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Adiponectin is an adipokine playing an important role in
regulating energy homeostasis and insulin sensitivity. How-
ever, the effect of adiponectin on bone metabolism shows
contradictory results according to different research studies.
In this study femurs were isolated from genetically double-
labeled mBSP9.0Luc/B-ACT-EGFP transgenic mice and were
transplanted into adiponectin knock-out mice or wild type mice
to investigate the effect of temporary exposure to adiponectin
deficiency on bone growth and metabolism. We found that the
growth of bone explants in adiponectin knock-out mice was sig-
nificantly retarded. Histological analysis, microcomputed
tomography analysis, and tartrate-resistant acid phosphatase
staining revealed reduced trabecular bone volume, decreased
cortical bone, and increased osteoclast number in bone
explants in adiponectin knock-out mice. We then found that
adiponectin inhibits RANKL-induced osteoclastogenesis from
RAW?264.7 cells and down-regulates RANKL-enhanced ex-
pressions of osteoclastogenic regulators including NFAT?2,
TRAF6, cathepsin K, and tartrate-resistant acid phosphatase.
Adiponectin also increases osteoclast apoptosis and de-
creases survival/proliferation of osteoclast precursor cells.
Using siRNA specifically targeting APPL1, the first identified
adaptor protein of adiponectin signaling, we found that the
inhibitory effect of adiponectin on osteoclasts was induced by
APPL1-mediated down-regulation of Aktl activity. In addi-
tion, overexpression of Aktl successfully reversed adiponec-
tin-induced inhibition in RANKL-stimulated osteoclast dif-
ferentiation. In conclusion, adiponectin is important in
maintaining the balance of energy metabolism, inflammatory
responses, and bone formation.

Adipose tissue is not just an inert organ for energy storage. It
also secretes proinflammatory cytokines and synthesizes a wide
range of biologically active molecules known as adipokines (1,
2). Adiponectin, a 30-kDa protein containing a collagen-repeat
domain at the N terminus and a globular domain at the C ter-
minus, is among these adipokines (3). It has been reported that
adiponectin plays an important role in regulating energy home-
ostasis and insulin sensitivity, and plasma adiponectin levels
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correlate positively with insulin sensitivity (4, 5). APPL1 (adap-
tor protein containing pleckstrin homology domain, phospho-
tyrosine domain, and leucine zipper motif), is the first identified
protein interacting with adiponectin receptors and is suggested
to be an adaptor protein responsible for the mediation of adi-
ponectin signal transduction (6). Knockdown of APPL1 expres-
sion resulted in a significant reduction in insulin-stimulated
Akt phosphorylation (6). In addition to its insulin-sensitizing
effect, adiponectin has also been reported to have potent anti-
inflammatory properties by suppressing the expressions of
inflammatory cytokines while inducing production of anti-in-
flammatory cytokines (7-9). However, unlike other adipose tis-
sue-derived molecules, adiponectin mRNA and plasma protein
levels were shown to decrease in obesity and type 2 diabetes
mellitus (T2DM)? patients (10, 11). In 3T3-L1 adipocyte,
TNF-a was shown to suppress the transcription of the adi-
ponectin gene, which might explain the lower adiponectin
mRNA levels in obesity associated adipose tissue, where TNF-«a
production was increased (12).

Ample clinical research studies have demonstrated the asso-
ciation between adiponectin and bone metabolism in various
patient populations; however, with conflicting results. Several
studies reported a significant inverse relationship between
serum adiponectin level and bone mineral density (BMD) (13,
14), whereas other studies showed that serum adiponectin level
was positively correlated with BMD (15) and other studies
failed to find any associations between adiponectin level and
BMD (16, 17). Although most researchers found that adiponec-
tin stimulates osteoblast proliferation and differentiation (18,
19), the contradictory results remain inconclusive for the effect
of adiponectin on osteoclast activity. For example, some
researchers found that adiponectin not only inhibits macro-
phage colony-stimulating factor- and RANKL-induced oste-
oclast differentiation but also suppresses bone-resorption
activity of osteoclasts (20-22). In contrast, Luo et al. (18)
showed that adiponectin indirectly promotes osteoclastogen-
esis via enhancing RANKL expression and suppresses osteo-
protegerin expression in human osteoblasts but has no direct
effect on the differentiation of human osteoclast precursor

2The abbreviations used are: T2DM, type 2 diabetes mellitus; BMD, bone
mineral density; BSP, bone sialoprotein; GFP, green fluorescent protein;
EGFP, enhanced GFP; TRACP, tartrate-resistant acid phosphatase; Osx,
osterix; MNC, multinucleated cells; TRAF6, TNF receptor-associated factor
6; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Bis-
Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol.
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cells. Results derived from in vivo animal studies investigating
the role of adiponectin in bone metabolism also showed similar
discrepancies. Oshima et al. (20) reported that in vivo adi-
ponectin-adenovirus treatment increased bone mass. On the
other hand, Shinoda et al. (23) failed to find any bone pheno-
types in either adiponectin null mice or transgenic mice over-
expressing globular adiponectin in liver. Similarly, William et
al. (24) reported that no obvious bone phenotypes could be
observed in adiponectin null mice except a slight increase in
bone mass in aged adiponectin null mice (24).

To date, two major confounding factors, including mechan-
ical loading effect of total body weight or fat mass (25-27) and
long term adaptation and compensation (28 —30), have been
suggested to contribute to the complexity of the direct in vivo
role of adiponectin in bone metabolism.

As mentioned previously, although most in vitro studies have
shown that adiponectin stimulates osteoblast proliferation and
differentiation while inhibiting osteoclastogenesis, a majority
of clinical association studies have reported an inverse relation-
ship between serum adiponectin and bone mineral density (13,
14). Previously, it was believed that higher body weight or fat
mass is correlated with higher BMD, and decreased body
weight leads to bone loss (31). Considering the fact that the
serum adiponectin levels are down-regulated by excessive
TNE-a produced by increased fat mass (12), it is reasonable that
clinical association studies found a negative association
between serum adiponectin and BMD. Nevertheless, accumu-
lating evidence has emerged showing that excessive fat mass is
negatively correlated with BMD as long as the mechanical load-
ing effect of fat mass is statistically removed (25-27). This con-
clusion is also applicable for association studies investigating
the relationship between serum adiponectin and BMD. Indeed,
in a recently published study, the researchers reported that the
total serum adiponectin level was significantly and positively
associated with BMD in patients with T2DM after adjustment
for body weight and waist circumference (15).

