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Considering that stress condition associated with osteoporosis, the hypothalamic-pituitary-adrenal (HPA) axis,
which is essential for central stress response system, is implicated in regulating bone mass accrual. Melanocortin
2 receptor (MC2R), the receptor of adrenocorticotropic hormone is expressed in both adrenal gland cells and
bone cells. To elucidate the role of HPA axis in bone metabolism, we assessed the skeletal phenotype of MC2R
deficient mice (MC2R ~/~ mice). We first examined bone mineral density and cortical thickness of femur using
dual x-ray absorptiometry and micro-computed tomography. We then conducted histomorphometric analysis to
calculate the static and dynamic parameters of vertebrae in MC2R ~/~ mice. The levels of osteoblastic marker
genes were examined by quantitative PCR in primary osteoblasts derived from MC2R ~/~ mice. Based on these
observations, bone mineral density of femur in MC2R ~/~ mice was increasing relative to litter controls.
Meanwhile, the thickness of cortical bone of femur in MC2R ~/~ mice was remarkably elevated. Moreover,
serum osteocalcin level was drastically raised in MC2R ~/~ mice. However, bone histomorphometry revealed
that static and dynamic parameters reflecting bone formation and resorption were unchanged in vertebrae of
MGC2R ~/~ mice compared to the control, indicating that MC2R function may be specific to appendicular bone
than axis bone. Taken together, the HPA axis due to deletion of MC2R is involved in bone metabolism.

Osteocalcin

1. Introduction other studies documented no differences in plasma cortisol level

(Petronijevi¢ et al., 2008; Yazici et al., 2003).

The hypothalamic-pituitary-adrenal (HPA) axis is involved in
maintaining homeostasis under stress conditions, such as infection and
psychological stress (Eskandari et al., 2007). Overstimulation of the
HPA axis leads to enhanced susceptibility to infection, suggesting that
infectious stress disturbs the maintenance of homeostasis through the
HPA axis. The HPA axis is implicated in regulating bone metabolism
(Cizza et al., 2009). While increasing plasma cortisol due to the acti-
vation of the HPA axis is considered an important causative factor of
low bone mass in depression (Altindag et al., 2007; Kahl et al., 2006),

Glucocorticoids (GCs) which are the end products of the HPA axis
via adrenocorticotropic hormone (ACTH) are crucial factors in the
regulation of bone metabolism (Hofbauer and Rauner, 2009). Because
of its importance in human health, studying the molecular mechanisms
of the GC signaling axis has become a major focus area in biomedical
research. GCs bind to a glucocorticoid receptor belonging to a member
of the nuclear receptor family (Lu and Cidlowski, 2006), and the local
GC activity is regulated by 2 isoforms of 11B-hydroxysteroid dehy-
drogenase (113-HSD). 11B-HSD type 1 regenerates corticosterone from
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11-dehydrocorticosterone, whereas 11(3-HSD type 2 converts active GC
to inactive forms (Stewart, 1999). It has been demonstrated that GC
signaling is required to maintain normal bone volume and architecture,
suggesting that endogenous GCs have an anabolic effect on skeletal
metabolism and bone formation in vivo (Sher et al., 2004).

The melanocortin receptor system is classified into 5 receptors in-
cluding MC1R, MC2R, MC3R, MC4R, and MC5R (Cone et al., 1993).
MC2R which is activated by only ACTH leads to a regulation in the
release of GCs by the adrenal cortex. In addition to the adrenal cortex,
MC2R is expressed in a number of extra-adrenal sites, including bone
cells (Boston and Cone, 1996) (Zhong et al., 2005). Functional roles of
MC2R in these cells have been investigated in vitro. ACTH promotes
osteoblast differentiation via MC2R accompanied by vascular en-
dothelial growth factor production (Zaidi et al., 2010). Moreover,
ACTH and 1,25-dihydroxyvitamin D3 enhance human osteogenesis in
vitro (Tourkova et al., 2017).

However, the role of the HPA axis associated with MC2R signaling
pathway in bone metabolism in vivo is not fully elucidated. Here we
characterized the bone phenotype of melanocortin 2 receptor knockout
mice (MC2R™/~ mice) which exhibited the disruption of MGC2R sig-
naling and are deficient of GC (Chida et al., 2007).

2. Materials and methods
2.1. Animals

MC2R ™/~ mice generated as reported previously were used in this
study (Chida et al., 2007). All mice were kept on a normal-chow diet
(NCD; 5.1% of the total energy from fat; total energy, 17.5 kJ/g) in an
environmentally controlled clean room at the Department of Oral and
Maxillofacial Surgery, Saitama Medical University. The experiments
were conducted according to the institutional guidelines for ethical
animal experiments and the safety guidelines for gene manipulation
experiments. MC2R ™/~ mice on a B6/Balb mixed background and their
MC2R ™"/~ littermates were used in this study (Chida et al., 2009). We
also used female MC2R*/~ littermates for breeding.

