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Skeletal glucocorticoid signalling determines
leptin resistance and obesity in aging mice
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ABSTRACT

Objective: Aging and chronic glucocorticoid excess share a number of critical features, including the development of central obesity, insulin
resistance and osteoporosis. Previous studies have shown that skeletal glucocorticoid signalling increases with aging and that osteoblasts
mediate the detrimental skeletal and metabolic effects of chronic glucocorticoid excess. Here, we investigated whether endogenous gluco-
corticoid action in the skeleton contributes to metabolic dysfunction during normal aging.

Methods: Mice lacking glucocorticoid signalling in osteoblasts and osteocytes (HSD2°%/°Y-tg mice) and their wild-type littermates were studied
until 3, 6, 12 and 18 months of age. Body composition, adipose tissue morphology, skeletal gene expression and glucose/insulin tolerance were
assessed at each timepoint. Leptin sensitivity was assessed by arcuate nucleus STAT3 phosphorylation and inhibition of feeding following leptin
administration. Tissue-specific glucose uptake and adipose tissue oxygen consumption rate were also measured.

Results: As they aged, wild-type mice became obese and insulin-resistant. In contrast, HSD2°8/°CY-tg mice remained lean and insulin-sensitive
during aging. Obesity in wild-type mice was due to leptin resistance, evidenced by an impaired ability of exogenous leptin to suppress food intake
and phosphorylate hypothalamic STAT3, from 6 months of age onwards. In contrast, HSDZOB/OCY-tg mice remained leptin-sensitive throughout
the study. Compared to HSD2°®°Y-tg mice, leptin-resistant wild-type mice displayed attenuated sympathetic outflow, with reduced tyrosine
hydroxylase expression in both the hypothalamus and thermogenic adipose tissues. Adipose tissue oxygen consumption rate declined pro-
gressively in aging wild-type mice but was maintained in HSD20/ OCY-tg mice. At 18 months of age, adipose tissue glucose uptake was increased
3.7-fold in HSD2%®/°%Y_tg mice, compared to wild-type mice.

Conclusions: Skeletal glucocorticoid signalling is critical for the development of leptin resistance, obesity and insulin resistance during aging.
These findings underscore the skeleton’s importance in the regulation of body weight and implicate osteoblastic/osteocytic glucocorticoid

signalling in the aetiology of aging-related obesity and metabolic disease.
© 2020 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Aging is a critical factor for the development of many chronic condi-
tions, including obesity, diabetes, cardiovascular disease and osteo-
porosis [1]. Older adults have a higher prevalence of metabolic
syndrome [2], a phenotypic cluster of central obesity, glucose intol-
erance, hypertension and dyslipidaemia that markedly increases the
risk of cardiovascular disease and diabetes [3]. Adults over 60 years of
age are currently the fastest-growing segment of the world’s popu-
lation [4], posing an increasing burden for global public health.

In humans and rodents, aging is characterised by progressive
dysfunction of glucocorticoids [5]. Glucocorticoids are pleiotropic
hormones required for stress responses, normal development and
circadian rhythm; during times of stress, they increase glucose
availability and suppress immune function [6]. While circulating
glucocorticoid concentrations are regulated by the hypothalamic-
pituitary-adrenal axis, their intracellular availability is determined by
two enzymes, 11B-hydroxy-steroid dehydrogenase type 1 (113-HSD1)
and type 2 (11B-HSD2). 113-HSD1 catalyses the formation of active
cortisol (in humans) and corticosterone (in rodents) from inactive
cortisone and 11-dehydrocorticosterone, respectively [7]. In contrast,
11B-HSD2 converts active glucocorticoids to their inactive metabolites.
Increased 11B-HSD1 expression, and therefore increased local
glucocorticoid action, has been implicated in the development of the
metabolic syndrome in rodents and humans [8]. We and other authors
have also found that skeletal 113-HSD1 expression increases with age
in humans [9] and rodents [10,11].

Leptin is an adipocyte-derived hormone produced in proportion to
energy stores that regulates the neuroendocrine and metabolic re-
sponses to fasting [12]. Leptin inhibits food intake, and concomitantly
increases sympathetic outflow to many tissues, including thermogenic
brown adipose tissue (BAT) [13]. In obesity, however, exogenous leptin
treatment is ineffective for weight loss, due to leptin resistance. Leptin
resistance occurs during aging in rodents [14], contributing to weight
gain in adulthood.

The skeleton is now recognised as a dynamic endocrine organ,
contributing to the regulation of energy homeostasis [15]. Osteocalcin,
an osteoblast-derived secreted molecule, influences glucose meta-
bolism by increasing insulin and adiponectin secretion from pancreatic
B-cells and adipocytes, respectively [16]. In glucocorticoid-treated
mice, we have shown previously that insulin resistance, glucose
intolerance, dyslipidaemia and adipose tissue expansion are mediated
via the skeleton, specifically through glucocorticoid-induced sup-
pression of osteocalcin [17]. Another osteoblast-derived protein,
lipocalin-2, is secreted after feeding and inhibits appetite by binding to
and activating the hypothalamic melanocortin-4 receptor [18].

Given the skeleton’s role in energy balance, the amplification of
skeletal glucocorticoid signalling with aging and the role of osteoblasts
and osteocytes in mediating the detrimental metabolic effects of
chronic excess glucocorticoids, we hypothesised that disruption of
glucocorticoid signalling in osteoblasts and osteocytes would protect
mice against obesity and metabolic dysfunction during normal aging.
Here, we show that mice in which glucocorticoid signalling was
abrogated in osteoblasts and osteocytes (referred to hereafter as
HSD2%8/°CY_tg mice) were protected against leptin resistance, obesity
and insulin resistance during aging. Our findings implicate skeletal
glucocorticoid signalling as a key contributor to the aetiology of obesity
and the decline in metabolic health with aging.

2. METHODS

2.1. Transgenic mice

HSD2%%/0_tg mice, in which a truncated 2.3-kb fragment of the
proximal promoter and most of the first intron of the rat Pro-ai(l)
collagen (Col1ai) gene was fused with rat Hsd771b2 cDNA, leading
to expression in osteoblasts and osteocytes, were donated by Barbara
Kream (University of Connecticut Health Centre, Farmington, Con-
necticut, U.S.A.). HSD2°®°%Y_tg mice were then crossed with outbred
CD-1 mice, resulting in a 1:1 distribution of transgenic mice and wild-
type littermates. The main advantage of the CD-1 strain used here was
that they breed easily, producing large litters (12 pups/litter). These
mice have been extensively characterised in previous studies from our
laboratory [11,17,19]. Skeletal expression of the 11BHSD2 transgene
was established previously by Sher et al. [20] and in our previous
publication [11].