In addition to weight-associated gravitational forces, other
potential explanations for the complex relationship between
adiponectin level and bone mass have been suggested. Besides
adiponectin, adipose tissues secrete various biologically active
molecules, such as estrogen, resistin, leptin, and some proin-
flammatory cytokines (32). Some organs, such as the pancreas,
secrete bone active hormones (including insulin, amylin, and
preptin), which also play an important role in regulating energy
balance (33, 34). These molecules not only affect energy home-
ostasis but are also involved in bone metabolism and, thus, con-
tribute to the complex cross-talk between fat mass and bone
(28-30). Therefore, the lack of obvious bone phenotypes
observed in several adiponectin knock-out mouse lines and adi-
ponectin overexpressing transgenic mouse lines (23, 24, 35)
may be the result of physiological adaptation and pathological
compensation from alternative regulatory pathways.

Taken together, although initial studies have been performed
to investigate the possible role of adiponectin in bone metabo-
lism and osteoclastogenesis, there are still some major unan-
swered questions. In this study we performed bone explanta-
tion in adiponectin knock-out mice to evaluate the direct
effects of adiponectin deficiency on bone remodeling in vivo.
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With this approach we can exclude the effects of long term
adaptation and compensation and eliminate any possible
effects of mechanical loading on bone metabolism. We also
performed in vitro studies to investigate the roles of adipo-
nectin in osteoclastogenesis and the underlying molecular
mechanisms.

EXPERIMENTAL PROCEDURES

Bone Explantation—Intramuscular bone explantation was
performed as described previously with minor modifications
(36). Briefly, bone donors were 3-day-old mBSP9.0Luc/B3-ACT-
EGFP transgenic mice double-labeled with EGFP driven by
B-actin promoter and luciferase driven by bone sialoprotein
(BSP) promoter (37). After euthanasia, femurs from both sides
of the donor mice were isolated and explanted into the back
muscles of 8 —10-week-old wild type or adiponectin knock-out
mice (stock no. 008195, The Jackson Laboratory, Bar Harbor,
ME). Both the mBSP9.0Luc/B-ACT-EGEFP transgenic mice and
the adiponectin knock-out mice have been backcrossed to
C57BL/6] for at least eight generations before the bone explan-
tation study; therefore, the donor mice and the recipient mice
were both in the C57BL/6] genetic background. Femurs were
explanted from the donor mouse. One femur was transplanted
into an adiponectin knock-out mouse and the other into a wild
type (WT) mouse; the mice were littermates generated by
crossing a pair of heterozygous adiponectin+ — mice. At weeks
2 and 4 postoperatively, luciferase and EGFP expressions were
measured using an IVIS Imaging System 200 Series in the live
animals (Xenogen Corp., Alameda, CA) as described previously
(37, 38). Four weeks after explantation, the bone explants were
harvested to measure bone length and ash/dry weight (39).
X-ray (radiography) was performed using a radiographic
inspection unit (Faxitron X-ray Corp., Wheeling, IL). High res-
olution microcomputed tomography (CT40; Scanco Medical,
Basserdorf, Switzerland) was used to scan and evaluate bone
volume fraction and BMD in the femurs as previously described
(40). The three-dimensional structure was constructed by
three-dimensional morphometric analysis with built-in micro-
computed tomography system software. Histological analysis
and tartrate-resistant acid phosphatase (TRACP) staining
(using a leukocyte acid phosphatase staining kit with a tartrate
concentration of 6.7 mMm (38)) were also performed to evaluate
the bone remodeling processes in these bone explants. The
photos were taken and analyzed using a Nikon Eclipse E600
microscope and Spot Advanced software (Diagnostic Instru-
ments, Inc., Sterling Heights, MI) as described previously (38).
Mice were maintained and used in accordance with recommen-
dations in the Guide for the Care and Use of Laboratory
Animals prepared by the Institute on Laboratory Animal
Resources, National Research Council (Department of Health
and Human Services Publication NIH 86-23, 1985) and by
guidelines established by the Institutional Animal Care and Use
Committee of the Tufts-New England Medical Center (Boston,
MA).

Plasmids and Purification of Recombinant Adiponectin
Protein—pEt15b bacterial expression vector encoding the
C-terminal part of human adiponectin (amino acids 106 —244)
was used to purify globular adiponectin as a His-tagged protein
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in BL21(DE3) bacterial cells as described previously (6). APPL1
¢DNAs encoding full-length human APPLlwere subcloned
into the mammalian expression vector pcDNA3.1-Myc-His(+)
(Invitrogen). The sequences of siRNAs for APPL1 and scram-
bled control were synthesized and ligated into pSIREN-DNR
(Takara Bio, Clontech, Palo Alto, CA) as reported previously
(6). To generate APPL1 siRNA stable cell lines, RAW264.7 cells
were transfected with the APPL1 siRNA construct or scram-
bled control and selected with puromycin. All the above-men-
tioned constructs were created in the laboratory of Dr. Lily Q.
Dong (University of Texas Health Sciences Center at San Anto-
nio, TX). The pGL3-CtpsK-luciferase reporter vector was con-
structed in a pGL3-Basic Vector (Promega, Madison, WI),
which contained a 4.0-kb mouse cathepsin K promoter (a gift
from Dr. Yiping Li at Forsyth Institute, Boston, MA). The full-
length osterix (Osx) promoter construct (—2020/+13) was a
generous gift from Dr. Hicham Drissi at University of Connect-
icut Health Center, Farmington, CT. Cloning of the BSP pro-
moter and construction of reporter vector were described pre-
viously (41). Plasmids encoding Aktl or Akt2 were purchased
from Addgene (Addgene plasmid IDs 16244 and 9016, Add-
gene Inc. Cambridge, MA).

