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NPY signalling in early osteoblasts controls
glucose homeostasis
Nicola J. Lee 1, Amy D. Nguyen 1, Ronaldo F. Enriquez 1,3, Jude Luzuriaga 2, Mohammed Bensellam 2,
Ross Laybutt 2, Paul A. Baldock 1,3,4,**, Herbert Herzog 1,4,*
ABSTRACT

Objective: The skeleton has recently emerged as an additional player in the control of whole-body glucose metabolism; however, the mech-
anism behind this is not clear.
Methods: Here we employ mice lacking neuropeptide Y, Y1 receptors solely in cells of the early osteoblastic lineage (Y1f3.6Cre), to examine the
role of osteoblastic Y1 signalling in glycaemic control.
Results: Y1f3.6Cre mice not only have a high bone mass phenotype, but importantly also display altered glucose homeostasis; significantly
decreased pancreas weight, islet number and pancreatic insulin content leading to elevated glucose levels and reduced glucose tolerance, but
with no effect on insulin induced glucose clearance. The reduced glucose tolerance and elevated bone mass was corrected in Y1f3.6Cre mice by
bone marrow transplant from wildtype animals, reinforcing the osteoblastic nature of this pathway. Importantly, when fed a high fat diet,
Y1f3.6Cre mice, while equally gaining body weight and fat mass compared to controls, showed significantly improved glucose and insulin
tolerance. Conditioned media from Y1f3.6Cre osteoblastic cultures was unable to stimulate insulin expression in MIN6 cells compared to
conditioned media from wildtype osteoblast, indicating a direct signalling pathway. Importantly, osteocalcin a secreted osteoblastic factor
previously identified as a modulator of insulin secretion was not altered in the Y1f3.6Cre model.
Conclusion: This study identifies the existence of other osteoblast-derived regulators of pancreas function and insulin secretion and illustrates a
mechanism by which NPY signalling in bone tissue is capable of regulating pancreatic function and glucose homeostasis.

� 2015 The Authors. 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

Maintenance of glucose homeostasis requires the coordination of
glucose supply to a wide variety of tissues of differing energetic de-
mands, whilst balancing endogenous gluconeogenesis with the peri-
odic supply of glucose from the diet. Appropriate glucose supply is
fundamental to effective and consistent cellular function, and can only
be ensured through complex communication and feedback pathways
regulating insulin-dependent and independent glucose uptake in target
tissues. It has become increasingly apparent that whole body insulin
action can be disrupted by perturbations within target tissues, such as
muscle [1] and white adipose tissue [2], highlighting the importance of
tissue feedback communication to control whole body glucose bal-
ance. In recent years, skeletal tissue has emerged as an additional
regulator of whole body glucose homeostasis. Bone is a known insulin-
regulated tissue [3], but importantly, existence of feedback has
emerged, with osteocalcin, an osteoblast-derived osteokine, reported
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to increase insulin release from beta cells and indirectly increasing
insulin action through enhanced release of adiponectin from adipose
tissue [4]. However, the regulation of glucose metabolism by bone has
not been fully elucidated, with evidence emerging of osteocalcin-
independent activity. For example, while osteocalcin replacement in
osteocalcin null mice can reverse the glucose intolerance and cor-
rected blood glucose levels, it could not restore insulin sensitivity,
indicating that other osteoblast-derived factor(s) may also mediate
insulin action [5].
A major factor controlling both glucose homeostasis and osteoblast
function is neuropeptide Y (NPY). NPY acts both through hypothalamic
neuronal circuits [6,7], as well as by directly signalling via Y1 receptors
in �-cells [8] and osteoblasts [9] to control bone and glucose ho-
meostasis. Centrally, NPY has been shown to stimulate insulin
secretion from the pancreas [10,11]. The other family members,
peptide YY (PYY) and pancreatic polypeptide (PP), are endocrine hor-
mones which act as satiety signals [12] and are involved in the
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regulation of glucose homeostasis, showing an inhibitory role in
glucose-stimulated insulin secretion [13]. NPY also controls bone
homeostasis via central Y2 and peripheral Y1 signalling pathways.
Particularly, Y1 receptor activation on bone forming osteoblasts sup-
presses bone formation [9,14] and inhibits the proliferation of
mesenchymal progenitor cells [15]. NPY has previously been shown to
co-ordinate bone and energy metabolism [16] with increased NPY
levels indicating negative energy balance and therefore a reduced need
for high bone mass. Consistent with that, lack of NPY in mice,
mimicking positive energy balance leads to a dramatic increase in
bone mass. However, the role of NPY in co-ordinating bone and
glucose homeostasis has not been examined.
Given the dual roles of the NPY system in regulating glucose and bone
homeostasis, and the fact that the skeleton has emerged as a
modulator of whole-body glucose metabolism, we sought to determine
to what extent osteoblastic NPY signalling, via Y1 receptors, contrib-
utes to the skeletal control of glucose homeostasis. To investigate this,
we utilised conditional Y1 knockout mice where the Y1 receptor is
deleted at an early stage of osteoblast differentiation and investigated
the consequence on islet function and glucose homeostasis using a
range of in vivo and in vitro analyses.

