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Abstract 

Background: AMP-activated protein kinase (AMPK) plays important roles in bone 

metabolism; however, little is known about its role in osteocytes. This study 

investigated the effects of AMPK activation on the expression of receptor activator of 

NF-κB ligand (RANKL) and sclerostin in osteocytes. 

Results: Real-time PCR showed that AMPK activation by 

5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) significantly decreased the 

expression of Rankl in a dose- and time-dependent manner and significantly increased 

the expression of Sost, the gene encoding sclerostin, in osteocytic MLO-Y4 cells. 

Western blotting confirmed that AICAR decreased RANKL protein levels and increased 

sclerostin levels. In addition, suppression of AMPK1 by siRNA significantly increased 

the expression of Rankl on 4 days after the transfection of siRNA, while Sost expression 

was not changed. Simvastatin, an inhibitor of HMG-CoA reductase, significantly 

decreased Rankl expression and increased Sost expression in MLO-Y4 cells. 

Supplementation with mevalonate or geranylgeranyl pyrophosphate, which are 

downstream metabolites of HMG-CoA reductase, significantly reversed the effects of 

AICAR. 

Conclusion: These findings indicated that AMPK regulated RANKL and sclerostin 
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expression through the mevalonate pathway in osteocytes. 

Key words: AMP-activated protein kinase; osteocyte; RANKL; sclerostin; mevalonate 

pathway  
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Introduction 

Bone tissue is constantly renewed by a balanced between bone formation and 

bone resorption. Several studies have shown that osteocytes play multifunctional roles 

in orchestrating bone remodeling by regulating both osteoblast and osteoclast functions 

[1,2]. A recent study showed that osteocytes expressed much higher levels of receptor 

activator of nuclear factor-κB ligand (RANKL) and had a great capacity to support 

osteoclastogenesis [3]. Previous studies have indicated that osteocyte-derived RANKL 

plays a key role in bone remodeling in response to mechanical loading [3-5]. Thus, 

osteocytes are the main cells involved in the initiation of bone remodeling. In addition, 

osteocytes produce osteoprotegerin (OPG), a decoy receptor for RANKL. Thus, 

osteocytes regulate bone resorption by regulating RANKL/OPG ratio [2]. Osteocytes 

also produce sclerostin, a protein encoded by Sost, that inhibits osteoblast activity by 

blocking Wnt/beta-catenin pathway [6,7]. 

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

metabolic homeostasis at the cellular and whole-organism levels [8,9]. AMPK is a 

heterotrimeric complex containing a catalytic α subunit and regulatory β and γ subunits 

and functions as a serine/threonine kinase [10]. An increase in cellular AMP/ATP ratio 

activates AMPK through the phosphorylation of the α subunit (Thr 172). Once activated, 
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AMPK inactivates several metabolic enzymes involved in ATP-consuming cellular 

events, including cholesterol and protein synthesis, by inhibiting HMG-CoA reductase 

[11]. 

Increasing evidence indicates that osteoporosis is a disorder of energy 

metabolism. Recent studies have shown that the AMPK signaling pathway plays pivotal 

roles in bone physiology [12]. AMPK subunits are expressed in bone tissue and cells, 

with AMPKα1 subunit being the dominant catalytic isoform expressed in the bone [13]. 

A study showed that mice lacking the AMPKα1 subunit (AMPKα1
-/-

 mice) experienced 

a significant reduction in bone mass [14], suggesting that this subunit played a major 

role in skeletal metabolism. Activated AMPK inhibits osteoclast formation and bone 

resorption in vitro [15]. We previously showed that AMPK activation stimulated the 

differentiation and mineralization of osteoblastic MC3T3-E1 cells by inhibiting 

mevalonate pathway [16-18]. Moreover, we recently reported that AMPK activation 

exerted protective effects against homocysteine-induced apoptosis of osteocytic 

MLO-Y4 cells [19]. 

However, the effects of AMPK activation on RANKL and sclerostin expression 

in osteocytes are unclear. This is the first study to show that AMPK activation by 

5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) decreased RANKL 
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expression and increased sclerostin expression by inhibiting the mevalonate pathway in 

osteocytic MLO-Y4 cells. 
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Materials and methods 

Reagents 

 Cell culture medium and supplements were purchased from Gibco-BRL 

(Rockville, MD). AICAR and antibodies against total AMPK and phosphorylated 

AMPK were purchased from Cell Signaling (Beverly, MA). Antibodies against 

AMPK1 and 2 subunits were purchased from Abcam (Tokyo, Japan). Simvastatin, 

mevalonate, and geranylgeranyl pyrophosphate (GGPP) were purchased from 

Sigma–Aldrich (St. Louis, MO). Antibodies against RANKL and sclerostin were 

purchased from Santa Cruz Biotechnology (Santa Cruz, CA) and Abcam, respectively. 