2.2. Housing and study approval

Wild-type and HSD2°®°CY-tg mice were housed at the ANZAC
Research Institute, under standard laboratory conditions at 24 °C, with
a 12:12-h light—dark cycle and ad libitum access to standard chow
and water. Food intake was measured every 4—6 weeks. Glucose and
insulin tolerance tests, as well as measurement of body composition,
were performed prior to sacrifice. The study protocol (#2015/015) was
approved by the Sydney Local Health District Animal Ethics Committee,
and all research was carried out according to guidelines specified by
the National Health and Medical Research Council (NHMRC) of
Australia.

2.3. Body composition

Lean and fat mass measurements were performed by dual-X-ray
absorptiometry, using a Lunar PIXImus Densitometer (GE Medical
Systems, Parramatta, NSW, Australia) according to the manufacturer’s
instructions.

2.4. Insulin and glucose tolerance tests

Insulin and glucose tolerance tests (ITTs, GTTs) were performed
following a 6-h fasting period. For ITTs, insulin (Humalog, Eli Lilly,
Indianapolis, IN, U.S.A.) was injected intraperitoneally at a dose of 0.75
U/kg of body weight. For oral GTTs, a glucose bolus (2 g/kg body
weight) was administered by gavage. Blood glucose concentrations
were measured using an Accu-check glucometer (Roche, North Ryde,
NSW, Australia). Tissue-specific glucose uptake was assessed in 6-h
fasted mice as described previously [21].

2.5. Immunohistochemistry

Tissues were fixed in 4% paraformaldehyde for 48 h at 4 °C, paraffin-
embedded, cut into 5-pum sections and mounted on glass slides. For
adipose tissue, adipocyte size was determined in three representative
fields from each haematoxylin and eosin (H&E)-stained section using
ImageJ software (National Institutes of Health, U.S.A.). Beige adipo-
cytes were identified by their characteristically dense and multilocular
appearance as well as their expression of UCP1.

Antigen retrieval was performed in either 1 mM of citrate buffer (for
UCP1 and TH staining of adipose tissues) or in 1 mM of ethyl-
enediaminetetraacetic acid (EDTA) buffer (for ARC phospho-STAT3
staining) at 95 °C for 60 min. Endogenous peroxidase activity was
blocked using 3% H,0, for 20 min. Sections were then incubated
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overnight with the following primary antibodies: rabbit anti-mouse
UCP1 (catalogue # 10983, 1:500 dilution, Abcam, Cambridge, MA,
U.S.A), rabbit anti-mouse TH (catalogue # AB152, 1:200 dilution,
Millipore, Temecula, CA, U.SA.) and rabbit anti-mouse phospho-STAT3
(catalogue #9145, 1:200 dilution, Cell Signalling Technology, Danvers,
MA, U.S.A)). Following 3 washes in PBS-Triton, the biotinylated anti-
rabbit secondary antibody was applied for 1 h at room temperature
(1:200 dilution, Vector Laboratories, Burlingame CA, U.S.A.). Sections
were then washed in PBS-Triton and incubated with Avidin-Biotin-
Peroxidase (Vector Laboratories) for 30 min. After rinsing in PBS-
Triton, visualisation was performed using diaminobenzidine (DAKO,
Carpinteria, CA, U.S.A.) for 4 min. Slides were rinsed and counter-
stained with Harris haematoxylin for 4 min, dehydrated with xylene and
cover-slipped.

For adipose expression of TH, 3 representative images were taken
across 2 levels at least 200 um apart and analysed for TH-positive
nerve endings. In the brain, 2 (Phospho-STAT3) or 3 (TH) sections
from each mouse were assessed for immunoreactive nuclei within the
nucleus of interest, defined according to the mouse brain atlas [22].
Quantification was performed using ImageJ software (National In-
stitutes of Health, Bethesda, MD, U.S.A.), and the image processing
package Fiji (https://fiji.sc) was used to determine thresholds for
positive cells. Investigators were blinded to genotype.

2.6. Indirect calorimetry

Mice were acclimated to metabolic cages for 48 h before a 72 h
measurement period. Energy expenditure was measured using an
indirect calorimetry system (Promethion M, Sable Systems, Las Vegas,
NV, U.S.A)). 0, consumption and CO, production were measured for
each mouse at 5-min intervals. The flow rate was 2,000 mL/min.
Energy expenditure was calculated using the Weir equation: Kcal/
hr = 60%*(0.003941*V0,+0.001106*VC0,). Data acquisition and
instrument control were coordinated by MetaScreen v. 1.6.2, and the
raw data were processed using ExpeData v. 1.4.3 (Sable Systems) and
R statistical packages (R Foundation, Vienna, Austria).

2.7. Assessment of leptin sensitivity

Following a 12-h fast, 3- and 6-month old female wild-type and
HSD2%8°%.tg mice were intraperitoneally (ip.) injected with either
saline or recombinant mouse leptin, at a dose of 5 j1g/g bodyweight.
Food intake in the 24 h following saline/leptin treatment was deter-
mined by manual weighing. Three days after the conclusion of the food
intake measurement, the same mice were injected with recombinant
mouse leptin 30 min prior to sacrifice to visualise central leptin sig-
nalling [23].

2.8. Ps-Adrenoceptor agonist treatment

Three- and 18-month-old female wild-type and HSDZOB/OCY-tg mice
were acclimated to metabolic cages for 48 h prior to i.p. injection of the
selective [Ps-adrenoceptor agonist CL-316,243 (Sigma-Aldrich, St.
Louis, MO, U.S.A.) at a dose of 5 11g/g of lean body mass. Metabolic
measurements were collected for 24 h following injection.

2.9. Adipose tissue oxygen consumption

The ex-vivo oxygen consumption rate (OCR) of adipose tissue was
measured using a Seahorse XF analyser (Seahorse Bioscience, Bill-
erica, MA, U.S.A)) as described previously [24]. At sacrifice, adipose
tissue was dissected out and maintained in Dulbecco’s modified Ea-
gle’s medium (DMEM)-F12 culture media at 37 °C, pH 7.4, before
being cut into 5 mg pieces, weighed and transferred to an XF-24 islet
capture plate. Three to 4 samples were taken from each fat pad. After
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recording baseline OCR, adenosine triphosphate (ATP) turnover and
proton leak were measured by the sequential application of oligomycin
(10 pg/mL final concentration) and carbonyl cyanide p-tri-
fluoromethoxyphenylhydrazone (FCCP, final concentration 20 M, both
from Sigma-Aldrich). Non-mitochondrial OCR was determined after
adding rotenone and antimycin (Sigma-Aldrich, final concentration
5 uM). To normalise OCR to DNA content, DNA was exiracted from
adipose tissue explants using TRIZOL (Invitrogen, Scoresby, VIC,
Australia).