2. MATERIALS AND METHODS

2.1. Mice
All animal experiments were approved by the Garvan Institute/St
Vincent’s Hospital Animal Experimentation Ethics Committee and
conducted in accordance with relevant guidelines and regulations. All
data presented are on male mice.
Mice with osteoblast-specific deletion of the Y1 receptor (Y1f3.6Cre)
were generated by mating mice expressing Cre under the control of a
3.6 kb fragment of the rat a1(I)-collagen promoter with Y1lox/lox mice.
Cre-mediated recombination resulted in osteoblast-specific deletion of
the entire coding region of the Y1 gene. Male Y1f3.6Cre mice were
bred with female Y1lox/lox mice to generate both Y1f3.6Cre mice and
Y1lox/lox littermates to be used as controls. Genotypes were determined
by PCR as previously described [15].

2.2. Bone marrow chimeric mice
Mice at 9 weeks of age were lethally irradiated with a split-level dose
of 425 rad per dose, with a 5-hour interval between the two doses.
24 h following the initial dose, they were given an intravenous injection
of 1.5 � 107 bone marrow cells per mouse isolated from wildtype
littermates. Insulin tolerance tests were performed on these mice 7
weeks after irradiation and reconstitution with donor bone marrow,
followed by a glucose tolerance test 3 weeks later. The mice were
culled at 22 weeks of age following standard protocol outlined below.

2.3. Glucose metabolism
Insulin tolerance tests were performed on male mice at 15 weeks of
age (unless otherwise stated) at 14:00e16:00 h. Briefly, the mice
were fasted for 6 h and then intraperitoneally injected with insulin
(0.5 IU/kg) (Novo Nordisk Pharmaceuticals, Baulkham Hills, NSW,
Australia). Tail tip blood samples were then collected at 0, 15, 30, 45,
60, 75 and 90 min after insulin injection, and blood glucose levels were
measured using a glucometer (AccuCheck II; Roche, New South Wales,
Castle Hill, Australia). 7 days later (unless otherwise stated), mice
underwent a glucose tolerance test, where they were fasted for 16e
24 h before intraperitoneal injection between 13:00 and 15:00 h of a
10% D-glucose solution (1.0 g/kg) (Astra Zeneca, North Ryde, NSW,
Australia). Blood samples were obtained from the tail tip at 0, 20 and
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60 min after glucose injection and blood glucose levels were measured
using a glucometer. Serum was also separated, immediately frozen
and stored at�20 �C for later measurement of serum insulin using an
ELISA kit from Linco Research (St Charles, Missouri, USA) or a RIA kit
from Millipore (Millipore, Billerica, MA, USA).

2.4. Tissue collection
Male mice were injected with the fluorescent compound calcein
(15 mg/kg; SigmaeAldrich, St Louis, MO, USA) 3 and 10 days prior to
tissue collection to enable subsequent calculation of bone formation
rate. Whole body lean mass, fat mass, bone mineral content (BMC) and
bone mineral density (BMD) were measured in mice anesthetised with
isoflurane using a dedicated mouse dual X-ray absorptiometry (DXA)
(Lunar Piximus II, GE Medical Systems, Madison WI) 3 days prior to
tissue collection. At 16 weeks of age, mice were culled between 13.00
and 16.00 h by cervical dislocation and decapitation for collection of
trunk blood. Serum was separated, immediately frozen and stored
at �20 �C. The white adipose tissue (WAT) depots (right side inguinal,
retroperitoneal, epididymal (gonadal) and mesenteric), and skeletal
muscle were removed, weighed, frozen on dry ice and stored
at �80 �C. Femurs, tibias and caudal vertebrae were excised, fixed
overnight in 4% paraformaldehyde (PFA) in phosphate buffered saline
(PBS) at 4 �C and then stored in 70% ethanol at 4 �C before under-
going processing.

2.5. Pancreas histology
Pancreatic tissues were fixed in 4% PFA, embedded in paraffin and
sectioned at 5 mm. Immunohistochemistry was then performed using
rabbit anti-insulin (Genesearch, 1:200) and biotinylated goat anti-rabbit
(Vector Laboratories, California, USA; 1:300) antibodies and a Vectastain
ABC kit (Vector Laboratories, California, USA). Insulin-positive islet cell
number and size were quantified from at least five sections per
pancreas (each 60 mm apart) using a camera attached to a Leica mi-
croscope (Leica Microsystems) and ImageJ software (National Institutes
of Health, USA). Total pancreatic surface was also measured and used
to determine islet cell number per mm2 and �-cell area (area positive
for insulin immunostaining divided by the total pancreatic surface).

2.6. Plasma assays
Unless otherwise stated, serum glucose was measured using a
glucose oxidase assay kit (Trace Scientific, Clayton, Victoria, Australia),
serum insulin was measured using an ELISA kit from Linco Research
(St Charles, Missouri, USA) and serum osteocalcin was measured
using an ELISA kit from BTI (Stoughton, Massachusetts, USA).

