in the COL1A1 gene, leading to an 18-amino acid deletion
in the collagen type I α1 chain [20]. Col1a1Jrt/+mice aresmaller in size
and develop spontaneous fractures. They have lower bone volume/
tissue volume (BV/TV) in trabecular bone, as well as reduced muscle
mass [20]. We assessed whether ActRIIB-mFcis effective in improving
muscle mass and bone mass and strength in the Col1a1Jrt/+mouse.

2. Material and methods

2.1. Animals

All experiments were approved by the Animal Care Committee of
McGill University and conformed to the ethical guidelines of the
Canadian Council on Animal Care. The Col1a1Jrt/+mice on an FVB
background, developed by screening of N-ethyl-N-nitrosourea-induced
mutagenesis [20] were a gift from Dr. Jane Aubin's laboratory, Uni-
versity of Toronto, Canada. The breeding colony was maintained at the
Animal Care Facility of the Shriners Hospitals for Children-Canada.
Animals were on a 12-h alternating light and dark cycle and had un-
restricted access to water and food (Charles River rodent diet #5075).

2.2. ACE-2494 treatment and sample collection

Male wild-type (WT) and Col1a1Jrt/+mice were randomly assigned
to treatment with a soluble activin receptor type IIB fusion protein
(ACE-2494; generously provided by Acceleron Pharma, Boston,
Massachusetts, USA) or control (tris-saline injections), starting at an age
of 8 weeks (n=8 mice per group). ACE-2494 at doses of 3 or 10mg per
kg body weight was injected twice per week and control solution was
injected once a week subcutaneously over a period of 4 weeks. Body
weights were recorded at the time of each injection. Mice were eu-
thanized at the end of the 4-week intervention period (at the age of
12 weeks). Blood samples were collected at euthanasia by intracardiac
puncture, and serum was separated by centrifugation and stored at
−80 °C until analysis.

The quadriceps (QC), gastrocnemius (GA), soleus (SOL), extensor
digitorumlongus (EDL), and tibialis anterior (TA) muscles of the right
and left leg were isolated and weighted. Muscles of the left leg were
snap frozen in liquid nitrogen and stored at −80 °C until further ana-
lysis. Muscles of the right leg were prepared for immunohistological
analysis of muscle fiber composition.

Femoral length was measured with a digital caliper. Right femurs
were collected for micro-computed tomography (microCT) and three-
point bending test. Samples were stored at −20 °C in phosphate buf-
fered saline-soaked gauze until testing. Left femurs and lumbar vertebra
1 to 5 were collected for dynamic histomorphometric analysis. For
dynamic histomorphometric analysis of the bone, each mouse had re-
ceived two intraperitoneal injections of calcein (25mg per kg body
weight) at 5 days and at 2 days before sacrifice.

2.3. Immunohistological analysis of muscle fiber composition

Isolated muscles were immersed in successive phosphate-buffered
saline (PBS) baths containing increasing concentrations of sucrose (4%,
15%, and 30%). Muscles were then embedded in optimal cutting tem-
perature compound (OCT): 30% sucrose (Shandon Cryomatrix; Thermo
Fisher Scientific, Waltham, USA), flash-frozen in isopentane chilled in
liquid nitrogen, and stored at −80 °C until analysis. Frozen muscles
were then embedded vertically in OCT blocks and eight-micrometer
sections were cut beginning at the midpoint of the muscles using a
cryostat (CryoStar NX70; Thermo Fisher Scientific). Sections were
stored at −80 °C until further analysis.

For immunostaining, muscle sections were thawed and air dried for
30min at room temperature. Muscle sections were then fixed with 4%