Cell Culture Conditions and Luciferase Assays—RAW264.7
(ATCC, Manassas, VA) cells were routinely cultured in a 5%
CO,, atmosphere at 37 °C in RPMI 1640 (Invitrogen) supple-
mented with 10% (v/v) FBS (Invitrogen). Given that the pres-
ence of growth factors in the serum may interfere with some of
the effects of RANKL and/or adiponectin, cells were serum-
starved overnight and treated with RANKL and/or adiponectin
in RPMI 1640 supplemented with 1% (v/v) FBS.

Transfection of plasmids was performed in RAW?264.7 cells
using Lipofectamine™ 2000 (Invitrogen) following the manu-
facturer’s recommendations. Luciferase assays were performed
using a luminometer (Lumat LB9501, EG&G Berthold, Bad
Wildbach, Germany) as described previously (42).

In Vitro Osteoclastogenesis and TRACP Staining—RAW?264.7
cells were treated with 50 ng/ml RANKL with or without 1
png/ml globular adiponectin for 5 days. TRACP staining was
then performed with the K-ASSAY TRACP staining kit
(Kamiya Biomedical Co., Seattle, WA), as previously described
(39, 43). The differentiated osteoclasts were identified as red-
stained cells with three or more nuclei.

Real-time RT-PCR for mRNA Analysis—Total RNA was iso-
lated using a RNeasy Mini Kit (Qiagen, Valencia, CA), and the
first strand of cDNA was generated using SuperScript III
reverse transcriptase (Invitrogen) and oligo(dT),, primer
(Invitrogen). A quantitative real-time reverse transcription-
PCR assay was performed using iQ™ SYBR Green Supermix
(Bio-Rad) on a Bio-Rad iQ5 thermal cycler. The evaluation of
relative differences in the PCR product amounts was carried
out by the comparative cycle threshold method using GAPDH
as a control.

Western Blot—Whole protein lysates were prepared as
described previously (43). Nuclear extracts were purified using
a nuclear extraction Kit (Millipore, Billerica, MA). SDS-PAGE
and Western blot analyses were then performed using
NuPAGE 4 -12% Bis-Tris gradient gels and 0.45-um Invitrolon
polyvinylidene fluoride membranes (Invitrogen). Antibodies
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for p-Akt (1:400), p-Aktl (1:400), NFAT2 (1:400), Lamin Bl
(1:400), and B-actin (1:400) were obtained from Santa Cruz
Biotechnologies, Santa Cruz, CA. Antibodies for Akt (1:1000),
Aktl (1:1000), Akt2 (1:1000), and APPL1 (1:1000) were pur-
chased from Cell Signaling Technology. The secondary anti-
bodies were horseradish peroxidase-linked goat-anti-rabbit
IgG (Santa Cruz Biotechnologies). Blots were visualized using
ECL chemiluminescence reagents from Pierce.

Fluorescence Peptide Substrate-based Assay for Akt/Protein
Kinase B (PKB) Activity—RAW?264.7 cells with a normal
APPL1 level were treated with RANKL (50 ng/ml) and/or adi-
ponectin (1 pg/ml) for 3 days. RAW264.7 cells overexpressing
APPL1 were treated with RANKL (50 ng/ml) alone for 3 days.
Whole protein lysates were prepared and subjected to a fluo-
rescence peptide substrate-based assay to determine Akt activ-
ity by following the protocol enclosed with the Omnia® lysate
assay kit (Invitrogen). This kit uses chelation-enhanced fluoro-
phore 8-hydroxy-5-(N,N-dimethylsulfonamido)-2-methyl-
quinoline (referred to as Sox), which is incorporated into the
substrate peptide. Upon phosphorylation of the substrate pep-
tide by Akt/PKB, Mg " is chelated to form a bridge between the
Sox moiety and the phosphate group that is added by Akt/PKB
to the serine residue within the peptide, resulting in an increase
in fluorescence when the kinase reaction mixture is excited at
360 nm and the emission is measured at 485 nm.

RESULTS

Adiponectin Deficiency Results in Retarded Growth in Bone
Explants—IVIS Imaging demonstrated that both luciferase and
EGFP expressions could be detected in the explantation
regions of the live mice 2 weeks after surgery (Fig. 1, A and
B). EGFP signals in the bone explants were slightly higher in
WT mice than in adiponectin knock-out mice, whereas lucif-
erase activity of bone explants was much stronger in WT
mice than in adiponectin null mice. Four weeks after explan-
tation, the intensities of EGFP signals and luciferase activity
in the bone explants both decreased in WT and adiponectin
knock-out mice, with their signals continuing to be weaker
in adiponectin knock-out mice than in WT mice (Fig. 1, C
and D).

Four weeks after bone explantation, the bone explants were
isolated and subjected to further analyses. We found that bone
explants in both mice groups remained viable and increased in
size (Fig. 2A). However, the bone explants in adiponectin
knock-out mice demonstrated a slower growth rate than in the
WT mice (Table 1). X-ray, histological analysis, and microcom-
puted tomography showed that bone explants in adiponectin
knock-out mice displayed reduced trabecular bone volume and
decreased cortical bone (Fig. 2, A-C, and Table 2). TRACP
staining further indicated that more TRACP™* osteoclasts were
observed in the trabecular area of the femoral explants isolated
from adiponectin knock-out mice when compared with those
from WT mice (Fig. 2, D and E).

Adiponectin Inhibits RANKL-induced Osteoclast Formation
from RAW?264.7 Cells—In vitro osteoclastogenesis was per-
formed to investigate whether adiponectin could inhibit oste-
oclastogenesis from RAW?264.7 cells stimulated by RANKL.
Our results showed that the cells efficiently differentiated into
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FIGURE 1. IVIS Imaging of GFP and luciferase signals in murine bone explants model. Kinetic expressions of luciferase and GFP in live animals with
double-labeled bone explants were detected at 2 and 4 weeks after explantation. A, GFP and luciferase signal imaging in living animals at 2 weeks post-
explantation are shown. B, quantitative analysis of GFP and luciferase signals is shown. C and D, imaging and quantification of GFP and luciferase signals at 4
weeks after explantation are shown. WT, wild type host mice; KO, adiponectin knock out hosts. Results are presented as the mean = S.E. a, p < 0.05 versus WT;

b, p < 0.01 versus WT. ROI, region of interest.

