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Abstract: Adiponectin is an adipokine that can exert a regulatory function on bone
metabolism. However, there are many contradictions between clinical and pre-clinical studies on
adiponectin. APPL1 is an adaptor protein that can interact with adiponectin receptors. In the
current study, we found that knockout of the Appl1 gene in male mice was associated with higher
bone volume and numbers of trabeculae than in females or controls. The trabecular thickness,
cortical thickness, ratio of bone volume/trabecular volume, cross-sectional bone area, and mean
polar moment of inertia increased in Appl1 KO mice compared with wild-type mice. The number of
osteoblasts increased but the number of adipocytes decreased in Appl1 KO mice. Knockdown of
Appl1 impaired adipogenesis in bone marrow-derived mesenchymal stem cells. Mineralization was
increased by knockdown of Appl1 during osteoblast differentiation. Data from differentiation-
related genes showed results consistent with the in vivo effects. In summary, this study provides
further clarification of the effect of the adiponectin signaling pathway on bone metabolism.
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Introduction

In pre-clinical studies, adiponectin signaling has
been suggested to play a critical role in bone
metabolism.1)–10) So far, the results of previous
studies using adiponectin deficiency and over-expres-
sion in mice as models have shown contradictions.
Some studies emphasized that adiponectin has a
positive effect on bone development.4)–7),10) Over-
expression of adiponectin by genetic manipulation or
adenovirus transfection increased the bone volume

and bone mineral density in mice.4),6) In addition,
knockout of adiponectin produced consistent effects
in both genders.5),10) Wu and colleagues demon-
strated that knockout of adiponectin impaired
trabecular bone formation in the distal femur, which
may be mediated by decreases in bone resorption
through central and peripheral mechanisms; in-
creases in osteoblast differentiation through the
central mechanism were also observed.10) In contrast,
some studies indicated that adiponectin has a
negative effect on bone formation.1),2),8),9) Increased
levels of circulatory adiponectin had negative effects
on bone mineral density and bone formation,1),2) and
the opposite result was seen in adiponectin knockout
mice.8)

In clinical research, studies relating circulating
levels of adiponectin to bone parameters have been
reported. Most of the clinical observations implied
that adiponectin is negatively associated with bone
mineral density and suggested that adiponectin is
a negative regulator of bone metabolism.11)–15)

Clinical studies showed an inverse relationship
between adiponectin levels and bone mineral density.
However, clinical observations can only determine
association, and confounding factors may lead to
inappropriate interpretation of results.
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Our group has investigated the role of adipo-
nectin receptor 1 in bone metabolism.16) We found
that adiponectin receptor 1 over-expression in mice
yielded greater bone volume and numbers of trabe-
culae than in wild-type mice; this indicated that
adiponectin receptor 1 is a critical factor for bone
homeostasis. However, there are still many contra-
dictions between the results of clinical and pre-
clinical research.

Adaptor protein containing pleckstrin homology
domain, phosphotryosine binding domain and leucine
zipper motif (APPL1) was discovered using the
cytoplasmic domain of AdipoR1 as bait to screen a
yeast two-hybrid cDNA library derived from human
brain.17) Previous research identified APPL1 inter-
action with adiponectin receptors in mammalian cells
and the interaction was stimulated by adiponectin.
Saito’s group demonstrated that APPL1 is required
for insulin-stimulated glucose transporter 4 (Glut4)
translocation in rat primary adipocytes and skeletal
muscle.18) Appl1 knockdown inhibited insulin-stimu-
lated glucose transport, Glut4 translocation, and
protein kinase B (also known as Akt) phosphoryla-
tion.18) Furthermore, APPL1 mediated adiponectin
signaling by directly interacting with the adiponectin
receptor and enhancing liver kinase B cytosolic
localization through the protein phosphatase 2A–

protein kinase C1 signaling pathway.19) APPL1 also
activated the AMPK upstream kinase, Ca2D/calm-
odulin-dependent protein kinase by activating phos-
pholipase C.20) However, research to explore the
function of APPL1 in bone metabolism is limited.
In the current study, we used Appl1 knockout (KO)
mice as a model to elucidate the role of APPL1 in
bone metabolism.

Materials and methods

Generation of Appl1 knockout mice. The
procedure for Appl1 KO mice generation was
described previously.21) An Appl1-deficient mouse
embryonic stem cell line, in which the Appl1 gene
was trapped by the manipulation of a cDNA
fragment encoding O-geo (containing the O-galacto-
sidase and neomycin genes). To generate Appl1 KO
mice, the Appl1 gene-trapped stem cells were micro-
injected into C57BL/6 blastocysts and chimeras
were crossed with C57/BL6 mice. Animals were
maintained on a 12-h light/dark cycle and had free
access to standard chow and water. All protocols for
animal use and euthanasia were reviewed and
approved by The University of Texas Health San
Antonio Animal Care and Use Committee and the

Animal Care and Use Committee of National Taiwan
University.