2.7. Bone histomorphometry
Bone histomorphometry was carried out on 5 mm sagittal sections of
the distal half of the right femur as previously described [17]. Briefly,
sections were stained for mineralised bone and cancellous bone vol-
ume, trabecular thickness and trabecular number were calculated. In
addition, fluorescence microscopy was used to calculate mineral
apposition rate, mineralising surface and bone formation rate whilst
osteoclast surface and osteoclast number were estimated using
tartrate-resistant acid phosphatase-stained sections. Cortical mineral
apposition rate was measured in an endosteal and a periosteal region
both extending 1000 mm distal from the mid-point, as previously
described [17].

2.8. Bone micro-computed tomography (micro-CT)
Following fixation, left femora were cleaned of muscle and analyses of
the bone were carried out using micro computed tomography (micro-
en access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 165

http://creativecommons.org/licenses/by-nc-nd/4.�0/
http://www.molecularmetabolism.com


Original article
CT) with a Skyscan 1174 scanner and associated analysis software
(Skyscan, Aartselaar, Belgium) as previously described [18]. Briefly,
analyses of the cortical bone were carried out in 150 slices (0.93 mm)
selected 750 slices (4.65 mm) proximally from the distal growth plate
resulting in calculations of the following parameters: total tissue area,
bone area, marrow area, endosteal perimeter, periosteal perimeter,
cortical thickness, and polar moment of inertia (an index of strength).
Analyses of the trabecular bone were carried out in 150 slices
(0.93 mm) selected 40 slices (0.25 mm) proximally from the distal
growth plate resulting in calculations of the following parameters: total
tissue volume, bone volume, trabecular number, trabecular thickness
and trabecular separation.

2.9. BMSC/MIN6 cell culture
BMSCs were isolated from 7 to 9 week old male mice, cultured and
differentiated in osteogenic media as previously described [15]. Su-
pernatant was collected from BMSCs after 14 days in either control or
osteogenic media. 24 h before supernatant was collected, cells were
switched to media containing 1% FBS. MIN6 cells were maintained in
DMEM media containing 25 mM glucose, 10% FBS, 10 mM HEPES,
100 U/mL penicillin and 100 mg/mL streptomycin. For treatment ex-
periments, cells were seeded at 4 � 105 cells/mL, left to recover for
24 h and then media was changed to DMEM low glucose media
(5.5 mM) and 1% FBS for 24 h prior to treatment. MIN6 cells were
treated for 4 h with 50% BMSC supernatant after which an insulin
secretion assay was performed or RNA was extracted from the cells.
For the insulin secretion assay, cells were washed and then pre-
incubated for 30 min in KRB buffer with 2.8 mM glucose. They were
then incubated for 1 h with KRB buffer containing either low (2.8 mM)
or high (25 mM) glucose after which the supernatant was collected and
stored at �20 �C until assayed for insulin levels using an ELISA kit as
detailed above.

2.10. RNA extractions and cDNA synthesis
Unless otherwise stated, all RNA extractions were carried out using
TRIzol� reagent (Sigma) according to the manufacturer’s instructions.
RNA extractions from the mid-shaft of femurs and tibias isolated from
male mice were homogenised in 2 mL TRIzol� reagent using a
Polytron homogeniser. RNA samples were subsequently checked for
consistent quality and quantified using the Agilent 2100 Bioanalyser
(Agilent Technologies) according to the manufacturer’s instructions.
1 mg of total RNA was taken for cDNA synthesis with oligo(dT)20 and
random hexamers using the SuperScript III First-Strand Synthesis
System for reverse transcription-PCR (Invitrogen).

2.11. Reverse-transcription PCR
PCR reactions were performed for the number of cycles indicated with
denaturing at 94 �C and extension at 72 �C. Mouse glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as a housekeeping gene
to control for variations between samples. The specific primers and
annealing temperatures used along with the resultant product sizes
obtained are as detailed previously [9,19].

2.12. Quantitative real time-PCR
Quantitative real-time PCR was carried out using either the TaqMan
Universal PCR master mix, ABI Prism 7900 HT Sequence Detection
System and inventoried kits containing primers and probes (all from
Applied Biosystems) or the Lightcycler 480 Probes Mastermix and
Universal Probe Library assays on the Lightcycler 480 System (Roche).
To control for variability in amplification due to differences in starting
mRNA concentrations, either �-actin or RPL was used as an internal
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standard. The relative expression of target mRNA was computed from
the target Ct values and the housekeeper Ct value using the standard
curve method (Applied Biosystems).

2.13. Statistical analyses
All data are expressed as means � SEM. Differences between groups
were assessed by ANOVA. Statistical analyses were performed with
SPSS for Mac OS X, version 21.0 (SPSS Inc., Chicago, IL, USA). For all
statistical analyses, p < 0.05 was accepted as being statistically
significant, with p < 0.1 accepted as showing a trend of change.