2.10. Serum biochemistry

Blood was collected through cardiac puncture. Mouse leptin, tumour
necrosis factor-a., interleukin (IL)-6, IL-1¢t, IL-1f, IL-10 and monocyte
chemoattractant protein-1 were measured using the Bio-Plex Pro
Mouse Diabetes 8-Plex and Bio-Plex Pro Mouse Cytokine 23-plex
immunoassay Kkits, on a Bio-Plex series 100 instrument (Biorad, Her-
cules, CA, US.A). Serum insulin (Mercodia, Uppsala, Sweden),
lipocalcin-2 (R&D Systems, Minneapolis, MN, U.S.A.), insulin-like
growth factor 1 (IGF-1, R&D Systems) and osteocalcin (Takara Bio,
Mountain View, CA, U.S.A) were assessed using commercially-
available enzyme-linked immunosorbent assay (ELISA) assays.
Serum corticosterone levels were analysed by stable isotope dilution
liquid chromatography—tandem mass spectrometry (LC—MS/MS) as
described previously [25].

2.11.  Micro-computed tomography (micro-CT)

Micro-CT analyses of the tibia and L3-vertebra were performed using a
Skyscan 1172 (Bruker MicroCT, Kontich, Belgium) as previously
described [19]. In short, the spine was immersed in phosphate-
buffered saline (PBS) and inserted in the scanner according to the
manufacturer’s instructions. Scanning was performed at 100 keV,
167 pA, 1,475 ms without filter. Approximately 1,100 projections were
collected per sample at a resolution of 7.6 pum per pixel. Three-
dimensional (3D) reconstruction and analysis of the samples was
performed using NRecon and CTAn software, respectively (Bruker).
The region of interest (ROI) was selected using an automated algo-
rithm. Vertebral trabecular bone parameters were quantified for the
entire space between the cranial and caudal growth plates of the 3rd
lumbar vertebra.

2.12. mRNA expression and array

At sacrifice, the legs were removed, and the femurs and tibiae were
dissected and cleared of associated connective tissue. Next, the
epiphyses were removed from each bone, and the bones were loaded
into a 0.5 ml Eppendorf tube that had been perforated at the bottom
using a 21G needle. This tube was then loaded into another 1.5 ml
Eppendorf tube. Bone marrow was removed from the bones by
centrifugation, using a benchtop centrifuge (Eppendorf 5415D,
Eppendorf South Pacific, Macquarie Park, NSW, Australia) at
10,000x g for 30 s.

RNA was extracted from the tibiae and femurs using TRIZOL (Invi-
trogen), followed by a column clean-up (Nucleuspin, Macherey-Nagel,
Diiren, Germany) and DNase-treatment. Total skeletal RNA (100 ng)
was labelled and hybridised onto Affymetrix Mouse GeneChip Gene 2.1
ST arrays (Affymetrix, Santa Clara, CA, U.S.A.; n = 3 wild-type and
HSDZOB/OCY-tg mice at each time point), according to the manufac-
turer’s instructions, at the Ramaciotti Centre for Genomics (University
of New South Wales, Kensington, NSW, Australia). Affymetrix data
were processed using the standard approach described in the Affy-
metrix | GeneChipExpression Analysis Technical Manual (2006).
Robust multiarray averaging (RMA) was used for background
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Figure 1: Description and bone phenotype of mice overexpressing Hsd11b2 in osteoblasts (HSD2°%/°®-tg mice). (a) Here, we used transgenic (HSD2°%/°%'-tg) mice

expressing Hsd11b2 cDNA in osteocytes and osteocytes, under the control of a 2.3 kb fragment of the rat Pro-a1(l) collagen (Col7a7) proximal promoter and first intron (see
Methods). (b) 11B-HSD2 immunohistochemistry of bone and hypothalamus (ARC, arcuate nucleus) from wild-type and HSD2°%°®Y-tg mice. (c) Serum corticosterone concentrations
in female (left) and male (right) wild-type and HSD2°®°®Y-tg mice at 3, 6 and 18 months of age (3 and 18 months only in males). Data are shown as scatterplots, with mean values
shown as columns. Differences between wild-type and HSD2%%°%Y-tg mice were assessed by two-way ANOVA, with Tukey’s post hoc tests. *, **, *** and **** indicate
p < 0.05, p < 0.01, p< 0.001 and p < 0.0001, respectively. (d) Bone volume/total volume (BV/TV, %), (€) trabecular thickness (Tb. Th), (f) trabecular number (Th. N.) and (g)

trabecular separation (Tb. Sp.) from vertebral micro-Ct analysis of female and male wild-type and HSD2°®/°®Y-tg mice at each timepoint.

correction; this adjusts probe intensities for a number of properties,
such as fragment length, GC content, and sequence allele position.
RMA normalised data (n = 24) were next subjected to analysis of
variance (ANOVA) to examine differential gene expression between
genotypes at all age groups (Genomics Suite 6.5, Partek, Inc., St.
Louis, MO, U.S.A.). We interrogated the differentially expressed (DE)
gene lists in the context of biological processes and systems at un-
adjusted p < 0.05 level (based on Gene Ontology) to avoid exclusion of
affected biologically relevant genes that may have been otherwise
filtered out. Furthermore, DE genes were visualised in the context of
biologically relevant regulatory network using Ingenuity Pathway

Analysis (Qiagen, Hilden, Germany, https://www.qgiagenbioinformatics.
com/products/ingenuity-pathway-analysis/).

2.13. Statistical analysis

Analyses were performed using Prism 8 for macOS software (Graph-
Pad, San Diego, CA, U.S.A). All continuous variables were first
assessed for normality using the Kolmogorov—Smirnov test. Com-
parisons between wild-type and HSD2°®°CY_tg mice at isolated
timepoints were performed using Student’s #tests or Mann—Whitney
tests, as appropriate. Otherwise, inter-group comparisons across
timepoints were assessed by two-way ANOVA, with Tukey’s post hoc
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Figure 2: Disruption of glucocorticoid signalling in osteoblasts and osteocytes protects against aging-related obesity in female mice. (a) Body weight, (c) fat mass and
(d) lean mass in female wild-type and HSD2°®"°%Y-tg mice at 3, 6, 12 and 18 months of age. Data are shown as scatterplots, with mean values shown as columns. Differences
between wild-type and HSD20%/°%-tg mice were assessed by two-way ANOVA, with Tukey’s post hoc tests. *, **, *** and **** indicate p < 0.05, p < 0.01, p < 0.001 and
p < 0.0001, respectively. Representative photographs of a female littermate pair at 18 months of age are shown in (b). (€) Gonadal adipose weight. (f) Representative images of
H&E stained gonadal adipose tissue and measurement of adipocyte size, scale bar = 100 pum. (g) Inguinal adipose weight. (h) Representative images of H&E stained inguinal
adipose tissue and measurement of adipocyte size, scale bar = 50 pum. (i) Interscapular BAT weight. (j) Representative images of H&E stained BAT and measurement of lipid

droplet size, scale bar = 100 pum. Results for male mice are shown in Figure S2.
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tests for pair-wise comparisons. Two-tailed p-values <0.05 were
considered significant.