Rabbit monoclonal antibodies were purchased from Sigma–Aldrich. All other chemicals 

were of the highest grade available commercially. 

 

Cell cultures 

 MLO-Y4 cell line, a murine long bone-derived osteocytic cell line, was kindly 

provided by Dr. Lynda F. Bonewald. MLO-Y4 cells were cultured on collagen-coated 

plates in α-minimum essential medium supplemented with 10% fetal bovine serum and 

1% penicillin–streptomycin in 5% CO2 at 37°C. The medium was changed twice a week, 

and the cells were passaged after they reached 80% confluency. 
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Reverse transcription–PCR to identify the AMPK1 subunit 

 The mRNA expression of the AMPKα1 subunit in MLO-Y4 cells was 

determined by performing reverse transcription (RT)–PCR. Total RNA was extracted 

from the cultured MLO-Y4 cells by using TRIzol reagent (Invitrogen, San Diego, CA), 

according to the manufacturer's recommended protocol. In all, 2 μg of the total RNA 

was used for synthesizing single-stranded cDNA (cDNA synthesis kit; Invitrogen). PCR 

conditions were as follows: 35 cycles of denaturation at 95°C for 45 s, annealing at 

60°C, and elongation at 72°C for 1 min. PCR products were electrophoresed on a 1.8% 

agarose gel stained with ethidium bromide and were visualized under ultraviolet (UV) 

light by using an electronic UV transilluminator (Toyobo Co. Ltd., Tokyo, Japan). 

 

Quantification of gene expression by performing real-time PCR 

 SYBR green chemistry was used to determine the mRNA levels of Rankl, 

Opg, Sost, and 36B4, a housekeeping gene. The following primers were used: Rankl 

forward, 5ʹ-CACCATCAGCTGAAGATAGT-3ʹ and Rankl reverse, 

5ʹ-CCAAGATCTCTAACATGACG-3ʹ; Opg forward, 

5ʹ-AGCTGCTGAAGCTGTGGAA-3ʹ and Opg reverse, 
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5ʹ-TGTTCGAGTGGCCGAGAT-3ʹ; Sost forward, 

5ʹ-GGAATGATGCCACAGAGGTCAT-3ʹ and Sost reverse, 

5ʹ-CCCGGTTCATGGTCTGGTT-3ʹ; and 36B4 forward, 

5ʹ-AAGCGCGTCCTGGCATTGTCT-3ʹ and 36B4 reverse, 

5ʹ-CCGCAGGGGCAGCAGTGGT-3ʹ. Real-time PCR was performed in a 25-μL 

reaction mixture containing 1 μL cDNA by using ABI PRISM 7000 (Applied 

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

with PCR buffer provided in SYBR Green Real-Time PCR Master Mix (Toyobo Co. 

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

at 95°C for 15 min and 40 cycles of denaturation at 94°C for 15 s and annealing and 

extension at 60°C for 1 min. The mRNA level of 36B4 was used to normalize the 

differences in the efficiency of RT. 

 

Western blotting 

For western blotting, the cells were plated in 6-well plates and were cultured as 

described above. After reaching confluency, the cells were treated with each agent for 

48 h. The cells were then rinsed with ice-cold PBS and were scraped on ice in lysis 

buffer (65.8 mM Tris–HCl [pH 6.8], 26.3% [w/v] glycerol, 2.1% SDS, and 0.01% 
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bromophenol blue; Bio-Rad, Hercules, CA) supplemented with 2-mercaptoethanol at a 

final concentration of 5%. The cell lysates were sonicated for 20 s and were 

electrophoresed by performing SDS-PAGE on a 10% polyacrylamide gel. The separated 

proteins were transferred onto a nitrocellulose membrane (Bio-Rad). The membrane 

was blocked with TBS containing 1% Tween 20 (Bio-Rad) and 3% bovine serum 

albumin for 1 h at 4°C and was incubated overnight with specific antibodies at 4°C with 

gentle shaking. The membrane was then extensively washed with TBS containing 1% 

Tween 20 and was incubated with horseradish peroxidase-coupled rabbit anti-mouse 

antibody in TBS for 30 min at 4°C. The membrane was washed, and signals were 

detected using an enhanced chemiluminescence technique. 