TRACP-positive multinucleated cells (MNCs) in the presence
of RANKL stimulation, whereas globular adiponectin strongly
inhibited RANKL-stimulated formation of TRACP-positive
MNC:s (Fig. 3, A and B). We also counted the number of MNC
TRACP+ cells presented in these RAW?264.7 cell cultures. We
found that the number of MNC TRACP+ cells treated with
RANKL and adiponectin was lower than that of cells treated
with RANKL alone (Fig. 3C).

Adiponectin Inhibits RANKL-induced Activation of Oste-
oclastogenic Regulators—Calcineurin-dependent activation of
NFAT?2 is sufficient to induce osteoclast differentiation and is
the master regulator of osteoclastogenesis (44). Upon the acti-
vation of calcineurin by extracellular stimuli and after Ca®"-
mediated signaling, NFAT2 forms a complex with calcineurin
and is then dephosphorylated and translocated into the nuclei
as an active form (45). TNF receptor-associated factor 6
(TRAF®6) also plays an essential role in RANKL-induced activa-
tion of NF-kB in osteoclasts. We, thus, monitored mRNA levels
of NFAT2 and TRAF6 as well as mRNA levels of another two
osteoclastic differentiation markers, TRACP and cathepsin K,
in RAW264.7 cells after being treated with adiponectin (1
png/ml) and/or RANKL (50 ng/ml) for 72 h. Our results showed
that RANKL treatment significantly enhanced the expression
levels of NFAT-2 (NFATcl), cathepsin K, and TRACP. How-
ever, adiponectin treatment dramatically inhibited the induc-
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tion of these osteoclastogenic regulators by RANKL and the
mRNA level of TRAF6 (Fig. 44). To determine the cytosolic
protein level and nuclear translocation of NFAT2, both cytoso-
lic and nuclear extracts were prepared from RAW?264.7 cells
treated with adiponectin (1 pg/ml) and/or RANKL (50 ng/ml)
for 72 h. Western blot analysis showed that adiponectin treat-
ment caused an inhibition in the RANKL-triggered up-regula-
tion and nuclear translocation of NFAT2 (Fig. 4B). These
results clearly indicated that the negative effects of adiponectin
on RANKL-induced osteoclast differentiation and activity are
mediated by the inhibition of TRAF6 and NFAT?2.
Adiponectin Strongly Inhibits Cathepsin K Promoter Activity
in a Dose- and Time-dependent Manner in RAW264.7 Cells,
Which Were Mediated by APPL1—RAW?264.7 cells were stably
transfected with pGL3-CtpsK-luciferase and treated with glob-
ular adiponectin (0-2.0 ug/ml) with the presence of RANKL
(50 ng/ml) for 72 h. RAW264.7 cells stably transfected with
pGL3-CtpsK-luciferase were also treated with 1 ug/ml globular
adiponectin and 50 ng/ml RANKL for 0, 24, 48, and 72 h. We
found that adiponectin strongly inhibited cathepsin K promoter
activity in a dose- and time-dependent manner (Fig. 5, A and B).
APPL1 was reported to be a key adaptor protein mediating
adiponectin signaling and coordinating different signaling
pathways (6). To investigate whether the inhibitory effect of
adiponectin on cathepsin K promoter is mediated by APPL1,
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FIGURE 2. Retarded growth of bone explants in adiponectin knock-out mice. A, gross appearance (upper) and radiological analysis (lower) of femoral
explantsisolated from WT and adiponectin KO mice 4 weeks after explantation is shown. B, three-dimensional microcomputed tomography images are shown.
C, hematoxylin and eosin staining sections showing femoral explants 4 weeks after explantation are shown. Tb.B., trabecular bone; Ct.B., cortical bone. D, TRACP
staining of bone explants 4 weeks after explantation is shown. Arrows, TRACP+ osteoclasts. Photographs were taken at X200 magpnification using a Nikon
Eclipse E600 microscope and Spot Advanced software (Diagnostic Instruments). E, the number of TRACP-positive multinucleated cells were counted, and data

are presented as the mean = S.E. g, p < 0.05 versus WT.

TABLE 1

Bone length and bone ash weight of femurs explanted into WT or
Adipo—/— mice for 4 weeks

Values are the means = S.E. from at least five samples from each group.

Variable Explants in WT  Explants in Adipo—/—
Femur length, mm 8.2 +0.2 6.2 = 0.1¢
Bone ash (% dry weight) ~ 46.8 = 0.2 314+ 0.1¢

“p < 0.05, femurs explanted into adiponectin knock-out (Adipo—/—) mice vs.
femurs explanted into WT.

TABLE 2

Microcomputed tomography analysis of femurs explanted into WT or
Adipo—/— mice for 4 weeks

A microcomputed tomography scan was performed to assess BMD and three-di-
mensional cortical and trabecular bone architecture of femurs explanted into WT or
adiponectin knock-out (Adipo—/—) mice for 4 weeks. The bone volume density
(BV/TV), trabecular thickness (Tb.Th), trabecular number (Th.N), trabecular sep-
aration (Tb.Sp), and cortical thickness (Ct. Th) were measured. Data are represented
as the mean * S.E. from five individual mice.

Genotype Explants in WT Explants in Adipo—/—
BMD (mg HA/ccm) 112.80 * 8.552 77.65 * 2.3241°
BV/TV (%) 11.23 = 0.356 7.49 * 0.456°
Tb.Th (mm) 0.0241 = 0.0001 0.0206 =+ 0.0001“

Tb.N (mm™") 7.46 = 0.04 4.19 = 0.10*
Tb.Sp (mm) 0.13705 = 0.001 0.29635 =+ 0.03"
Ct.Th (mm) 0.036 = 0.00001 0.029 = 0.00001“

“p < 0.05, femurs explanted into Adipo—/— mice vs. femurs explanted into WT
mice.