paraformaldehyde at 4 °C for 10min, washed 3 times in PBS for 5min,
followed by a blocking step with 10% goat serum (Invitrogen, CA, USA)
for 1 h at room temperature. Next, sections were incubated with pri-
mary antibody cocktail containing mouse anti-major histocompatibility
complex class I (MHC1) (1: 25; BA-F8, DSHB, Iowa City, IA, USA),
mouse anti-major histocompatibility complex class IIa (MHCIIa) (1:200;
SC-71, DSHB), mouse anti- major histocompatibility complex class IIb
(MHC2b) (1:200; BF-F3, DSHB), and rabbit anti-laminin (1:750,
#L9393; Sigma, USA) overnight at room temperature. After three 5-min
rinses in PBS, sections were incubated with secondary antibody cocktail
containing Alexa Fluor® 350 goat anti-mouse IgG (1:500), Alexa Fluor®
594 goat anti-mouse IgG (1:100), Alexa Fluor® 488 goat anti-mouse IgG
(1:500), and Alexa Fluor® 488 goat anti-rabbit IgG (1:500) (Invitrogen,
CA, USA) for 1 h at room temperature. Subsequently, sections were
washed 3 times for 5min each in PBS and were covered with mounting
medium (ProLong ® Gold antifade reagent, Life technologies) and a
coverslip. Samples in which the primary antibodies were omitted
served as controls.

Pictures of the stained muscle sections were taken using a Leica
DMRB fluorescence microscope (Leica Camera, Wetzlar, Germany)
equipped with an Olympus DP70 digital camera (Olympus Optical Co.,
Tokyo, Japan), PhotoFluor LM-75 lamp (89'North, Burlington, Canada),
10×/0.30 PL FLUOTAR objective (Leica Camera, Wetzlar, Germany),
and the DP controller software (Version 2.2.1.227, Olympus
Corporation).Using freely available Image J software (Version 1.51j)
the following parameters were measured: myofiber total number and
total area (TA), cross-sectional area (CSA), perimeter, minimal diameter
of every myofiber, and number of myofiber types.

2.4. Micro-computed tomography

Micro-computed tomography of the right femurs was performed
using Skyscan 1272 at a voxel size of 5 μm. Scan parameters included a
0.40-degree increment angle, 3 frames averaged, a 66 kV and 142-mA
X-ray source with a 0.5-mm Al filter to reduce beam-hardening arte-
facts. Trabecular bone was analyzed in a region starting at 0.5mm
proximal of the distal femoral growth plate (to avoid primary spon-
giosa) and scanning a 1.0 mm section of bone in a proximal direction.
Trabecular bone was manually selected along the inner cortical surface.
Scans were quantified using the system's analysis software (Skyscan CT
Analyser, Version 1.16.1.0). To analyze cortical bone, scanning was
performed starting at 44% of the total femur length from the distal end
and scanned for 1mm proximally. The software derivesouter bone
diameter and the diameter of the bone marrow cavity from cross-sec-
tional areas using a circular bone cross-section model. Cortical thick-
ness is calculated as the difference of these two diameters divided by 2.

Table 1
Relative muscle mass (mg per g of body mass) of male WT and male Col1a1Jrt/+

mice at 8 weeks of age.

WT Col1a1Jrt/+

Body mass (g) 24.5 (0.53) 13.7 (0.56)⁎⁎⁎

Quadriceps (mg/g) 6.29 (0.17) 5.72 (0.22)⁎

Gastrocnemius (mg/g) 4.67 (0.10) 3.99 (0.23)⁎⁎

Tibialis anterior (mg/g) 1.78 (0.07) 1.33 (0.06)⁎

EDL (mg/g) 0.68 (0.07) 0.48 (0.05)⁎

Soleus (mg/g) 0.59 (0.10) 0.33 (0.05)⁎

N=8 mice per group. Values represent mean (SEM).
⁎ Differences between genotypes were tested for statistical significance using

the unpaired t-test p < 0.05
⁎⁎ Differences between genotypes were tested for statistical significance

using the unpaired t-test p < 0.01.
⁎⁎⁎ Differences between genotypes were tested for statistical significance

using the unpaired t-test p < 0.001.

J.T. Tauer and F. Rauch Bone 128 (2019) 115036

2



2.5. Three-point bending test

Following micro-computed tomography scanning, right femora
were loaded to failure in three-point bending using a Materials Testing
System Model 5943 (INSTRON, Norwood, MA, USA). The specimens
were thawed one day prior to the test and all muscle tissues were

cleaned off. The bone was soaked overnight in PBS at room temperature
until mechanical testing. The distance between the lower supports was
7mm with a vertical displacement rate of 50 μm/s. The anterior mid-
diaphysis was loaded under tension. Test results were analyzed using
the system's analysis software Bluehill (Illinois Tool Works Inc.,
Glenview, IL, USA; Version 3.65).

