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Introduction

Obesity, especially the visceral type, is a fast growing problem 
that is reaching epidemic proportions worldwide, which increases 
the risk of cardiovascular disease (CVD).1,2 Obesity often clusters 
with various cardiovascular risk factors such as lipid abnormali-
ties, glucose intolerance and high blood pressure, thus leading 
to endothelial dysfunction and atherosclerosis. Adipose tissue is 
also recognized to release a variety of large number of bioactive 

The osteoblast-specific secreted molecule osteocalcin behaves as a hormone-regulating glucose and lipid metabolism, 
but the role of osteocalcin in cardiovascular disease (CVD) is not fully understood. In the present study, we investigated 
the effect of osteocalcin on autophagy and endoplasmic reticulum (ER) stress secondary to diet-induced obesity in 
the vascular tissue of mice and in vascular cell models and clarified the intracellular events responsible for osteocalcin-
mediated effects. The evidences showed that intermittent injections of osteocalcin in mice fed the high-fat diet were 
associated with a reduced body weight gain, decreased blood glucose and improved insulin sensitivity compared with 
mice fed the high-fat diet receiving vehicle. Simultaneously, the administration of osteocalcin not only attenuated 
autophagy and ER stress but also rescued impaired insulin signaling in vascular tissues of mice fed a high-fat diet. 
Consistent with these results in vivo, the addition of osteocalcin reversed autophagy and ER stress and restored defective 
insulin sensitivity in vascular endothelial cells (VECs) and vascular smooth muscle cells (VSMCs) in the presence of 
tunicamycin or in knockout XBP-1 (a transcription factor which mediates ER stress response) cells or in Atg7−/− cells. The 
protective effects of osteocalcin were nullified by suppression of Akt, mammalian target of rapamycin (mTOR) or nuclear 
factor kappa B (NFκB), suggesting that osteocalcin inhibits autophagy, ER stress and improves insulin signaling in the 
vascular tissue and cells under insulin resistance in a NFκB-dependent manner, which may be a promising therapeutic 
strategies of cardiovascular dysfunction secondary to obesity.

Intermittent injections of osteocalcin reverse 
autophagic dysfunction and endoplasmic 

reticulum stress resulting from diet-induced 
obesity in the vascular tissue via the  
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mediators such as adiponectin, resistin and tumor necrosis factor 
(TNF)-α to mediate insulin resistance.3-5 Although considerable 
progress has been made in understanding the mechanisms under-
lying these individual disorders, satisfactory treatment modalities 
remain limited.6,7

Osteocalcin, one of the most mature secretory products from 
osteoblasts,8 has recently emerged as an important regulator of 
glucose and lipid metabolism.9,10 For instance, genetic osteocalcin 
deficiency is associated with decreased β cell proliferation, glucose 
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osteocalcin level, and their blood glucose and serum insulin levels 
were lower than those of mice fed the high-fat diet and injected 
with vehicle (Fig. 1A–C and F). Daily injections of osteocalcin 
in mice fed the high-fat diet were also associated with improved 
glucose tolerance and insulin sensitivity compared with mice fed 
the high-fat diet receiving vehicle by GTT and ITT (Fig. 1D 
and 1E), even though there is no significant difference in food 
intake among the groups (Fig. 1G), suggesting that the admin-
istration of osteocalcin improves glucose tolerance mainly by 
increasing insulin sensitivity in this model of obesity.

Daily injections of osteocalcin suppress high-fat diet-induced 
autophagy and ER stress in the vascular tissue of mice. To 
determinate the role of autophagy and ER stress in vascular tissue 
of obese mice, we investigated whether autophagy and ER stress 
were abnormal in the vascular tissue of mice with diet-induced 
obesity, and whether osteocalcin could inhibit autophagy and 
ER stress and improve insulin receptor signaling in the vascu-
lar tissue of obese mice. We first measured protein expression 
of autophagy and ER stress indicators by western blot in aorta 
samples. Autophagic indicators such as Atg7 and light chain 3 
II (LC3-II) are markedly increased in vascular tissue of obese 
mice. In contrast, p62 (also called SQSTM1, which is involved 
in aggresome formation and degraded through autophagy)27 
was decreased in the vascular tissue of mice fed the high-fat diet 
and injected with vehicle compared with mice fed the normal 
diet (Fig. 2A). However, autophagy indicators such as Atg7 and 
LC3-II were significantly decreased, and p62 was increased in 
the aorta of mice fed the high-fat diet and injected with osteocal-
cin compared with mice fed the high-fat diet without osteocalcin 
(Fig. 2A). Electron microscopy (EM) examination of the aorta 
demonstrated significant increase in autophagosome/autolyso-
some formation in obese mice treated with vehicle as compared 
with mice fed the normal diet, whereas autophagosome/autolyso-
some formation was remarkably reduced in mice fed the high-fat 
diet and treated with osteocalcin compared with obese mice not 
receiving osteocalcin (Fig. 2B and C), supporting the biochemi-
cal alterations in key autophagy molecules. Meanwhile, the vas-
cular tissue of mice fed the high-fat diet and injected with vehicle 
displayed activated ER stress, as evidenced by upregulation of 
phosphorylated protein kinase-like endoplasmic reticulum kinase 
(PERK) and eukaryotic initiation factor 2α (eIF2α) proteins 
compared with mice fed the normal diet (Fig. 2D). However, 
the vascular tissue of mice fed the high-fat diet with osteocalcin 
exhibited reduced ER stress on the grounds of downregulation 
of phosphorylated PERK and eIF2α proteins as compared with 
mice fed the high-fat diet and injected with vehicle (Fig. 2D).