3. RESULTS

3.1. Disruption of glucocorticoid signalling in osteoblasts and
osteocytes prevents fat accumulation during normal aging

To investigate the effects of disrupting skeletal glucocorticoid signal-
ling, we studied mice overexpressing the rat Hsd77b62 mRNA in os-
teoblasts and osteocytes (HSD2°/°Y-tg mice) under the control of the
rat Pro-a1(l) collagen (Col/71a1) promoter (Figure 1A). As expected, 11p-
HSD2 protein was detected in osteoblasts and osteocytes of HSD2Y®/
OC¥_tg mice but not in wild-type littermates (Figure 1B). Previous
studies utilising this Col2.3 promoter have shown that the transgene is
not expressed in lung, bladder, aorta, heart, brain, liver, spleen,
thymus, muscle, kidney, intestine or fat of young adult transgenic mice
[20,26]. Similarly, we did not detect any Hsd77b2 mRNA expression in
the livers, adipose tissues (inguinal, gonadal), skeletal muscles or
hypothalami of HSD2°2/°®Y-tg mice at 6 months of age (Figure S1).
11B-HSD2 protein was not detected in the hypothalamic arcuate nu-
cleus (ARC) of either wild-type or HSD2°2°%Y-tg mice (Figure 1B).
Six cohorts of wild-type and HSD2°®°%Y-tg mice were fed chow and
studied from 3 to 18 months of age (females were studied at 3, 6, 12
and 18 months, and males were studied at 3 and 18 months). We did
not observe any differences in circulating corticosterone concentra-
tions between wild-type and HSD2%%°%Y_tg mice, when sampled
either during the middle of the day (Figure 1C) or at night (Figure S2a).
As in previous studies [19,20], HSD2°®9C-tg mice of both sexes
displayed a mild skeletal phenotype, with slightly lower vertebral bone
mass and trabecular number and greater trabecular thickness and
separation compared to wild-type mice (Figure 1D—G).

The most striking effect of disrupting skeletal glucocorticoid signalling
was that it reduced weight gain, particularly in females (Figs. 2a and
S2). In wild-type females, weight gain during aging was mostly due to
accrual of fat mass, which increased more than 5-fold between 3 and
18 months of age (Figure 2B,C). In contrast, HSD20%/°%-tg females
remained lean during aging; their fat mass was 45% lower than wild-
type mice at 6 months of age (p < 0.05), and this difference became
even more pronounced at older ages (63% lower at 18 months,
p < 0.0001).

Lean mass increased with aging in both wild-type and HSD
mice (Figure 2D). By 18 months of age, both male and female wild-
type mice had gained more lean mass than their HSD2%%/°%-1g |it-
termates (Figures 2D and S2c).

Increased adiposity in wild-type mice was evident in both gonadal
(visceral) and inguinal (subcutaneous) fat pad masses (Figure 2E,G). At
18 months of age, gonadal and inguinal fat pads from wild-type mice
were 5- and 2-fold greater in mass, respectively, than the equivalent
depots in HSD2%%°%Y_tg mice. Gonadal and inguinal fat depots did not
increase significantly in mass in HSD2°B/°CY-tg mice during aging.
Increased adiposity in wild-type mice during aging was associated
with adipocyte hypertrophy: mean adipocyte size in these depots was
doubled in wild-type mice by 12 months of age but remained constant
in HSD2%8/°%_tg mice (Figure 2F,H). Similarly, interscapular brown
adipose tissue (BAT) increased in mass with aging in wild-type mice;
however, this was due to a significant increase in lipid accumulation
rather than expansion of healthy BAT (Figure 21,J). This “whitening” of
BAT was not observed in HSD2%%/°"-tg mice: both depot mass and
lipid droplet size did not change significantly during aging.

QOBIOCY 4

3.2. Disruption of glucocorticoid signalling in osteoblasts and
osteocytes prevents insulin resistance with aging, and increases
adipose tissue glucose uptake

We also investigated whether the observed differences in adiposity
between wild-type and HSD2°®°%Y-tg mice were associated with
altered glucose metabolism. No significant differences in glucose
tolerance between genotypes were observed at 3, 6, 12 or 18 months
of age (Figures 3A and S3a). Insulin tolerance was also assessed at
each timepoint. Although glycaemic responses to insulin were com-
parable between female wild-type and HSD2°®°CY-tg mice at 3
months of age (Figure 3B), a difference between genotypes became
evident at older ages (Figure 3C, overall effect of genotype:
Fa.60) = 4.93, p = 0.030, two-way ANOVA). Consistent with insulin
resistance, female wild-type mice developed fasting hyperinsulinaemia
at 12 and 18 months of age (Figure 3D). In males, similarly, insulin
resistance and fasting hyperinsulinaemia developed in older wild-type
mice, but not HSD2%8/9%-tg mice (Figure S3).

During aging, we observed a small but statistically significant decline
in fasting glycaemia in both wild-type and HSD2°®/°CY-tg females
(Figure 3E). In wild-type mice, this finding suggested that hepatic in-
sulin action (i.e., the suppression of gluconeogenesis) was intact
during aging, but that insulin-stimulated glucose uptake in peripheral
tissues (adipose, skeletal muscle) was impaired. This led us to mea-
sure tissue-specific glucose uptake in 6- and 18-month-old female
wild-type and HSD2%%°®Y-tg mice using a radio-labelled glucose
tolerance test (Figure 3F). At 6 months of age, glucose uptake into
peripheral tissues was not different between wild-type and HSD2%%/
9C¥_tg mice. In 18-month-old mice, however, adipose tissue glucose
uptake was increased more than five-fold in HSDZOB/OCY-tg mice,
relative to wild-type mice (p < 0.0001). To account for differences in
adipose tissue cellularity between wild-type and HSD2%%°%-tg mice,
we normalised adipose tissue glucose uptake to DNA content
(Figure S4a). Adipose tissue glucose uptake was increased 3.7-fold in
HSD2%%/0CY_tg mice compared to wild-type mice (p = 0.037). Glucose
uptake into interscapular BAT also tended to be greater in HSD20B/0CY.
tg than in wild-type mice (1.77-fold increase, p = 0.074). No differ-
ences in glucose uptake into skeletal muscle or bone were observed at
18 months of age.