 

RNA interference for AMPK subunits 

RNA interference was used to down-regulate the expression of AMPK 

subunit in MLO-Y4 cells. SMARTpool small interfering RNA (siRNA) and 

SMARTpool reagents for AMPK1, AMPK2 and nonspecific control siRNA duplexes 

were designed and synthesized by Customer SMARTpool siRNA Design from 

Dharmacon (Lafayette, CO). For gene knock down experiments, MLO-Y4 cells were 

plated in 6 cm dish and cultured for 48 h in -MEM containing 10% FBS and 
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antibiotics. Next, after 24 h incubation in medium without antibiotics, cells were 

transfected with siRNAs (50 nM) using transfection reagent according to the 

manufacture’s instructions. After another 48 h of culture, cells were recultured in 

another in -MEM containing 10% FBS and antibiotics.  

 

Statistical analysis 

Results are expressed as mean ± standard error (SE). Statistical differences 

between groups were determined using one-way ANOVA followed by Fisher's protected 

least significant difference. For all statistical tests, a p value of <0.05 was considered 

statistically significant. 
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Results 

AMPK activation increases RANKL expression and decreases Sost expression in 

MLO-Y4 cells 

 We have previously shown that all AMPK subunits are expressed in MLO-Y4 

cells [19]. In this study, we confirmed the mRNA expression of the AMPK1 and 

AMPK2 subunits, the catalytic subunit (Fig. 1A). Moreover, the protein levels of 

AMPK1 and AMPK2 subunits were examined in mouse stromal ST2, mouse 

osteoblast-like MC3T3-E1, and MLO-Y4 cells (Fig. 1B). The protein expression of 

AMPK2 was relatively low in MLO-Y4 cells compared to other cells. We also 

confirmed that 1.0 mM AICAR treatment phosphorylated AMPK subunit until 3 hours 

(Fig. 1C). 

After reaching confluency, the MLO-Y4 cells were treated with AICAR for 48 

h and total RNA was collected. Real-time PCR showed that AICAR significantly 

decreased Rankl expression and Rankl/Opg ratio in a dose-dependent manner (Fig. 2A 

and 2C) but did not affect Opg expression (Fig. 2B). In contrast, AICAR treatment 

significantly increased Sost expression in a dose-dependent manner (Fig. 2D). Next, we 

examined the time-dependent effects of AICAR during 48-h treatment. We observed 

that Rankl expression and Rankl/Opg ratio were significantly decreased in a 
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time-dependent manner and that Sost expression peaked after 24 h of treatment (Fig. 

2E–H). However, AICAR treatment did not affect Opg expression at any time point. 

Western blotting showed that 72-h treatment with AICAR suppressed RANKL 

protein expression in a dose-dependent manner (Fig. 2I) and increased sclerostin 

expression (Fig. 2J). 

Next, to examine the effects of AMPK subunits knockdown on MLO-Y4 cells, 

we investigated the expression of Rankl and Sost in the siRNA-transfected cells. The 

total RNA was collected on 4 days after the siRNA treatment. Real-time PCR showed 

increased Rankl expression by the siRNA-AMPK1 (Fig. 3B), but not 

siRNA-AMPK2 (Fig. 3C). On the other hand, the expression of Sost was not 

significantly affected by the siRNA-AMPK1 or siRNA-AMPK2 (Fig. 3D and E). 

 

AMPK activation decreases Rankl expression and increases Sost expression by 

inhibiting the mevalonate pathway in MLO-Y4 cells 

 To examine whether the mevalonate pathway was involved in the effects of 

AMPK activation, we examined the effects of simvastatin on the expression of Rankl 

and Sost. Real-time PCR showed that treatment of MLO-Y4 cells with 1.0 M 

simvastatin significantly decreased Rankl expression (Fig. 4A) and increased Sost 
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expression (Fig. 4B), which was similar to that observed after treatment with 0.5–1.0 

mM AICAR. Moreover, co-incubation with 1.0 mM mevalonate or 5.0 M GGPP, the 

immediate downstream metabolites of HMG-CoA reductase, significantly reversed 

AICAR-suppressed Rankl expression (Fig. 4C) and AICAR-augmented Sost expression 

(Fig. 4D). However, mevalonate or GGPP did not affect Rankl or Sost expression in the 

absence of AICAR. 
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Discussion 

We recently showed that AMPK subunits are expressed in osteocytic MLO-Y4 

cells and that AMPK exerts antiapoptotic effects against homocysteine-induced 

oxidative stress in these cells [19]. In the present study, we confirmed that expression of 

the AMPK1 and AMPK2 subunits was maintained during the 14-day and that this 

subunit was phosphorylated by AICAR. Moreover, we observed that AMPK activation 

regulated RANKL and Sost expression in MLO-Y4 cells, suggesting that AMPK plays 

important roles in bone metabolism. 