Next, we analyzed protein expression of indicators of insulin 
receptor signaling by western blot. Compared with controls, we 
found that there was a significant reduction in insulin-stimulated 
tyrosine 1162/1163 phosphorylation of IRβ subunit and serine 
473 phosphorylation of Akt in the vascular tissue of mice fed the 
high-fat diet, demonstrating inhibited insulin receptor signaling 
and severe insulin resistance in obese mice. However, along with 
the acts of osteocalcin on autophagy and ER stress, our study 
also underlined that the administration of osteocalcin could 
reverse insulin resistance, which was proved by the increase of 

intolerance and insulin insensitivity,11 and no matter intermit-
tent or continuous delivery, osteocalcin both promotes insulin 
secretion, improves insulin sensitivity and weakens the severity 
of insulin resistance in obese mice.12 Several clinical investiga-
tions have also reported serum osteocalcin concentrations were 
negatively related with carotid atherosclerosis and peripheral vas-
cular disease, and its reduced levels were involved in all-cause 
mortality and CVD-related deaths in older men.13,14 In addition, 
serum osteocalcin is inversely associated with the severity of coro-
nary artery disease and risk of coronary heart disease in Chinese 
adults,15 providing further evidence to the correlation between 
osteocalcin and CVD.

Previous studies also suggest a crucial role for osteocalcin in 
autophagy and endoplasmic reticulum (ER) stress in several phys-
iological and pathological processes.16,17 Abnormal autophagy is 
implicated in multiple tissues of obesity;18 for instance, autopha-
gosome formation is enhanced in pancreatic β cells and adipose 
tissue in obese mice, and enhanced autophagy was observed in 
advanced glycation end products (AGEs)-induced early injury of 
human umbilical vein endothelial cells and the process of AGEs-
induced proliferation of VSMCs.19,20 On the other hand, ER 
stress could trigger autophagic imbalance and defective insulin 
signaling in mammalian cells.21-24 In recent studies, osteocalcin 
expression was suppressed by tunicamycin, an ER stress inducer, 
in mouse calvarial-derived osteoblasts, and inhibition of the 
cAMP response element-binding protein H (CREBH) expression 
reverses tunicamycin-suppressed osteocalcin expression,25 sug-
gesting that osteocalcin might be a promising new link among 
ER stress, autophagy and obesity in vascular tissue in obesity.

Based on above-mentioned observations gathered in several 
laboratories, osteocalcin, as a bone-derived hormone, is inversely 
associated with the severity of coronary artery disease, which is 
involved in the regulation of endothelial dysfunction and ath-
erosclerosis. In the present study, we provided the protective evi-
dence and potential mechanisms for daily injection of osteocalcin 
involved in vascular tissues against diet-induced obesity. These 
results support the emerging notion that osteocalcin could be a 
treatment for the cardiovascular imbalance secondary to obesity 
and diabetes.

