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Abstract 21 

Studies have shown that AMP-activated protein kinase (AMPK), a crucial regulator of 22 

energy homeostasis, plays important roles in osteoblast differentiation and 23 

mineralization. However, little is known about in vivo roles of osteoblastic AMPK in 24 

bone development. Thus, to investigate in vivo roles of osteoblast AMPK, we 25 

conditionally inactivated Ampk in osterix (Osx)-expressing cells by crossing Osx-Cre 26 

mice with floxed AMPKα1 to generate mice lacking AMPKα1 in osteoblasts (Ampk-/- 27 

mice). Compared with wild-type and Ampk+/- mice, Ampk-/- mice displayed retardation 28 

of postnatal bone development, although bone deformity was not observed at birth. 29 

Micro-CT showed significant reductions in trabecular bone volume, cortical bone length 30 

and density, and increased cortical porosity in femur as well as development defects of 31 

skull in 8-week-old Ampk-/- mice. Surprisingly, histomorphometric analysis 32 

demonstrated that the number of osteoclasts was significantly increased, although bone 33 

formation rate was not altered. Loss of trabecular network connections and mass, as 34 

well as shortened growth plates and reduced thickness of cartilage adjacent to the 35 

growth plate, were observed in Ampk-/- mice. In primary cultured osteoblasts from 36 

calvaria, the expressions of alkaline phosphatase, type 1 collagen, osteocalcin, bone 37 

morphogenetic protein-2, Runx2, and osterix were significantly inhibited in Ampk-/- 38 
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osteoblasts, whereas the expression of receptor activator of nuclear kappa-B ligand 39 

(RANKL) and the RANKL/osteoprotegerin ratio were significantly increased. These 40 

findings indicate that osteoblastic AMPK plays important roles in bone development in 41 

vivo, and that deletion of AMPK in osteoblasts decreases osteoblastic differentiation and 42 

enhances bone turnover by increasing RANKL expression.  43 
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Introduction 44 

AMP-activated protein kinase (AMPK) is a crucial regulator of energy and 45 

metabolic homeostasis at the cellular and whole-organism levels (1,2). AMPK is found 46 

in single-cell eukaryotes, such as the yeast Saccharomyces cerevisiae and the primitive 47 

protist Giardia lamblia, and considered to be a metabolic stress-sensing enzyme that 48 

plays key roles in regulating cellular and whole-body energy homeostasis (3). It is a 49 

highly conserved serine/threonine heterotrimeric protein, consisting of a catalytic α 50 

subunit and two regulatory  and  subunits, and functions as a serine/threonine kinase. 51 

An increase in the cellular AMP/ATP ratio activates AMPK through the phosphorylation 52 

of the α subunit. Once activated, AMPK inactivates several metabolic enzymes involved 53 

in ATP-consuming cellular events, including cholesterol and protein synthesis (4). 54 

Accumulating evidence has indicated that AMPK is a candidate therapeutic target for 55 

metabolic disease, atherosclerosis, and cancer (4,5). 56 

Previous studies have shown that the AMPK signaling pathway plays pivotal 57 

roles in bone physiology (6). AMPK subunits are expressed in bone tissue and cells, and 58 

the AMPKα1 subunit is the dominant catalytic isoform expressed in bone (7,8). We 59 

previously demonstrated that AMPK activation stimulated the differentiation and 60 

mineralization of osteoblasts by enhancing the expression of bone morphogenetic 61 
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protein-2 (BMP-2) and endothelial nitric oxide synthase via inhibition of HMG-CoA 62 

reductase (9–11). Moreover, other researchers reported that AMPK activation induced 63 

calcified nodule formation in primary osteoblasts, whereas AMPK inhibition suppressed 64 

the effects of AMPK and osteoblastic differentiation (12,13). These findings suggest 65 

that AMPK has an important function in the differentiation of osteoblasts and bone 66 

formation. 67 

On the other hand, previous studies have shown that AMPK activation directly 68 

inhibits osteoclastogenesis (14,15). Furthermore, it is reported that AMPK activation 69 

indirectly suppresses osteoclast differentiation by stimulating osteoprotegerin (OPG) 70 

and reducing receptor activator of nuclear kappa-B ligand (RANKL) expression in 71 

osteoblasts (16). In addition, we recently showed that AMPK activation significantly 72 

decreased RANKL expression in osteocytic MLO-Y4 cells, and that knockdown of 73 

AMPKα1 significantly increased RANKL expression (8). These findings suggest that 74 