3.3. Aging wild-type but not HSD2%%/°%Y-tg mice develop leptin
resistance and hyperphagia

To discern the basis for differences in adiposity between wild-type and
HSD2%%0Y_tg mice, we measured energy expenditure and food
intake. There were no differences between wild-type and HSD20B/0CY.
tg mice for daytime or nighttime energy expenditure, adjusted for lean
mass, at any time point examined (Figure 4A). From 5 months of age,
however, daily food intake was increased by 18% in wild-type mice,
relative to HSDZOB/OCY-tg mice, and it remained significantly higher
until mice were 12 months old (Figure 4B). This finding suggested that
increased food intake in wild-type mice preceded the differences in
body weight and adiposity observed at 6 months of age (Figure 2A,B).
Therefore, wild-type mice increased their food intake and became
obese with aging, while HSD2°%/°%Y-tg mice in the absence of aging-
associated hyperphagia maintained a lean phenotype.

Consistent with the observed increase in fat mass and adipocyte hy-
pertrophy, serum leptin concentrations increased with aging in wild-
type but not HSD2%%°%-tg mice (Figure 4C). At 6 months of age,
leptin concentrations were 4-fold higher in wild-type mice, compared
to HSD298/9CY_tg mice (p < 0.01), and this difference grew to 6-fold at
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Figure 3: Female HSDZ°B’°°Y-tg mice were protected against insulin resistance associated with aging. (a) Oral glucose tolerance test (0GTT) in female wild-type and
HSD2%8/°C"_tg mice aged 3, 6, 12 and 18 months (7 = 7—10/group). Mean £ SEM is shown. (b) Insulin tolerance test (ITT) in female wild-type and HSD2°%"°%-tg mice aged 3, 6,
12 and 18 months (n = 7—10/group). Mean + SEM is shown. (c) ITT inverse area under the curve (AUC). Data are shown as scatterplots, with mean values shown as columns.
Differences between wild-type and HSD2°°%Y-tg mice were assessed by two-way ANOVA, with Tukey’s post hoc tests. *, **, *¥* and **** indicate p < 0.05, p < 0.01,
p < 0.001 and p < 0.0001, respectively. The effect of genotype was significant by two-way ANOVA (F o) = 4.93, p = 0.030). (d) Fasting serum insulin concentrations and (&)
fasting blood glucose concentrations. (f) Tissue-specific glucose uptake. Results for male mice are shown in Figure S3.

12 months (p < 0.001) and 8-fold at 18 months (p < 0.0001 vs.
HSD298°%_tg mice). In keeping with the observed changes in food
intake, these results suggested that wild-type mice developed leptin
resistance during normal aging, while mice with disrupted skeletal
glucocorticoid signalling remained leptin sensitive.

In female HSD2°®°Y-tg mice, but not wild-type females, fasting
serum IGF-1 concentrations decreased significantly between 3 and 6
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months of age (Figure 4D). At 18 months of age, IGF-1 concentrations
in HSDZOB/OCY-tg mice were 18% lower than in wild-type mice
(p < 0.01). Similar results were obtained in males (Figure S3e).

Assessment of leptin resistance in mice requires measurement of food
intake and central STAT3 phosphorylation following leptin adminis-
tration [12]. In young, 3-month-old female mice, leptin administered
intraperitoneally (5 pg/g bodyweight) significantly suppressed food
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Figure 4: Female HSD2°%/°%-tg mice maintained normal leptin sensitivity with aging. (a) Daytime and nighttime energy expenditure in mice aged 3, 6, 12 and 18 months.
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months of age. (f, g) Representative images of the arcuate nucleus (ARC) stained for phospho-STAT3 (P-STAT3), and quantification in 3-month-old mice. 3V — 3rd ventricle, scale
bar = 100 pm. (h, i) Representative images of the ARC stained for P-STAT3 and quantification in 6-month-old mice, scale bar = 100 um. (j, k) Representative images of the
paraventricular nucleus (PVN) stained for tyrosine hydroxylase, and quantification in 6-month-old mice. Scale bar = 200 pm. Comparisons in figures (a)—(e) were made by two-
way ANOVA, with Tukey’s post hoc tests. Comparisons in (g), (i) and (k) were made using Student’s #tests. *, **, *** and **** indicate p < 0.05, p < 0.01, p < 0.001 and

p < 0.0001, respectively.

intake in wild-type and HSD2°®°%-tg mice (by 22.4 and 34.9%,
respectively, Figure 4E). At 6 months of age, however, mean food
intake after leptin administration increased by 2.5% in wild-type mice,
compared to a 15.4% reduction in HSD2°%°®Y-tg mice (p = 0.0054).
In 6-month-old females, the overall effect of genotype on food intake
was highly significant (F 14 = 13.57, p = 0.0025, two-way ANOVA,
Figure 4E).

Next, we assessed central leptin signalling in the hypothalamic arcuate
nucleus (ARC) 30 min after a leptin injection. The ARC is a major site of
leptin receptor expression, and of defective leptin-induced STAT3
phosphorylation in obesity [23]. At 3 months of age, leptin-activated
STAT3 phosphorylation was similar in wild-type and HSDZOB/OCY—tg
females (Figure 4F,G). At 6 months of age, however, leptin-induced
STAT3 phosphorylation was attenuated in wild-type female mice but
remained intact in HSDZOB/OCY-tg females (Figure 4H,l). Therefore,
wild-type mice developed central leptin resistance between 3 and 6
months of age, whereas leptin sensitivity was maintained with age in
HSD298°%_tg mice.

In addition to impaired suppression of feeding, mice with defective
leptin receptor-associated STAT3 phosphorylation have reduced
sympathetic outflow to thermogenic adipose tissues [27]. The para-
ventricular nucleus (PVN) is a downstream target of ARC leptin sig-
nalling and a critical centre for sympathetic regulation. We found that

compared to age-matched wild-type females, 6-month old HSD2%%/
OCY-tg female mice possessed 13% more PVN neurons that were
immunoreactive for tyrosine hydroxylase (TH), the rate limiting enzyme
for catecholamine synthesis (p < 0.05, Figure 4J,K).

3.4. Disruption of skeletal glucocorticoid signalling maintains
sympathetic tone and thermogenic beige adipocytes during aging
Because wild-type, but not HSD2°®°CY-tg mice developed leptin
resistance from 6 months of age, and given their differences in PVN
tyrosine hydroxylase expression, we next investigated sympathetic
outflow to thermogenic adipose tissues. In BAT, accordingly, we found
that both the number and total area of sympathetic nerve endings
declined with age in wild-type mice, while remaining constant in
HSD2%8/°Y_tg mice (Figure 5A—C).