2.2. Cell culture

We cultured primary osteoblasts from calvariae of 4-day-old mice in
a-MEM (WAKO, Osaka, Japan) containing 10% FBS (BioWest, Nuaillé,
France) with 1% penicillin/streptomycin at 37 °C in a 5% CO5 atmo-
sphere in the presence of ascorbic acid (0.1 mg/ml, Sigma-Aldrich,
USA) for 3 days. We performed in triplicate wells and repeated more
than 2 times.

2.3. Measurement of serum osteocalcin

Serum osteocalcin from 6-month-old mice was measured using a
mouse osteocalcin ELISA kit (Biomedical Technologies, USA), ac-
cording to the manufacturer's instruction. Five mice were examined for
each group.

2.4. Bone mineral density measurement and micro-computed tomography
scanning

Bone mineral density of the femur was measured using dual x-ray
absorptiometry (DXA) (DSC-600EX-IIIR; Aloka, Tokyo, Japan) with 2
distinct energy peaks of 22 KeV and 55 KeV (Kureha, Tokyo, Japan).
Micro-computed tomography (Scan X mate-A090; Comscantecno,
Kanagawa, Japan) images of the femur were taken (Kureha, Tokyo,
Japan). Scanning conditions of 75 kV, 100pA, and 9.116 um of thick-
ness were applied to obtain a detailed image of the sample, using TRI/
3D-BON (RATOC, Tokyo, Japan). Six mice were examined for each
group.

Bone Reports 13 (2020) 100713

2.5. Histomorphometric analysis

We injected calcein (25 mg/kg, Sigma-Aldrich) intraperitoneally 5
and 2 days before sacrifice. After vertebrae were fixed in 4% paraf-
ormaldehyde and dehydrated by ethanol, they were embedded in me-
thylmethacrylate. The plastic blocks were trimmed and 4 or 7 um-thick
sections were prepared with a RM2255 (Leica Microsystems).
Undecalcified sections of the lumbar vertebrae were stained for von
Kossa, Toluidine Blue, and TRAP staining. Static and dynamic histo-
morphometric analyses were performed using OsteoMeasure Analysis
System (OsteoMetrics, USA) following nomenclature defined by the
American Society for Bone and Mineral Research (ASBMR). Bone vo-
lume/tissue volume (BV/TV; %), mineral apposition rate (MAR; pm/
year), trabecular thickness (Tb.Th; mm), osteoblast surface (Ob.S/BS;
%) and osteoclast number/bone perimeter (No.Oc/B-Pm; per 100 mm)
were analysed. Six mice were examined for each group.

2.6. Measurement of deoxypyridinoline cross-links

For urine deoxypyridinoline (DPD) measurements, mice were
housed in metabolic cages to allow collection of 24-h urine samples. We
measured urinary DPD with the METRA DPD-EIA kit (Quidel, San
Diego, CA, USA), according to the manufacturer's instructions. We used
creatinine values to standardize between samples (Creatinine Assay Kit,
Cayman, Michigan, USA). Five mice were examined for each group.

2.7. Whole-body skeletal staining

To assess the development of the skeletal system, we eviscerated
embryos from E18.5 and fixed them in 95% ethanol for 24 h. Then, they
were rinsed with water and stained with 0.02% Alcian blue 8GX
(Sigma-Aldrich) prepared in 70% ethanol and 30% acetic acid for
2 days. After being rinsed with 95% ethanol for several hours, speci-
mens were transferred to 2% KOH for 24 h, and then further stained
with 0.01% Alizarin red S (Sigma-Aldrich) in 1% KOH solution for 12 h.
Skeletons were kept in 1% KOH/20% glycerol until they were clearly
visible, and then were stored in a solution of 50% ethanol and 50%
glycerol. Four mice were examined for each group.

2.8. Quantitative RT-PCR analysis

To validate the changes in gene expression levels, quantitative real-
time RT-PCR (qPCR) analysis was performed using the Step One Plus
Real-Time PCR System according to the manufacturer's instructions
(Thermo Scientific). Total RNA (2 pg) was extracted from the cells using
ISOGEN. The reverse-transcription reaction was performed with a High
Capacity cDNA Reverse Transcription kit (Thermo Scientific). TagMan
Gene Expression Assays for Akp2 (assay identification number
Mmo01187113_g1) and Bglap (assay identification number
MmO03413826_mH) were inventoried products (Thermo Scientific).
Mouse GAPDH gene was used as endogenous control (assay identifi-
cation number Mm03302249_g1). All samples were performed in tri-
plicate. Each reaction was performed in triplicate on three individual
samples. Values were normalised to those of GAPDH using the 244¢
method.