AMPK activation inhibits osteoclast activity directly and indirectly by decreasing 75 

RANKL expression in both osteoblasts and osteocytes. Thus, AMPK may play a pivotal 76 

role in osteoclastogenesis and bone remodeling. 77 

Recently, a few studies using genetic mutant mice have shown that inactivation 78 

of AMPK decreases bone mass in vivo (7,12,17). Shah et al. generated conventional 79 
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AMPKα1 knockout mice and examined the bone phenotype by micro computed 80 

tomography (CT). Both cortical and trabecular bone compartments were significantly 81 

smaller in AMPKα1 knockout mice compared to the wild-type littermates (12). 82 

Moreover, dynamic bone histomorphometric analysis showed increased bone turnover 83 

and bone resorption in the knockout mice compared with that of their wild-type (WT) 84 

littermates (17). Taken together, these findings suggest that AMPK may play important 85 

roles in bone development and remodeling. However, AMPK acts as a crucial regulator 86 

of whole body energy and metabolic homeostasis (1,2), which may affect bone 87 

metabolism. In addition, AMPK in osteocytes and osteoclasts may play important roles 88 

in bone development. Therefore, the roles of AMPK in osteoblasts are still unclear. In 89 

this study, to investigate in vivo roles of osteoblast AMPK, we conditionally inactivated 90 

AMPK by crossing osterix (Osx)-Cre mice with floxed AMPKα1 (Ampkflox/flox) to 91 

generate mice lacking AMPKα1 in osteoblasts (Ampk-/- mice). 92 

93 
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Materials and methods 94 

Generation of knockout mice 95 

A conditional knockout mouse model, in which the Ampkα1 gene is deleted 96 

specifically in osteoblasts, was generated. Ampkα1flox/flox mice (18) and Osx-Cre 97 

transgenic (Osx-CreTG/+) mice (19) were obtained from The Jackson Laboratory. 98 

Ampkα1flox/flox mice were crossed with Osx-CreTG/+ mice to generate 99 

Osx-CreTG/+;Ampkα1flox/+ (Ampk+/-) mice. These mice were crossed with Ampkα1flox/flox 100 

mice to generate litters that contained ~1/4 Osx-CreTG/+;Ampkα1flox/flox mice, which were 101 

used for subsequent crosses. The control WT littermate mice were designated as 102 

Ampkflox/flox and the knockout mice as Osx-Cre;Ampkflox/flox (Ampk-/-); both were on the 103 

C57BL/6J background. All mice, which were used in this study, were male. Mice were 104 

maintained in a pathogen-free standard animal facility, and experimental procedures 105 

were performed following an animal use protocol approved by the Animal Care and Use 106 

Committee of Shimane University Faculty of Medicine. 107 

The genotypes of Ampk-/- and control mice were confirmed by RT-PCR. The 108 

PCR conditions were as follows: 28 cycles of denaturation at 95°C for 15 s, annealing at 109 

60°C for 15 s, and elongation at 72°C for 30 s. This was performed on genomic DNA 110 

extracted from mouse tails using a proteinase K digestion kit (KAPA Biosystems, 111 

Woburn, MA, USA) as previously described (20). Genotyping was conducted using 112 
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primers described by the Jackson Laboratory to detect the AMPK floxed allele (forward 113 

5′-CCCACCATCACTCCATCTCT-3′ and reverse 114 

5′-AGCCTGCTTGGCACACTTAT-3′) and the Osx-Cre transgenes (forward 115 

5′-GCGGTCTGGCAGTAAAAACTATC-3′ and reverse 116 

5′-GTGAAACAGCATTGCTGTCACTT-3′). To test for the specific deletion of Ampkα1 117 

exon 3, genomic DNA isolated from different tissues was amplified using a combination 118 

of primers: A (5′-CCCACCATCACTCCATCTC-3′), B 119 

(5′-AGCCTGCTTGGCACACTTAT), and C (5′-ATTAAGGGTGAGCACAGACCAG). 120 

PCR of the recombinant 3 Ampk allele generates a 395-bp amplicon (primers A + C), 121 

and the Ampkflox allele generates a 296-bp amplicon (primers A + B). 122 

 123 

µCT analysis 124 

 Mouse femurs and skulls, dissected free of soft tissue, were fixed in 70% 125 

ethanol. High resolution images were acquired with a microfocus X-ray CT system 126 

