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Purpose:Purpose: Growth differentiation factor 11 (GDF11) and myostatin (MSTN) are closely-related 
transforming growth factor β family members reported to play crucial roles in bone for-
mation. We previously reported that, in contrast to MSTN, GDF11 promotes osteogenesis 
of vertebrae and limbs. GDF11 has been also reported as an important regulator in tooth 
development by inducing differentiation of pulp stem cells into odontoblasts for reparative 
dentin formation. The goal of this study was to investigate the differential roles of GDF11 
and MSTN in dental and cranial bone formation.

Methods:Methods: Micro-computed tomography analysis was performed on cranial bones, including 
frontal, parietal, and interparietal bones, and lower incisors of wild-type, Gdf11 knockout 
(Gdf11-/-), and Mstn knockout (Mstn-/-) mice. Tissue volume, thickness, and mineral density 
were evaluated for both cranial bone and lower incisors. Lower incisor lengths were also 
measured. Because Gdf11-/- mice die shortly after birth, analysis was performed on newborn 
(P0) mice. 

Results:Results: Compared to those of Mstn-/- mice, cranial bone volume, thickness, and mineral 
density levels were all significantly diminished in Gdf11-/- mice. Tissue mineral density of 
Gdf11-/- mice were also significantly decreased compared to wild-type mice. Likewise, lower 
incisor length, tissue volume, thickness, and mineral density levels were all significantly 
reduced in Gdf11-/- mice compared to Mstn-/- mice. Incisor length was also significantly de-
creased in Gdf11-/- mice compared to wild-type mice. Mstn-/- mice exhibited mildly increased 
levels of tissue volume, thickness, and density in cranial bone and lower incisor compared 
to wild-type mice although statistically not significant.

Conclusions:Conclusions: Our findings suggest that GDF11, unlike MSTN, endogenously promotes cra-
nial bone and tooth development.  
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INTRODUCTION

Members of the transforming growth factor β (TGFβ) 

family, such as activins, growth differentiation factors 

(GDFs), bone morphogenetic proteins (BMPs), and TGFβs, 

have been widely implicated to play critical roles during 

skeletal, craniofacial, and dental tissue development [1]. 

GDF11, also known as BMP11, and myostatin (MSTN) are 

closely-related TGFβ family members that share 89% amino 

acid sequence identity in their mature domain [2]. Despite 

sharing high sequence similarity, GDF11 and MSTN exert 

distinct endogenous functions. Mstn is first expressed in 

developing somites and continues to be expressed in skel-

etal muscle tissues to suppress skeletal muscle development 
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[3]. Mice homozygous for Mstn deletion exhibit doubling 

of skeletal muscle mass throughout the body and elevated 

bone mineral density [3-6]. Mstn-null mice also display sig-

nificantly increased temporalis, masseter, pterygoid mus-

cles, and bite forces [7], and morphological analysis of the 

skulls in these mice revealed that they have shorter cranial 

vault and longer cranial base than wild-type mice [8-10], 

although no difference in cranial length, width, height, and 

volume between Mstn-null and wild-type mice has also 

been reported [11]. More recent analysis demonstrated that 

endocranial volume is reduced in adult Mstn-deficient mice 

potentially due to the influence of enlarged masticatory 

muscles [12]. Furthermore, adult Mstn-deficient mice were 

shown to exhibit significantly enhanced levels of incisor 

dentin mineral density [13].

Gdf11 is expressed in the tail bud during embryonic de-

velopment and controls axial skeletal and organ patterning 

[2]. Gdf11-null mice display anterior homeotic transforma-

tion of the vertebrae, lack of tail, and defects in organ de-

velopment [2,14,15]. GDF11 also regulates proper craniofa-

cial development, as Gdf11-deficient mice experience cleft 

palate with high (60%) penetrance [16]. Recently, a family 

with orofacial clefting and vertebral/rib hypersegmentation 

was identified to carry a missense mutation in Gdf11 [17], 

indicating that the crucial developmental function of GDF11 

translates to humans. GDF11, which is highly expressed in 

differentiated odontoblasts [18], was also demonstrated to 

stimulate tooth development by inducing differentiation 

of pulp stem cells into odontoblasts, and electroporation-

mediated delivery of Gdf11 gene promoted reparative den-

tin formation in the amputated pulp of canine teeth [19,20]. 

Furthermore, mice lacking both Gdf11 and Gasp1, an en-

dogenous inhibitor of GDF11 and MSTN, exhibited under-

developed or missing tooth buds for lower incisors [21]. 