Fig. 1. Gene expression in muscles of 8-week old mice. (A) activin receptor IIb, (B) inhibin βA, (C) myostatin. Data represent mean ± SEM. n=4 to 5 mice per
group. Gene expression normalised to 18S and age-related WT animals, representing fold difference in gene expression of OI samples relative to WT samples. QC,
quadriceps; GA, gastrocnemius; TA, tibialis anterior; EDL, extensor digitorum longus; SOL, soleus. Differences between genotypes were assessed for statistical
significance using one-way ANOVA, with Bonferroni adjustment for post-hoc tests: *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 2. Baseline results in calvaria of 8-week old
mice.(A) Gene expression analysis of activin receptor
IIB and inhibin βA. (B) Protein quantification of ac-
tivin A. Data represent mean ± SEM. N=4–5 mice
per group. (A) Gene expression normalised to 18S,
representing fold difference relative to WT samples.
(B) Quantification of Western blot analysis of activin
A subunit βA and α-tubulin levels in calvaria of WT
and Col1a1Jrt/+ samples. Differences between
Col1a1Jrt/+ and WT groups were assessed by un-
paired T-Test: *p < 0.05, **p < 0.01.

Fig. 3. Body mass during the 4-week treatment period. (A, B) Absolute body mass. (C, D) Body mass gain expressed as percentage change from baseline. Values
presented as mean ± SEM. N=8 mice per group. Differences between control group and ACE-treatment of the same genotype were assessed for statistical sig-
nificance using two-way ANOVA with Bonferroni adjustment for post-hoc tests: *p < 0.05, **p < 0.01, ***p < 0.001.

Table 2
Relative muscle mass (mg per g of body mass) of WT and Col1a1Jrt/+mice at the end of the ACE-2494 intervention period.

WT Col1a1Jrt/+

Control ACE-2494 (mg/kg) Control ACE-2494 (mg/kg)

3 10 3 10

Quadriceps mg/g 6.95 (0.20) 8.14 (0.19)⁎⁎⁎ 8.34 (0.18)⁎⁎⁎ 6.36 (0.25) 6.91 (0.18) 7.06 (0.22)
Gastoc-nemicus mg/g 5.33 (0.12) 5.88 (0.12)⁎⁎ 5.97 (0.09)⁎⁎⁎ 4.81 (0.09) 5.38 (0.13)⁎⁎ 5.88 (0.13)⁎⁎⁎

Tibialis anterior mg/g 1.56 (0.04) 1.90 (0.05)⁎⁎⁎ 2.02 (0.04)⁎⁎⁎ 1.39 (0.03) 1.79 (0.04)⁎⁎⁎ 1.83 (0.06)⁎⁎⁎

EDL mg/g 0.29 (0.02) 0.33 (0.03) 0.40 (0.01)⁎⁎ 0.34 (0.02) 0.48 (0.03)⁎⁎⁎ 0.43 (0.02)
Soleus mg/g 0.23 (0.02) 0.23 (0.01) 0.24 (0.01) 0.18 (0.01) 0.25 (0.02)⁎⁎ 0.22 (0.01)

Values presented as mean (SEM). N=16 (N=8 muscle of the left leg; N= 8 muscle of the right leg) per group. Differences between treatment groups of the same
genotype were assessed by One-way ANOVA with Bonferroni post-test and are indicated by asterisks.

⁎⁎ p < 0.01.
⁎⁎⁎ p < 0.001.
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2.6. Serum bone markers

Serum levels of total calcium, inorganic phosphorus, and alkaline
phosphatase were determined by standard methods (McGill Diagnostic
Laboratory, Montreal, Canada). Markers of bone formation (pro-
collagen type I N-terminal propeptide, PINP; Mouse/Rat PINP,
Immunodiagnostic Systems) and of bone resorption (C-telopeptide of
collagen type I, CTX; RatLaps, Immunodiagnostic Systems) as well as
serum levels of myostatin (DAC00B; R&D Systems) and activin A
(DGDF80; R&D Systems) were quantified by enzyme immunoassays.
Serum tests were performed in duplicate.