Micro-computed tomography analysis and
histological examination. A micro-computed
tomography (µCT) scanner (Skyscan 1076,
BRUKER, Kontich, Belgium) was used to examine
bone mineral density and the properties of trabecular
bone. Femurs were collected and all muscle tissue
was removed from the bone. The samples were
scanned in 70% ethanol, with the following settings:
60 kV, 167 uA, Aluminum 0.5mm filter, 0.70 rotation
step, 4 frame averaging, 2000 # 1336 CCD, 700msec
exposure, and 10 micron voxel size. Scan time was
34 minutes. Three-dimensional analysis was done to
obtain the number of trabeculae, trabecular separa-
tion, trabecular thickness, and cortical thickness.
Trabecular bone analysis was conducted in the distal
femur (metaphysis). The volume of interest (VOI)
started 0.05mm from the distal growth plate and
continued proximally for 1.5mm (150 slices). 3D
analysis was performed in this region using an
automated script. Cortical bone analysis was con-
ducted on the midshaft (mid diaphysis). The mid-
point of the VOI was centered at 55% of the total
femoral length from the proximal end. The VOI
had a height of 0.5mm. 3D- and 2D-analyses were
performed in the region of interest. The µCT
measurements followed the guidelines for bone
microstructure.22) Representative images of a lateral
view of femurs, cortical VOI, and trabecular VOI are
shown in Fig. 1. Femurs were examined histologically
for the number of osteoblasts/bone surface, number
of osteoclasts/bone surface, eroded surface/bone
surface and adipocyte number/mm2. The measure-
ments followed the standard nomenclature and
symbols approved by the American Society for Bone
and Mineral Research.

Isolation of bone marrow-derived mesenchy-
mal stem cells (MSCs) and cell culture condi-
tions. The collection of bone marrow-derived MSCs
was described previously.16) Bone marrow cells were
flushed from the femurs and tibia of 8-week-old
FVB/NJNarl mice after sacrifice. The epiphyseal
ends were removed with scissors and marrow cells
harvested by inserting a syringe needle (23-gauge)
and flushing with ,-MEM medium (M0894, Sigma-
Aldrich, St. Louis, MO. U.S.A.) supplemented with
20% fetal bovine serum (FBS; Biological Industries,
Kibbutz Beit Haemek, Israel). After gentle agitation,
the pooled cells were seeded on plastic dishes at a
density of 106 nucleated cells/cm2. Incubation was
at 37 °C with 5% CO2 in air in a humidified chamber
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for 72 h. When the cells were nearly confluent, they
were detached with 0.25% trypsin in 1mM EDTA,
and MSCs were purified from the heterogeneous
cultured marrow cells using immuno-depletion pro-
tocols.16) The bead-negative populations were washed
and plated at a density of 105/cm2 for additional
culture.

Lentivirus infection of Appl1 shRNA into
adipocytes and osteoblasts. MSCs were seeded
at 8 # 104/cm2 in 3mL media on plates. Cells were
seeded 1 day prior to infection and incubated
for 16 h (37 °C in air containing 5% CO2). Media
were removed and fresh media containing polybrene
(Sigma-Aldrich, H9268, St. Louis, MO. U.S.A.) and
packaged lentivirus was added in accordance with
the manufacturer’s guidelines. Cells were incubated
overnight (37 °C in air containing 5% CO2). At 24 h
post-infection, the culture media was removed and

replaced with 3mL of fresh ,-MEM containing 8
µg/mL puromycin (Sigma-Aldrich, P8833). Puromy-
cin selection requires at least 48 h of incubation. For
adipocyte differentiation, puromycin-selected MSCs
were incubated in adipogenic medium containing
10 µg/mL insulin (from bovine pancreas, Sigma-
Aldrich), 1 µmol/L dexamethasone, 0.5mmol/L 3-
isobutyl-1-methylxanthine, 100 µmol/L indometha-
cin, and 10% FBS. The differentiation medium was
changed every 3 days. Adipocytes were stained with
Oil Red O (Sigma-Aldrich, O0625). For osteoblast
differentiation, MSCs were incubated in osteogenic
medium containing 10mM glycerol-2-phosphate
and 50 µg/mL ascorbate-2-phosphate. The cells were
induced to differentiate at passage 2. Mineralized
cells were stained with Alizarin Red S (Sigma-
Aldrich, A5533). Control (pLAS.Void) and Appl1
knockdown (KD) lentivirus (Appl1 KD1:
TRCN0000340759 and Appl1 KD2:
TRCN0000340817) were obtained from the National
RNAi Core Facility of the Genomic Research Center
(Academic Sinica, Taipei, Taiwan). Appl1 KD1 and
Appl1 KD2 were two shRNA vectors with different
sequences but with the same target in Appl1 (both
vectors were used).

