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Abstract

Type 2 diabetes is an emerging global health epidemic. Foundations for new therapies are arising 

from understanding interactions between body systems. Bone-derived factors that reduce RANKL 

(receptor activator of NF-kappa B ligand) signaling in the liver may prevent insulin resistance and 

the onset of type 2 diabetes. Here we demonstrate that deletion of the epigenetic regulator, Hdac3, 

in Osx1-expressing osteoprogenitors prevents insulin resistance induced by high fat diet by 

increasing serum and skeletal gene expression levels of osteoprotegerin (Opg), a natural inhibitor 

of RANKL signaling. Removal of one Opg allele in mice lacking Hdac3 in Osx1+ 

osteoprogenitors increases the insulin resistance of the Hdac3-deficient mice on a high fat diet. 

Thus, Hdac3-depletion in osteoblasts increases expression of Opg, subsequently preserving insulin 

sensitivity. The Hdac inhibitor vorinostat also increased Opg transcription and histone acetylation 

of the Opg locus. These results define a new mechanism by which bone regulates systemic insulin 

sensitivity.
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Introduction

Type 2 diabetes mellitus causes significant morbidity and mortality around the world. 

Globally, the incidence of diabetes rose nearly 3-fold (108 million to 422 million) between 
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1980 and 2014 (World Health Organization, Geneva, 2016), with type 2 diabetes comprising 

the vast majority of these cases (World Health Organization, Geneva, 1999). Prediabetes, 

which is associated with a high rate of progression to type 2 diabetes, is also rapidly 

increasing in prevalence (1). One of the earliest identifiable abnormalities in prediabetes and 

hepatic insulin resistance is higher fasting insulin concentrations with unchanged 

endogenous glucose production (2, 3). Current interventions used to treat prediabetes cannot 

alter the natural history of the disease (4), and therefore new therapeutic approaches are 

needed.

Bone and osteoblast-derived factors are potential targets for new diabetic therapies because 

the skeleton, which is insulin sensitive (5, 6), produces endocrine factors that regulate 

systemic glucose levels and energy metabolism to promote metabolic homeostasis (7–10). 

For example, osteoblast suppression is linked to metabolic dysfunction in mice (7), and 

ablation of osteoblasts in adult mice causes insulin insensitivity (11). Hepatic inflammation 

contributes to some of the earliest changes in the development of insulin resistance during 

progression to type 2 diabetes (12), and importantly, bone-derived factors that can reduce 

inflammatory signaling in the liver improve hepatic insulin resistance and prevent type 2 

diabetes in mice and possibly in humans (13). The molecular mechanisms behind this 

phenomenon, however, are not yet understood.

Histone deacetylases (Hdacs) are epigenetic modulators of systemic metabolism and skeletal 

development. We previously showed that Hdac3 is needed in osteo/chondro-progenitor cells 

to regulate osteoblast and chondrocyte transcriptomes and endochondral and 

intramembranous ossification (14–16). Hdac3 deletion in Osx1+ skeletal progenitor cells 

reduces bone density and increases marrow adiposity, but produces generally leaner mice 

(16, 17). In contrast, deletion of Hdac3 in committed osteoblasts does not affect marrow 

adiposity or body size despite reducing bone quality (15). Similarly, broad acting Hdac 

inhibitors negatively impact pre-osteoblast function and skeletal development but have few 

negative effects on committed osteoblasts (18). Hdac inhibitors also reduce body weight, 

glucose, and insulin levels in diabetic models by enhancing oxidative metabolism (19), and 

Hdac3 was implicated as a likely mediator of these phenotypes (20–24). The role of Hdac3 

in regulating energy homeostasis from bone is not yet fully understood, but our previous 

studies revealed that deletion of Hdac3 in an osteoprogenitor cell population (with Osx1-

Cre) causes lean body mass and low fasting glucose levels (17). Moreover, these Hdac3-

deficient mice maintained insulin sensitivity and prevented the onset of hepatic steatosis on a 

long-term (6 month) high fat diet (17). The goal of the study was to identify circulating 

factors present in Hdac3-deficient osteoprogenitor cells that affect systemic metabolism.