(Scan Xmate-L090, Comscantecno Co., Ltd., Yokohama, Japan). The X-ray source was 127 

set at 75 kV and 100 µA, and the samples were rotated 360. Image resolution was fixed 128 

at a pixel size of 10.334 µm. The magnification was 9.677 and slice thickness was 129 

10.334 µm. Three-dimensional measurements and structural analyses were performed 130 
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with custom software (TRI/3D-BON, Ratoc System Engineering, Kanagawa, Japan). 131 

 132 

Bone histomorphometric analysis 133 

Mouse femurs were dissected, fixed for 24 h in 4% formalin, dehydrated in a 134 

graded ethanol series, and embedded in methyl methacrylate resin; 3-µm sections were 135 

made. After staining with Von Kossa and toluidine blue, histomorphometric analyses 136 

were performed with a Histometry RT Camera (System Supply Co., Ltd., Nagano, 137 

Japan). For H&E and Safranin O stainings, decalcified femurs were embedded in 138 

paraffin and cut into 5-µm sections. The sections were stained using standard 139 

procedures. Images were taken at room temperature using a light microscope (BX53; 140 

Olympus, Tokyo, Japan), and examined under natural and polarized light and by 141 

fluorescence microscopy. Area of growth plate and mean width of cartilage adjacent to 142 

the growth plate were measured by using ImageJ. 143 

 144 

Double calcein labeling 145 

 Calcein (Sigma) was dissolved in buffer (0.15 M NaCl, 2% NaHCO3) and 146 

injected twice intraperitoneally (25 µg/g body weight) at 5 and 2 days before the mice 147 

were euthanized (20). Bones were harvested and embedded in plastic as described 148 
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above. Serial sections were cut, and the freshly cut surface of each section was viewed 149 

and imaged using fluorescence microscopy. The double calcein-labeled width was 150 

measured, and the mineral apposition rate (MAR = interlabel width/labeling period) and 151 

bone formation rate/bone surface (BFR/BS) were calculated. Calculations were made on 152 

a minimum of duplicate specimens from replicate mice in each group. 153 

 154 

Osteoblast isolation from mouse calvaria 155 

 Osteoblasts from calvaria of individual 1-week-old Ampk-/- pups or their WT 156 

littermates were isolated as previously described (20). The bones were dissected free of 157 

sutures and subjected to 2 consecutive digestions at 37°C with shaking in αMEM 158 

(Gibco-BRL, Rockville, MD, USA) containing 0.1 mg/mL collagenase P (Roche 159 

Applied Science, Penzberg, Germany) and 0.25% trypsin/0.1% EDTA (Invitrogen, San 160 

Diego, CA, USA). The supernatant was discarded leaving the pieces of bone. Fresh 161 

digestion medium containing 0.2 mg collagenase P/mL was added, and calvaria were 162 

incubated at 37°C with vigorous shaking every 15 min for 45 min or until bone pieces 163 

began to fall apart. The bone pieces and cells were collected by centrifugation (1500  164 

g), washed with αMEM, and plated in a 10-cm dish with αMEM containing 10% FBS 165 

and 1% penicillin/streptomycin (Invitrogen). On the following day, images were taken 166 
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at room temperature using a light microscope (TS100; Nikon). After 4 days, the medium 167 

was changed, and when the cells reached 80% confluency they were passaged to 6-well 168 

plates (105 cells/well). 169 

 170 

Bone marrow stromal cells (BMSC) isolation 171 

 BMSC from femur of 8-week-old Ampk-/- mice or their control littermates were 172 

isolated. The mouse femurs were dissected free of surrounding soft tissue. The bone 173 

marrow was flushed with MEM. After centrifuge (1,000 rpm for 5 min) to isolate the 174 

cells from the extra soft tissue, the cells were plated in culture flasks with MEM 175 

containing 10% FBS and 1% penicillin/streptomycin, and non-adherent cells were 176 

removed. The cell culture medium was replaced every 3 days, and the cells were seeded 177 

in 6-well plates and cultured in 5% CO2 at 37C. 178 

 179 

RT-PCR analysis to identify AMPK subunits 180 

 To investigate the mRNA expression of AMPK subunits (α1 and α2) in primary 181 

osteoblasts, we performed RT-PCR. Total RNA was extracted from the cultured cells 182 

using Trizol reagent (Invitrogen) according to the manufacturer’s recommended 183 

protocol. We used 2 μg total RNA for the synthesis of single-stranded cDNA (cDNA 184 
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synthesis kit; Invitrogen). The following primers were used: Ampkα1 forward, 5ʹ- 185 