RAW264.7 cells stably expressing pGL3-CtpsK-luciferase were
transfected with siRNA construct specifically targeting APPL1
and treated with globular adiponectin (1.0 ng/ml) and RANKL
(50 ng/ml) for 72 h. Cells transfected with scrambled siRNA
served as a control. As shown in Fig. 5C, transfection with active
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siRNA led to an 89% reduction in APPL1 protein levels com-
pared with scrambled siRNA controls. Luciferase assays
showed that the inhibitory effect of adiponectin on cathepsin K
was antagonized by the siRNA specifically targeting APPL1
(Fig. 5D). These results indicated that the inhibitory effects of
adiponectin on osteoclast differentiation and activity are medi-
ated by APPL1.

Adiponectin Decreases Osteoclast Survival/Proliferation, Up-
regulates DNA Condensation, and Increases Caspase-depen-
dent Apoptosis in RAW264.7 Cells—RAW?264.7 cells were
treated with RANKL (50 ng/ml) and/or globular adiponectin (1
pg/ml) for 3 and 5 days. Osteoclast survival/proliferation was
monitored using an MTT assay (Invitrogen), and we found that
survival/proliferation of RAW?264.7 cells was decreased by
globular adiponectin treatment. Cells treated with both globu-
lar adiponectin and RANKL exhibited even lower MTT read-
ings (Fig. 6A).

The effects of adiponectin on DNA condensation were also
determined using a single-stranded DNA apoptosis ELISA kit
(Chemicon International; Temecula, CA), which is the most
specific and definite hallmark of caspase-dependent and -inde-
pendent apoptosis. Cells used for this study were RAW264.7
cells treated with RANKL (50 ng/ml) and/or globular adiponec-
tin (1 pug/ml) for 3 and 5 days. We found that DNA condensa-
tion was up-regulated by either RANKL or globular adiponec-
tin treatment. However, the most prominent increase in DNA
condensation was observed in cells treated with both RANKL
and globular adiponectin (Fig. 6B).
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FIGURE 3. Inhibitory effect of adiponectin on RANKL-induced osteoclast
formation. RAW264.7 cells were treated with 50 ng/ml RANKL with or with-
out 1 ug/ml globular adiponectin for 5 days. The numbers of MNC TRACP-
positive cells were monitored in three independent experiments.
A, RAW264.7 cells were treated with RANKL alone. B, RAW264.7 cells were
treated with RANKL and adiponectin. C, the number of TRACP-positive multi-
nucleated cells was counted, and data are presented as the mean = S.E.a,p <
0.05 versus RANKL-treated cells.

To indirectly evaluate which type of apoptosis adiponectin
could be enhancing (i.e. caspase-8-dependent death receptor
pathway or caspase-9-dependent stress pathway), RAW264.7
cells were treated with RANKL (50 ng/ml) and/or globular adi-
ponectin (1 pug/ml) for 3 and 5 days. The activity levels of exe-
cutioner caspase-3 and initiator caspases-8 and -9 were deter-
mined using Caspase-Glo® Assay (Promega). Our results
showed that the activity levels of the three caspases were all
higher in adiponectin-treated RAW264.7 cell cultures than in
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FIGURE 4. Adiponectin inhibits RANKL-induced expression and activa-
tion of osteoclast regulators and marker genes. Cells were cultured in
the presence of 50 ng/ml RANKL with or without 1 wg/ml globular adi-
ponectin for 72 h, and the untreated cells served as a control. A, real time
RT-PCR analyses were performed to monitor changes in mRNA expression
for NFAT-2, cathepsin K, TRACP, and TRAF6. GAPDH amplification was
performed for normalization of mRNA quantity. a, p < 0.05, versus the
untreated group; b, p < 0.05, versus the RANKL-treated group. B, both
nuclear and cytosolic extracts were prepared and probed with an anti-
NFAT2 antibody. Lamin B1 or B-actin was detected as a loading control.
Results are presented as the mean *+ S.E. a, p < 0.05 versus untreated cells;
b, p < 0.05 versus RANKL-treated cells.

those treated with RANKL alone. The increased activity levels
of caspases-3, -8, and -9 in RAW264.7 cells treated with both
RANKL and adiponectin were shown to be even more promi-
nent (Fig. 6, C-E).

Adiponectin Shows Discrepant Effects on Different Akt Iso-
forms, Which Is Also Mediated by APPL1— Akt activity has been
reported to be associated with osteoclast survival (46) and dif-
ferentiation (47). To investigate whether the effect of adipo-
nectin on osteoclast apoptosis is mediated by Akt activity,
RAW?264.7 cells overexpressing APPL1 were treated with
RANKL (50 ng/ml) for 3 days. In addition, RAW264.7 cells
with a normal APPL1 level were treated with RANKL (50
ng/ml) and/or adiponectin (1 ng/ml) for 3 days. Whole pro-
tein lysates were prepared and subjected to a fluorescence
peptide substrate-based assay (Invitrogen) to determine Akt
activity. We found that in RAW?264.7 cells treated with adi-
ponectin with or without RANKL, Akt activity was signifi-
cantly decreased. APPL1 overexpression also decreased Akt
activity to a similar level as that observed in the adiponectin-
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FIGURE 5. Adiponectin inhibition of cathepsin K promoter activity mediated by APPL1. RAW264.7 cells were stably transfected with pGL3-CtpsK-
luciferase construct in which osteoclast-specific expression of luciferase was driven by cathepsin K promoter and treated with globular adiponectin
(0-2.0 wg/ml) in the presence of RANKL (50 ng/ml) for 72 h. Luciferase assays were performed using Lumat LB 9501 (EG&G Berthold). A and B,
adiponectin strongly inhibits cathepsin K promoter activity in a dose- and time-dependent manner. a, p < 0.05, versus untreated cells; b, p < 0.01, versus
untreated cells. C, APPL1 siRNA is shown. The sense and antisense sequences of RNAi were chemically synthesized and ligated into the pSIREN-DNR
vector (BD Biosciences BDTM Knock-out RNAi system). For generation of the APPL1 siRNA stable cell lines, RAW264.7 cells were transfected with the
APPL1 RNAI construct or the scrambled control and selected with 5 wg/ml puromycin. The effect of RNAi on APPL1 expression was tested by Western
blot (top panel). Equal loading of protein in cell lysates was determined by Western blot using an anti- B-Actin antibody (bottom panel). D, the effects of
APPL1 siRNA on adiponectin-induced inhibition of cathepsin K expression are shown. RAW264.7 cells stably expressing pGL3-CtpsK-luciferase were
transfected with a siRNA construct specifically targeting APPL1 and treated with RANKL (50 ng/ml) and/or globular adiponectin (1.0 wg/ml) for 72 h.
Cells transfected with scrambled siRNA served as controls. a, p < 0.05 adiponectin treated cells versus corresponding untreated cells; b, p < 0.05 APPL1