2.9. Statistical analysis

All values are represented as the mean * SEM. Comparisons be-
tween 2 groups were analysed using Student's t-tests, and comparisons
among more than 2 groups were analysed using ANOVA. In all analyses,
a 2-tailed probability of less than 5% (P < 0.05) was considered sta-
tistically significant.
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Fig. 1. High bone mass in association with thick-
ening of cortical bone in MC2R™/~ mice femur
DXA analysis and micro-computed tomography
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3. Results 3.4. Bone formation and resorption markers in MC2R ™/~ mice

3.1. Increased bone mineral density and augmented cortical bone thickness
in MC2R™/~ mice

First, we assessed bone mass in femur by using DXA analysis
quantitatively. Male MC2R™’~ mice showed significantly increased
bone mineral density compared to male MC2R*/~ mice at both
3 months and 6 months (Fig. 1A). In female MC2R™/~ mice, bone
mineral density was also elevated compared to female MC2R*/~ mice
(Fig. 1B).

To investigate whether cortical thickness of the femur is augmented,
we performed micro-computed tomography scanning. We found that
cortical thickness in male MC2R ™/~ mice was significantly increased
compared to the control (Fig. 1C). However, BV/TV of the cancellous
bone in male MC2R™/~ mice was not significantly different (Fig. 1D).

3.2. Normal prenatal skulls in MC2R ™/~ mice

We next examined the bone condition of skulls at prenatal period.
The staining of E18.5 MC2R™/~ skulls with alizarin red/alcian blue
revealed no significant differences compared to the control (Fig. 2),
indicating that bone mineral density is increased after birth.

3.3. Normal cancellous bone in MC2R™/~ mice

To better characterize the cancellous bone phenotype in male
MC2R™’/~ mice, we performed histomorphometric analyses of ver-
tebrae. All parameters including BV/TV, Tb/Th, MAR, Ob.S/BS, and
No.Oc/BPm were not significantly different (Fig. 3), suggesting that
cancellous bone is not affected in MC2R™/~ mice.

To analyse whether osteocalcin, a useful marker of bone formation,
was elevated in the serum. We showed that serum osteocalcin was
significantly increased in male MC2R~/~ mice (Fig. 4A). We also as-
sessed urine DPD, a breakdown product of collagen released systemi-
cally during osteoclast resorption. As we expected, urine DPD was were
not significantly increased in male MC2R™/~ mice compared to the
control (Fig. 4B), indicating that osteoclast activity is not increased in
MC2R™/~ mice.

3.5. No effect of osteoblastic gene expression on primary osteoblasts from
MC2R ™/~ mice

Finally, we examined the characterization of primary osteoblastic
cells derived from newborn calvaria. There were no significant differ-
ences between MC2R*”~ mice and MC2R ™/~ mice in the expression of
osteoblastic genes such as both Akp2 (Fig. 5A) and Bglap (Fig. 5B) in
vitro and the morphological changes were not observed in primary os-
teoblastic cells from MC2R ~/~ mice (data not shown).

4. Discussion

4.1. The effect of GC loss and MCZ2R signaling disruption in osteoblasts on
MC2R™/~ mice

Endogenous GC is capable of promoting osteoblast differentiation
(Hofbauer and Rauner, 2009) (Eijken et al., 2005). Previously, Yang
et al. showed that Col3.6-HSD2 transgenic mice which is a glucocorti-
coid loss-of-function model revealed that neonatal transgenic skulls had
reduced bone mass with thinner parietal bones and enlarged occipital
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Fig. 2. Normal skeletal phenotype in prenatal period of MC2R ™/~ mice
Skeletons from E18.5 embryos of MC2R™/~ and MC2R*/~ mice (each N = 4) were double-stained with alcian blue and alizarin red. Enlarged head region of the

skeleton and embryos.

fontanelles (Yang et al., 2010). In the present study, we found that
normal prenatal skulls in MC2R~/~ mice are normal. We speculate that
endogenous GC derived from mother may affect mouse embryos and
the postnatal bone phenotype may partially depend on loss of en-
dogenous GC (Chida et al., 2009).

Although several animal models have been developed to analyse the
role of endogenous GC in skeletal development in vivo, they have ob-
tained conflicting results. Studies on transgenic mice selectively over-
expressing 113-HSD2 within osteoblasts and osteocytes under the
control of the osteocalcin 2 promoter revealed that endogenous GC is
not required for normal skeletal development (O'Brien et al., 2004).
Moreover, 113-HSD1 knockout mice exhibited normal bone mass
(Justesen et al., 2004). Paradoxically, it was previously demonstrated
that cancellous bone mass was lower in the following mice: the trans-
genic mice overexpressing 113-HSD2 within the osteoblasts under the
control of the collagen type I promoter fragments (Sher et al., 2004)
(Sher et al., 2006) (Yang et al., 2010), the conditional knockout mice in
which a glucocorticoid receptor is specifically disrupted in the osteo-
blasts under the control of Runx2 promoter fragments (Rauch et al.,
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2010), the adrenalectomized rat (Durbridge et al., 1990) (Li et al.,
1996). On the other hand, adrenalectomy resulted in an increase in
osteocalcin (Patterson-Buckendahl et al., 1988). Similarly, osteocalcin
level was increased in MC2R ™/~ mice.