2. Methods

2.1 Animal model and diets

All mice were maintained on a C57BL/6 background and genotyped as previously described 

(15, 16). For initial experiments with the Hdac3 mouse line, Hdac3fl/fl mice were bred with 

mice expressing Cre recombinase under control of the osterix (Osx1) promoter, eventually 

yielding three groups of mice that were studied: Hdac3-conditional knockout (CKO) animals 

(Hdac3fl/fl; Osx1-Cre+), and Cre-negative control littermates (Hdac3+/+ or Hdac3fl/fl)(25). In 
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a set of experiments designed to assess the role of osteoprotegerin (Opg) in the Hdac3 CKO 

mouse phenotype, the mice above were crossed with commercially available Opg−/− mice 

(Tnfrsf11btm1Eac, strain #010672, The Jackson Laboratory), eventually yielding three 

additional groups of double-mutant mice that were studied alongside the single-mutants 

described above: A) Opg+/−; Hdac3fl/fl; Osx1-Cre+, B) Opg+/−; Osx1-Cre+, and C) Opg+/− or 

Opg+/−; Hdac3fl/fl. We also investigated the metabolic biology caused by Hdac3 deficiency 

by crossing Hdac3fl/fl mice with transgenic mice expressing Cre recombinase under control 

of a segment (approximately 4 kb) of the human OCN promoter to create Hdac3fl/fl; OCN-

Cre+ conditional knockout mice and Cre-negative or Cre-positive control littermates as 

previously described (15).

Mice were weaned onto a high fat diet (HFD: 60% fat, 20% protein, 20% carbohydrate; 

Research Diets D12492) by 4 weeks of age. All analyses were conducted with male mice, 

because wildtype male mice develop HFD-induced metabolic defects more rapidly than 

female mice (26, 27) and are better for studying effects of a short term HFD regimen. Mice 

were sacrificed between 9 and 10 weeks of age by carbon dioxide asphyxiation. Blood was 

collected via cardiac puncture and serum was stored at −80° C. For molecular analyses, 

tissues were immediately flash frozen in liquid nitrogen and stored at −80° C.

2.2 Body composition measurements

Body composition of individual mice was quantified via dual-energy X-ray absorptiometry 

(DXA) scanning (PIXImus, GE Healthcare) at a resolution of 0.18 × 0.18 mm pixels, 

permitting determination of lean mass, fat mass, and bone mineral density in a compartment-

specific manner. Scans were performed between 8 and 9 weeks of age. Mice were 

anesthetized by isoflurane inhalation during scanning. X-ray absorptiometry data from the 

posterior body (defined as a region of interest extending from the posterior aspect of the ribs 

to the feet, including the lumbar spine, pelvis, and hindquarters) were processed with 

manufacturer-supplied software. Body fat percentage for each mouse was normalized to the 

average of Cre-littermate controls to control for inter-litter variability.

2.3 Fasting glucose, glucose and insulin tolerance tests

Insulin sensitivity was determined at 8 weeks of age (i.e., after 4 weeks of HFD 

administration) following a 4 hour fast by measuring glucose concentrations before (time 0) 

and 15, 30, 60, 90, and 120 minutes after an intraperitoneal bolus of insulin (0.50 mU/kg). 

Following a recovery period of at least 2 days, glucose tolerance was assessed in the mice 

after a 6 hour fast by measuring blood glucose concentrations before (time 0) and 15, 30, 60, 

90, and 120 minutes after administration of an intraperitoneal bolus of glucose (1g/kg), as 

previously described (17).

2.4 Opg expression in bone and serum

Sera and calvarial bone tissue were collected as previously reported (15, 16). Circulating 

levels of Opg levels were determined using a Milliplex Luminex xMAP system (Millipore 

Mouse Bone Panel 1A). Opg mRNA levels were determined by semi-quantitative, real-time 

PCR as documented (15).
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2.5 Serum bone remodeling markers

Circulating levels of procollagen type 1 amino-terminal propeptide (P1NP; bone formation 

marker), tartrate-resistant acid phosphatase 5b (TRAcP5b; bone resorption marker) and 

collagen type 1 cross-linked C-telopeptide (CTX; bone resorption marker) were measured 

with colorimetric assays (Rat/Mouse P1NP EIA #AC-33F1, Immunodiagnostic Systems, 

Fountain Hills AZ; MouseTRAP ELISA #SB-TR103, Immunodiagnostic Systems, Fountain 

Hills AZ; RatLaps (CTX-I) EIA #AC-06F1, Immunodiagnostic Systems, Fountain Hills 

AZ). All samples were tested in duplicate within each assay.