3. RESULTS

3.1. Y1 receptor deletion in early osteoblast differentiation
enhances bone mass
Whilst the selective deletion of Y1 receptors in mature osteoblasts
mimics the bone phenotype seen in germline Y1 deficient mice, these
mice did not show any of the other characteristics of global Y1 deletion
such as high insulin levels and increased fat mass [9]. Since osteo-
blasts and adipocytes both mature in a complex way from mesen-
chymal progenitors and we have previously shown an involvement of
Y1 receptor signalling in this process [15], we hypothesised that the
ablation of Y1 signalling in an early stage of osteoblast development
could give new insights to these processes. For this purpose, we
crossed our Y1 floxed mice with mice expressing Cre under the control
of a 3.6 kb fragment of the a1(I)-collagen promoter, where Cre
expression has been shown to occur early during osteoblast differ-
entiation [20]. As shown in Supplementary Figure 1, Cre expression in
Y1f3.6Cre mice was restricted to bone tissue where it resulted in a
complete lack of Y1 receptor expression. Importantly, Y1 receptor
expression was unaffected in other tissues examined (brain, muscle
and white adipose tissue), confirming the generation of mice with the
Y1 receptor deleted in the osteoblast lineage (Supplementary Figure 1).
As a consequence of the specific deletion of osteoblastic Y1 receptors,
Y1f3.6Cre mice display a marked increase in bone mass similar to that
seen in germline Y1�/� mice [21]. The significant increase in
cancellous bone volume (Figure 1A) is associated with significant in-
creases in trabecular thickness (Figure 1B) and trabecular number
(Figure 1C) at both 18 weeks and 28 weeks of age. Moreover, this high
bone mass phenotype is due to significantly increased osteoblast
activity as shown by significantly increased mineral apposition rate
(MAR) (Figure 1D) and bone formation rate (Figure 1E), with a trend
towards increased mineralising surface at 28 weeks of age (Figure 1F).
However, in contrast to the increased bone resorption shown by
germline Y1�/� mice [21], Y1f3.6Cre mice at 18 weeks of age display
significantly decreased osteoclast surface (Figure 1G), suggesting that
bone resorption is decreased in these mice. This effect becomes even
more pronounced at 28 weeks of age when the lack of osteoblastic Y1
receptors appears to provide protection against an age-induced in-
crease in osteoclast surface (Figure 1G) as well as osteoclast number
(Figure 1H). A representative image of the effect of osteoblastic specific
Y1 deletion on cancellous bone is shown in Figure 1I.

3.2. Y1 receptor deletion in early osteoblast differentiation alters
insulin production
To further characterise the consequences of Y1 deficiency in early
osteoblast differentiation we also analysed parameters of energy ho-
meostasis. Interestingly, we observed a significant decrease in the
weight of the pancreas in Y1f3.6Cre mice compared to their wildtype
littermates (Figure 2A). This occurred despite no change in body weight
or the weights of other organs examined (Supplementary Figure 2). In
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Figure 1: Y1 receptor deletion in early osteoblast differentiation enhances bone mass. Osteoblastic specific Y1 deleted, Y1f3.6Cre mice display a significant increase in cancellous
bone volume (BV/TV) (A) associated with significant increases in trabecular thickness (Tb Th) (B) and trabecular number (C) at both 18 weeks and 28 weeks of age. This high bone
mass phenotype is due to significantly increased osteoblast activity as shown by significantly increased mineral apposition rate (MAR) (D) and bone formation rate (BFR) (E), with no
difference in mineralising surface (F). Y1f3.6Cre mice at 18 weeks of age display significantly decreased osteoclast surface (G), which comes even more pronounced at 28 weeks
of age when the lack of osteoblastic Y1 receptors appears to provide significant protection against an age-induced increase in osteoclast surface (G) as well as osteoclast number
(H). A representative picture of the effect of osteoblastic specific Y1 deletion on femur tissue is shown in (I). Data are means � SEM of at least 5 mice per group. * ¼ p < 0.05,
** ¼ p < 0.01, *** ¼ p < 0.001 versus control or as indicated.
addition to decreased pancreas weight, histological analysis revealed
that Y1f3.6Cre mice also exhibited significant reductions in the number
of islets and the total �-cell area (Figure 2B). Furthermore, Y1f3.6Cre
mice showed a significant increase in circulating glucose levels
(Figure 2C) associated with a tendency to decreased circulating insulin
levels (Figure 2D).
In order to determine whether the above changes in the pancreas and
circulating insulin levels of Y13.6Cre mice affect their ability to regulate
glucose homeostasis, we performed glucose tolerance tests. As shown
in Figure 2EeI, Y1f3.6Cre mice fasted overnight exhibited impaired
glucose tolerance with higher serum glucose levels (Figure 2E) and
glucose area under the curve during the glucose tolerance test
(Figure 2F). The impairment in glucose clearance in Y1f3.6Cre mice
was associated with markedly reduced serum insulin levels both
initially and throughout the glucose tolerance test (Figure 2G,H)
although insulin levels did increase to a similar degree during the test
as those of their wildtype littermates (Figure 2I). To test whether insulin
action is also affected by osteoblastic deletion of Y1 receptors, we
MOLECULAR METABOLISM 4 (2015) 164e174 � 2015 The Authors. Published by Elsevier GmbH. This is an op
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performed insulin tolerance tests on Y1f3.6Cre mice. However, as
shown in Figure 2J, insulin action was unchanged in Y1f3.6Cre mice
as their response to insulin was similar to that of their wildtype lit-
termates. Therefore, these data demonstrate that Y1 receptor signal-
ling in early osteoblasts has a significant effect on the regulation of
glucose homeostasis through the modulation of islet size, insulin
production and secretion.