2.7. Bone histomorphometry

Histomorphometric analysis of trabecular bone was performed at
the left distal femur (starting at 50 μm proximal to the growth plate to a
distance of 1.4 mm from the growth plate) and in lumbar vertebra 4
(L4, entire trabecular compartment). Specimens were fixed in 10%
phosphate-buffered formalin, dehydrated in increasing concentrations
of ethanol and embedded in methylmethacrylate. Undecalcified 6 μm
thick sections were cut with a Polycut E microtome (Reichert-Jung,
Heidelberg, Germany). The sections were deplastified with ethylene
glycol monoethyl acetate to allow for optimal staining. In each sample,
two consecutive sections were selected that were stained with Masson
Goldner Trichrome for static parameters or mounted unstained for the
measurement of dynamic parameters using fluorescence microscopy.

Histomorphometric measurements in mice were carried out using a
digitizing table with Osteomeasure® software (Osteometrics Inc.,
Atlanta, GA, USA). In addition to standard histomorphometric para-
meters, we measured cartilage volume per bone volume. This re-
presents the relative amount of growth plate material within secondary

trabeculae. Nomenclature and abbreviations follow the recommenda-
tions of the American Society for Bone and Mineral Research [21].

2.8. Quantitative real-time RT-PCR

Total RNA was isolated from snap-frozen tissue samples by using
TRIzol™ (ThermoFisher Scientific, Waltham, USA) according to the
manufacturer's protocol. Reverse transcription of 1 μg RNA was per-
formed using the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, ThermoFisher Scientific, Waltham, USA). Real-
time PCR was performed with 50 ng of cDNA using a QuantStudio™ 7
Flex System (ThermoFisher Scientific, Waltham, USA), TaqMan™ Fast
Advanced master mix (4,444,557, ThermoFisher Scientific, Waltham,
USA) and the following FAM labelled TaqMan® gene expression pri-
mers: Mstn (Mm01254559), ActRIIB (Mm00431664), Inhibin βA
(Mm00434339), and 18S (Mm03928990) was used as endogenous
control. Gene expression was analyzed according to the delta-delta Ct
method.

2.9. Western blot

Total protein was isolated from snap-frozen tissue samples by using
TRIzol™ (ThermoFisher Scientific, Waltham, USA) according to the
manufacturer's protocol. Protein concentration was measured using
Pierce™ BCA Protein Assay Kit (ThermoFisher Scientific, Waltham,
USA) following the manufacturer's directions. 40 μg of protein extracts
were separated by SDS-Page (12.5%) and transferred onto ni-
trocellulose membrane (0.45 μm, Bio-Rad Laboratories, Hercules, USA)
for Western blot analyses. Nitrocellulose membranes were incubated
with Human/Mouse/Rat Activin A βA subunit (#AF338, R&D Systems,
Minnesota, USA) at a dilution of 1:1000 in Tris-buffered saline/0.05%
Tween 20 containing 5% bovine serum albumin overnight at 4 °C, fol-
lowed by secondary horseradish peroxidase-linked anti-goat antibody
(#HAF017, R&D Systems, Minnesota, USA) at a dilution of 1: 2000 in
TBST containing 5% BSA for 2 h. Expression was detected with ECL Plus
Western Blotting Detection System (GE, Boston, USA) and X-ray films.
Subsequently, antibody was stripped from membranes using stripping
buffer (20mM Tris pH 7.5, 10mM DTT, 7M guanidine hydrochloride,
20min at room temperature) and re-incubated with α-tubulin mono-
clonal antibody at a dilution of 1:10,000 in TBST containing 5% BSA for
1 h (#T6074; Sigma-Aldrich, St. Louis, USA), followed by similar sec-
ondary antibody incubation and ECL-mediated visualization. X-ray
films were scanned, and the density of each band was quantified using
ImageJ2 software [22].

2.10. Statistics

Unless stated otherwise, data presented here are shown as
mean ± SEM. Differences between treatment groups of the same
genotype were assessed by one-way ANOVA with Bonferroni post-test

Fig. 4. Gain in muscle mass of ACE-2494 treated mice expressed as percent
difference relative to the muscle mass of vehicle-treated mice of the same
genotype. Values presented as mean ± SEM. N=8 mice per group, QC,
quadriceps; GA, gastrocnemius; TA, tibialis anterior; EDL, extensor digitor-
umlongus; SOL, soleus; 3, 3mg per kg body mass ACE-2494; 10, 10mg per kg
body mass ACE-2494. Differences between dose of ACE-2494 of the same
genotype were assessed for statistical significance using one-way ANOVA with
Bonferroni adjustment for post-hoc tests: *p < 0.05, **p < 0.01,
***p < 0.001.