2.6 Cell lines and transcription assays

Mesenchymal-lineage C2C12 cells were maintained and routinely passaged as previously 

described (28, 29). A mouse Opg promoter-luciferase construct, containing 1.6 kb of 

promoter sequence spanning from −1486 to +133 bp relative to the Opg transcription start 

site, was obtained as a kind gift from Dr. Malayannan Subramaniam and Dr. John Hawse at 

the Mayo Clinic (30). For analyses of Opg transcriptional activity, cells were transfected 

with Lipofectamine (Invitrogen) and a DNA mixture consisting of 300 ng of this mouse Opg 

promoter construct, promoterless Renilla luciferase (pRL-null) (10 ng), and either pCMV-

Hdac3 expression or control plasmids (100 to 500 ng) in 12-well plates. Following an 

overnight incubation at 37°C, cells were treated with 10 µM SAHA or vehicle (DMSO) for 

24 hours. Luciferase activity in 20 µL of cell lysate was measured using the dual luciferase 

assay system (Promega) and a Glomax 96 microplate luminometer (Promega) or a BioTek 

Synergy HT plate reader (BioTek, Winooski, VT, USA). All transfections were performed in 

triplicate, and data were normalized to the activity of Renilla luciferase. We also re-analyzed 

our previously reported ChIP-sequencing dataset (28) from mesenchymal lineage MC3T3 

cells to examine the effects of the Hdac inhibitor vorinostat (10 µM) on acetylation of 

histone H4.

2.7 Statistics

Statistics were performed with JMP 12 statistical analysis software (SAS Institute Inc., Cary, 

NC). Data were compared between groups within each experiment with Student’s t-tests or 

ANOVA as appropriate, where a significance level of p ≤ 0.05 was used for all comparisons. 

Single outliers within any group were detected with the two-sided Grubbs’ ESD method 

(31). Two outliers were identified in the serum CTX dataset (one Hdac3Osx CKO and one 

Opg+/−; Hdac3Osx CKO) and were excluded from the analysis. Three outliers were identified 

in the serum TRAcP5b dataset (one Opg+/− mouse, one Opg+/−; Osx1-Cre+ mouse, and one 

Hdac3Osx CKO) and were excluded from analysis. Data are presented as mean ± standard 

deviation, unless otherwise indicated. Sample sizes for each data set are indicated in each 

figure and caption.
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Results

Hdac3 deficiency in skeletal progenitor cells but not in committed osteoblasts prevents 
weight gain on a short-term high fat diet

We recently reported that Hdac3fl/fl;Osx1-Cre+ mice (hereafter referred to as Hdac3Osx 

CKO) maintain a leaner body mass, maintain higher insulin sensitivity, and do not develop 

hepatic steatosis on a prolonged (6 month long) HFD regimen (17) (Figure 1A). These 

phenotypes are also observed after just 4 weeks of a HFD (Figure 1B, 1D). Thus Hdac3Osx 

CKO mice have lower body fat as compared to Cre- control mice. Body fat was not different 

between Hdac3OCN CKO (which deletes Hdac3 in the mature osteoblasts, rather than 

osteoprogenitor cells) and Hdac3fl/fl mice (Figure 1C, 1E), indicating that the metabolic 

effects of loss of Hdac3 are confined to an osteoprogenitor cell population.