3.3. Osteoblast specific Y1 deletion is protective against high fat
diet induced glucose intolerance and insulin resistance
The decrease in serum insulin levels and glucose tolerance observed in
Y1f3.6Cre mice suggested that they could be more susceptible to the
detrimental effects of high fat diet induced obesity and glucose intol-
erance. Therefore we fed Y1f3.6Cre mice and their wildtype littermates
a high fat diet for 8 weeks from 9 weeks of age. No differences were
observed between genotypes in terms of body weight increase in
response to high fat diet (Figure 3A) or fat mass as measured by either
DXA (Figure 3B) or the weight of fat depots at cull (Supplementary
en access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 167
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Figure 2: Y1 receptor deletion in early osteoblast differentiation alters insulin release. Y1f3.6Cre mice have a significant smaller pancreas compared to wildtype littermates (A) as
well as a significant reduction in pancreas insulin content as demonstrated by significant reductions in the number of islets and the total beta-cell area (B). Furthermore, Y1f3.6Cre
mice have a significant increase in circulating glucose levels (C) associated with a trend towards decreased circulating insulin levels (D). Y1f3.6Cre mice also exhibit impaired
glucose tolerance with significantly higher serum glucose levels (E) and glucose area under the curve during the glucose tolerance test (F). The impairment in glucose clearance in
Y1f3.6Cre mice was associated with significantly reduced serum insulin levels both initially and throughout the glucose tolerance test (G,H) although insulin levels did increase to a
similar degree during the test as those of their wildtype littermates (I). Insulin action was unchanged in Y1f3.6Cre mice as their response to insulin during an insulin tolerance test
was similar to that of their wildtype littermates (J). Data are means � SEM of 5e12 mice per group.* ¼ p < 0.05, ** ¼ p < 0.01, *** ¼ p < 0.001 versus control or as indicated.

Original article
Figure 2D). In addition, both circulating glucose (Figure 3C) and insulin
(Figure 3D) levels were increased by high fat diet feeding to a similar
extent in Y1f3.6Cre mice as in their wildtype littermates. However,
interestingly and contrary to expectations, while still worsened
168 MOLECULAR METABOLISM 4 (2015) 164e174 � 2015 The Authors. Published by Elsevier GmbH. Th
compared to mice on chow diet, Y1f3.6Cre mice displayed significantly
improved glucose tolerance compared to wildtype on a high fat diet
despite having impaired glucose tolerance under normal chow con-
ditions (Figure 3E,F). The glucose intolerance in Y1f3.6Cre mice on
is 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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Figure 3: Osteoblast specific Y1 deletion is protective against high fat diet induced glucose intolerance and insulin resistance. Y1F3.6Cre mice fed a high fat diet are not different
in terms of bodyweight compared to controls (A). The two groups also similar increases in fat mass (B), Glucose (C) and insulin levels (D). While overall glucose tolerance has been
reduced under high fat conditions in both groups, the effect is much less severe in the Y1F3.6Cre mice, which show significant improved glucose tolerance compared to controls (E)
and AUC (F). The rise in insulin levels during GTT were also lower in Y1F3.6Cre mice (G) also reflected in AUC (H). Importantly, insulin action was strongly improved in the
Y1F3.6Cre mice fed a high fat diet as shown by the significantly reduced glucose levels during insulin tolerance test (I) and AUC (J). Data are means � SEM of 5e12 mice per
group.* ¼ p < 0.05, ** ¼ p < 0.01, *** ¼ p < 0.001 versus control or as indicated.

MOLECULAR METABOLISM 4 (2015) 164e174 � 2015 The Authors. 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/).
www.molecularmetabolism.com

169

http://creativecommons.org/licenses/by-nc-nd/4.�0/
http://www.molecularmetabolism.com