Because GDF11 and MSTN have been suggested to play 

significant roles during craniofacial and dental tissue devel-

opment, targeting these molecules may have the potential 

to become an effective therapeutic strategy for tissue regen-

eration; however, their exact functions in craniofacial and 

tooth development require further investigation. Recently, 

we reported that GDF11 and MSTN play opposite roles dur-

ing vertebral and limb bone development [4]. The goal of 

this study was to investigate the roles of GDF11 and MSTN 

in cranial bone and tooth formation, and whether GDF11 

and MSTN also play differential functions in these tissues. 

Because micro-computed tomography (micro-CT) imaging 

is a relatively inexpensive and simple method that provides 

high throughput analysis with high resolution, making it 

ideal for newborn mice phenotyping especially in hard tis-

sues such as bone and tooth, here, we used micro-CT anal-

ysis to evaluate cranial bones and lower incisors of mice 

deficient for Gdf11 or Mstn in order to examine whether 

GDF11 and MSTN also exert divergent functions in these 

tissues. 

MATERIALS AND METHODS

1. Mice
All animal studies were approved by the Institutional 

Animal Care and Use Committees at Seoul National 

University. Gdf11 homozygous knockout (Gdf11-/-) and Mstn 

homozygous knockout (Mstn-/-) mice were kindly provided 

by Dr. Se-Jin Lee at Johns Hopkins University (currently 

at University of Connecticut School of Medicine). Mstn-/- 

mice were viable and fertile, but Gdf11-/- mice died within 

one day after birth. Due to the perinatal lethality of Gdf11-/- 

mice, the head samples for the cranial bone and tooth den-

sity measurement were collected from newborn (P0) mice. 

All mice were maintained on a C57BL/6 background. 

2. Micro-computed tomography
Micro-CT analysis was performed using Skyscan 1,172 

and 1,272 (Bruker-MicroCT) following the manufacturers’ 

guidelines (provided by Bruker). Skyscan 1,272 was used 

to generate representative images of calvarial bones, which 

were taken with a pixel size of 8 μm at 60 kV and 166 μA 

through 0.25 mm aluminum filter. Skyscan 1,172 was used 

to generate representative images of lower incisors, which 

were taken with a pixel size of 4 μm at 50 kV and 200 μA 

through no filter. Morphometric analyses of cranial bone 

and lower incisors were performed on samples scanned 

with Skyscan 1,272 with a pixel size of 8 μm at 60 kV and 

166 μA through 0.25 mm aluminum filter. Region of inter-

ests for cranial bones and lower incisors were extracted and 

analyzed using CTAn (v1.17.7.2; Bruker-MicroCT, Konitich, 

Belgium), a manufacturer-provided software. Lower incisor 
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length was measured using the Dataviewer (v1.5.6.2; 

Bruker-MicroCT) software. Images were reconstructed and 

displayed using manufacturer-provided software NRecon 

(v1.7.3.2; Bruker-MicroCT), CTvox (v3.3.0; Bruker-MicroCT), 

and CTvol (v2.3.2.0; Bruker-MicroCT). 

2. Statistical analysis
All values are presented as mean±standard error of the 

mean (SEM) from at least three independent experiments 

unless otherwise stated. One-way ANOVA with Tukey’s post 

hoc test was performed for statistical analyses. A p<0.05 

was considered significant.

RESULTS

Because Gdf11-null mice are perinatally lethal in contrast 

to Mstn-null mice that survive into adulthood, we ana-

lyzed the tissues of newborn (P0) mice. We first examined 

the flat bones of the cranium, including the frontal, pari-

etal, and interparietal bones of newborn wild-type, Gdf11-/-, 

and Mstn-/- mice using micro-CT (Fig. 1). Analysis indicated 

that Gdf11-/- mice clearly displayed retarded ossification as 

described in the three-dimensional reconstructed images of 

calvarial bones (Fig. 1A). Color-coded images showing the 

distribution of cranial bone thickness also demonstrated 

delayed ossification in both frontal and parietal bones of 

Gdf11-/- mice (Fig. 1A). In contrast to Gdf11-/- mice, Mstn-/- 

mice displayed the greatest calvarial ossification progres-

sion among all groups and enhanced levels of bone thick-

ness particularly in the frontal bone area as shown in the 

color-coded image (Fig. 1A). Assessment of bone morphol-

ogy revealed that compared to those of Mstn-/- mice, cra-

nial bone volume, thickness, and tissue mineral density lev-

els were all significantly diminished in Gdf11-/- mice (Fig. 