RNA extraction and real-time PCR analysis.
The methods for RNA extraction and real-time
PCR were reported previously.23) Total RNA was
extracted from MSCs using the TRIzol Reagent
(Invitrogen, Carlsbad, CA, U.S.A.) in accordance
with the manufacturer’s instructions. Samples were
digested with DNase I (Ambion, Austin, TX, U.S.A.)
at 37 °C for 30min to remove genomic DNA
interference and then reverse transcribed using a
High Capacity cDNA Reverse Transcription kit
(Applied Biosystems, CA, U.S.A.). The transcribed
cDNA was amplified using a CFX96 Real-Time PCR
Detection System (Bio-Rad, Richmond, CA, U.S.A.)
and the end products were reacted with SYBR Green
(Finnzymes, Espoo, Finland). Conditions for PCR
reactions were initially denaturation at 95 °C for
7min, followed by 39 cycles of denaturation at 95 °C
for 10 s, annealing at 60 °C for 30 s. The mRNA levels
of each gene were normalized using O-actin levels in
the same sample and calculated using the formula
of (1/2)Ct target genes ! Ct O-actin. Sequences of specific
PCR primers for target gene amplification were as
follows: O-actin, 5B-tgttaccaactgggacgaga-3B (for-
ward) and 5B-cttttcacggttggccttag-3B (reverse);
Appl1, 5B-aaacagcgttttcctttgggg-3B (forward) and 5B-
gcatgacaagaactaagctcatc-3B (reverse); Osteocalcin,
5B-tagtgaacagactccggcgcta-3B (forward) and 5B-

Fig. 1. Representative µCT images of mice of the indicated
phenotype. (A) Femurs. (B) Cortical VOI. (C) Trabecular VOI.
KO, Appl1 knockout mouse; WT, wild-type mouse. Scale bar:
1mm (1A); Scale bar: 250 µm (1B and 1C).
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tgtaggcggtcttcaagccat-3B (reverse); alkaline phospha-
tase (ALP), 5B-acactcggccgatcgggact-3B (forward)
and 5B-ccgccacccatgatcacgtcg-3B (reverse); msh ho-
meobox 2 (msx2), 5B-gaccagactccaggatggat-3B (for-
ward) and 5B-gcttagggtgacaatgcaag-3B (reverse);
sterol regulatory element-binding protein 1
(SREBP1), 5B-ggagccatggattgcacatt-3B (forward)
and 5B-ggcccgggaagtcactgt-3B (reverse); peroxisome
proliferator-activated receptor . (PPAR.), 5B-
gcctgcggaagccctttggt-3B (forward) and 5B-
aagcctgggcggtctccact-3B (reverse); fatty acid syn-
thase (FAS), 5B-ggaggtggtgatagccggtat-3B (reverse)
and 5B-tgggtaatccatagagcccag-3B (reverse).

Enzyme-linked immunosorbent assay.
Whole blood was obtained from wild-type and
APPL1 KO mice. Serum was collected by centrifu-
gation for 15min at approximately 2000 # g. Serum
from wild-type and APPL1 KO mice was used to
measure the bone metabolism-related markers, os-
teocalcin (BT-479, Biomedical Technologies Inc.,
Stoughton, MA, U.S.A.) and TRAP5b (SB-TR103,
MouseTRAP™ Assay, Immunodiagnostic Systems
Inc., Scottsdale, AZ, U.S.A.) using the ELISA
method.

Statistical analysis. All values were expressed
as mean ’ SEM. Results involving more than two
groups were assessed using a one-way analysis of
variance procedure. Tukey’s test was used to
evaluate differences among means (GraphPad Prism
5, Version 5.01, La Jolla, CA, U.S.A.). A significant
difference was considered at P 5 0.05.