Distinct from BAT, histological examination of the gonadal fat pads of
3-month-old wild-type and HSD2°®°%"-tg females revealed densely
populated areas of uncoupling protein-l (UCP1)-positive multilocular
adipocytes (Figure 5D). At 18 months of age, these clusters of ‘beige’
adipocytes were absent from the gonadal fat of wild-type females but
were maintained in HSD2°%/°%-tg mice (Figure 5E,F). Similarly, TH-
positive nerve terminals were barely detectable in wild-type mice
from 12 months of age, while their numbers were maintained in
HSD20B/0CY_tg mice (Figure 5G). Given the increased glucose uptake in
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Figure 5: Female HSD2°%/°®Y-tg mice maintained adipose tissue energy expenditure with aging. () Representative images of tyrosine hydroxylase (TH)-stained sections of
BAT from young and aged wild-type and HSD2°®/°"-tg mice; scale bar = 50 pm. (b, ¢) Number of, and area covered by, sympathetic nerve endings in BAT. Data are shown as
scatterplots, with mean values shown as columns. (d) Representative images of H&E stained gonadal adipose tissue, showing regions of beige adipocytes, from young and aged
wild-type and HSD2°8/°%tg mice. Insets show UCP1 staining; scale bar = 100 um. (¢) Multilocular adipocyte area in gonadal adipose tissue. (f) Proportion of samples showing
presence of beige cells in gonadal adipose tissue (n = 6—8/group). (g) Number of TH-positive nerve terminals in gonadal adipose tissue (logarithmic scale). (h, i, j) Oxygen
consumption rate (OCR), ATP turnover and proton leak measured ex vivo in gonadal adipose tissue from 3-, 6-, 12- and 18-month-old female wild-type and HSD2°%°®Y-tg mice. (k)
Proportion of samples showing presence of beige cells in inguinal adipose tissue (n = 6—8/group). () Oxygen consumption rate (OCR) measured ex vivo in inguinal adipose tissue
of 3-, 6-, 12-, and 18-month-old female wild-type and HSD2°%°®-tg mice. (m) Twenty-four-hour energy expenditure following injection with saline or CL-316,243 (5 1g/g lean
body mass) in female wild-type and HSD2°%°"-tg mice aged 3 and 18 months. Comparisons between groups were performed by two-way ANOVA (except (f) and (), in which %2-
tests were used), and Tukey’s post hoc tests were used for pairwise comparisons. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 for comparisons.

gonadal fat from HSD2°®/0%-tg mice (Figure 3F) these results led us to
investigate oxygen consumption in adipose tissue.

Ex vivo OCR measurement in gonadal fat explants from female mice
aged 3—18 months revealed that total OCR declined significantly with
age in wild-type but not in HSD2°8/°%Y-tg mice (Figure 5H). Similarly,
both ATP turnover (UCP1-independent OCR) and proton leak (UCP1-
dependent OCR) declined significantly with age in explants from
wild-type but not HSD2%%°%-tg mice (Figure 5I,J). Differences in
gonadal fat OCR and ATP turnover between 18-month-old wild-type
and HSD2°®°%tg mice remained significant when normalised for

DNA content, a measure of adipose tissue cellularity (Figs. S4b—d).
Inguinal adipose tissue from female wild-type mice displayed similar
reductions in browning with age (Figure 5K), although the difference
between genotypes was much less pronounced (Figure 5L).

The maximal thermogenic capacity of adipose tissue was tested in vivo
by administration of the selective [3-adrenoceptor agonist CL-
316,243 [28]. Both wild-type and HSD2°®°®Y-tg female mice at 3
and 18 months of age responded to CL treatment by significantly
increasing whole-body energy expenditure (Figure 5M). At 3 months of
age, CL treatment increased mean energy expenditure by 11.4% and
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Figure 6: Skeletal gene expression analysis from wild-type and HSD2°%"°®Y-tg mice during aging, and identification of an SRF-MRTFA-MRTFB gene network in aged
HSD2%8/%%Y.tg mice. (a) Venn diagram of differentially expressed genes in bones from female wild-type and HSD2%%°CY-tg mice, at unadjusted p < 0.05, n = 3 of each genotype
at each timepoint. The number of shared differentially expressed genes at each timepoint (3, 6, 12, 18 months) is shown. (b) Skeletal gene expression levels of Hsd71b2, Nnmt and
mir-1958 at 3, 6, 12 and 18 months of age. (c) Hierarchical clustering of 255 differentially expressed genes (false discovery rate <0.05) in female wild-type and HSD2%%/°%-tg
mice at 3, 6, 12 and 18 months of age. Red indicates upregulated and green indicates downregulated (scale is shown below the chart). (d) Z-scores for upstream regulators of
gene expression in the bones of HSD2°B/°°V—tg mice, relative to wild-type mice, at 6, 12 and 18 months of age. (e) Putative SRF-MRTFA-MRTFB network at 6—18 months of age in
HSD2%%°CY_tg mice. See legend for explanation of symbols. In all cases, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 for comparisons.

14.2% in wild-type and HSD2°®/°%-tg mice, respectively (p < 0.05 for
each). Similarly, at 18 months of age, CL treatment significantly
increased energy expenditure, by 19.8% in wild-type mice and by
21.6% in HSD2%/9CY_tg mice. Therefore, although adipose tissue OCR
declined during aging in wild-type mice, but not HSD2%%/°%-tg mice,

the capacity of adipose tissue to produce an appropriate thermogenic
response remained intact in both groups. These findings suggested
that as they aged, HSD2°®°®Y-tg mice were protected against the
progressive deterioration in leptin sensitivity and loss of adipose tissue
sympathetic outflow seen in wild-type mice.
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3.5. HSD2°®/9C_tg mice did not have altered circulating
concentrations of osteocalcin or lipocalin-2, compared to wild-type
mice

To investigate how disruption of skeletal glucocorticoid signalling could
prevent age-related leptin resistance, we measured fasting serum
concentrations of osteocalcin and lipocalin-2, two bone-derived pep-
tides reported to influence glucose metabolism and feeding behaviour,
respectively [16,18]. Uncarboxylated osteocalcin concentrations
declined significantly after 3 months of age in both wild-type and
HSD2%%/0_tg mice but did not differ between the genotypes at any
timepoint (Figure S5a). Carboxylated osteocalcin concentrations were,
on average, 51% higher in wild-type mice compared to HSDZOB/OCY-tg
mice (p < 0.01) at 3 months of age, but this difference was not
maintained during aging (Figure S5b). Fasting lipocalin-2 concentra-
tions increased significantly between 3 and 18 months of age in both
wild-type and HSD2%%°%-tg mice with no significant differences be-
tween genotypes at any timepoint (Figure S5c¢).

3.6. Analysis of skeletal gene expression in bones from wild-type
and HSD2%%/%%_tg mice

Gene expression in bone (not including bone marrow) harvested from
female wild-type and HSD2°%/°%Ytg mice at 3, 6, 12 and 18 months
of age was measured by microarray (Figure 6). Across all timepoints,
we identified 4,071 differentially expressed genes at p < 0.05
(Figure 6A). Three genes were differentially expressed at all 4
timepoints: Hsd71b2, nicotinamide N-methyltransferase (Nnmf) and
mir1958 (Figure 6B). Of these 3 genes, only Hsd71b2 displayed a
consistent direction of gene expression, being overexpressed 1.86-
to 2.79-fold in HSD2%8/°®Y_tg mice compared to wild-type mice,
0.00082 < p < 4.22 x 1078, Nnmt and mir1958 were not
consistently up- or downregulated, and thus did not correlate with the
observed phenotype.