Circulating Opg levels are elevated in Hdac3Osx CKO mice but not Hdac3OCN CKO mice

A previous transcriptome analysis identified a number of transcripts for soluble factors that 

are differentially regulated in calvarial osteoblasts from Hdac3Osx CKO mice compared to 

controls (16). Among these candidate factors, Opg/Tnfrsf11b was considered as a possible 

mediator of the metabolic phenotype because it rescued glycemic control and insulin 

resistance during a HFD regimen (32). Several tissues including bone produce Opg. To 

validate that Opg is more highly expressed in Hdac3Osx CKO, mice, bone-derived mRNA 

and circulating levels of Opg were measured by qPCR and ELISA, respectively. Both bone 

mRNA and serum levels of Opg were significantly increased in the Hdac3Osx CKO mice 

(Figure 2A). Hdac3 repressed transcription from the Opg promoter in a concentration-

dependent manner, while the Hdac inhibitor SAHA increased Opg promoter activity and 

blunted Hdac3-dependent repression (Figure 2B). SAHA also increased acetylation of the 

Opg gene in MC3T3 pre-osteoblasts, particularly in the promoter region (Figure 2C). These 

data demonstrate that Hdac3 directly represses Opg transcription in skeletal progenitor cells. 

Notably, Opg transcription was not increased in Hdac3OCN CKO mouse bone as compared 

to control littermates (Figure 2D), suggesting that Hdac3’s regulation of Opg is unique to the 

osteoprogenitor lineage.

Serum remodeling markers are minimally affected by loss of one Opg allele

To determine if Opg is the bone-derived factor that provides a protective metabolic 

phenotype to Hdac3Osx CKO mice on a HFD, we crossed Hdac3fl/fl;Osx1-Cre+ animals with 

Opg+/− animals to generate double mutant Opg+/−; Hdac3fl/fl; Osx1-Cre+ mice, single gene 

mutants, and controls. These animals were placed onto a HFD at 4 weeks of age. Serum 

remodeling markers were quantified to determine whether altered bone remodeling activity 

may have influenced the observed metabolic phenotype in the Hdac3Osx CKO mice, and 

whether Opg would be involved in this process. We did not detect significant differences 

(ANOVA: p=0.105) between groups with regards to serum CTX levels (Figure 3). While 

serum TRAcP5b levels did slightly and significantly (ANOVA: p=0.030) vary between 

groups, we noted no differences between Opg+/+ and Opg+/− mice of the same Hdac3 

genotype. Combined with the serum CTX data, these results suggest that loss of one allele of 

Opg did not substantially impact bone resorption in either Hdac3Osx CKO or control mice. 

With regards to bone formation, serum P1NP levels did significantly (ANOVA: p=0.021) 
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vary between groups, but were only elevated in the Opg+/− control group as compared to 

other genotypes (Figure 3).

Genetically deleting one allele of Opg impairs the enhanced insulin sensitivity of Hdac3Osx 

CKO mice on a HFD regimen

Insulin tolerance was assessed at 8 weeks of age, after 4 weeks on a HFD regimen. 

Consistent with our earlier studies (17), Hdac3Osx CKO animals maintained a greater 

response to insulin as compared to either Cre-control or Cre+ control groups during a HFD 

regimen (Figure 4A), despite the comparable body fat between Hdac3Osx CKO and Osx1-

Cre+ control mice (Figure 1). No differences were seen in serum glucose responses to a 

glucose challenge between groups (Figure 4B). We confirmed that these effects are unique to 

the osteoprogenitor lineage, as Hdac3OCN CKO mice did not show improved insulin 

sensitivity or altered glucose handling on a HFD as compared to Hdac3fl/fl mice (Figure 4C). 

The inactivation of one Opg allele had no effect on insulin sensitivity or glucose tolerance 

(Figure 4A–B). However, double mutant Opg+/−; Hdac3Osx CKO animals showed a striking 

loss of the high insulin sensitivity that was observed in the Hdac3Osx CKO animals (Figure 

4A). These data demonstrate that Opg is a major contributor to the metabolic phenotype of 

Hdac3Osx CKO mice.

Discussion

Recent reports showing that the skeleton can impact energy metabolism raise the intriguing 

possibility that bone-derived proteins might be able to help treat or prevent type 2 diabetes, 

and that bone health and metabolic health are inextricably linked. This latter idea is 

supported by the finding that fracture risk is increased and bone quality is compromised in 

type 2 diabetic patients (33–35). The current study confirmed Hdac3 as an important factor 

in osteoblastic regulation of systemic metabolism as its conditional deletion in the 

osteoprogenitor cell population protected systemic metabolism against the challenge of a 

high-fat diet regimen. Hdac3Osx CKO animals maintained lower body fat and fasting 

glucose levels, and importantly, prevented insulin resistance on a HFD. These data provide 

new insights into the mechanistic link between the skeleton, namely osteoblasts, and whole 

body metabolism.