Results

µCT analysis of Appl1 knockout mice. In
order to explore the role of Appl1 in bone metabo-
lism, we examined the bone volume and trabecular
bone by µCT analysis in Appl1 KO and wild-type
mice. The trabecular bone volume fraction of the
distal femur was greater in male Appl1 KO mice than
in female Appl1 KO mice or controls of either gender
(Fig. 2A). Trabecular thickness was higher in Appl1
KO mice in both genders (Fig. 2B). Moreover, we
quantified various traits of trabecular bone that
showed the number of trabeculae was higher in male
KO mice, but there was no change in trabecular
separation (Fig. 2C and 2D). Cortical bone thickness
was increased in both genders of Appl1 KO compared
with wild-type mice (Fig. 2E). We used the two
dimensional bone area (a good indicator of the
compressive strength of cortical bone tissue) to
compare the bone strength between wild-type and
Appl1 KO mice. We found that the increased cortical

thickness, along with slight increases in bone size,
resulted in a large increase in mean polar moment;
this suggested that the diaphysis was stronger in
torsion (and most likely bending) in Appl1 KO mice
than in wild-type mice (Fig. 2E–2H). Representative

Fig. 2. µCT analysis of Appl1 KO and WT mice. (A) Bone
volume fraction. (B) Trabecular thickness. (C) Trabecular
separation. (D) Number of trabeculae. (E) Cortical thickness.
(F) Ratio of bone volume/trabecular volume. (G) Cross-
sectional bone area. (H) Mean polar moment of inertia. KO,
Appl1 knockout mouse; WT, wild-type mouse. Data are
expressed as mean ’ SEM. n F 4/group. Different letters
indicate P 5 0.05.
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images of the lateral view of femurs, cortical VOI,
and trabecular VOI are shown in Fig. 1.

Expression of bone formation and resorption
markers. Osteocalcin is an osteogenic marker that
was increased in Appl1 KO mice of both genders
(Fig. 3A). Serum TRAP5b is a bone resorption
marker that was not changed in Appl1 KO mice
compared with wild-type mice (Fig. 3B).

Bone histomorphometric analysis. Appl1 KO
mice had a greater number of osteoblasts/bone
surface in both genders (Fig. 4A). The results of
osteoclasts/bone surface and eroded surface/bone
surface indicated that bone resorption may not
have an impact in Appl1 KO mice. This suggested
that bone resorption may not be a factor in the
current model (Fig. 4B and 4C). In addition, we

found that the number of adipocytes per bone section
was decreased in Appl1 KO mice (Fig. 4D).

Knockdown of Appl1 expression impaired
adipocytes differentiation in MSC. According to
our current data in vivo, knockout of the Appl1 gene
in mice increased the ratio of bone volume/trabecular
volume, trabecular thickness, and cortical thickness
(Fig. 2). In order to investigate the role of Appl1 in
adipocyte and osteoblast differentiation in bone
marrow, we isolated bone marrow-derived MSCs
and impaired the Appl1 gene by shRNA inhibition.
At 24 h post-infection, the culture medium was
removed and replaced with fresh growth medium
containing 8 µg/mL puromycin. Puromycin-selected
MSCs were incubated in adipogenic or osteogenic
medium. The results showed that knockdown of
the Appl1 gene decreased the expression of Appl1
by over 70% in MSCs (Supplementary Fig. 1). In
addition, knockdown of Appl1 not only decreased
adipocyte differentiation, but also increased mineral-
ization upon osteogenesis in MSCs (Fig. 5).

The marker genes for osteoblast differentiation,
such as osteocalcin, ALP, and msx2 were increased in
Appl1 KD cells (Fig. 6A–C). In contrast, marker
genes for adipocyte differentiation including PPAR.,
SREBP1, and FAS were decreased in Appl1 KD cells
compared with control cells (Fig. 6D–F).

Discussion

In a previous study, we demonstrated that the
lack of AdipoR1 impaired osteoblast differentiation
and bone formation.16) Adiponectin signaling is a
critical factor for osteoblast differentiation and bone
homeostasis. Based on previous studies, we specu-

Fig. 3. Enzyme-linked immunosorbent assay from Appl1 KO and
WT mice. (A) osteocalcin. (B) TRAP5b. KO, Appl1 knockout
mouse; WT, wild-type mouse. Data are expressed as mean ’

SEM. n F 4/group. Different letters indicate P 5 0.05.

Fig. 4. Histological examination of bone tissue from Appl1 KO
and WT mice. (A) N.Ob/BS. (B) N.Oc/BS. (C) ES/BS. (D)
Adipocyte number/mm2. BS, bone surface; ES, eroded surface;
KO, Appl1 knockout mouse; N.Ob, number of osteoblasts;
N.Oc, number of osteoclasts; WT, wild-type mouse. Data are
expressed as mean ’ SEM. n F 4/group. Different letters
indicate P 5 0.05.