Fig. 5. Effect of ACE-2494 on soleus muscle fibers. (A) Total number of muscle fibers. (B) Muscle fiber perimeter. (C) Muscle fibers diameter. (D) Mean muscle fiber
cross-sectional area. N=7 to 8 per group. Values presented as mean ± SEM. Co, Control-treated cohort.3, 3 mg per kg body mass ACE-2494; 10, 10mg per kg body
mass ACE-2494. Differences between treatment groups of the same genotype were assessed for statistical significance using one-way ANOVA, with Bonferroni
adjustment for post-hoc tests: *p < 0.05, **p < 0.01, ***p < 0.001.
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using GraphPad Prism version 7.0d (GraphPad Software, San Diego,
California, USA). P < 0.05 was considered significant.

3. Results

At 8 weeks of age, Col1a1Jrt/+ mice had significantly higher activin
A serum levels than WT littermates (73 ± 8 pg/mL vs. 50 ± 5 pg/mL;
P=0.02; n=4–5 per genotype), whereas serum levels of total myos-
tatin were similar between genotypes (7.3 ± 1.7 pg/mL vs.
6.8 ± 1.3 pg/mL; P=0.81; n= 4–5 per genotype). Muscle mass was
significantly lower in Col1a1Jrt/+mice than in WT littermates (Table 1).

Compared to WT mice, Col1a1Jrt/+ mice had higher myostatin gene
expression in TA, SOL, and EDL, whereas differences in ActRIIB and
inhibin βAgene expression varied between muscles (Fig. 1).

Analysis of calvaria bone tissue revealed thatCol1a1Jrt/+ mice ex-
pressed higher levels of ActRIIB and inhibin βA (Fig. 2A) and had sig-
nificantly elevated activin A proteins levels (Fig. 2B), suggesting in-
creased ActRIIB signaling in bone.

At 8 weeks of age, the body mass of Col1a1Jrt/+ mice was approxi-
mately 45% lower than of WT littermates. This difference persisted
during treatment with ACE-2494,as both genotypes had similar gains in
body mass (Fig. 3 A-D).

The treatment was also associated with a significant dose-dependent
increase in muscle mass in both groups of mice (Table 2). Compared to
control-treated groups, ACE-2494 treated WT and Col1a1Jrt/+ mice
gained 30% to 75% muscle mass, with the largest gains observed in EDL
and SOL of Col1a1Jrt/+mice (Fig. 4). No adverse side effects of ACE-
2494 treatment were observed.

Myofiber analysis of SOL muscle revealed that control-treated
Col1a1Jrt/+ mice had more but smaller myofibers than WT littermates
(Fig. 5). This was true for both slow and fast twitch myofibers (MHC I
and IIa) (Fig. 6A–D). ACE-2494 treatment was associated with a dose-
dependent increase in muscle fiber size in both WT and Col1a1Jrt/+

mice (Fig. 5B–D, Fig. 6B–D).
Control-treated Col1a1Jrt/+ mice had a lower proportion of slow-

twitch myofibers (MHC I) but a higher proportion of fast twitch myo-
fibers (MHC IIa) and slow-fast myofiber hybrids (MHC I/IIA) than WT
littermates (Fig. 7A–D). ACE-2494 treatment resulted in a dose-de-
pendent reduction of slow-twitch myofibers in WT and Col1a1Jrt/+

mice, but an increase in fast twitch myofibers in WT and slow-fast
myofiber hybrids in Col1a1Jrt/+ mice (Fig. 7A–F).

At sacrifice, healed femur fractures were observed in one control-
treated Col1a1Jrt/+ mouse, one Col1a1Jrt/+ mouse in the 3mg/kg ACE-
2494 group and two Col1a1Jrt/+ mice receiving 10mg/kg ACE-2494.
These femur specimens were excluded from femoral length measure-
ment, micro-computed tomography analysis, 3-point-bending test, and
histomorphometric analysis. Treated WT littermates had no detectable
abnormalities of the long bones or other organs after ACE-2494 treat-
ment.