A fully human monoclonal anti-RANKL antibody, denosumab, was recently approved for 

clinical use as a treatment for osteoporosis. This anti-resorptive skeletal therapy, in some 

ways, mimics the biological effects of Opg, as Opg acts as a natural decoy receptor for 

Rankl, and in doing so, prevents osteoclast formation. Whether therapies like denosumab 

can affect systemic glucose regulation in humans is controversial, and much of the debate 

focuses on the potential role of osteocalcin/Bglap (36, 37), which our studies suggest does 

not play a role in the metabolic biology of Hdac3-insufficent mice (38). A retrospective 

analysis of literature documenting the clinical anti-osteoporosis efficacy of these drugs failed 

to find an effect of anti-resorptive skeletal therapies including denosumab on fasting glucose 

levels (39), although the original studies were not designed to address diabetic biology. 

However, at least one recent report provides evidence that denosumab can modestly but 

significantly lower fasting glucose levels in diabetic patients prior to administration of anti-
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diabetic medications (40). Similarly, a recent prospective study reported that a single 60 mg 

dose of denosumab improved metrics of hepatic insulin resistance index and HbA1c levels 

in postmenopausal osteoporotic women (41). Thus, prospective clinical data support the idea 

that targeting RANKL/NF-κB can affect systemic glucose homeostasis in humans.

Opg’s role in systemic metabolic biology is still uncertain. Lacombe et al reported that 

young Opg-deficient mice are hypoglycemic, more glucose tolerant, and have less white 

adipose tissue (epididymal fat) as compared to control littermates (37). These phenotypic 

changes were linked to increased levels of circulating undercarboxylated osteocalcin/Bglap 

in the Opg-deficient mice (37). Meanwhile, Kondegowda et al showed that recombinant Opg 

improved glucose homeostasis in young, aged, and STZ-induced diabetic models by 

increasing in β-cell proliferation and β-cell mass (42). Similarly, administration of 

recombinant Opg to diabetic (leptin-deficient ob/ob) mice reduced fasting glucose, 

circulating insulin, and HOMA-IR, but the beneficial effects of Opg were attributed to the 

prevention of hepatic inflammation (32). Other murine studies reported harmful effects of 

Opg on β-cells leading to hyperglycemia and hypoinsulinemia (43), or no effect of Opg 

overexpression on glucose homeostasis (44, 45). In recent clinical studies, serum Opg levels 

were reported to be elevated in men with impaired glucose tolerance or type 2 diabetes (46) 

and significantly associated with higher risk for impaired glucose regulation (47) or 

unrelated to the risk of developing type 2 diabetes (32). Thus, whether Opg has a beneficial 

or harmful effect on systemic metabolic biology, including glucose homeostasis and insulin 

sensitivity, remains a controversial topic. In our own studies, Opg levels were increased in 

Hdac3Osx CKO mice, and deleting one allele of Opg negated the enhanced insulin sensitivity 

of these animals. Notably, deleting one allele of Opg had few effects on markers of bone 

turnover, suggesting that the mechanism of metabolic rescue in these mice, while currently 

unknown, is likely not linked to changes in bone resorption activity or decarboxylation of 

osteocalcin/Bglap. This is consistent with our observations that both total and 

undercarboxylated osteocalcin/Bglap levels are lower (not higher) in Hdac3Osx CKO mice 

(17) and that osteoblastic bone formation activity is substantially suppressed in Hdac3Osx 

CKO mice (16). It is possible that increased circulating Opg in Hdac3Osx CKO mice targets 

and inhibits RANK-related inflammatory signaling in the liver to preserve insulin sensitivity, 

as previously reported in other animal models (32); this concept will be explored in future 

studies.