siRNA versus scrambled control in adiponectin-treated cells.

treated cells (Fig. 7A). These results suggest that adiponectin
suppresses osteoclastogenesis via APPL1-mediated inhibi-
tion of Akt activity.

However, different studies have previously demonstrated
conflicting results in regard to whether or not adiponectin
affects Akt pathway (6, 48). To investigate whether these dis-
crepant effects of adiponectin on Akt activity resulted from
different Akt isoforms, RAW?264.7 cells were treated with glob-
ular adiponectin (0.5 ug/ml) and/or RANKL (50 ng/ml) for
72 h, and quantitative RT-PCR was performed to determine the
changes in the expression levels of different Akt isoforms. As
shown in Fig. 7B, adiponectin significantly decreased the Aktl
mRNA level while having no effects on the Akt2 expression
(Fig. 7B). In addition, we performed Western blot analyses to
determine phosphorylation and total levels of Akt, Aktl, and
Akt2. We found that adiponectin treatment significantly
decreased RANKL-enhanced total and phosphorylated levels of
Akt1 while having no obvious inhibitory effect on the total Akt2
level (Fig. 7, C and D).

We then transfected RAW264.7 cells with plasmids encod-
ing constitutively active Aktl or Akt2 and treated these cells
with RANKL (50 ng/ml) and/or adiponectin (0.5 ug/ml) for 3
days. pGL3-CtpsK-luciferase was co-transfected to evaluate the
changes in cathepsin K promoter activity in these cells. We

12548 JOURNAL OF BIOLOGICAL CHEMISTRY

found that Akt overexpression reversed adiponectin-induced
inhibition in RANKL-enhanced luciferase activity driven by
cathepsin K promoter, whereas Akt2 overexpression failed to
show such rescuing results (Fig. 7E). We also performed a
Western blot to evaluate the nuclear translocation of NFAT2 in
these cells. Consistent with the luciferase assay results, we
found that Aktl overexpression, not Akt2 overexpression,
potently reversed adiponectin-inhibited nuclear translocation
of NFAT2 during RANKL-induced osteoclast differentiation
(Fig. 7F).

Adiponectin Strongly Enhances Osterix and BSP Promoter
Activity in MC3T3-E1 Osteoblasts—To test whether adi-
ponectin regulates transcriptional activities of Osx and BSP
promoters, full-length Osx promoter (—2020/+13) or full-
length BSP promoter (—9256/+30) construct, installed in
pGL3-basic vector, was stably transfected into MC3T3-E1
cells. The cells were then treated with 1 ug/ml globular adi-
ponectin and/or 50 ug/ml ascorbic acid for 7 days. Lucifer-
ase assay indicated that adiponectin alone up-regulated the
transcription activities of Osx and BSP promoters to similar
levels as those stimulated by ascorbic acid when compared
with the untreated cells. Cells treated with both ascorbic acid
and adiponectin demonstrated a more prominent increase in
luciferase levels (Fig. 8).
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FIGURE 6. Adiponectin effects in the survival/proliferation and apoptosis of RAW264.7. The cells were cultured on 96-well plates treated with RANKL (50
ng/ml) and/or globular adiponectin (JADIPONECTIN, 1 ug/ml) for 3 and 5 days. A, adiponectin mediates inhibitory effects in osteoclasts, as determined by the
MTT assay. MTT results of three different experiments are presented as the mean = S.E. a, p < 0.05 versus untreated cells; b, p < 0.05 versus cells treated with
RANKL alone. B, globular adiponectin and RANKL-mediated up-regulation in DNA condensation in RAW264.7 cells is shown. Cells were differentiated as in
A, and their DNA condensation was measured at 5, 7, and 9 days as described previously (43). Results are presented as the mean = S.E. a, p < 0.05 versus
untreated cells; b, p < 0.05 versus cells treated with RANKL alone. C, D, and E, adiponectin increases caspase activities in RAW264.7 cells. RAW264.7 cells were
treated with RANKL (50 ng/ml) and/or globular adiponectin (1 ug/ml) for 3 and 5 days. The activity levels of executioner caspase-3 and initiator caspases-8 and
-9 were determined using a Caspase-Glo® assay (Promega). Results are presented as the mean = S.E. a, p < 0.05 versus untreated cells; b, p < 0.05 versus
RANKL-treated cells.