In both WT and Col1a1Jrt/+ mice, ACE-2494 was associated with a
dose-dependent increase in femoral length. Distal femoral trabecular
BV/TV and trabecular number increased only in WT mice (Fig. 8). Even
though cortical thickness did not change with ACE-2494 in either
genotype, periosteal and endocortical diameter increased significantly
in Col1a1Jrt/+ mice, leading to improved polar moment of inertia
(Fig. 8F–H). However, maximal and fracture load increased in ACE-
2494-treated WT mice but not in Col1a1Jrt/+ mice (Fig. 8I–L). In L4
vertebra, ACE-2494 had no effect on trabecular BV/TV or bone for-
mation rate in either genotype (Table 3).

Serum levels of activin A were higher in control-treated Col1a1Jrt/+

mice than in control-treated WT. ACE-2494 purged activin A from the
serum in both genotypes (Table 4). ACE-2494 treatment was also as-
sociated with significantly higher osteoclast numbers in WT and Co-
l1a1Jrt/+ mice (TRAP, Table 4). Serum CTX-I levels increased sig-
nificantly in Col1a1Jrt/+ mice (Table 4). Bone formation markers (P1NP
and alkaline phosphatase), as well as serum calcium levels and phos-
phorus levels, were not affected by ACE-2494 (Table 4). Further, ACE-
2494 at a dose of 10mg/kg significantly increased insulin levels
whereas glucose levels were not affected (Table 4).

Fig. 6. Muscle fiber size distribution in soleus muscle. (A) All fibers. (B) Type I fibers. (C) Type IIa fibers. (D) Type IIx fibers. N=7 to 8 mice per group. Differences
between treatment groups of the same genotype were assessed for statistical significance using one-way ANOVA, with Bonferroni adjustment for post-hoc tests. In WT
and Col1a1Jrt/+ cohorts fiber size distribution was significantly different (p < 0.01) in ACE-2494 treated cohorts compared to control-treated cohorts for each fiber
type.
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4. Discussion

In this study we found that compared to WT littermates, 8-week old
Col1a1Jrt/+ mice have significantly elevated activin A serum levels,
increased myostatin gene expression in muscle tissue, lower muscle
mass during development, as well as higher ActRIIB signaling in bone.
Treatment of Col1a1Jrt/+mice with ACE-2494 improved muscle mass
and bone geometry of the femoral diaphysis. In WT mice, ACE-2494
treatment was associated with improved muscle and bone mass.

The muscle mass phenotype in Col1a1Jrt/+ mice is in accordance
with the observation in inhibin A-deficient mice (inha−/−), a negative
regulator of activin A, that activin A serum levels directly correlate with
muscle wasting [23]. Activin A and myostatin are both negative reg-
ulators of muscle mass and inhibition of these ligands simultaneously
results in synergistical muscle mass growth [9]. As shown in mouse
models of OI [17,19], Duchenne Muscular Dystrophy [24], or WT
C57BL/6 mice [25], ACE-2494 treatment in Col1a1Jrt/+ mice results in
a dose-dependent increase in muscle mass due to myofiber hyper-
throphy.

In addition, our data demonstrate that ACE-2494-induced myofiber
hypertrophy coincidied with modified myofiber composition. In WT
mice, slow contractile myofibers (MHC I) transitioned to more potent
fast contractile myofibers (MHC IIa), whereas in Col1a1Jrt/+ mice these
myofibers transitioned to myofiber hybrid forms (MHC I/IIa, MHC IIx/
IIb). Myofiber transition is known to take place in response to exercise,
based on the adaptation of myofiber metabolism, and physiological and

contractile properties of skeletal muscle [26]. Whether the increase in
muscle mass translates into improved movement of Col1a1Jrt/+ and WT
mice leading to myofiber transition, will be an important topic for the
future.