CTCTATGCTTTGCTGTGTGG-3ʹ and Ampkα1 reverse, 5ʹ- 186 

GGTCCTGGTGGTTTCTGTTG-3ʹ; Ampkα2 forward, 5ʹ- 187 

ACAGCGCCATGCATATTCCT-3ʹ and Ampkα2 reverse, 5ʹ- 188 

TCCGACTGTCTACCAGGTAA-3ʹ. The PCR conditions were as follows: 35 cycles of 189 

denaturation at 95°C for 45 s, annealing at 60°C for 30 s, and elongation at 72°C for 1 190 

min. The PCR products were separated by electrophoresis on a 1.8% agarose gel and 191 

were visualized using ethidium bromide staining with ultraviolet (UV) light using an 192 

electronic UV transilluminator (Toyobo Co. Ltd., Tokyo, Japan). 193 

 194 

Quantification of gene expression by real time PCR 195 

 SYBR green chemistry was used to determine mRNA expression levels. 196 

Primers were used as previously described (8-11). Real time PCR was performed in a 197 

25-μL reaction mixture containing 1 μL cDNA using an ABI PRISM 7000 (Applied 198 

Biosystems, Waltham, MA). Double-stranded DNA-specific SYBR Green I was mixed 199 

with the PCR buffer provided in the SYBR Green Real-Time PCR Master Mix (Toyobo 200 

Co. Ltd.) to quantify the PCR products. PCR conditions were as follows: initial 201 

denaturation at 95°C for 15 min, and 40 cycles of denaturation at 94°C for 15 s and 202 
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annealing and extension at 60°C for 1 min. The mRNA level of 36B4, a housekeeping 203 

gene, was used to normalize the differences in the efficiency of RT. 204 

 205 

Statistical analysis 206 

Results are expressed as mean ± SE. Statistical differences between groups 207 

were determined using one-way ANOVA followed by Fisher's protected least significant 208 

difference. For all statistical tests, a p value of <0.05 was considered statistically 209 

significant. 210 

 211 

Results 212 

Growth retardation of Ampk-/- mice during postnatal development 213 

 To monitor the growth of Ampk-/- mice during postnatal development, we 214 

measured body weight every week and collected femurs from Ampk-/- and WT 215 

littermates at 8 weeks after birth. Ampk-/- mice were viable at birth and showed no 216 

apparent growth defects after 1 day (Fig. 1A) and 2 weeks (Fig. 1B). The mice then 217 

developed dwarfism, characterized by smaller body size and shorter limbs (Fig, 1D). 218 

Body weight of Ampk-/- mice at 8 weeks was significantly decreased by 25% compared 219 

to that of WT and Ampk+/- mice (Fig. 1C). Moreover, femur length and size of Ampk-/- 220 

mice were reduced compared to those of WT at 8 weeks (Fig. 1E and F). Although 221 
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serum levels of calcium, phosphorus, albumin, creatinine, and parathyroid hormone 222 

(PTH) were measured and compared between Ampk-/- and WT mice at 8 weeks, no 223 

differences in these levels were observed (Table 1). Specificity of Ampk knockout in 224 

bone tissue of Ampk-/- mice was confirmed by PCR amplification of tissue genomic 225 

DNA (Fig. 1G). To examine the efficiency of Ampk1 knockout in osteoblasts, we 226 

performed quantification of Ampk1 expression in isolated primary osteoblasts from 227 

calvaria and BMSC from femur (Fig. 1H). Almost 80% and 60% deletion in osteoblasts 228 

and BMSC, respectively, was confirmed. These findings indicate that osteoblast AMPK 229 

is required for postnatal bone growth. 230 

 231 

Osteoblast-specific disruption of the Ampkα1 gene decreases bone mass and volume 232 

 Ampk-/- mice had marked reductions in trabecular bone, compared to WT and 233 

Ampk+/- mice, assessed by µCT (Fig. 2A). Trabecular bone volume/tissue volume 234 