Adjustment of these results for a false discovery rate of <0.05 yielded
255 genes. Hierarchical clustering of these genes readily discriminated
between wild-type and HSD2°%CY_tg mice at 3 months of age
(Figure 6C) but not at older ages (6—18 months), revealing a pattern of
skeletal gene expression comprised of two distinct phases: (i) a high
expression level at 3 months of age for most of the differentially-
expressed genes, with some differences between wild-type and
HSD2%%/0Y_tg mice; (i) a later (6—18 month) phase in which most of
the above genes were suppressed, and differences between genotypes
were more subtle.

At 3 months of age, bones from HSD2°®°®Y-tg mice expressed
significantly higher levels of several anti-adipogenic factors, including
A2m, Frzb, Reck and Arhgef24 [29—32] compared to wild-type lit-
termates (Figure S6a). Of note, these genes were only upregulated in
HSD2%8/0%_tg mice at 3 months of age and not at older ages.

Next, we analysed the differentially expressed genes at each timepoint
using Ingenuity Pathway Analysis. We identified a number of differ-
entially regulated canonical pathways (Supplemental Table 1) and
potential upstream regulators (Supplemental Table 2). From 6 months
of age onward, we consistently found evidence for suppression of a
transcriptional network involving several differentially expressed genes
regulated by serum response factor (SRF) and the related myocardin-
related transcription factors A and B (MRTFA, MRTFB) in the bones of
HSD2%%/°%tg mice (Figure 6D).

SRF controls genes involved in cell proliferation, differentiation,
migration and apoptosis. Its activity is regulated by several cofactors,
including the transcription factors MRTFA and MRTFB [33]. White
adipose tissue from Mrtfa~"" mice contains many more beige
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adipocytes than equivalent wild-type mice, and they are protected
against diet-induced obesity and insulin resistance [34]. Here, sup-
pression of the SRF-MRTFA-MRTFB network in the bones of HSD2%%
OC¥_tg mice accounted for the observed upregulation/disinhibition of
the common target genes Gfi1, Ms4a3, Dmkn, Mogat2, Myocd, Ngp
and Mgst2 (Figs. 6e and S6e).

These findings suggest that the preservation of metabolic health in
aging HSD2%%9%_tg mice involves two distinct phases: firstly, at 3
months of age, an induction of anti-adipogenic factors in the bones of
HSD2%8/0%_tg mice; followed by a sustained recruitment of beige
adipocytes into white adipose tissue. In HSD208/ OCY-tg mice, therefore,
expression of these genes in bone may contribute to the maintenance
of normal adiposity, leptin concentrations and leptin sensitivity
throughout life.

4. DISCUSSION

Here we investigated the role of skeletal glucocorticoid signalling in the
development of aging-related obesity and insulin resistance in mice. In
bone, the intracellular availability of active glucocorticoids increases
with aging [9—11], and glucocorticoid signalling in osteoblasts and
osteocytes is required for the deleterious metabolic effects of chronic
glucocorticoid treatment [17]. In the present study, we found that
HSD2%8/0%Y_tg mice were protected against hyperphagia, obesity and
insulin resistance, which developed in their wild-type littermates
during aging. As they aged, HSD2°®/°%Y-tg mice remained leptin-
sensitive, as demonstrated by their sensitivity to exogenously admin-
istered leptin (suppression of appetite and hypothalamic STAT3
phosphorylation), while wild-type mice became leptin-resistant. Dif-
ferences in leptinaemia and leptin sensitivity between wild-type and
HSD2%8/0%_tg mice were evident at 6 months of age, preceding the
development of central obesity and peripheral insulin resistance in
wild-type mice. The decline in leptin sensitivity in wild-type mice
during aging was paralleled by a progressive deterioration in ther-
mogenic adipose tissue function. Therefore, glucocorticoid signalling in
osteoblasts and osteocytes is involved in the regulation of appetite,
sympathetic tone and adiposity during normal aging.

This study provided us with several important insights. First, we
established a new link between local glucocorticoid signalling in 0s-
teoblasts and osteocytes and the development of obesity and insulin
resistance during aging. Prior studies in mice have indicated that both
osteoblasts [35] and osteocytes [36] contribute to the regulation of
energy homeostasis and glucose metabolism, but the molecular
mechanisms have not been identified. The present study clarifies this
issue by showing that local glucocorticoid signalling in these cells is
required for aging-related metabolic dysfunction. These findings
therefore highlight glucocorticoid signalling in osteoblasts/osteocytes
as a new therapeutic target for the treatment and prevention of
metabolic disease.

Second, we identified central leptin resistance as the mechanism
linking skeletal glucocorticoid signalling with increased food intake and
obesity during aging. Wild-type mice developed hyperleptinaemia and
leptin resistance at 6 months of age, while HSD2%8°%Y-tg mice were
leptin-sensitive, remaining normoleptinaemic and lean until 18 months
of age. Hyperleptinaemia is required for the development of leptin
resistance in mice [37]; we could not confirm this relationship as both
were established in wild-type mice at 6 months of age. Regardless,
this age of onset corresponded well with other rodent models of leptin
resistance [38] and implicated central leptin resistance as an important
early factor in the development of obesity, and later, insulin resistance,
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during aging. Like other models of improved leptin sensitivity [39,40],
serum IGF-1 levels were also lower in HSD2%°%Y-tg mice compared
to wild-type mice.

In wild-type mice, central leptin resistance initiated a vicious cycle that
contributed to further weight gain. Leptin resistance not only describes
a failure of exogenous leptin to suppress appetite, but it is also
characterised by reduced sympathetic outflow to thermogenic adipose
tissues [13,27]. As they aged, wild-type mice displayed a loss of
tyrosine hydroxylase expression in the hypothalamic paraventricular
nucleus, as well as a progressive reduction in the density of
TH+ sympathetic terminals in white and brown adipose tissues. In
HSD2%%/0%Y_tg mice, however, the density of TH-+ nerve terminals in
adipose tissues remained constant during aging.

The white adipose tissue oxygen consumption rate declined with aging
in wild-type mice, and most of this loss was in UCP1-dependent ac-
tivity. This progressive loss of adipose tissue thermogenic activity
during aging was not due to an inability to respond to thermogenic
stimuli, such as B3-AR agonist treatment; it was attributable to
reduced sympathetic outflow. However, in HSD2%%°%-tg mice, adi-
pose tissue OCR was maintained during aging, and glucose uptake into
fat was markedly increased. This difference may, in turn, have
contributed to the improved peripheral insulin sensitivity in HSD2%%
0C¥_tg mice during aging.