DISCUSSION adaptation and pathological compensation so that these adi-

Adiponectin is the most abundant adipokine derived from Ponectin knock-out mice may not display any obvious bone
adipose tissue that displays insulin-sensitizing effects, and a Phenotypes. In contrast, the short term exposure of bone
reduced level of adiponectin closely relates to the pathophysi- explants in an adiponectin-deficient environment, which
ology of insulin resistance and T2DM (49). As mentioned pre-  breaks the original balance of bone remodeling, displays notice-
viously, adiponectin was also found to be associated with bone able effects on bone metabolism.
metabolism; however, the previous studies have had inconsis- Our results, derived from a loss-of-function animal model,
tent results as indicated by different studies, including clinical ~Were consistent with a previous study using a gain-of-function
association, animal, and in vitro studies. To find out the real, animal model in which adiponectin was temporarily overex-
direct role of adiponectin in bone metabolism, we establisheda  Ppressed via an adiponectin-adenovirus treatment; the research-
bone explantation model to exclude the effects of long term  ers observed that trabecular bone mass increased, number of
adaptation and compensation. In addition, the effect of osteoclasts was reduced, and levels of plasma NTx, a bone-
mechanical loading on bone explant growth was eliminated —resorption marker, decreased (20). In addition, the use of a
given that the bone explantation was performed in the back spontaneously diabetic animal model, WBN/Kob rats, also
muscles of recipient mice. In this way the two major confound- showed that low serum adiponectin levels resulted from hyper-
ing factors were both strictly controlled. glycemia and obesity are partly associated with low bone min-

Although no obvious bone phenotypes have been reported in ~ eral density, which is considered to be the cause of diabetes-
adiponectin knock-out mice, we found that the short term related bone fragility (15, 50). All of these findings indicated
exposure to an adiponectin-deficient environment has a nega-  that short term physiological or pathological changes in the
tive effect on bone mineral density, which was indicated by serum adiponectin level have a significant impact on bone
retarded bone growth, decreased trabecular bone, impaired metabolism. In addition, the direct effect of adiponectin is to
cortical bone structure, and more active bone resorption activ-  promote bone formation while inhibit bone resorption.
ity due to an increased number of osteoclasts in the bone In fact, the adiponectin level of human beings keeps fluctu-
explants embedded in adiponectin null mice. In the adiponec- ating with changes in other physiological or pathological fac-
tin knock-out mice, adiponectin is completely removed from  tors such as fat mass or diabetes and would never be the same as
the very beginning of, and throughout the life process. There- that ofa gene knock-out animal model. Therefore, aslongas the
fore, a better balance could be established in these animals effect of other confounding factors such as mechanical loading
between bone formation and bone resorption via physiological is removed, the role of adiponectin level on bone metabolism
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FIGURE 7. Adiponectin inhibits Akt activation in RAW264.7 cells. A, RAW264.7 cells with a normal APPL1 level were treated with RANKL (50 ng/ml) and/or
adiponectin (1 pg/ml) for 3 days. RAW264.7 cells overexpressing APPL1 were treated with RANKL (50 ng/ml) alone for 3 days. Whole protein lysates were
prepared and subjected to fluorescence peptide substrate-based assay to determine Akt activity (Omnia® lysate assay kit). a, p < 0.05 versus untreated cells; b,
p < 0.05 versus RANKL-treated cells. B, adiponectin exhibits discrepant effects on different Akt isoforms. RAW264.7 cells were treated with globular adiponectin
(gAd, 1 png/ml) and/or RANKL (50 ng/ml) for 72 h, and quantitative RT-PCR was performed to determine the changes in expression levels of different Akt
isoforms. Results are presented as the mean =+ S.E. g, p < 0.05 versus untreated cells; b, p < 0.05 versus RANKL-treated cells. C and D, effects of adiponectin on
Akt phosphorylation are shown. Whole protein lysates were subjected to Western blotting to determine phosphorylation and the total levels of Akt, Akt1, and
Akt2, and the detection of B-actin was used to normalize the band intensities. Normalized levels of Akt are shown in D. a, p < 0.05 versus untreated cells; b, p <
0.05 versus RANKL-treated cells. Eand F, RAW264.7 cells were transfected with plasmids encoding Akt1 or Akt2 and were treated with RANKL (50 ng/ml) and/or
adiponectin (0.5 pg/ml) for 3 days. pGL3-CtpsK-luciferase was co-transfected. E, luciferase assays showed that Akt1 reversed adiponectin-induced inhibition in
RANKL-enhanced luciferase level, whereas Akt2 failed to show such an effect. Results are presented as the mean = S.E. a, p < 0.05 versus untreated cells; b, p <
0.05 versus RANKL-treated cells. F, a Western blot shows the nuclear translocation of NFAT2 after Akt1 or Akt2 transfection. Results are presented as the mean =
S.E.a, p < 0.05 versus untreated cells; b, p < 0.05 versus RANKL-treated cells.
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FIGURE 8. Adiponectin strongly enhances osterix and BSP promoter activity in MC3T3-E1 osteoblasts. Full-length Osx promoter (—2020/+13) or
full-length BSP promoter (—9256/+30) construct, installed in pGL3-basic vector, was stably transfected into MC3T3-E1 cells. The cells were then treated with
1 ng/ml globular adiponectin and/or 50 ug/ml ascorbic acid for 7 days. Luciferase assay indicated that adiponectin alone up-regulated the transcription
activities of Osx (A) and BSP (B) promoters to similar levels as those stimulated by ascorbic acid when compared with the untreated cells. a, p < 0.05, versus
untreated group; b, p < 0.01, versus untreated group. Ad, adiponectin; AA, ascorbic acid.

could easily be observed. Indeed, in a recently published clinical
study, the researchers found a positive relationship between the
total serum adiponectin level and BMD in patients with T2DM
after adjustment for body weight and waist circumference (15).

Although one group of researchers reported that adiponectin
has no direct effect on osteoclasts (18), most other in vitro stud-
ies have found that adiponectin significantly inhibits macro-
phage colony-stimulating factor- and RANKL-induced oste-
oclast differentiation (20-22). Yet, the molecular mechanism
underlying the inhibitory effect of adiponectin on osteoclasts
was not fully elucidated. In this study we found that adipo-
nectin suppresses RANKL-induced osteoclastogenesis through
decreasing expression levels of osteoclastogenic regulators,
NFAT?2 and TRAF®6, as well as another two osteoclastic differ-
entiation markers, TRACP and cathepsin K. Moreover, adi-
ponectin indirectly suppresses osteoclast function through
decreasing the osteoclast survival/proliferation rate and in-
creasing osteoclast apoptosis. Using a siRNA construct specif-
ically targeting APPL1, we found that the inhibitory effects of
adiponectin on osteoclasts are mediated by APPL1, the first
identified adaptor protein in adiponectin signaling.