(BV/TV) was significantly reduced in Ampk-/- mice (Fig. 2B), and trabecular separation 235 

(TbSp) and structure model index (SMI) were significantly increased (Fig. 2E and G). 236 

Moreover, µCT images showed that the cortical bone size was remarkably reduced in 237 

Ampk-/- mice (Fig. 3A). Center line length (Cntr.L) of cortical bone and bone density 238 

were significantly decreased in Ampk-/- mice (Fig. 3B and E), whereas vessel volume 239 
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(Vv) and Vv/cortical bone volume (Cv) were significantly increased (Fig. 3F and G). In 240 

addition, µCT images of skulls showed that smaller and thinner skulls were observed in 241 

Ampk-/- mice compared to WT and Ampk+/- mice (Fig. 4A). Quantification of volume, 242 

surface area, and thickness of interparietal bone indicated that skull formation was 243 

significantly reduced in Ampk-/- mice than WT and Ampk+/- mice (Fig. 4B-D). 244 

 Representative pictures of toluidine blue staining showed the marked reduction 245 

in trabecular bone compared to WT mice (Fig. 5A and B). Histomorphometric analysis 246 

indicated trabecular bone volume, thickness, and number were significantly reduced in 247 

Ampk-/- mice compared to those of WT (Fig. 5C-E). Osteoblast number was slightly 248 

increased in Ampk-/- mice compared to those of WT although the difference did not 249 

reach significance. Mineral apposition rate and bone formation rate (BFR) showed no 250 

difference between Ampk-/- mice and WT (Fig. 5J-L). However, BFR was significantly 251 

decreased at endosteal surface of cortical bone in Ampk-/- mice (Fig. 5M), whereas it 252 

was significantly increased at periosteal surface (Fig. 5N). In contrast, osteoclast 253 

number and osteoclast surface/bone surface increased significantly in Ampk-/- mice (Fig. 254 

5M and N). 255 

 H&E and Safranin O staining showed the loss of trabecular network 256 

connections and mass, as well as shortened growth plates at the femoral distal end, in 257 
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Ampk-/- mice (Fig. 6E, F and G) compared to those of WT (Fig. 6A, B and C). 258 

Quantification of growth plate area indicated a significant reduction in Ampk-/- mice 259 

compared to that of WT (Fig. 6I). The thickness of cartilage adjacent to the growth 260 

plates was reduced in Ampk-/- mice (Fig. 6H) compared to that of WT (Fig. 6D). 261 

Quantification of mean width of cartilage adjacent to the growth plate indicated a 262 

significant reduction in Ampk-/- mice compared to that of WT (Fig. 6J). These findings 263 

suggest the occurrence of delayed epiphyseal ossification. 264 

 265 

Disruption of the Ampkα1 gene inhibited osteoblastic differentiation and increased 266 

RANKL expression 267 

 Microscopic images showed that spindle-shaped osteoblast-like cells migrated 268 

from collagenase-treated calvaria of WT mice (Fig. 7A), whereas round-shaped cells 269 

were observed from calvaria of Ampk-/- mice (Fig. 7B), suggesting that migrated cells 270 

from WT mice differentiated to mature osteoblasts, but differentiation of the cells from 271 

Ampk-/- was inhibited. RT-PCR confirmed that the Ampkα1 gene was knocked out in 272 

isolated osteoblasts from Ampkosb
-/- mice (Fig. 7C). Real-time PCR showed that 273 

expressions of Alkaline phosphatase (Alp), Type 1 collagen (T1c), Osteocalcin, Bmp-2, 274 

Runx2, and Osterix were significantly suppressed in Ampk-/- osteoblasts compared to 275 
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that of the controls (Fig. 7D-I). In contrast, the expressions of Rankl and Rankl/Opg 276 

ratio were significantly increased (Fig. 7J and L). Furthermore, we isolated BMSC from 277 

femur and examined the expressions of differentiation markers of osteoblasts. Real-time 278 

PCR showed that the expressions of Osteocalcin and Bmp-2 were significantly 279 

suppressed in Ampk-/- BMSC compared to those of the controls (Fig. 8C and D). The 280 

expressions of Alp, T1c, and Runx2 were tended to be decreased in Ampk-/- BMSC (Fig. 281 