Results

Daily injections of osteocalcin improve glucose tolerance and 
insulin sensitivity in mice with diet-induced obesity. To evalu-
ate the potential therapeutic relevance of osteocalcin in vivo, we 
investigated the effect of osteocalcin on glucose metabolism and 
insulin sensitivity in a classical model of diet-induced obesity.26 
Daily injections of osteocalcin or vehicle were initiated after mice 
were fed a high-fat diet or a normal diet for 8 wk. As expected, 
after a 16-wk study period, mice fed the high-fat diet and not 
receiving osteocalcin displayed obesity, elevated blood glucose, 
higher insulin level, decreased osteocalcin level and developed 
glucose intolerance and insulin insensitivity as measured by glu-
cose tolerance testing (GTT) and insulin tolerance testing (ITT) 
(Fig. 1A–F). However, mice fed the high-fat diet and injected 
with osteocalcin gained significantly less body weight and higher 
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Figure 1. Daily injections of osteocalcin improve glucose tolerance and insulin sensitivity in mice with diet-induced obesity. All analyses were per-
formed in mice fed a normal diet (ND) or a high-fat diet (HFD) for 8 wk and then injected daily with 30 ng/g/day of osteocalcin (Ocn) or with vehicle 
(Veh) for 8 wk. (A) Body weight curves. The arrow indicates the beginning of the daily injection treatment. (B) Blood glucose. (C) Serum insulin. (D) Glu-
cose tolerance testing (GTT). (E) Insulin tolerance testing (ITT). (F) Serum osteocalcin. (G) Food intake. Twelve to fifteen mice per group were analyzed. 
The data expressed as mean ± SD in each bar graph represent the average of three independent experiments. *p < 0.05 (HFD/Ocn vs. HFD/Veh). #p < 
0.05 (HFD/Veh vs. ND/Veh). **p < 0.05 (ND/Ocn vs. ND/Veh).
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response (UPR) pathways implicated in this interaction.31 To 
investigate the impact of autophagy on metabolic regulation, 
we interfered with autophagy via Atg7 siRNA in mouse VECs 
and VSMCs, and its validation was measured by reduction of 
Atg7 protein expression by western blot. ER stress was induced 
in Atg7-deficient VECs and VSMCs. Meanwhile, there was a 
significant reduction in insulin-stimulated tyrosine phosphoryla-
tion of IRβ subunit, demonstrating severe insulin resistance. Of 
interest, osteocalcin treatment in Atg7-deficient cells decreased 
the phosphorylation of PERK and eIF2α, and elevated the phos-
phorylation of IR and Akt compared with Atg7-deficient cells 
treated without osteocalcin (Fig. 5C and D), which demon-
strated that the amelioration of ER stress and insulin action by 
osteocalcin is not a result of attenuated autophagy, even though 
in Atg7-deficient vascular cells, osteocalcin still inhibits ER stress 
and improves insulin signaling.

Osteocalcin activates Akt/mTOR signaling pathways in 
mouse VECs and VSMCs under ER stress. Akt/mTOR signal-
ing pathways antagonize both autophagy and ER stress.32 Based 
on our findings that osteocalcin improved insulin sensitivity by 
elevating insulin-stimulated Akt Ser-473 phosphorylation in our 
experimental models, we postulated that intracellular Akt/mTOR 
signaling pathway was implicated in the action of osteocalcin. To 
understand the molecular mechanism, we cultured mouse VECs 
in the presence of insulin, tunicamycin and/or osteocalcin, with 
or without specific inhibitors of each signaling pathway such as 
Akti 1/2 (an Akt inhibitor), rapamycin (an mTOR inhibitor) and 
U0126 (a MAPK inhibitor). Osteocalcin significantly elevated 
the phosphorylation of Akt Ser-473, an indicator of Akt activity, 
and the phosphorylation of mTOR, an indicator of mTOR activ-
ity in VECs under ER stress without specific inhibitors (Fig. 4A). 
The addition of Akti 1/2 or rapamycin in the culture medium 
of osteocalcin- and tunicamycin-treated VECs significantly 
reversed the effects of osteocalcin on autophagy and ER stress, 
whereas the addition of U0126 did not (Fig. 6A). Similar results 
were also observed in VSMCs (Fig. 6B).

Osteocalcin regulates autophagy and ER stress via NFκB-
p65-dependent mechanisms. NFκB pathway is involved in the 
control of inflammation, stress response and many other physi-
ological processes in cellular signaling. The activation of NFκB 
followed by Akt phosphorylation plays an important role in the 
development of insulin resistance.33 To confirm that NFκB path-
way was implicated in the regulation of osteocalcin on autophagy 
and ER stress, we blocked NFκB pathway via pyrrolidinedithio-
carbamate (PDTC), a known NFκB inhibitor and NFκB p65 
siRNA, respectively, in mouse VECs and VSMCs in the presence 
of tunicamycin and osteocalcin. NFκB p65 siRNA-transfected 
cells exhibited reduced p65 protein expression compared with 
control siRNA-transfected cells (Fig. 7A and B). Osteocalcin 
treatment under ER stress suppressed autophagy and ER stress 
and activated insulin signaling, but blockade of NFκB by the 
addition of PDTC in the culture medium or by transfection 
with NFκB p65 siRNA in cells nullified the protective effect of 
osteocalcin (Fig. 7C and D), which suggests that functions of 
osteocalcin upon autophagy and ER stress occur in a NFκB-p65-
dependent manner in vitro.

insulin-stimulated phosphorylation of insulin receptor β (IRβ) 
subunit and Akt Ser-473 in the vascular tissue of mice fed the 
high-fat diet (Fig. 2E), indicating that daily injections of osteo-
calcin enhance insulin sensitivity in the vascular tissues possibly 
by the recovery of abnormal autophagy and ER stress in mice 
with diet-induced obesity.