Interestingly, studies in oim/oim and +/G610C mice found that
trabecular number increased after ActRIIB-mFc treatment [17,18].
While we used a similar treatment protocol (20mg/kg per body weight
per week), ACE-2494 treatment did not change trabecular bone volume
in Col1a1Jrt/+ mice. It was shown that activin A induces osteoclast
differentiation in vitro and in vivo [27–30], although some reports
suggest a negative effect on the survival of mature osteoclasts [31].
Myostatin may directly regulate osteoclast differentiation [6]. In the
present study ACE-2494 treatment resulted in increased TRAP serum
levels in both WT and Col1a1Jrt/+ mice, suggesting an elevated number
of osteoclasts but significantly increased bone resorption, as indicated
by CTX-I serum levels, in ACE-2494-treated Col1a1Jrt/+ mice at 10mg/
kg body weight only. This is in line with increased osteoclast numbers
in agedMstn−/− mice [7] and elevated CTX-I serum levels in ActRIIB-
mFc-treated OI mouse models,+/G610C and oim/oim, beside increased
trabecular number [18].

ActRIIB-mFc treatment resulted in a dose-dependent increase in
insulin levels in WT and Col1a1Jrt/+ mice while glucose levels were not
affected. So far, one study in juvenile rhesus macaques reported about
unaffected glucose levels after intervention with ActRIIB-mFc [32].
Activins are expressed by pancreatic islet cells and are involved in
glucose/energy metabolism by regulating islet cell proliferation/

Fig. 7. Myofiber composition in soleus muscle. (A) Representative images of immunohistochemical staining of soleus muscle in control-treated wild type and
Col1a1Jrt/+mice. (B) Quantification of muscle fiber distribution in wild type and Col1a1Jrt/+mice. N=7 to 8 per group. Values presented as mean. Differences
between treatment groups of the same genotype were assessed for statistical significance using one-way ANOVA, with Bonferroni adjustment for post-hoc tests. In
wild type, ACE-2494 10mg/kg BW significantly reduced MHC I fiber types (P < 0.01) and significantly increased MHC IIa fiber types (P < 0.001). In Col1a1Jrt/+,
ACE-2494 10mg/kg BW significantly reduced MHC I fiber types (P < 0.01) and increased fiber hybrids.
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differentiation and insulin production, and tissue-specific insulin sen-
sitivity [33]. For example, activin B suppresses insulin secretion [34]
indicating that binding by ActRIIB-mFc [35] antagonizes this effect
leading to increased levels in insulin.

Despite trabecular bone, ActRIIB-mFctreatment led onlyin
+/G610C mice to increased cortical cross-sectional area and improved
biomechanical bone properties [18]. ACE-2494 treatment also im-
proved bone geometry in Col1a1Jrt/+ mice but did notresult in en-
hanced biomechanical properties. In+/G610C mice observed perios-
teal bone growth was suggested to relay on an anabolic response of
periosteal osteoblast [18] since inhibition of activin and/or myostatin
have a direct or indirect effecton osteoblasts [36–38]. Additionally it
was shown that activin A alters extracellular matrix composition by
regulating gene expression of extracellular matrix proteins and cell-
matrix adhesion [39] or by impairing matrix vesicle production in
mineralizing osteoblasts [10]. However, differences in biomechanical
response in different OI mouse models are probably due to the different
composition of the extracellular bone matrix due to different collagen

mutations, leading to either a mild bone phenotype of OI like+/G610C
mice or more moderate to severe form like in oim/oim and Col1a1Jrt/+

mice.
Although ACE-2494 treatment failed to correct the trabecular bone

phenotype of Col1a1Jrt/+ mice, the intervention was associated with
increased femoral length in Col1a1Jrt/+ and WT mice. This effect was
also reported in +/G610C mice but not in oim/oim mice after ActRIIB-
mFc treatment [18]. This suggests a positive effect of ACE-2494 on
epiphyseal growth plate cartilage. Previous studies demonstrated that
proliferating and hypertrophic chondrocytes and osteoblasts express
activin, activin receptor I, and activin receptor II [40] and that activin A
suppresses chondrocyte differentiation [41] and myostatin chondrocyte
proliferation [42]. Interestingly, it was further shown that the multi-
differentiation potential of mesenchymal progenitor cells correlates
with activin A levels and/or activin A: follistatin ratio and that activin A
is required for the chondrogenic and osteogenic differentiation of me-
senchymal progenitor cells [43]. The growth plate also responds to
signals via the growth hormone/insulin like growth factor I axis which

Fig. 8. Analysis of femur structure and mechanical properties. (A–D) Trabecular bone assessment by microCT in the distal metaphysis. (E–H) Cortical bone as-
sessment by microCT at the mid-shaft diaphysis. (I–L) Results of three-point bending tests. N=6–8 mice per group; Values presented as mean ± SEM. Co, Control-
treated cohort. Differences between treatment groups of the same genotype were assessed for statistical significance using one-way ANOVA, with Bonferroni
adjustment for post-hoc tests: *p < 0.05, **p < 0.01, ***p < 0.001.