8A, B, and E), while Rankl and Rankl/Opg ratio were tended to be increased (Fig. 8G 282 

and I) although the differences did not reach significance. These findings indicate that 283 

disruption of Ampkα1 inhibits the differentiation of osteoblasts and induces 284 

osteoclastogenesis by increasing RANKL expression. 285 

 286 

Discussion 287 

In the present study, we demonstrated that deletion of AMPKα1 in 288 

osterix-lineage cells impaired growth and bone development after birth and decreased 289 

trabecular and cortical bone volume. These findings indicate that osteoblast AMPK 290 

plays an important role in postnatal bone development. We and other researchers have 291 

previously shown that activation of AMPK stimulates the differentiation of osteoblasts 292 

(9–13), and, in the present study, we found that osteoblastic differentiation was 293 

significantly inhibited in primary cultured osteoblasts from Ampk-/- mice. We thus 294 
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hypothesized that the decreased bone volume of Ampk-/- mice may be caused by 295 

inhibition of bone formation. Because histomorphometric analysis showed slightly 296 

increased the number of osteoblasts and no change in bone formation rate, osteoblast 297 

function might be attenuated by deletion of AMPK in osteoblasts. When the BFR was 298 

examined at the endosteal and periosteal surface of cortical bone separately, BFR at the 299 

endosteal surface was significantly decreased, while BFR at the periosteal surface was 300 

significantly increased. These findings suggest that deletion of osteoblast AMPK 301 

induced the suppression of osteoblast function and epiphyseal ossification although 302 

osteoblasts at periosteal surface reciprocally activated. In contrast, the number of 303 

osteoclasts was significantly increased in Ampk-/- mice. Taken together, these findings 304 

suggest that osteoblastic AMPK plays important roles in bone formation as well as bone 305 

turnover in vivo. 306 

A previous study showed that conventional knockout of AMPKα1 in mice 307 

decreased trabecular bone volume in vivo (12,17). In these mice, a significant increase 308 

in bone resorption was found by histomorphometric analysis. The bone phenotype of 309 

AMPKα1 knockout mice is similar to that of our Ampk-/- mice. Moreover, previous in 310 

vitro studies showed that activation of AMPK significantly decreased the expression of 311 

RANKL in osteoblasts (16). In the present study, we demonstrated that deletion of 312 
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AMPKα1 significantly increased the expression of Rankl and the ratio of Rankl/Opg in 313 

primary cultured osteoblasts from Ampk-/- mice compared to that of controls. Therefore, 314 

our present findings are consistent with previous studies suggesting that osteoblast 315 

AMPK plays an important role in the regulation of osteoclastogenesis and bone 316 

turnover by decreasing RANKL expression. In contrast, BFR was slightly, but not 317 

significantly, increased in the conventional AMPKα1 knockout mice (17). Because the 318 

present study showed no change in total BFR in our osteoblast-specific AMPKα1 319 

knockout mice, it is suggested that AMPK in other cells might affect bone formation. 320 

We previously demonstrated that AMPK activation in osteocytes increased the 321 

expression of sclerostin (8), which inhibits osteoblast differentiation (21). This may 322 

explain the difference in BFR between conventional AMPKα1 knockout and ours. 323 

Further studies are thus necessary to investigate in vivo roles of osteocyte AMPK in 324 

bone. 325 

It has been reported that several cytokines and drugs influence AMPK 326 

activation and regulate energy homeostasis. IGF-I is known to be involved in bone 327 

formation and remodeling, and it is reported that IGF-I modulates AMPK activity in 328 

various cell types (22). A recent study demonstrated that AMPK activation is required 329 

for the activation of IGF-I in early stages of osteoblast differentiation (23). Moreover, 330 
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Wang et al. reported that IGF-I receptor knockout mice generated by crossing Osx-Cre 331 

transgenic mice showed postnatal bone growth retardation (24). Osteoblast-specific 332 