Third, we found that the effects of disrupting skeletal glucocorticoid
signalling on obesity were greater in females than males. Sexual
dimorphism for leptin resistance has not been previously described,
but differences in circulating leptin concentrations between the sexes
are well established in both rodents and humans [41], in part due to
differences in fat distribution [42] and the suppressive effects of
testosterone [43]. The sexual dimorphism described here may also be
due to potentiation of the sympatho-excitatory responses to leptin by
oestrogen [44].

We were unable to identify changes in secreted factors from osteo-
blasts and/or osteocytes that explained the phenotype of HSD20B/0CY.
tg mice. Mice deficient in osteocalcin, an osteoblast-derived secreted
molecule, have increased adiposity and glycaemia compared to wild-
type mice [16], although this finding has been recently challenged
[45,46]. We observed differences in carboxylated osteocalcin con-
centrations between wild-type and HSD2°®9%-tg mice, but only at 3
months of age; this is consistent with previous reports of impaired
mineralisation in HSD2%8°®Y-tg mice [20]. Concentrations of both
uncarboxylated and carboxylated osteocalcin declined significantly
with aging, consistent with skeletal maturation, but had no obvious
relationship to the metabolic phenotype of HSD2°%/°%Y-tg mice.
Another bone-derived factor, lipocalin-2, has been reported to sup-
press food intake in mice [18]. In HSD2%®/9%-tg mice, fasting serum
lipocalin-2 concentrations increased significantly during aging, but no
significant differences were observed between wild-type and HSD20%
OC¥_tg mice at any timepoint, despite the robust and sustained dif-
ferences in food intake. We also did not find any difference in skeletal
Lcn mRNA expression between wild-type and HSD2%%0Y-tg mice.
One potential limitation of these results is that we did not measure
circulating lipocalin-2 concentrations in our mice at 2—4 h after an
extended (16-hour) fast, as described in the original publication [18].
However, the available evidence does not suggest that differences in
lipocalin-2 concentrations contribute to the improved leptin sensitivity
and protection from obesity in HSD2°®/°CY-tg mice.

Other studies of genetically modified mice bred to investigate the
contribution of osteoblasts and osteocytes to energy homeostasis have
reached similar conclusions. Osteocalcin influences glucose meta-
bolism by stimulating insulin secretion, but it does not regulate appetite

or energy expenditure directly [35]. Although osteocalcin-deficient
mice were initially reported to have increased visceral adiposity
compared to wild-type mice [16], recent studies have not found any
effect of deleting osteocalcin on regional adiposity [45] or body weight
[45,46]. The contribution of osteocalcin to energy homeostasis is
therefore unclear at present. Similarly, studies of lipocalin-2-deficient
mice have also reported no perturbation of appetite [47].

Regarding appetite regulation in the current model, two possibilities
remain. Firstly, the anorectic effects of inhibiting glucocorticoid sig-
nalling in osteoblasts and osteocytes may involve bone-derived hor-
mones other than osteocalcin and lipocalin-2. Studies of mice lacking
the prohormone convertase furin in osteoblasts reached a similar
conclusion [48]. Alternatively, osteoblasts and osteocytes could
regulate food intake and body weight through non-humoral mecha-
nisms. This conclusion is supported by parabiosis experiments be-
tween wild-type and lean osteocyte-deficient mice, which showed no
effect of the procedure on body weight [36]. Potential non-humoral
mechanisms linking bone with the central nervous system include
signals indicating integrity of the osteocyte network, which may involve
afferent neural circuits from bone [49].

In the present study, circulating corticosterone concentrations
decreased significantly with aging in male mice and remained stable in
females until 18 months of age. A previous study of male C57BL/6
mice [10] reported higher serum corticosterone levels in male mice at
31 months of age, compared to 4 months of age. We have not
measured corticosterone levels in similarly aged mice. Regardless,
multiple studies support an increase in skeletal 113-HSD1 expression,
and therefore the intracellular availability of active glucocorticoids,
during aging [9—11].

Similar results to ours were described in a recent study of female mice
lacking the glucocorticoid receptor (Nr3c7) in osteoprogenitor cells
[50]. In this study, conditional deletion of Nr3c¢7 in Osx-Cre-expressing
cells led to a 10% reduction in body weight and a mild reduction in
bone mass. Circulating corticosterone levels were not affected.
Knockout mice also exhibited a marked increase in bone marrow fat
content, leading the authors to suggest that glucocorticoid signalling in
osteoblastic cells is necessary for bone formation, possibly at the
expense of marrow adipogenesis. Notably, Osx-Cre is also expressed
in stromal cells, adipocytes and perivascular bone marrow cells [51].
We did not assess bone marrow fat in the present study, but we found
that at 3 months of age, bones from HSDZOB/OCY-tg mice expressed
higher amounts of several anti-adipogenic factors (Figure S6a). Further
studies will be required to investigate the contribution of glucocorticoid
signalling to bone marrow adipogenesis.

Our analysis of gene expression in the bones of wild-type and HSD2%¥/
OC¥_tg mice revealed a previously unknown biphasic pattern of gene
expression, and highlighted pathways for future investigation. Pathway
analysis suggested activation of pro-inflammatory (TLR4) signalling in
the bones of HSD2°8/°%Ytg mice at 3 months of age (Figure S6c), but
we did not find any differences in serum concentrations of several pro-
inflammatory cytokines at any timepoint (Figure S5). This suggested
that any pro-inflammatory effects were local and transient.

At later timepoints, we found evidence for a sustained suppression of a
genetic network involving the related transcription factors SRF, MRTFA
and MRTFB (Figure 6), leading to disinhibition of common target genes
in HSD298/%%_tg mice (Figure S6e). SRF transduces mechanical sig-
nals from cytoplasmic actin and is therefore involved in diverse cellular
processes, such as proliferation, differentiation, migration and
apoptosis. MRTFA and MRTFB are cofactors for SRF and regulate its
activity [33]. Similar to the HSD2°®°Y-tg mice studied here, mice
lacking MRTFA (Mrtfa—/—) not only have reduced bone mass [33] but
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also have smaller gonadal, inguinal and interscapular brown fat depots
than wild-type mice, lower plasma leptin concentrations and an
increased recruitment of beige adipocytes in white adipose tissue [34].
The potential relationships between glucocorticoids, adipogenesis and
SRF-MRTFA-MRTFB target genes remain to be investigated in future
studies.

5. CONCLUSIONS

This study demonstrates for the first time that glucocorticoid signalling
in cells of the osteoblastic lineage has a critical role in the development
of leptin resistance and metabolic dysfunction during aging. Our
findings not only underscore the importance of the skeleton for the
regulation of body weight and whole-body metabolism, but also
implicate glucocorticoid signalling in osteoblasts and osteocytes as a
novel therapeutic target to alleviate the growing worldwide burden of
obesity-related disease.
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