1B). Tissue mineral density of Gdf11-/- mice were also sig-

nificantly decreased compared to wild-type mice (Fig. 1B). 
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Fig. 1.Fig. 1. GDF11 deficiency, in contrast to 

MSTN deficiency, impairs calvarial bone 

formation. (A) Representative three-

dimensional reconstructed micro-CT 

images of calvarial bones of newborn 

wt, Gdf11-/-, and Mstn-/- mice. Superior 

views are displayed, and color-coded 

images that represent bone thickness 

distribution are shown in the lower 

panel. Note the retarded ossification 

in Gdf11-/- mice. All scale bars are 

dis played with actual size values. (B) 

Mor phometric analysis of cranial bone 

volume, bone thickness, and tissue mineral 

density of newborn wt, Gdf11-/-, and 

Mstn-/- mice (n=4 mice each). GDF11, 

growth differentiation factor 11; MSTN, 

myostatin; Micro-CT, micro-computed 

tomography; wt, wild-type. All data 

re present mean±standard error of the 

mean. *p<0.05, **p<0.01 by ANOVA 

with Tukey’s post hoc test.
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Although statistically not significant, Mstn-/- mice exhibited 

elevated levels of bone volume, thickness, and density com-

pared to wild-type mice (Fig. 1B). These results suggest that 

endogenous GDF11 promotes cranial bone development in 

contrast to MSTN. 

Gdf11 gene delivery was reported to stimulate tooth de-

velopment by inducing odontoblast differentiation of den-

tal pulp cells [20]. However, the reports on the analysis of 

dental tissues in Gdf11-/- mice are lacking, although we 

previously demonstrated an analysis performed in Gasp1-/-; 

Gdf11-/- mice [21]. Using micro-CT, we evaluated the lower 

incisors of newborn wild-type, Gdf11-/-, and Mstn-/- mice 

(Fig. 2A). Comparisons of midsagittal and parasagittal views 

of lower incisors between these mice showed that incisor 

development was substantially impaired in Gdf11-/- mice 

that displayed the smallest incisor size (Fig. 2B). Mandibular 

bone of Gdf11-/- mice also appeared to be the least dense 

among all groups, although quantifications were not per-

formed (Fig. 2B). Likewise, color-coded images that repre-

sent tissue thickness showed that thickness levels were no-

ticeably reduced in Gdf11-/- mice particularly in the midsag-

ittal region of the incisor (Fig. 2B). Morphometric analysis 

revealed that lower incisor length, tissue volume, thickness, 

and mineral density levels were all significantly dimin-

ished in Gdf11-/- mice compared to Mstn-/- mice (Fig. 2C). 

Lower incisor length were also significantly decreased 

L
a
te

ra
l
v
ie

w

wt Gdf11
/

Mstn
/

A

C

w
t

3

2

1

L
o
w

e
r

in
c
is

o
r

le
n
g
th

(m
m

)

0

G
d
f1
1

/

M
st
n

/

*

In
fe

ri
o
r

v
ie

w
M

a
g
n
if
ie

d
in

fe
ri
o
r

v
ie

w

M
id

-
s
a
g
it
ta

l
P

a
ra

-
s
a
g
it
ta

l
M

id
-s

a
g
it
ta

l

B

60 m�

20 m�

0 m�

T
h
ic

k
n
e
s
s

40 m�

w
t

600

400

200

T
is

s
u
e

m
in

e
ra

l

d
e
n
s
it
y

(m
g
/c

m
)

3

0

G
d
f1
1

/

M
st
n

/

*

w
t

50

40

30

20

10

T
is

s
u
e

th
ic

k
n
e
s
s

(
m

)
�

0

G
d
f1
1

/

M
st
n

/

*

w
t

0.10

0.08

0.06

0.04

0.02

T
is

s
u
e

v
o
lu

m
e

(m
m

)
3

0.00

G
d
f1
1

/

M
st
n

/

**

0.2 mm

0.2 mm

0.2 mm

0.2 mm

0.2 mm

Fig. 2.Fig. 2. GDF11 deficiency impairs lower incisor formation. (A) Reconstructed micro-CT images of newborn mouse skull. The top and middle 

panels represent lateral and inferior views, respectively. The red boxed region in the top panel indicates the area displayed in (B). Magnified 

inferior view of the red boxed region in the middle panel is displayed in the bottom panel. The red and yellow lines indicate the midsagittal 