A previous study showed that deletion of the AMPKα1 subunit (AMPKα1
-/-

) 

decreased bone mass in vivo [20]. In addition, dynamic bone histomorphometric 

analysis showed high bone turnover in AMPKα1
-/-

 mice compared with that in their 

AMPKα1
+/+

 littermates, suggesting increased bone resorption [20]. These findings 

suggest that AMPK plays a pivotal role in bone remodeling. Although previous studies 

have shown that AMPK activation directly inhibits osteoclastogenesis [15,21], Mai et al. 

reported that AMPK activation by metformin indirectly suppresses osteoclast 

differentiation by stimulating OPG and reducing RANKL expression in osteoblasts [22]. 

Because we found that AMPK was expressed in osteocytes, we hypothesized that 

AMPK activation affected RANKL and OPG expression in osteocytes to regulate 
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osteoclast activity. We found that AICAR activation significantly decreased RANKL 

expression in MLO-Y4 cells in a dose- and time-dependent manner, and that 

knockdown of AMPK1 significantly increased RANKL expression. These findings 

suggested that AMPK activation inhibited osteoclast activity by decreasing RANKL 

expression in both osteoblasts and osteocytes, which is in accordance with the findings 

of an in vivo study involving AMPKα1
-/-

 mice [14]. 

We and other investigators have previously shown that activated AMPK 

stimulates the differentiation and mineralization of osteoblasts [16-18,23-26], 

suggesting that AMPK activation stimulates bone formation in vivo. However, 

AMPKα1
-/-

 mice did not show a significant alteration in bone formation rate compared 

with control mice [14]. This discrepancy between in vitro and in vivo studies might be 

explained by the finding of the present study that activated AMPK increases sclerostin 

expression in osteocytic MLO-Y4 cells. Therefore, it can be suggested that AMPK 

directly stimulates osteoblastic differentiation and negatively affects osteoblasts by 

increasing sclerostin expression in osteocytes through negative feedback regulation. 

However, the effect of AICAR on the increased Sost mRNA was temporal, and the 

mRNA expression level was not changed by knockdown of AMPK, suggesting that the 

role of AMPK in regulation of sclerostin expression may be trivial. 
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The mevalonate pathway plays a crucial role in bone metabolism [27,28]. 

HMG-CoA reductase acts in the rate-limiting step of cholesterol synthesis and statins, 

which are pharmacological inhibitors of HMG-CoA reductase, block the conversion of 

HMG-CoA to mevalonate [29]. Mundy et al. were the first to report that statins 

stimulate bone formation in rodents and increase new bone volume in cultures of mouse 

calvaria [30]. Other investigators have also suggested that statins inhibit osteoclast 

activation, thus suppressing bone resorption [27,31]. However, to our knowledge, none 

of these studies have examined the role of the mevalonate pathway in osteocytes thus far. 

We previously reported that AMPK activation stimulated the differentiation and 

mineralization of osteoblastic MC3T3-E1 cells by suppressing the mevalonate pathway 

[17]. In the present study, we observed that simvastatin significantly decreased RANKL 

expression and increased Sost expression and that mevalonate or GGPP, the immediate 

downstream metabolites of HMG-CoA reductase, significantly reversed 

AICAR-suppressed RANKL expression and AICAR-augmented Sost expression. These 

findings indicate that the mevalonate pathway plays important roles in regulating bone 

remodeling and that AMPK activation decreases RANKL expression and increases 

sclerostin expression by inhibiting HMG-CoA reductase in osteocytes.  

In conclusion, this is the first study to show that AMPK activation decreased 
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RANKL expression and increased sclerostin expression by inhibiting the mevalonate 

pathway in osteocytic MLO-Y4 cells. Further studies on the role of AMPK in 

osteocytes would provide new insights on the effects of AMPK on bone metabolism. 
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Figure legends 

Fig. 1. Expression and phosphorylation of the AMPK1 subunit in MLO-Y4 cells. 