Tunicamycin-induced autophagy and ER stress are inhib-
ited by osteocalcin in mouse VECs and VSMCs. To deter-
mine whether ER stress interferes with autophagy and insulin 
action and whether osteocalcin suppresses tunicamycin-induced 
autophagy and ER stress and improves insulin receptor signaling 
in vitro, we first treated mouse VECs with osteocalcin and tunic-
amycin (an agent commonly used to induce ER stress) at several 
time points (2, 4 and 8 h) and then measured protein expression 
of indicators of autophagy, ER stress and insulin receptor signal-
ing by western blot. Tunicamycin not only significantly elevated 
autophagy, but also increased the phosphorylation of PERK 
and eIF2α and decreased insulin-stimulated phosphorylation of 
IRβ subunit and Akt Ser-473 in VECs (Fig. 3A–C). Consistent 
with what we found in the animal models, 5 ng/ml osteocal-
cin treatment for 4 h and 8 h in the presence of tunicamycin 
both decreased dramatically the levels of Atg7 and LC3-II and 
increased the low level of p62 compared with VECs only exposed 
to tunicamycin (Fig. 3A); similarly, ER stress indicators were 
reduced (Fig. 3B), and the phosphorylation of IRβ subunit and 
Akt Ser-473 was significantly elevated (Fig. 3C). Thus, we found 
the optimum action time of 5 ng/ml osteocalcin is 4 h, and all 
subsequent experiments were performed for 4 h. In addition, the 
same indication as VECs was evident in VSMCs (Fig. 3D–F).

Low-dose tunicamycin-induced autophagy and ER stress are 
suppressed by osteocalcin in mouse VECs and VSMCs trans-
fected with XBP-1 siRNA. The spliced or processed form of 
XBP-1 (XBP-1s) is a key factor in ER stress.28,29 XBP-1−/− mouse 
embryonic fibroblasts (MEFs) are hypersensitive to ER stress 
because of the decreased ER folding capacity.30 To investigate 
whether osteocalcin could regulate ER stress and insulin signal-
ing in XBP-1−/− cells, we first knocked down XBP-1 via XBP-1 
siRNA in mouse VECs and VSMCs. XBP-1 siRNA was validated 
by measurement of reduced XBP-1 protein expression by western 
blot in XBP-1 siRNA-transfected VECs and VSMCs (Fig. 4A 
and B). ER stress and autophagy were activated, and insulin sig-
naling was impaired in XBP-1−/− VECs and VSMCs treated with 
low-dose (0.5 μg/ml) tunicamycin (Fig. 4C and D), indicating 
the hypersensitivity of XBP-1−/− VECs and VSMCs to tunicamy-
cin to induce ER stress and autophagy, but when this XBP-1−/− 
cells were predisposed with osteocalcin and low-dose (0.5 μg/ml) 
tunicamycin, the expression of Atg7 and PERK phosphorylation 
were reduced;in contrast, the protein level of p62 and IR phos-
phorylation were increased (Fig. 4C and D), from which we can 
conclude that osteocalcin reverses autophagy and ER stress in an 
XBP-1-independent manner.

Suppression of autophagy results in ER stress and insulin 
resistance, but osteocalcin alleviated ER stress and improves 
insulin signaling in mouse VECs and VSMCs transfected with 
Atg7 siRNA. Experimental ER stress can induce autophagy 
in mammalian cells with several canonical unfolded protein 
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Figure 2.  For figure legend, see page 1906.
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directly or indirectly by improving overall insulin sensitivity 
emerges and remains to be addressed in further studies.

It has been proved that ER stress and autophagy play a key role 
as a chronic stimulus in the development of obesity and type 2 
diabetes in terms of the integrated deterioration of systemic glu-
cose homeostasis.39 In our study, osteocalcin suppressed autoph-
agy and ER stress and restored insulin action in vascular tissues 
in experimental models of insulin resistance. These results dem-
onstrate that osteocalcin enhanced the adaptive capacity of the 
ER and might act as a potential application in the treatment of 
obesity and coronary artery disease. The exact mechanisms trig-
gering autophagy and ER stress in obesity are still unclear, but 
likely involve multiple signals, including chronically increased 
demand on synthetic machinery along with profound alterations 
in energy fluxes in metabolically active tissues. The enhancement 
of ER function with osteocalcin during these alterations provides 
a unique approach to manage metabolic abnormalities associated 
with obesity in vascular tissues.