Studies defining the skeleton’s role as an endocrine organ affecting energy metabolism are 

important, as they may help identify new therapeutic targets for millions of people suffering 

from obesity and metabolic disorders worldwide. In addition, these studies improve our 

understanding of how epigenetic drugs affect skeletal health. Several small molecule pan-

inhibitors of Hdacs are already FDA-approved for cancer treatment and mood disorders (48–

50). Preclinical studies indicate that these drugs are also effective at treating many other 

diseases, including neurological disorders, inflammation, and obesity, due to their ability to 

reprogram diseased cells (19, 51–53). Inhibitors specific for individual Hdacs are now being 

designed and tested. Several Hdac3-selective inhibitors, RGFP966 and BG45, have been 

tested in preclinical models for Huntington’s disease (54, 55), and multiple myeloma (56) 

and type I diabetes (57). As clinical use of Hdac inhibitors and other forms of epigenetic 
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therapies expands, a firm understanding of how specific Hdacs contribute to bone and 

metabolic homeostasis will provide insight into their potential benefits to patients.
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Figure 1. 
A) X-rays of littermate male Hdac3fl/fl:Osx1-Cre− and Hdac3fl/fl:Osx1-Cre+ mice at 26 

weeks of age, after having been fed a high-fat diet between 4 weeks to 26 weeks of age. 

Leaner body mass and lack of hepatic hypertrophy are notable the Hdac3fl/fl:Osx1-Cre+ 

animals. B) X-rays of littermate male control (Hdac3fl/fl:Osx1-Cre−) and Hdac3Osx CKO 

(Hdac3fl/fl:Osx1-Cre+) mice at 8 weeks of age, after having been fed a high-fat diet between 

4 and 8 weeks of age. Leaner body mass is notable. C) X-rays of littermate male control 

(Hdac3fl/fl:OCN-Cre−) and Hdac3OCN CKO (Hdac3fl/fl:OCN-Cre+) mice at 8 weeks of age, 

after having been fed a high-fat diet between 4 and 8 weeks of age. Body mass is 

comparable between genotypes. D) Body composition in Hdac3Osx CKO as compared to 
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control littermates; *p<0.05 vs. control. E) Body composition is not different between 

Hdac3OCN CKO and control littermates.
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Figure 2. 
A) Opg mRNA expression is increased in calvarial bone tissue of Hdac3Osx CKO mice, but 

is not increased in Hdac3OCN CKO mice. B) Opg expression is increased in the serum 

(protein) of Hdac3Osx CKO mice. *p<0.05 vs. Cre- control mice. C) Hdac3 dose-

dependently represses Opg transcriptional activity, whereas inhibition of Hdac activity by 

the pan-Hdac inhibitor vorinostat increased Opg transcriptional activity and prevented 

repression by Hdac3. Means ± standard error are presented. D) ChIP-seq performed on 

osteoblastic MC3T3 cells treated with DMSO or vorinostat with antibodies recognizing 

tetra-acetylated H4. H4-Ac peak calls near the Opg gene were made with MACS analysis.
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Figure 3. 
Serum remodeling markers including A) collagen type 1 cross-linked C-telopeptide (CTX), 

a marker of osteoclast resorption activity, B) Tartrate-resistant acid phosphatase 5b 

(TRAcP5b), a marker of osteoclast number, and C) type 1 procollagen N-terminal fragment 

(P1NP), a marker of osteoblastic bone formation activity. ANOVA p-values are indicated. 

Post-hoc analyses (when appropriate) are indicated by superscript letters above each group, 

where groups with similar superscript letters are not significantly different from one another.

McGee-Lawrence et al. Page 15

J Cell Physiol. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Double mutant Opg+/−: Hdac3Osx CKO mice lose insulin sensitivity. A) After 4 weeks on a 

HFD, Opg+/+: Hdac3Osx CKO (solid red line) are more sensitive to insulin than either Cre-

negative (blue) or Cre-expressing (purple) controls (note dashed horizontal line indicating a 

greater maximal response in Hdac3Osx CKO mice as compared to either control). Opg+/−: 

Hdac3Osx CKO (dashed red line), however, lose this high insulin sensitivity. B) Glucose 

metabolism, as assessed by response to an intraperitoneal injection of glucose in a glucose 

tolerance test, did not vary between groups. C) Neither insulin sensitivity, as assessed by an 

intraperitoneal insulin tolerance test, nor glucose tolerance are affected in Hdac3OCN CKO 

mice. Means ± standard error are presented. Sample sizes for each group are indicated next 

to each figure legend.
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