IGF-I receptor null mice showed irregular morphology of the growth plate and lower 333 

trabecular bone volume, accompanied by decreased chondrocyte proliferation and 334 

differentiation, and decreased osteoblast differentiation; this bone phenotype is similar 335 

to that of our Ampk-/- mice. Therefore, although the roles of osteoblast AMPK in IGF-I 336 

signaling are still unclear, further studies are necessary to investigate whether AMPK 337 

plays a role as a key molecule in hormonal regulation of bone modeling and 338 

remodeling. 339 

 AMPK is considered as a major target molecule for diabetes mellitus, and 340 

diabetes-related osteoporosis has become an important issue worldwide. Although the 341 

pathophysiology of diabetes-related bone fragility is still unclear, previous studies 342 

suggested that dysfunction of osteoblasts and low turnover of bone are involved (25). 343 

We previously showed that metformin, an antidiabetic drug, stimulates the 344 

differentiation and mineralization of osteoblastic MC3T3-E1 cells by activating AMPK 345 

(10). In addition, other researchers have demonstrated that metformin inhibits RANKL 346 

expression and stimulates OPG expression in osteoblasts; supernatants from cultured 347 

osteoblasts treated with metformin significantly suppressed osteoclast formation and 348 
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expression of tartrate-resistant acid phosphatase and cathepsin K in osteoclasts (16), 349 

leading to an increase in bone mass. Indeed, several clinical studies suggested the 350 

beneficial effects of metformin on fracture risk in patients with type 2 diabetes mellitus 351 

(26,27). Thus, the results of this study may be understood to show the role of AMPK as 352 

the target molecule of metformin in bone, and suggest that AMPK activation may be a 353 

candidate for the treatment of diabetes-related osteoporosis. 354 

Here, we examined the role of AMPK in osteoblast differentiation and bone 355 

development. However, previous in vitro studies have shown that AMPK plays a pivotal 356 

role in the commitment of multipotential mesenchymal stem cells to osteoblast lineage 357 

and adipocytes (28–30). Recently, Wang et al. demonstrated that AMPK hyperactivation 358 

induced by a lentivirus vector significantly stimulated osteoblastic MC3T3-E1 cell 359 

osteogenesis and inhibited 3T3-L1 cell adipogenesis (28,29). Chen et al. showed that 360 

AMPK activation by metformin activated the osteogenic transcription factor Runx2 and 361 

inactivated PPAR (30), a master regulator of fat cell development. The present study 362 

showed that deletion of AMPK in Osx-expressing cells significantly decreased the 363 

expression of Runx2 and osterix, although osteoblast number and bone formation were 364 

not affected. Because Runx2 and osterix are reported to counteract PPAR-mediated 365 

adipogenesis (31,32), it would be interesting to examine the effect of AMPK deletion in 366 
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Osx-expressing cells on bone marrow adiposity in future. 367 

In conclusion, the present study showed that deletion of osteoblast AMPK 368 

induced retardation of postnatal bone development, as well as reduction in trabecular 369 

and cortical bone volume, by decreasing osteoblast differentiation and increasing 370 

RANKL expression. These findings suggest that osteoblast AMPK plays important roles 371 

in bone modeling and remodeling. Accordingly, activation of osteoblast AMPK may be 372 

a candidate for treatment of osteoporosis with high bone turnover, as well as 373 

diabetes-related osteoporosis, although further studies are necessary to clarify the roles 374 

of AMPK in bone. 375 
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491 

Fig. 1 Growth retardation in Ampk-/- mice during postnatal development 492 

Representative pictures of body size at birth (A). Growth curve from 2 weeks 493 

to 8 weeks after birth (n = 6 per strain) (B), and body weight at 8 weeks (n = 6) (C). 494 

Representative pictures of body size (D), femurs (E), and X-ray films of femurs (F) at 8 495 

weeks. PCR analyses of genomic DNA extracted from different tissues from Ampk-/- and 496 

WT mice with primers amplifying the excised region (3 Ampk allele, 395 bp; 497 
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wild-type Ampk allele, 296 bp) (G). The expression of AMPK1 in primary osteoblasts 498 

isolated from calvaria and BMSC from femur was examined by real-time PCR (H) (n = 499 

4). Gene expression was normalized to that of 36B4, a housekeeping gene.  p < 0.05, 500 

p < 0.01, p<0.001. 501 

 502 

Fig. 2 Reduction in trabecular bone volume in Ampk-/- mice by µCT 503 

 Representative images of µCT analysis (A) and trabecular bone parameters of 504 

distal femurs (B-G) from 8-week-old mice (n = 6 per strain). White boxes indicate WT, 505 
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gray boxes indicate Ampk+/- and black boxes indicate Ampk-/- mice. BV, bone volume; 506 