Table 3
Results of bone histomorphometry of lumbar vertebra L4 at the end of the intervention period.

WT Col1a1Jrt/+

Control ACE-2494 (mg/kg) Control ACE-2494 (mg/kg)

3 10 3 10

BV/TV (%) 13.9 (1.2) 14.1 (1.0) 15.5 (1.2) 3.7 (0.5) 4.8 (1.2) 4.3 (0.7)
Tb.N (1/mm) 3.9 (0.3) 3.9 (0.3) 4.2 (0.3) 1.6 (0.1) 1.8 (0.3) 1.6 (0.1)
Tb.Th (μm) 35.4 (1.5) 37.3 (2.9) 37.3 (1.1) 23.3 (1.9) 25.5 (1.7) 26.9 (2.1)
BFR/BS (μm3/μm2 ∗ y) 64.1 (7.7) 65.5 (4.9) 63.5 (7.6) 40.5 (6.6) 25.9 (4.0) 32.1 (6.9)
MAR (μm/d) 1.2 (0.06) 1.1 (0.05) 1.1 (0.1) 0.9 (0.02) 0.7 (0.07) 0.8 (0.1)
MS/BS (%) 14.9 (1.3) 15.9 (0.8) 15.6 (1.5) 12.0 (2.0) 8.7 (1.1) 9.1 (1.7)

N=7 to 8 mice per group; Values represent mean (SEM). Differences between treatment groups of the same genotype were assessed using one-way ANOVA, with
Bonferroni adjustment for post-hoc tests. No statistical differences were found.

J.T. Tauer and F. Rauch Bone 128 (2019) 115036

7



is modulated by activin A [44–46]. Whether modifications inthegrowth
hormone/insulin like growth factor I axis might explain some of the
results of the present study remains unclear at this point.

We observed healed femoral fractures at sacrifice in ACE-2494-
treated Col1a1Jrt/+mice, similar to what has been reported in+/G610C
and oim/oim mice [18]. As activin A is required for the chondrogenic
and osteogenic differentiation, it also plays an important role in bone
healing. In a standardized closed tibial fracture mouse model it was
shown ActRIIB-Fc treatment significantly increased callus mineraliza-
tion and improved biomechanical strength [47]. However, here we did
not investigate callus properties of healed femoral fractures, which will
be an important topic for the future.

ActRIIs have multiple ligands such as activin A, activin B, myostatin,
GDF11, BMP9, and BMP10 regulating various biochemical or cellular
systems [48]. Different ActRIIB ligand traps vary in their design and
thus in their ligand binding properties (Table 5). This may explain some
of the differences in treatment outcomes between the present study and
published reports on the effects of ActRIIB-ligand trap treatments
[17–19,24,25,35]. For example, ActRII-ligand trap ACE-031 neutralizes
BMP9/10 leading to vascular side effects [49,50], whereas ACE-2494, a
modified version of ACE-031, does not.

Among the limitations of this study is that we studied only male
mice at a single time point in their development, 8-weeks of age. It is
possible that ACE-2494 treatment at an earlier age could benefit from a
synergistic effect of rapid bone growth and muscle mass improvement.
It is also possible that there are sex-differences in the response to ACE-
2494 as it was shown for+/G610C and oim/oimmice [18]. Further it is

possible that a treatment duration beyond 4weeks could improve
muscle-bone outcomes. So far, the published reports on ActRIIB-ligand
trap treatment in OI mice were limited to 4 weeks of treatment in either
young adult (8-week old) [18] or adult (12-week old) OI mice [17].

In summary, we demonstrate that ACE-2494 treatment significantly
improved muscle mass and diaphyseal bone geometry butdoes not
correct trabecular bone phenotype in Col1a1Jrt/+ mice, a dominant OI
mouse model with spontaneous fractures.
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