The intracellular events responsible for osteocalcin-mediated 
effects in insulin resistance remain largely unknown. An unbi-
ased approach based on the ability of osteocalcin to increase 
cAMP production in Leydig cells and on its dichotomy of func-
tion between male and female gonads led to the identification 
of Gprc6a as the osteocalcin receptor.40 However, the possibility 
that Gprc6a could be a specific receptor for osteocalcin has never 
been tested through biochemical or genetic means, and it is still 
hard to clearly define the early stages of osteocalcin-mediated 
signaling from the plasma membrane. Blockade of Akt pathway 
effectively prevented increased XBP-1 and lipid droplet formation 
in human renal proximal tubular cells under stimulation of high 
glucose,41 indicating that Akt pathway mediated high glucose-
induced XBP-1 expression. In our study, osteocalcin could reduce 
ER stress and improve insulin signaling in multiple cell types 
in an XBP-1-independent manner. It remains to be addressed 
whether osteocalcin promotes nuclear localization of XBP-1 via 
Akt signaling, resulting in enhanced ER folding capacity.

Our data demonstrated that the activation of Akt/mTOR 
signaling but not of the MAPK pathway is required for osteo-
calcin-mediated autophagy and ER stress alleviation as well as 
restoration of insulin signaling. Our study enhances understand-
ing of the mechanisms by which Akt/mTOR contributes to the 
regulation of osteocalcin-induced modulation in vascular tissues. 
mTOR is a major intracellular hub for integrating autophagy-
related signals; in deprivation, stress convergence and low insu-
lin/IGF1 signaling, numerous signaling pathways inactivate 
mTOR kinase activity, which both suppresses cell growth to 

Discussion

Understanding the mechanisms of osteocalcin in the progress of 
insulin resistance is of both scientific and clinical significance. In 
the present study, our results displayed that increased autophagy, 
activated ER stress and impaired insulin signaling induced by 
obesity were effectively corrected by daily injections of osteocal-
cin. Consistent with these findings, osteocalcin effectively inhib-
ited autophagy and ER stress, and restored insulin sensitivity via 
NFκB signaling pathway in VECs and VSMCs.

Osteocalcin, a classical marker of bone formation, has recently 
received attention as a circulating hormone implicated in the 
regulation of glucose and lipid metabolism. The OCN knock-
out mice not only had both increased bone mass and accumu-
lation of visceral fat but are associated with insulin resistance 
and glucose intolerance.8 Furthermore, mice lacking Esp, an 
osteoblast-specific tyrosine phosphatase gene involved in the 
posttranscriptional gamma-carboxylation of glutamate residues 
of OCN, exhibited enhanced osteocalcin bioactivity on insulin 
and adiponectin regulation, severe hypoglycemia and protection 
against diet-induced obesity and type 2 diabetes.34 Our results 
demonstrated that daily injections of osteocalcin improve glu-
cose tolerance and insulin sensitivity in mice with diet-induced 
obesity in line with previous studies that intermittent and con-
tinuous deliveries of osteocalcin partially restored insulin signal-
ing, glucose tolerance and energy expenditure.11,12 However, the 
definite effect of exogenous osteocalcin on human remains to be 
determined, even though several clinical investigations support 
the notion that an association between glucose metabolism and 
osteocalcin exists in humans.35,36

Others have reported that patients with osteoporosis are 
known to have an increased incidence of CVD, and, for another, 
it was shown that low bone density and low bone formation 
markers, BAP and osteocalcin, were found in patients with severe 
atherosclerosis,37 which all revealed an important relationship 
between serum osteocalcin concentrations and CVD. Moreover, 
our experiments demonstrated that daily injections of osteocal-
cin improved the insulin sensitivity, autophagy and ER stress of 
vascular tissue in obese mice, and in vitro, osteocalcin played a 
protective role on mouse VECs and VSMCs from the detrimen-
tal effect of autophagy and ER stress. In addition, insulin has 
a specific and physiological action to vasodilate skeletal muscle 
vasculature in humans, and this hemodynamic action appears 
to be important both for the maintenance of vascular tone and 
the modulation of substrate uptake,38 from which the question of 
whether our daily injections of osteocalcin act on vascular tissue 

Figure 2 (See previous page). Daily injections of osteocalcin suppress high-fat diet-induced autophagy and ER stress in the vascular tissue of mice 
with diet-induced obesity. All analyses were performed in mice fed a normal diet (ND) or a high-fat diet (HFD) for 8 wk and then injected daily with 
30 ng/g/day of osteocalcin (Ocn) or with vehicle (Veh) for 8 wk. For insulin signaling, they were injected with 2 IU/kg of insulin. All indicators were 
measured in aorta samples at protein level, and the samples were observed by electron microscopy. The relative quantity of proteins was analyzed 
using Quantity One software. (A) Protein expression of Atg7, p62 and LC3. (B) Representative electron micrographs (10,000× and 40,000×) of aorta 
samples. Autophagolysosomes are marked with a red rectangle. (C) Quantification of autophagolysosome-like vacuoles per field in the EM images. (D) 
Phosphorylation of PERK and eIF2α in aorta samples. (E) IRβ subunit tyrosine 1162/1163 phosphorylation and Akt serine 473 phosphorylation in aorta 
samples. Twelve to fifteen mice per group were analyzed. A representative blot from three independent experiments is shown and the data expressed 
as mean ± SD in each bar graph represent the average of three independent experiments. *p < 0.05 (HFD/Ocn vs. HFD/Veh). #p < 0.05 (HFD/Veh vs. 
ND/ Veh).
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effects of insulin on osteocalcin synthesis primarily through 
the activation of the Akt and MAPK pathways in osteoblasts,43 
whereas osteocalcin enhancement during osteogenic differentia-
tion is promoted through ERK and MAPK pathways in human 