Fig. 5. Representative microscopic images of lentivirus-trans-
fected MSCs during adipocyte and osteoblast differentiation.
(A) Appearance of Oil Red O staining in lentivirus-transfected
MSCs during adipocyte differentiation. (B) Appearance of
Alizarin Red S staining in lentivirus-transfected MSCs during
osteoblast differentiation.
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lated that APPL1 has functions in bone development
mediated by adiponectin signaling. The current
results showed that KO of Appl1 increased the bone
volume fraction and number of trabeculae in male
mice (Fig. 2A and 2D). Increases in trabecular
thickness, cortical thickness, BV/TV%, cross-sec-
tional bone area, and mean polar moment of inertia
were observed in both genders of Appl1 KO mice
(Fig. 2B and 2E–2H). The cross-sectional bone area
is the cortical bone equivalent area of the cross-
section of the region of interest. The polar moment
of inertia is used to quantify the resistance to
deformation. The interaction between osteogenesis
and adipogenesis within the bone marrow micro-
environment is complex. Previous findings indicated
that acceleration of bone marrow fat formation is
associated with the progression of osteoporosis.24)

Bone marrow-derived adipocytes share the same
progenitor cells with osteoblasts and chondrocytes
and the concentration of the various progenitor cells
in bone marrow are altered in various pathophysio-
logical conditions. Therefore, we used adipocyte
and osteoblast differentiation assays to verify the
role of APPL1 in bone homeostasis. Retardation of
Appl1 decreased adipocyte differentiation and in-
creased osteoblast mineralization, which may imply
that Appl1 is a negative regulator of bone formation
(Fig. 5). A previous study claimed that APPL1 has

positive effects on bone formation.7) Bones explanted
from adiponectin KO mice had reduced trabecular
bone volume and cortical bone thickness. Increased
number of osteoclasts have been reported in ex-
planted bone from adiponectin KO mice.7) It has
been demonstrated that APPL1 promotes adiponec-
tin signaling and is insulin-sensitizing.21) On the
other hand, insulin signaling also has been reported
to be indispensable for bone formation by affecting
both osteoblast and osteoclast development.25) Our
current model seems to conflict with the previous
argument that insulin supports bone growth. How-
ever, there are novel factors related to adiponectin
signaling that are not yet clarified regarding the
molecular mechanisms of bone metabolism. First of
all, there may be a compensatory effect of APPL
proteins. APPL1 and APPL2 have a mutual com-
pensation effect, which can affect the role of
adiponectin and insulin signaling.26) APPL2 can
form a dimer with APPL1 to act as a negative
regulator of adiponectin signaling.26) Secondly, an
alternative splicing variant of Appl1 (Appl1sv) exerts
an inhibitory function on hepatic adiponectin signal-
ing and function.3) Adenovirus-mediated short hair-
pin Appl1sv intervention was reduced in high fat
diet-induced insulin resistance and hepatic glucose
production in mice.3) Therefore, the possibility of
Appl1sv participation should not be ignored.

Fig. 6. Quantification of gene expression during adipocyte and osteoblast differentiation. (A) osteocalcin. (B) ALP. (C) msx2. (D)
PPAR.. (E) SREBP1. (F) FAS. ALP, alkaline phosphatase; FAS, fatty acid synthase; msx2, msh homeobox 2; PPAR., Peroxisome
proliferator-activated receptor .; SREBP1, sterol regulatory element-binding protein 1. mRNA levels were determined by real-time
PCR and normalized to O-actin. Data are expressed as mean ’ SEM. Symbols indicate statistical significance: *, P 5 0.05;
**, P 5 0.01; and ***, P 5 0.001 versus the scramble group n F 4/group.
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Thirdly, the hormone secreted from bone cells
impacts the metabolism and bone turnover.25)

Osteocalcin and its receptor have critical roles in
adiponectin signaling.25),27) Adiponectin receptor 1
mediates the function of osteocalcin in glucose
homeostasis in ovariectomized mice.27) Based on the
aforementioned studies, we speculate that these
novel downstream molecules may also participate
in bone metabolism. In summary, the contradictions
or confounding factors between clinical research and
pre-clinical research may also involve these mole-
cules. The mechanism of APPL1 regulation of bone
metabolism needs more supporting data.

In this study, we found that APPL1 may be a
negative regulator of bone metabolism. The molecu-
lar mechanisms were beyond our current under-
standing regarding the roles of APPL1 in various
physiological and pathological states and need
further investigation.
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