Accumulating evidences suggest that ACTH promotes osteoblast
differentiation and inhibit osteoclast differentiation in vitro (Zaidi et al.,
2010) (Tourkova et al., 2017). Sakamoto et al. reported that the os-
teoblast/osteocyte-specific G-protein a-subunit knockout mice had re-
duced trabecular bone volume but had increased cortical bone thick-
ness (Sakamoto et al., 2005). As MC2R belongs to G-protein coupled
receptors which are coupled to a heterotrimeric G-protein formed from
three unique subunits (ie., a, 3, y) (Cai and Hruby, 2016), the aug-
mentation of cortical bone thickness in MC2R ™/~ mice may be caused
by the disrupted signaling in G-protein coupled receptors in osteoblasts
associated with G-protein a-subunit. These reports imply that MC2R
signaling has a direct anabolic effect on bone metabolism. However, our
study did not show low bone mass in MC2R ™/~ mice. It is conjectured
that loss of endogenous GC leads to increase osteocalcin level and
maintains normal cancellous bone mass with augmented cortical

Fig. 3. Normal cancellous bone in MC2R™/~
mice

Histomorphometric analysis of the vertebrae of
male MC2R*/~ and MC2R™’/~ mice (each
N = 6) at 6 months. Bone volume per tissue
volume (BV/TV), Trabecular thickness (Tb. Th),
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Fig. 4. Serum osteocalcin level was increased in MC2R~/~ mice
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(A) Serum osteocalcin in male MC2R™/~ and MC2R*/~ mice (each N = 5) at 6 months, (B) Urinary elimination of deoxypyridinoline (DPD) in male MC2R™/~ and
MC2R™/~ mice (each N = 5) at 6 months, #, P < 0.05. Data are expressed as means + SEM.

thickness. MC2R function may be specific to appendicular bone than
axis bone (Seeman et al., 1982). Although Bglap gene expression in
osteoblasts from MC2R ™/~ mice was increased almost 2.5 times, there
were no significant differences due to the large variation in the mea-
surement. We speculate that osteocalcin may be derived from not only
osteoblasts but mesenchymal stem cells (La Noce et al., 2019).
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4.2. Role of the HPA system in human bone metabolism

Recent clinical evidences demonstrate that major depressive dis-
order has been involved in low bone mineral density (Wu et al., 2018).
Depression is associated with the hyperactivity of the HPA system
which has also been implicated in regulating bone metabolism (Cizza
et al., 2009). Long-term exposure to excess GCs in patients with hy-
percortisolism results in bone loss. According to the recent study, ACTH
might be protective for lumbar bone mineral density in patients with
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Fig. 5. No distinguishable effect of osteoblastic gene expression on primary osteoblasts derived from MC2R ™/~ mice
(A) Gene expression of Akp2 in MC2R "/~ and MC2R ™/~ mice, (B) Gene expression of Bglap in male MC2R*/~ and MC2R ™/~ mice. We performed in triplicate wells

and repeated more than 2 times.
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Cushing's disease, indicating ACTH might have a protective effect on
bone (Guo et al., 2018). Moreover, familial glucocorticoid deficiency
(FGD), or hereditary unresponsiveness to ACTH, is an autosomal re-
cessive disorder resulting from resistance to the action of ACTH on the
adrenal cortex (Maharaj et al., 2019). Mutations of MC2R are re-
sponsible for 25% of FGD cases. Patients FGD have an advanced bone
age than age-matched controls and excessive growth exhibiting tall
stature (Elias et al., 2000; Imamine et al., 2005). However, we did not
find significant differences of body length between MC2R ™/~ mice and
the controls (data not shown). In this study, we found the augmentation
of cortical thickness was due to the enhancement of bone formation.
These studies imply the possibility that the HPA system plays a critical
role for bone metabolism in humans.

4.3. The limitation of this study and the perspective

In conclusion, the HPA axis is involved in bone metabolism through
MC2R. However, our study has the following limitation. As MC2R ™/~
mice lead to GC deficiency, we cannot analyse the authentic roles of
MC2R signaling in bone metabolism. To exclude the effect of GC defi-
ciency, we need to develop osteoblast-specific MC2R ™/~ mice or to use
MC2R ™/~ mice with controlled release tablet of GC. Further studies are
needed to elucidate MC2R signaling in bone metabolism.
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