and parasagittal planes of the lower incisor, respectively. (B) Representative three-dimensional reconstructed micro-CT images of lower 

incisors of newborn wt, Gdf11-/-, and Mstn-/- mice. Color-coded images that represent tissue thickness distribution are shown in the lower 

panels. Note the reduced incisor length in Gdf11-/- mice. All scale bars are displayed with actual size values. (C) Morphometric analysis of lower 

incisor length, tissue volume, tissue thickness, and tissue mineral density of newborn wt, Gdf11-/-, and Mstn-/- mice (n=3 mice each). GDF11, 

growth differentiation factor 11; Micro-CT, micro-computed tomography; wt, wild-type; MSTN, myostatin. All data represent mean±standard 

error of the mean. *p<0.05 by ANOVA with Tukey’s post hoc test.
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in Gdf11-/- mice compared to wild-type mice (Fig. 2C). No 

difference in incisor length was observed between wild-type 

and Mstn-/- mice, although tissue thickness and mineral 

density appeared to be mildly greater in Mstn-/- mice (Fig. 

2C). These results indicate that GDF11 endogenously pro-

motes tooth development as opposed to MSTN.     

DISCUSSION

GDF11 and MSTN, which share high amino acid sequence 

identity, play critical, but distinct roles during embryonic 

development. While MSTN is a potent inhibitor of skeletal 

muscle growth [3], GDF11 regulates axial skeletal pattern-

ing, organ development, and palatal formation [16]. We 

previously showed that GDF11, as opposed to MSTN, pro-

motes osteogenesis of the vertebrae and limbs that are de-

veloped through endochondral ossification [4]. Here, we 

focused on the evaluation of membranous ossification of 

cranial bones in wild-type, Gdf11-/-, and Mstn-/- mice and 

demonstrated that GDF11 and MSTN also exert opposite 

functions in cranial bone development. Lack of GDF11 re-

sulted in a clear suppression of ossification, implying that 

GDF11 endogenously promotes calvarial bone formation. 

We further analyzed lower incisors of wild-type, Gdf11-/-, 

and Mstn-/- mice and showed that GDF11 also endogenously 

stimulates tooth development unlike MSTN. 

Although GDF11 and MSTN play divergent roles, the ex-

istence of some functional redundancy in regulating axial 

skeletal patterning and cranial development has been re-

ported, as demonstrated by more severe homeotic transfor-

mations of Gdf11 and Mstn double-mutants compared to 

Gdf11-/- mice, and rounded frontal bone observed only in 

the double-mutant mice [22]. However, our previous analy-

sis revealed that loss of Gasp1, an endogenous inhibitor of 

GDF11 and MSTN, in Gdf11-/- mice, which is expected to in-

crease MSTN activity, considerably elevated the occurrence 

of dental malformation and cleft palate [21], adding further 

complexity to the regulation of craniofacial development 

by GDF11 and MSTN. 

Whether the divergent functions of GDF11 and MSTN 

simply reflect their distinct expression patterns or reflect 

differences in their signaling mechanisms remains to be 

clarified. Both the mature GDF11 and MSTN initially bind to 

activin type 2 receptors (ACVR2A or ACVR2B) and recruit 

type 1 receptors (ALK4 or ALK5) to generate downstream 

signal transduction through SMAD2/3 phosphorylation [23]. 

More recently, studies have reported that GDF11 can po-

tently activate BMP signaling, phosphorylating SMAD1/5/9 

in endothelial cells and calvarial osteoblasts [4,24-26]. 

Because BMP signaling in differentiated odontoblasts is 

critical for dentin production in teeth [27], and Gdf11 gene 

therapy in pulp was shown to induce dentin matrix synthe-

sis as observed with BMP2 and BMP4 protein therapy [28], 

endogenous GDF11 may activate BMP signaling pathway in 

odontoblasts to promote tooth development, although direct 

examination is necessary to confirm this possibility. 

Understanding the pathogenesis of craniofacial abnor-

malities and dysmorphic tooth formation is essential for 

the improvement of dental treatment options for these de-

fects. Our results demonstrate that GDF11, unlike MSTN, 

is an endogenous promoter of cranial bone formation and 

tooth development. However, due to the perinatal lethality 

of Gdf11-/- mice, our analysis was limited to newborn mice. 

Future examination should utilize conditional knockout 

techniques in mice to elucidate the postnatal functions of 

GDF11 in craniofacial and tooth development. 
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