TV, tissue volume; TbTh, trabecular thickness; TbN, trabecular number; TbSp, 507 

trabecular separation; TBPf, trabecular bone pattern factor; SMI, structure model index. 508 

p < 0.05, p < 0.01. 509 

 510 

Fig. 3 Decreased cortical bone size and increased cortical vessel volume in 511 

Ampk-/- mice by µCT 512 

 Representative images of µCT analysis (A) and cortical bone parameters of 513 
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femurs (B-G) from 8-week-old Ampk-/- mice and controls (n = 4 per strain). White boxes 514 

indicate WT, gray boxes indicate Ampk+/- and black boxes indicate Ampk-/- mice. Cntr. L, 515 

center line length; Cv, cortical bone volume; Av, all bone volume; Ct, mean cortical 516 

bone thickness; Vv, vessel volume. p < 0.05, p < 0.01, p<0.001. 517 

 518 

Fig. 4 Developmental defects in skull in Ampk-/- mice by µCT 519 

 Representative images of µCT analysis (A). Volume (B), surface area (C), and 520 

thickness (D) were measured and compared among WT, Ampk+/-, and Ampk-/- mice. 521 

White boxes indicate WT, gray boxes indicate Ampk+/- and black boxes indicate Ampk-/- 522 

mice. p < 0.01, p<0.001. 523 

 524 
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 525 

Fig. 5 Reduction in trabecular bone volume in Ampk-/- mice by 526 

histomorphometric analysis 527 

 Representative pictures of toluidine blue staining (A), and trabecular bone 528 

parameters of distal femurs (C-O) from 8-week-old Ampk-/- mice and WT (n = 4 per 529 

strain). White boxes indicate WT and black boxes indicate Ampk-/- mice. BV, bone 530 
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volume; TV, tissue volume; TbTh, trabecular thickness; TbN, trabecular number; TbSp, 531 

trabecular separation; OV, osteoid volume; OS, osteoid surface; BS, bone surface; O.Th, 532 

osteoid thickness; Ob.N, osteoblast number; MAR, mineral apposition rate; BFR, bone 533 

formation rate; Oc.N osteoclast number; Oc.S, osteoclast surface; ES, eroded surface. 534 

p < 0.05, p < 0.01. 535 

 536 

Fig. 6 Abnormal skeletal morphology in Ampk-/- mice 537 

 Representative pictures of H&E staining (A and E) and Safranin O staining 538 

(B-D and F-H) of distal femurs from 8-week-old Ampk-/- mice and WT. Asterisks 539 
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indicate growth plate. Arrows indicate cartilage adjacent to the growth plate. Area of 540 

growth plate (I) and mean width of cartilage adjacent to the growth plate (J) were 541 

measured and compared. 542 

 543 

Fig. 7 Effects of deletion of Ampkα1 in isolated primary osteoblasts 544 

 Representative pictures of isolated osteoblasts (A and B). Total RNA from the 545 

isolated osteoblasts was subjected to RT-PCR, and the PCR products were visualized in 546 
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a 1.8% agarose gel stained with ethidium bromide (C). The expression of alkaline 547 

phosphatase (ALP), type 1 collagen, osteocalcin, bone morphogenetic protein-2 548 

(BMP-2), Runx2, osterix, receptor activator of nuclear kappa-B ligand (RANKL), and 549 

osteoprotegerin (OPG) was examined by real-time PCR (D-L) (n = 6). Gene expression 550 

was normalized to that of 36B4, a housekeeping gene. White boxes indicate WT and 551 

black boxes indicate Ampk-/- mice. *p < 0.05, **p < 0.01, ***p < 0.001. 552 

 553 

Fig. 8 Effects of deletion of Ampk1 in isolated BMSC 554 

 The expression of alkaline phosphatase (ALP), type 1 collagen, osteocalcin, 555 
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bone morphogenetic protein-2 (BMP-2), Runx2, osterix, receptor activator of nuclear 556 

kappa-B ligand (RANKL), and osteoprotegerin (OPG) was examined by real-time PCR 557 

(A-I) (n = 4). Gene expression was normalized to that of 36B4, a housekeeping gene. 558 

White boxes indicate WT and black boxes indicate Ampk-/- mice. **p < 0.01, ***p < 559 

0.001. 560 

 561 