To further investigate the underlying molecular mecha-
nisms, we monitored the total and phosphorylation levels of
Akt. Akt, also known as PKB, is a serine/threonine protein
kinase and is a downstream target of phosphatidylinositol 3-ki-
nase. Ample studies have demonstrated that enhanced Akt
activity is critical in maintaining osteoclast survival (46) and
enhancing osteoclast differentiation (47, 51). In this study we
observed that adiponectin treatment significantly induced
APPLI1-mediated down-regulation of Akt activity in osteoclast
precursor cells, which strongly indicated that the suppressive
effect of adiponectin on osteoclasts results from the decreased
Akt level.

However, in regard to adiponectin-mediated effects on the
Akt pathway, various studies have previously demonstrated
inconsistent results in different cells. It was reported that in
C2C12 myoblasts, adiponectin displays a synergistic effect on
Akt activation with insulin (6), whereas another study indicated
that adiponectin suppresses hepatic stellate cell proliferation
through, at least partly, inhibition of the Akt pathway (48).
There are three Akt family members, Akt1/PKBa, Akt2/PKBb,
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and Akt3/PKBc, with Aktl and Akt2, but not Akt3, being ubiq-
uitously expressed in various tissues (52, 53). Akt2 is expressed
more predominantly in insulin target tissues such as fat, liver,
and muscle (52, 53). Accordingly, although Aktl /" mice and
Akt2™/~ mice showed similar phenotypes, only Akt2™/~ mice
exhibited severe diabetes (53—55). These gene knock-out stud-
ies revealed non-redundant functions of different Akt isoforms,
which indicated that different Akt isoforms may display unique
functions. Briefly, Aktl is essential in cell proliferation and
organism growth, whereas Akt2 is an important regulator of
metabolic regulation (54, 55). To clarify whether the inhibitory
effects of adiponectin on osteoclast differentiation and survival
are mainly mediated by Aktl, we performed real time RT-PCR
and a Western blot to determine expression changes in each
individual Akt isoform. We found that adiponectin treatment
mainly decreased the total and phosphorylated levels of Aktl
but not those of Akt2. Moreover, Aktl overexpression in
RAW?264.7 cells reversed adiponectin-induced inhibition
in RANKL-enhanced nuclear translocation of NFAT2 and
cathepsin K expression, whereas Akt2 overexpression had no
significant effect on adiponectin-induced biological changes in
differentiating RAW264.7 cells. Previous findings have shown
that phosphorylation of NFAT2 by GSK-38 prevents nuclear
translocation of NFAT2 (56), whereas Akt signaling inhibits
GSK-3p activity via phosphorylation of Ser-21 and Ser-9 resi-
dues (57, 58). Together with these previous findings, our results
indicated that during osteoclast differentiation, Aktl removes
GSK-3B-mediated phosphorylation of NFAT2, which en-
hances nuclear translocation of NFAT2 and the expressions of
NFAT2-targeted genes. Our results provided strong evidence
that the reduction of Aktl activity is the main reason for adi-
ponectin-mediated inhibition in osteoclast formation. Using
siRNA specifically targeting APPL1, we found that the effect of
adiponectin on Akt activity is also mediated by APPL1. Based
on these findings, we have described a model of the cross-talk
between the adiponectin and RANKL/RANK signaling path-
ways (Fig. 9).

In addition to the findings showing that adiponectin inhibits
osteoclastogenesis, we found that adiponectin promotes osteo-
genic differentiation, as indicated by increased promoter activ-
ities of Osx and BSP after adiponectin treatment. Osx is an
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FIGURE 9. The cross-talk between the adiponectin and RANKL/RANK sig-
naling pathways in osteoclasts. Adiponectin binds to its membrane recep-
tors, leading to recruitment of adaptor proteins such as APPL1. APPL1 medi-
ates adiponectin signaling and reduces activation of RANKL-dependent Akt1
and its effects on osteoclast survival and differentiation.

essential osteogenic transcription factor, and BSP is an impor-
tant extracellular bone matrix protein that has long been used
as a bone-specific marker. These results suggest that adiponec-
tin enhances osteoblast differentiation and new bone formation
through up-regulating expression levels of osteogenic tran-
scription factors and bone matrix proteins.

As an insulin-sensitizing hormone, adiponectin plays an
important role in regulating energy homeostasis and insulin
sensitivity (4, 5). In addition, adiponectin has potent anti-in-
flammatory properties by suppressing inflammatory cytokines
while activating anti-inflammatory cytokines (7-9). Showing
that adiponectin not only promotes osteoblast differentiation
but also inhibits osteoclastogenesis, our findings clearly indi-
cated an important role of adiponectin in maintaining normal
bone homeostasis. Based on the fact that adiponectin plays
important roles in regulating energy metabolism, suppressing
inflammation, promoting bone formation, and inhibiting
excessive bone resorption, this adipokine could be used as an
ideal therapeutic modulator of bone loss diseases, especially for
those that are simultaneously related to an abnormal energy
metabolism and a chronic inflammatory state.

A potential example of this kind of bone loss disease is
T2DM-associated periodontitis. Considered to be closely asso-
ciated with a state of low grade inflammation (59, 60), obesity
and T2DM have a strong association with periodontitis, an
inflammatory disease characterized by severe alveolar bone loss
(61, 62). In fact, periodontal disease has been termed as the
sixth complication of diabetes, and it is widely accepted in the
periodontal community that diabetes not only is an important
risk factor for periodontal disease but also associates with
“refractory” periodontitis (32, 63). The decreased adiponectin
level and the low-grade chronic systemic inflammation ob-
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served in obesity and T2DM patients are suggested to be the
pathological basis for the association between T2DM and peri-
odontitis (64). Together with previous findings, our study has a
strong clinical relevance, which indicates that the application of
adiponectin as a novel therapy for bone loss diseases such as
T2DM-associated periodontitis may allow precise and predict-
able control of both insulin resistance found in uncontrolled
T2DM and the refractory inflammation found in T2DM-asso-
ciated periodontal disease.
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