reduce energy demand and induces autophagy to enable stress 
adaptation and survival,42 in accordance with our results that 
osteocalcin attenuated autophagy by activating mTOR via AKT 
signaling. Previous studies in other cell types have shown direct 

Figure 3. Tunicamycin-induced autophagy and ER stress are inhibited by osteocalcin in mouse VECs and VSMCs. Tunicamycin (Tun) 5 μg/ml for 4 h 
was used to induce ER stress. To determine the effects of osteocalcin, mouse VECs and VSMCs were treated with 5 ng/ml of osteocalcin for 0, 2, 4 and 
8 h. For insulin signaling, cells were stimulated with 10 nM of insulin for 10 min. All indicators were measured at protein level. The relative quantity 
of proteins was analyzed using Quantity One software. (A) Protein expression of Atg7, p62 and LC3 in VECs. (B) Phosphorylation of PERK and eIF2α in 
VECs. (C) IRβ subunit tyrosine 1162/1163 phosphorylation and Akt serine 473 phosphorylation in VECs. (D) Protein expression of Atg7, p62 and LC3 in 
VSMCs. (E) Phosphorylation of PERK and eIF2α in VSMCs. (F) IRβ subunit tyrosine 1162/1163 phosphorylation and Akt serine 473 phosphorylation in 
VSMCs. A representative blot from three independent experiments is shown.
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NFκB in vascular tissues. Our experiments in cultured cells 
confirmed the role of NFκB in osteocalcin-mediated actions. 
More significantly, the inhibition of NFκB activity by PDTC 
(a specific NFκB inhibitor) nullified the protective effect of 
osteocalcin on autophagy, ER stress and insulin sensitivity. The 
neutralization of the p65 siRNA further supports a functional 
interaction between NFκB-p65 and osteocalcin in the regula-
tion of autophagy, ER stress and insulin signaling. Depletion 
of endogenous osteocalcin had a dramatic effect in a condition 
that is close to the cellular endocrine environment in vivo.10 It 

periodontal ligament stem cells and human osteoblastic cells.44 
Although this experimental evidence has shed light on the sig-
naling pathways, the transcription factor(s) ultimately mediating 
the effects of osteocalcin on glucose and lipid metabolism remain 
to be identified.

Previous evidence indicated that the activation of NFκB p65 
by the Akt pathway involves p65 Ser-536 phosphorylation by 
IκB kinase, suggesting an interaction between Akt and NFκB.45-

48 We hypothesized that osteocalcin inhibits autophagy and ER 
stress and restores insulin signaling by inducing the activity of 

Figure 4. Low-dose tunicamycin-induced autophagy and ER stress are suppressed by osteocalcin in mouse VECs and VSMCs transfected with XBP-1 
siRNA. Tunicamycin (Tun) 0.5 μg/ml for 4 h was used to induce ER stress. Cells were cultured in the presence or absence of osteocalcin (Ocn) with or 
without 100 nM XBP-1 siRNA. For insulin signaling, cells were stimulated with 10 nM of insulin for 10 min. All indicators were measured at protein level. 
The relative quantity of proteins was analyzed using Quantity One software. (A) Protein expression of XBP-1 in VECs. (B) Protein expression of XBP-1 
in VSMCs. (C) Protein expression of Atg7 and p62, and the phosphorylation of PERK and IR in VECs. (D) Protein expression of Atg7 and p62, and the 
phosphorylation of PERK and IR in VSMCs. A representative blot from three independent experiments is shown and the data expressed as mean ± SD 
in each bar graph represent the average of three independent experiments. *p < 0.05 (XBP-1 siRNA vs. control siRNA).



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com	 Cell Cycle	 1909

translocation, which modulates abnormal autophagy and ER 
stress. As a result, blockade of NFκB in the cells nullified the 
protective effect of osteocalcin. Meanwhile, inhibited ER stress 
can also regulate autophagy by triggering mTOR activity via 
the increase of insulin-stimulated phosphorylation of IRβ and 
Akt Ser-473. Thus, osteocalcin treatment may reverse abnormal 
autophagy and ER stress via the Akt/mTOR signaling pathway 
in a NFκB-p65-dependent manner.