Original article
chow was due to significantly reduced insulin levels. A similar trend
towards reduced insulin levels on a high fat diet was seen throughout
the glucose tolerance test (Figure 3G,H) however this was not signif-
icant. Therefore, Y1f3.6Cre mice on a high fat diet appear to be more
responsive to insulin, resulting in improved glucose tolerance as
compared to wildtype mice. To further test the insulin sensitivity of
these mice on a high fat diet, we performed insulin tolerance tests. As
expected, wildtype mice on a high fat diet showed impaired insulin
action with elevated glucose levels throughout the insulin tolerance
test as compared to chow mice (Figure 3I,J). Remarkably however,
despite elevated basal glucose levels, Y1f3.6Cre mice were completely
protected against high fat diet induced insulin resistance (Figure 3I,J).
Furthermore, DXA analysis was used to measure bone mineral density
(BMD) and bone mineral content (BMC) at the start and the end of the
high fat diet feeding period. Interestingly, despite similar body weights
(Figure 3A), mice lacking osteoblastic Y1 receptors had a significantly
greater ability to increase whole body BMD and BMC over the high fat
fed period (Figure 4A). This led to Y1f3.6Cre mice on high fat diet
having significantly increased whole body BMD (Figure 4B) and BMC
(Figure 4C) compared to mice on a chow diet whereas wildtype mice
had only a trend towards increased BMC with no change in BMD.
These changes were also evident when DXA was used to measure
BMD (Figure 4D) and BMC (Figure 4E) in isolated femora. Histo-
morphometric analysis revealed that Y1f3.6Cre mice on a high fat diet
Figure 4: Osteoblast specific Y1 deletion promotes high fat diet induced increases in bone
BMC over the 8 week treatment period (A). Both, whole body and isolated femur BMD (B
controls on the same diet. Y1f3.6Cre mice on a high fat diet also display a significant in
trabecular thickness (Tb Th) (G) but not trabecular number (H). This high bone mass ph
increased mineral apposition rate (MAR) (I). Y1f3.6Cre mice fed a high fat diet display
means � SEM of 6e8 mice per group.* ¼ p < 0.05, ** ¼ p < 0.01, *** ¼ p < 0.001
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retain their high bone mass phenotype with elevated trabecular bone
volume (Figure 4F), trabecular thickness (Figure 4G), trabecular
number (Figure 4H) and mineral apposition rate (Figure 4I) compared to
wildtype mice on a high fat diet. In addition, they displayed a significant
increase in trabecular thickness compared to chow Y1f3.6Cre mice
(Figure 4G) with no drop in trabecular number as occurred in wildtype
mice (Figure 4H). In addition, both Y1f3.6Cre and wild type mice
displayed an elevated osteoclast surface on a high fat diet, however,
the pattern of reduced osteoclast surface and osteoclast number in
Y1f3.6Cre mice remained unchanged by high fat diet (Figure 4I,J).
These data suggest that specifically targeting bone Y1 receptors may
be a useful therapeutic means of increasing bone formation as well as
insulin resistance in overweight patients including those with type 2
diabetes.

3.4. Reinstating early osteoblastic Y1 receptor signalling
normalises glucose tolerance and bone mass
To further confirm that the alterations in insulin production and glucose
tolerance seen in Y1f3.6Cre mice are a direct result of the lack of Y1
signalling in osteoblasts, we reinstated osteoblastic Y1 receptors in
Y1f3.6Cre mice by generating bone marrow chimeric mice. Y1f3.6Cre
mice were lethally irradiated and then reconstituted with bone marrow
taken from wildtype donors. As a control, wildtype littermates were
also irradiated and reconstituted with wildtype bone marrow. Mice
mass. When fed a high fat diet Y1F3.6Cre mice show a significantly increased BMD and
,D) as well as BMC (C,E) were also significantly increased in the Y1F3.6Cre mice over
crease in cancellous bone volume (BV/TV) (F) associated with significant increases in
enotype is due to significantly increased osteoblast activity as shown by significantly
significantly decreased osteoclast surface (J), and osteoclast number (K). Data are
versus control or as indicated.
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were left to recover for 7 weeks and were then tested for insulin and
glucose tolerance. Osteoblastic Y1 receptor deletion had no effect on
the response to insulin tolerance tests under chow conditions
(Figure 2J) and as expected, reinstating osteoblastic Y1 receptor sig-
nalling also had no effect on insulin action (Figure 5A). Importantly
however, reconstituting Y1f3.6Cre mice with wildtype bone marrow
normalised their glucose and insulin levels throughout the glucose
tolerance test (Figure 5B,D) and also when expressed as area under
the curve (Figure 5C,E). Mice were culled 3 months following recon-
stitution to enable sufficient time to observe changes in bone mass. At
this time, levels of circulating glucose and insulin were also measured
and revealed that reinstating osteoblastic Y1 receptor signalling nor-
malised glucose and insulin levels (Figure 5F,G). Moreover the previ-
ously observed difference in pancreas weight and islet size was no
longer obvious (data not shown) further confirming that Y1 signalling in
osteoblasts critically influences these parameters. Furthermore, the
high bone mass phenotype of normal Y1f3.6Cre mice was no longer
evident and in fact micro-CT revealed that wildtype-reconstituted
Y1f3.6Cre mice had similar trabecular bone mass (Figure 5H) and
trabecular number (Figure 5I) with a significant reduction in trabecular
thickness (Figure 5J) compared to control mice. A representative im-
age of the effect of reconstituting Y1f3.6Cre mice with wildtype bone
marrow is shown in Figure 5K.