Total RNA extracted from MLO-Y4 cells was subjected to RT–PCR, and PCR 

products were visualized by performing electrophoresis on a 1.8% agarose gel stained 

with ethidium bromide. The mRNA expression of the AMPKα1 and AMPKα2 subunits 

(A). Total proteins were extracted from mouse stromal ST2, mouse osteoblastic 

MC3T3-E1, and MLO-Y4 cells when the cells reached confluency. The protein levels of 

AMPKα1 and AMPKα2 subunits were detected by Western blotting (B). The cells were 

treated with 1.0 mM AICAR for 3 h, and whole cell lysates were collected on the 

indicated time points. Western blotting showed that AICAR phosphorylated the AMPKα 

subunit (C). The results are representative of 3 independent experiments. 

 

Fig. 2. Effects of AMPK activation on the mRNA expression of Rankl, Opg, and Sost in 

MLO-Y4 cells. 

 Dose-dependent effects of 0.1–1.0 mM AICAR on the mRNA expression of 

RANKL, OPG, and Sost and Rankl/Opg ratio were examined (A–D). Rankl expression 

was significantly decreased in cells treated with 0.5 and 1.0 mM AICAR compared with 

that in control cells and cells treated with 0.1 mM AICAR (A). Opg expression was not 
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altered (B). Rankl/Opg ratio was significantly decreased in cells treated with 0.5 and 1.0 

mM AICAR compared with that in control cells (C). Sost expression was significantly 

increased in cells treated with 1.0 mM AICAR treatment compared with that in control 

cells and cells treated with 0.1 and 0.5 mM AICAR (D). The results are expressed as 

mean  SE of fold increase over control values (n  4); p < 0.05, p < 0.01, p < 

0.001. 

 Time-dependent effects of 1.0 mM AICAR on Rankl, Opg, and Sost expression 

and Rankl/Opg ratio were determined (E–H). AICAR treatment significantly decreased 

Rankl expression and Rankl/Opg ratio in a time-dependent manner (E and G); however, 

Opg expression was unchanged (F). Sost expression was significantly increased after 

AICAR treatment and peaked at 24 h (H). The results are expressed as mean  SE of 

fold increase over control values (n ≥ 5); p < 0.05, p < 0.01, p < 0.001 compared 

with 0 h. 

MLO-Y4 cells were treated with the indicated concentrations of AICAR for 72 

h, and whole cell lysates were collected. Western blotting showed that AICAR treatment 

decreased RANKL protein expression in a dose-dependent manner (I) and increased 

sclerostin expression (J). The results are representative of 3 independent experiments. 
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Fig. 3. Effects of siRNA-AMPKα1 or siRNA-AMPKα2 transfection on the expression 

of Rankl and Sost in MLO-Y4 cells 

 Total RNA was collected at 4 days after siRNA transfection. The effects of 

siRNA treatment were confirmed (A). N; no treatment, siα1; siRNA of AMPKα1, siα2; 

siRNA of AMPKα2, NC; transfection of non-targeting siRNA. Rankl mRNA expression 

was significantly decreased by knockdown of AMPKα1 (B), but not AMPKα2 (C). Sost 

mRNA expression was not changed (D and E). The results are expressed as mean  SE 

of fold increase over control values (n ≥ 4); p < 0.01. 

 

Fig. 4. AMPK activation decreases Rankl expression and increases Sost expression by 

inhibiting the mevalonate pathway in MLO-Y4 cells 

 Treatment of MLO-Y4 cells with 0.5 and 1.0 mM AICAR and 1.0 M 

simvastatin (SIM) for 48 h significantly decreased Rankl expression compared with that 

in control cells (A). The effect of SIM was similar to that of 0.5 mM AICAR. In contrast, 

treatment of MLO-Y4 cells with 1.0 mM AICAR and SIM significantly increased Sost 

expression compared with that in control cells (B). The effect of SIM was similar to that 

of 1.0 mM AICAR. The results are expressed as mean  SE of fold increase over control 

values (n  4); p < 0.05, p < 0.01, p < 0.001. 
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Addition of 1.0 mM mevalonate (MV) or 5.0 M geranylgeranyl 

pyrophosphate (GGPP), the downstream metabolites of HMG-CoA reductase, reversed 

1.0 mM AICAR-suppressed Rankl expression (C) and 1.0 mM AICAR-augmented Sost 

expression (D). The results are expressed as mean  SE of fold increase over control 

values (n  5); p < 0.05, p < 0.01, p < 0.001. 
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