In conclusion, our findings suggest that osteocalcin attenu-
ated autophagy, reversed ER stress and restored insulin signaling 
in the vascular tissue of mice with diet-induced obesity via NFκB 
signaling pathway, whereas its functional role in metabolic dys-
function warrants further investigation.

is therefore reasonable to speculate that osteocalcin functions 
effectively in an endocrine manner. In the current study, osteo-
calcin stimulated nuclear translocation of NFκB and initiated 
a cascade of target genes involved in cell proliferation and anti-
apoptosis, clearly demonstrating the relationship between NFκB 
activation and osteocalcin function. Further studies are required 
to determine the relative roles of the upstream activators and 
downstream effectors for NFκB during osteocalcin-mediated 
processes.

All these findings suggest a reciprocal function interaction 
between ER stress, autophagy and insulin signaling via the 
NFκB-dependent mechanism. As shown in Figure 8, in tunic-
amycin-induced cells, osteocalcin may induce NFκB nuclear 

Figure 5. Suppression of autophagy results in ER stress and insulin resistance, but osteocalcin alleviated ER stress and improves insulin signaling in 
mouse VECs and VSMCs transfected with Atg7 siRNA. Mouse VECs and VSMCs were cultured in the presence or absence of osteocalcin (Ocn) with or 
without 100 nM Atg7 siRNA. For insulin signaling, cells were stimulated with 10 nM of insulin for 10 min. All indicators were measured at protein level. 
The relative quantity of proteins was analyzed using Quantity One software. (A) Protein expression of Atg7 in VECs. (B) Protein expression of Atg7 in 
VSMCs. (C) Phosphorylation of PERK, eIF2α, IR and Akt in VECs. (D) Phosphorylation of PERK, eIF2α, IR and Akt in VSMCs. A representative blot from 
three independent experiments is shown and the data expressed as mean ± SD in each bar graph represent the average of three independent experi-
ments. *p < 0.05 (Atg7 siRNA vs. control siRNA).
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Concentration of the recombinant osteocal-
cin protein was determined using an osteo-
calcin RIA kit (Immunotope).

Cell culture and treatment. Mouse 
VECs were isolated from the aorta by enzy-
matic detachment using collagenase. VECs 
were cultured in DMEM/F-12 (HyClone, 
Thermo Fisher Scientific Inc) containing 
10% fetal bovine serum (FBS) (HyClone, 
Thermo Fisher Scientific Inc). Mouse 
VSMCs were purchased from American 
Type Culture Collection (ATCC) and cul-
tured in DMEM containing 10% FBS. 
Prior to each experiment, the medium 
was replaced by a fresh medium. ER stress 
was induced by 4 h of pretreatment with 
5 μg/ ml of tunicamycin. For effect of osteo-
calcin, cells were treated with 5 ng/ml of 
osteocalcin for 2, 4 or 8 h. For insulin sig-
naling, cells were stimulated with 10 nM of 
insulin for 10 min; media were replaced by a 
fresh medium (10% FBS/DMEM).

Animal care. The experimental pro-
cedures performed in this study were in 
accordance with the guidelines of the 
Institutional Animal Ethics Committee for 
the Care and Use of Laboratory Animals. 
Recombinant osteocalcin was freshly diluted 
in saline solution (0.9% NaCl) at a concen-
tration of 3 ng/μl. For the in vivo study, 
C57BL/6J mice (4-wk-old) were housed 
under standard conditions with a 12 h light/
dark cycle (darkness from 7:30 p.m. to 7:30 
a.m.). Mice were distributed in four groups 
(n = 12–15 per group): (1) vehicle (normal 
chow diet, 4% of energy as fat, 3.85 kcal/g); 
(2) osteocalcin (normal chow plus 30 ng/g 
of osteocalcin implant); (3) high fat + vehi-

cle (diet containing 60% of energy as fat, 5.24 kcal/g); (4) high 
fat + osteocalcin (high-fat diet + 30 ng/g of osteocalcin implant). 
Daily injections of osteocalcin or vehicle were initiated after mice 
were fed a high-fat diet or a normal chow diet for 8 wk. Mice 
were injected once a day (6 p.m.) intraperitoneally (i.p.) with 10 
μl/g of osteocalcin solution or with saline solution (vehicle) for 
8 wk. At the end of the 16 wk study period, all mice received an 
intraperitoneal injection of insulin at a dosage of 2 IU/kg; 15 
min after the injection, the animals were euthanized, and their 
blood and aorta samples were obtained and stored at −80°C for 
subsequent analysis.