3.5. Osteoblastic Y1 receptor signalling is mediating insulin
production independently of osteocalcin
Insulin is known to act on osteoblasts and amongst other functions has
been shown to stimulate osteocalcin production and increase the
release of osteocalcin from these cells [3,22]. Conversely, lack of
osteocalcin in mice has been reported to affect insulin production and
release from the pancreas indicating a feedback loop between these
two organs [23]. It is therefore possible that the reduction in pancreatic
insulin production observed in Y1f3.6Cre mice is due to decreased
circulating osteocalcin as a result of decreased bone resorption.
Indeed, as shown in Figure 6A, qPCR analysis revealed a small but
significant increase in Esp expression in the bones of Y1f3.6Cre mice,
a gene which has been shown to negatively regulate the decarboxyl-
ation of osteocalcin by inhibiting the dephosphorylation of the insulin
receptor resulting in increased levels of Foxo1, OPG and subsequently,
inhibiting bone resorption [22]. However, mRNA levels of Foxo1 and
OPG as well as osteocalcin itself were not different from wildtype levels
and, as shown in Figure 6B, serum levels of osteocalcin were not
significantly altered in Y1f3.6Cre mice. Therefore, these data suggest
that the lack of Y1 receptor signalling in osteoblasts may be regulating
pancreas function and related metabolic parameters in a novel and
osteocalcin-independent manner. Indeed, osteocalcin deficiency has
been previously described to exert additional effects on adiposity and
insulin sensitivity through modulating adiponectin levels [4,23], effects
which are not evident in these mice, consistent with a non-osteocalcin
mediated response. Moreover, the deletion of Y1 receptors from late
osteoblast, those which are actively producing osteocalcin, using the
2.3 Kb fragment of the a1(I)-collagen gene to drive Cre expression, did
not alter glucose homeostasis, reinforcing the presence of a novel,
non-osteocalcin mediated pathway, as suggested previously [5].
In order to more clearly determine whether the altered insulin pro-
duction observed in Y1f3.6Cre mice is due directly to altered osteoblast
signalling or is a result of reduced bone resorption, in vitro analyses
involving cultured bone marrow stromal cells and MIN6 cells, a beta
cell line producing insulin, were performed. Bone marrow stromal cells
from Y1f3.6Cre mice and their wildtype littermates were isolated and
induced to differentiate in vitro into osteoblasts at which point the
MOLECULAR METABOLISM 4 (2015) 164e174 � 2015 The Authors. Published by Elsevier GmbH. This is an op
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supernatant was transferred onto MIN6 cells. After 4 h of treatment,
RNA was harvested from the MIN6 cells and analysed for the
expression of insulin. It has previously been shown that treatment of
MIN6 cells for 4 h with osteocalcin results in a significant increase in
the expression of the Ins1 and Ins2 mRNA [4]. Interestingly, whilst
treatment with supernatant obtained from wildtype osteoblastic cul-
tures resulted in a significant increase in the expression of both Ins1
(Figure 6C) and Ins2 (Figure 6D) in MIN6 cells, no such response in
either gene product was observed when the MIN6 cells were treated
with supernatant obtained from Y1f3.6Cre osteoblastic cultures
(Figure 6C,D). In addition, no effect was observed when MIN6 cells
were treated with supernatant from either wildtype or Y1f3.6Cre bone
marrow stromal cells cultured under control conditions (Figure 6C,D).
Importantly, islet cells isolated from pancreatic tissue of Y1f3.6Cre
mice and their wildtype littermates were assessed for their ability to
produce insulin in vitro and changes in their mRNA levels of principal
�-cell transcription factors, insulin secretion and glucose metabolism
genes and stress genes. As can be seen in Figure 6E, islet cells from
Y1f3.6Cre mice had a similar ability to produce insulin in vitro under
both low glucose and high glucose conditions, 24 h after isolation.
Moreover, the expression of (-cell enriched genes was preserved
(Supplementary Figure 3AeL) and stress and pro-apoptotic genes
were unchanged (Supplementary Figure 3MeP). Therefore, taken
together, these data suggest that the reduction in islet size and
reduced insulin production observed in Y1f3.6Cre mice is due to
altered secretion of a factor, or several factors, regulated by Y1 re-
ceptor signalling in osteoblasts and not due to an intrinsic alteration of
beta cell function.