Measurement of blood parameters. After collection, serum 
was stored at −80°C before analysis. Morning blood glucose 
was measured using an Accu-check glucometer. Insulin lev-
els were determined by an ultrasensitive mouse-specific ELISA 
(Crystal Chem) with intra- and inter-assay C.V.s of 3.9–6.6% 
and 5.6–5.8%, respectively. Concentrations of serum osteocalcin 
were quantified using electrochemiluminescence immunoassay 

Materials and Methods

Materials. All chemicals used were of analytical grade and were 
purchased from Sigma unless stated otherwise. The following 
antibodies were used: anti-Atg7, anti-p62, anti-LC3, anti-p-
PERK, anti-PERK, anti-p-eIF2α and anti-eIF2α (Cell Signaling 
Technology Inc); anti-p-IRβ, anti-IRβ, anti-p-Akt, anti-Akt, 
anti-p-mTOR, anti-mTOR, anti-Xbp-1, anti-NFκB-p65, anti-
GAPDH and peroxidase goat anti-rabbit IgG and peroxidase 
goat anti-mouse IgG (Santa Cruz Biotechnology Inc).

Purification of recombinant uncarboxylatedosteocalcin. 
Purification of bacterially produced mouse recombinant uncar-
boxylatedosteocalcin was performed as described.49 Briefly glu-
tathione S-transferase (GST)-osteocalcin fusion protein was 
produced and purified on glutathione-sepharose according to the 
standard procedure. Then osteocalcin was cleaved out from the 
GST moiety by using thrombin. Purity (> 95%) of the osteocal-
cin preparation was assessed by Tris-tricine SDS/PAGE staining. 

Figure 6. Osteocalcin activates Akt/mTOR signaling pathways in mouse VECs and VSMCs under 
ER stress. Tunicamycin (Tun) 5 μg/ml for 4 h was used to induce insulin resistance. Mouse VECs 
and VSMCs were cultured in the presence or absence of osteocalcin (Ocn) with or without spe-
cific signaling pathway inhibitors such as 10 μM Akti-1/2 (an AKT inhibitor), 10 nM Rapamycin 
(an mTOR inhibitor) or 10 μM U0126 (a MAPK inhibitor) for 4 h. For insulin signaling, cells were 
stimulated with 10 nM of insulin for 10 min. All indicators were measured at protein level. The 
relative quantity of proteins was analyzed using Quantity One software. (A) Protein expression 
of Atg7 and p62, and the phosphorylation of Akt, PERK and m-TOR in VECs. (B) Protein expres-
sion of Atg7 and p62, and the phosphorylation of Akt, PERK and m-TOR in VSMCs. A representa-
tive blot from three independent experiments is shown.
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Food consumption was determined by weighing the powdered 
diet before and after a 24 h period.

Electron microscopy (EM) analysis. Aorta samples were fixed 
in 4% paraformaldehyde/2% glutaraldehyde/0.1 M sodium cac-
odylate pH 7.3, post-fixed in 1% osmium tetraoxide and embed-
ded in epoxy resin (Epon). Ultrathin sections (80 nm) were 
stained with aqueous uranyl acetate and lead citrate and exam-
ined with a JEOL 2000FX transmission electron microscope 
(JEOL). For quantification of autophagolysosome-like vacuoles, 
the numbers of autophagolysosomal-like vacuoles were counted 
in each field and normalized by the surface area.

(Roche Diagnostics GmbH) with intra- and inter-assay coeffi-
cients of variation of 1.2–4.0% and 1.7–6.5%, respectively.

Metabolic tests. Glucose tolerance testing (GTT) was per-
formed after the mice were fasted overnight. A total of 2 g/kg of 
glucose was administrated through an i.p. injection, and blood 
glucose was measured at the indicated time points. Insulin toler-
ance testing (ITT) was performed after the animals had fasted for 
4 h. Then, 0.75 U/kg insulin was administered via i.p. injection, 
and blood glucose was measured at the indicated time points.

Physiological measurements. To measure food intake, mice 
were individually housed in metabolic cages and fed ad libitum. 

Figure 7. Osteocalcin regulates autophagy and ER stress via NFκB-p65-dependent mechanisms. Tunicamycin (Tun) 5 μg/ml for 4 h was used to induce 
insulin resistance. Mouse VECs and VSMCs were cultured in the presence or absence of osteocalcin (Ocn) with or without 1 μM PDTC (an NFκB inhibi-
tor) and 100 nM NFκB-p65 siRNA. For insulin signaling, cells were stimulated with 10 nM of insulin for 10 min. All indicators were measured at protein 
level. The relative quantity of proteins was analyzed using Quantity One software. (A) Protein expression of NFκB-p65 in VECs. (B) Protein expression 
of NFκB-p65 in VSMCs. (C) Protein expression of Atg7 and p62, and the phosphorylation of PERK and IR in VECs. (D) Protein expression of Atg7 and p62, 
and the phosphorylation of PERK and IR in VSMCs. A representative blot from three independent experiments is shown, and the data expressed as 
mean ± SD in each bar graph represent the average of three independent experiments. *p < 0.05 (NFκB-p65 siRNA vs. control siRNA).
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