4. DISCUSSION

The findings presented here demonstrate that NPY signalling via
osteoblastic Y1 receptors is not only important for the control of bone
mass but also contributes significantly to the control of insulin
secretion and glucose homeostasis in mice through factor(s) which are
different from the previously implicated osteocalcin.
Utilising conditional Y1 knockout mice in which the Y1 receptor was
deleted at an early stage of osteoblast differentiation revealed that
these mice display high bone mass but also impaired glucose toler-
ance due to reduced insulin secretion, with a significant reduction in
pancreatic insulin content as measured by islet number and b-cell
area. Importantly, reinstating osteoblastic Y1 receptor signalling into
Y1f3.6Cre mice by bone marrow transplantation was sufficient to
restore glucose tolerance and normalise bone mass confirming the
osteoblastic nature of this interaction. Importantly, our observation that
the effect of osteoblastic Y1 receptor deletion on insulin production and
glucose homeostasis is not evident when the Y1 receptor is deleted
solely in mature osteoblasts [9] indicates that differential expression of
factors during proliferation and commitment of cells at an early stage
of osteoblastic differentiation are critical for this interaction. Impor-
tantly, the only factor previously implicated with a possible link be-
tween osteoblasts and islet function, osteocalcin, was not significantly
altered in our model. Furthermore, analysis of the expression of factors
previously linked to regulation of glucose homeostasis by osteocalcin,
with the exception of Esp [23], were not significantly changed in the
osteoblasts of the Y1f3.6Cre mice. The lack of involvement of any of
these factors in our model of osteoblastic Y1 deficiency, indicate that
insulin and glucose homeostasis in Y1f3.6Cre mice are regulated in-
dependent of osteocalcin signalling, and this is rather due to a direct
effect of the secretion of another factor(s). While the identity and nature
of this factor(s) is still unknown, this study highlights that a more
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Figure 5: Reinstating early osteoblastic Y1 receptor signalling normalises glucose tolerance and bone mass. Y1F3.6Cre mice which had osteoblastic Y1 receptors reinstated by
reconstitution with wildtype bone marrow following lethal irradiation (Y1F3.6Cre þ WT) had similar glucose levels throughout an insulin tolerance test (A) to wildtype mice lethally
irradiated and reconstituted with wildtype bone marrow (Y1F3.6WT þ WT). The 2 groups also displayed similar glucose tolerance with no difference in serum glucose levels (B),
glucose area under the curve (C), serum insulin levels (D), or insulin area under the curve (E) during a glucose tolerance test or basal circulating glucose (F) or insulin (G) levels.
They also displayed similar femoral trabecular bone volume (H) and trabecular number (I) whilst Y1F3.6Cre þ WT mice had a significant reduction in trabecular thickness compared
to controls (J) as determined by microCT analysis. A representative picture of a femur with reinstated osteoblastic Y1 receptors is shown in (K). Data are means � SEM of 7e9
mice per group. ** ¼ p < 0.01 versus control or as indicated.
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Figure 6: Osteoblastic specific Y1 receptor deletion mediates insulin production independently of osteocalcin. Quantitative real-time PCR expression of ESP, Foxo1, OPG and
osteocalcin (OSC) genes in femoral RNA from Y1F3.6Cre and control mice (A). Serum osteocalcin levels in Y1F3.6Cre and control mice (B). Quantitative real-time PCR expression of
Ins1 (C) and Ins2 (D) genes in MIN6 cells cultured with the addition of supernatant from wildtype or Y1F3.6Cre bone marrow stromal cells cultured under control or osteogenic (OB)
conditions. Glucose-stimulated insulin secretion is unaltered in islets isolated from Y1F3.6Cre mice compared to wildtype (E). Data are means � SEM of 5e6 mice per group (A), 5-
9 mice per group (B), 3 mice per group (CeD), 7 mice per group across 2 experiments (E). * ¼ p < 0.05 versus control or as indicated.
complex interaction between bone and pancreas exist and that this
may be linked to developmental stages of osteoblast differentiation.
The potential negative effect of obesity upon bone mass and strength is
an area of increasing concern, heightened by the acceleration of rates
for obesity. Whilst weight has a positive effect upon bone mass, obesity
has been shown to be associated with significant bone loss amongst
adults [24] and adolescents [25]. While a number of mechanisms have
been developed, the detailed processes are not well understood [26].
However, it is emerging that adipose tissue itself attenuates the
MOLECULAR METABOLISM 4 (2015) 164e174 � 2015 The Authors. Published by Elsevier GmbH. This is an op
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positive effects of weight on bone mass [27]. Interestingly, when fed a
high fat diet, Y1f3.6Cre mice accrued adipose tissue slightly less
compared to wildtype, however, they retained their high bone mass
phenotype and furthermore were able to increase their bone mass in
line with their higher body weight, whilst this weight-induced bone
accrual was markedly attenuated in wildtype mice. Interestingly,
despite impaired glucose tolerance on a chow diet, Y1f3.6Cre mice on
a high fat diet actually displayed improved glucose tolerance and
similar insulin sensitivity to that of chow fed mice. This increase in
en access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 173
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insulin levels is reflected in elevation in osteoclast surface in the high
fat fed groups [28], a likely aid to greater bone accrual during to
development of obesity under high fat feeding. These could suggest
that under conditions of high fat diet the expression and/or release of
potential novel factors from osteoblasts are altered which subsequently
could control insulin action in a favourable way.
The research described here explores one of the most novel and
interesting recent developments in bone biology, the identification of a
regulatory axis from the osteoblast to the pancreatic b-cell. The
findings provide critical new mechanistic details that to date have been
lacking on how NPY signalling through osteoblastic Y1 receptors is
controlling bone formation as well as controlling the release of factor(s)
secreted by osteoblasts that communicates with pancreatic b-cells as
well as co-ordinately acts with insulin to regulate glucose homeostasis.
The identification of a signalling pathway originating from the early
osteoblast, which powerfully modulates the glucose economy provides
novel insight into the complexity of the interrelationship between bone
and glucose homeostasis.
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